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Preface 

Present Your Research to the World! 

The World Congress 2009 on Medical Physics and Biomedical Engineering – the triennial scientific meeting of the IUPESM 
- is the world’s leading forum for presenting the results of current scientific work in health-related physics and technologies 
to an international audience. With more than 2,800 presentations it will be the biggest conference in the fields of Medical 
Physics and Biomedical Engineering in 2009! 

Medical physics, biomedical engineering and bioengineering have been driving forces of innovation and progress in 
medicine and healthcare over the past two decades. As new key technologies arise with significant potential to open new 
options in diagnostics and therapeutics, it is a multidisciplinary task to evaluate their benefit for medicine and healthcare 
with respect to the quality of performance and therapeutic output.  

Covering key aspects such as information and communication technologies, micro- and nanosystems, optics and 
biotechnology, the congress will serve as an inter- and multidisciplinary platform that brings together people from basic 
research, R&D, industry and medical application to discuss these issues.  

As a major event for science, medicine and technology the congress provides a comprehensive overview and in–depth, 
first-hand information on new developments, advanced technologies and current and future applications.  

With this Final Program we would like to give you an overview of the dimension of the congress and invite you to join us  
in Munich! 

 
    Olaf Dössel 

Congress President 
 

Wolfgang C. Schlegel 
Congress President 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 



Preface 

Welcome to World Congress 2009! 

Since the first World Congress on Medical Physics and Biomedical Engineering convened in 1982, medically and 
biologically oriented engineers and physicists from all continents have gathered every three years to discuss how physics and 
engineering can advance medicine, health and health care and to assess the clinical, scientific, technical and professional 
progress in their fields. In the tradition and the mission of our professions, which are the only ones involved in the whole 
loop of health and health care from basic research to the development, assessment, production, management and application 
of medical technologies, the theme of WC 2009 is "For the Benefit of the Patient". Thus, in addition to scientific aspects, the 
Congress will focus on all aspects of safe and efficient health technology in both industrialized and developing countries, 
including economic issues, the perspectives that advanced technologies and innovations in medicine and healthcare offer for 
the patients and the development of societies, the progress of MBE and MP, including health policy and educational issues 
as well as the need for the regulation and classification as health professionals of those biomedical/clinical engineers and 
medical physicists who are working in the health care systems.  

The World Congress as the most important meeting of our professions, bringing together physicists, engineers and 
physicians from all over the world, including the delegates of the 138 constituent organizations of the IUPESM representing 
some 140,000 individual members, is the best place to discuss these issues, thereby contributing to the advancement of the 
physical and engineering sciences, our professions and thus to global health.   

It gives me great pleasure to welcome you to this important event. I wish you a rewarding and enjoyable congress and a 
most pleasant time in Munich, the ‘metropolis with heart’ that has so much to offer. 

 
Joachim H. Nagel 

President of the IUPESM 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Preface 

Let's talk! 
Is our level of communication between Medical Physics, Biomedical Engineering, Clinical Engineering, Medical 
Informatics, Tissue Engineering, etc. and Medicine good enough? We would like to answer: yes, we are quite good, but not 
good enough! There is a lot of room for improvement. Let' start right on the spot - on the World Congress on Medical 
Physics and Biomedical Engineering 2009. And please remember: communication is 50% talking and 50% listening. 

 
Let's work together! 
Do we have a perfect level of collaboration in our field? OK, we are quite good, but we can do better. Just to give an 
example: there should be no funded project in Medical Physics or Biomedical Engineering where there is no medical partner. 
And vice versa: medical doctors should join their forces with physicists and engineers if they are aiming at improvements on 
medical devices or healthcare systems. Let's start right here in Munich, September 2009, with innovative projects and 
innovative ways of cooperation. 
 
Let's get to know each other! 
It's known for more than thousand years: people who know each other personally and from face to face can talk with better 
mutual understanding, collaborate with less friction losses, are much more successful ...... and have much more fun. Plenty 
of chances to make new friends and to refresh old relations on World Congress on Medical Physics and Biomedical 
Engineering 2009! 

 

And here are the numbers: 
More than 3000 scientists working in the field of Medical Physics and Biomedical Engineering meet in September 2009 in 
Munich. They come from more than 100 nations. They submitted about 2800 contributions. 10 plenary talks and 46 keynote 
lectures bring us to the top level of science in our field. 75 companies show their latest achievements in the industrial 
exhibition. It's definitely the largest market place of ideas and innovations in Medical Physics and Biomedical Engineering 
of the year 2009.  

 
 
 

August 2009 
 

Olaf Dössel 
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XIV Table of Contents

Constitutive Behavior of Coronary Artery Bypass Graft . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 181
L. Horny, H. Chlup, R. Zitny, S. Konvickova, and Tomas Adamek

Finite Element Model of Abdominal Aortic Aneurysm . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 185
J. Bursa, P. Mucha, and P. Skacel

On the Observability of Hodgkin Huxly Based Cell Models . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 189
S.H. Sabzpoushan

Brain Activity Movie Functional MRI with Ultra-High Temporal Resolution at 7 Tesla . . . . . . . . 192
C. Windischberger, F. Gerstl, F.Ph.S. Fischmeister, V. Schöpf, C. Kaseß, and E. Moser
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Selection of Optimal Hemodynamic Response Function for FMRI Analysis on Acute Stroke
Patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 253

S.F. Storti, E. Formaggio, A. Bertoldo, P. Manganotti, A. Fiaschi, and G.M. Toffolo

Post-reconstruction Partial Volume Correction of PET Images Using Iterative Deconvolution
Algorithm and Anatomical Priors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 257

D. D’Ambrosio, M. Marengo, S. Boschi, S. Fanti, and A.E. Spinelli

Functional Correlates of Fractal Behavior of HRV in COPD Patients . . . . . . . . . . . . . . . . . . . . . . . . . . 261
G. D’Addio, A. Accardo, G. Corbi, N. Ferrara, and F. Rengo

Simulation of the Outflow Pathway in the Human Eye . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 265
S. Roy, A. Schmocker, P. Reymond, O. Vardoulis, A. Villarmarin, M. Alkharfane, and N. Stergiopulos

Sensitivity Comparisons of Cylindrical and Hemi-spherical Coil Setups for Magnetic
Induction Tomography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 269

R. Eichardt, C.H. Igney, J. Kahlert, M. Hamsch, M. Vauhkonen, and J. Haueisen

The Influence of Medical Treatment on Non-linear Complexity Measures of Autonomic
Regulation of Heart Rate Variability in Patients with Acute Schizophrenia . . . . . . . . . . . . . . . . . . . . 273

S. Schulz, K.J. Bär, and A. Voss

Dynamic Multi-scale Model for the Influence of Water on Elastin . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 277
Henry W. Haslach Jr.

The Relationship between the COP–COM Variable and the Horizontal Acceleration of the
Body in Postural Sway, Falling and Walking . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 281

H.S. Choi and Y.H. Kim

Breast Tumor Segmentation and Discrimination in Ultrasonic Images Based on a
Log-Compressed K-Distribution and Features Corresponding to Diagnostic Criteria . . . . . . . . . . . 284

Atsushi Takemura

Speaker-Independent Malay Vowel Recognition of Children Using Neural Networks . . . . . . . . . . . 288
H.N. Ting and Y.M. Lam

Alveolar Consonant Recognition of Malay Children Using Neural Networks . . . . . . . . . . . . . . . . . . . 292
H.N. Ting and J.X. Lee

Simulation Analysis of the Inverse Problem of the Blood Pressure Scan . . . . . . . . . . . . . . . . . . . . . . . 296
J. Talts, R. Raamat, J. Kivastik, and K. Jagomägi
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Béatrice Cochener, and Christian Roux

Interference Cancellation for Extraction of the Transabdominal Fetal ECG . . . . . . . . . . . . . . . . . . . . 1253
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Preprocessing for Spectral Analysis of Electrogastrogram . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1423
D. Komorowski and S. Pietraszek

Experimental Simulation and Computational Modeling of the Contact between Femoral and
Tibial Components in Total Knee Arthroplasty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1427

L.G. Gruionu, S. Pastrama, N. Iliescu, G. Gruionu, and P. Rinderu

Registration of Cardiac CT Data with Coronary Angiograms Using Digitally Reconstructed
Radiographs . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1431

Klaus Drechsler and Cristina Oyarzun Laura

Automated Epileptic Seizure Type Classification through Quantitative Movement Analysis . . . . 1435
J.P. Silva Cunha, C. Vollmar, J.M. Fernandes, and S. Noachtar

Analysis of Biomechanical Interactions of Water with Mb and RNase Proteins through
Thermostatistical Methods . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1439

E.E. Rozo, O.J. Garcia Contreras, D.M. Roldan, and L.S. Veloza

Microscopic Analysis of Bone in Growing Rats under the Influence of Vitamin K2 and
Mechanical Loading . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1443

T. Matsumoto, T. Miyakawa, H. Naito, and M. Tanaka



Table of Contents XXXV

Varicose Coiling, Hemodynamic Consequense of Pulsatile Arterio Venous Shunt Flow on the
Endothelium Studied by Scanning Electron Microscopy(SEM) . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1445

L. Schalin and D. Liepsch

Development of a Flow Phantom to Verify the Evaluation of Cerebral Blood Flow by
ICG-Fluorescence Video Analysis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1448

C. Weichelt, J. Kuß, P. Cimalla, D. Graf, P. Duscha, J. Steffen, W. Nahm, R. Steinmeier, and
U. Morgenstern

Automatic Registration of DCE-MRI Prostate Images for Follow-Up Comparison . . . . . . . . . . . . . 1452
D. van Straaten, P. Zamecnik, T. Böhler, H. Laue, S. Wirtz, and H.K. Hahn

Evaluation of Basic Techniques for Seizure Identification . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1456
Marcelo José Chulek
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Interactive Visualization of Ultrasound Image Volumes for Oncologic Diagnostics . . . . . . . . . . . . . . 1486
H.M. Overhoff, M. Rauberger, Ch. Sobotta, and D. Sandkühler

Different Arterial Occlusion Protocols on the Radial Strain of Arterial Wall . . . . . . . . . . . . . . . . . . . 1490
M. Rafati, M. Mokhtari-Dizaji, and H. Saberi

Computer-Aided Analysis of Arterial Wall Architecture . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1494
L. Horny, M. Hulan, R. Zitny, H. Chlup, S. Konvickova, and T. Adamek

Metabonomics Based on Pattern Recognition Methods in 1H in vivo MRS in Differentiation
Metabolic Profiles of Multiple Sclerosis Subtypes . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1498
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J. Alametsä, J. Viik, and A. Palomäki
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Registration of a Cardiac Motion Model to Video for Augmented Reality Image Guidance of
Coronary Artery Bypass . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1692

Michael Figl, Daniel Rueckert, and Philip Edwards

QRS Slopes for Ischemia Monitoring in PCI Recordings . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1695
D. Romero, E. Pueyo, M. Ringborn, and P. Laguna

Arterial-Pulsation Driven Flow in Syringomyelia – A Lumped-Parameter Model . . . . . . . . . . . . . . . 1699
N.S.J. Elliott, D.A. Lockerby, and A.R. Brodbelt

A Study on Comparison PPG Variability with Heart Rate Variability in the Sitting Position
during Paced Respiration . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1703

C.K. Lee, H.S. Shin, S.D. Min, Y.H. Yun, and M.H. Lee

Incorporating Craniofacial Anthropometry into Realistically-Shaped Head Models . . . . . . . . . . . . . 1706
K. Wendel, M. Osadebey, and J. Malmivuo

Development of a Scanning Needle Microscopy for an Elasticity Distribution Imaging of Rat
Liver Cirrhosis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1710

Y. Murayama, C. Nagai, T. Fukuda, R. Okada, H. Sakuma, S. Takenoshita, and S. Omata

Post-Meal Hyperglycemia Induced Oxidative Stress Impairs Cardiac/Vascular Function
by Increasing Myocardial Energy Demand in Non-hypertensive People with Type 2
Diabetes – Assessed by Tissue Doppler and Wave Intensity . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1712

H. von Bibra, A. Illmann, and C. Avgeropoulou

Parameter Estimation of a 3D Cardiac Electrophysiology Model Including the Restitution
Curve Using Optical and MR Data . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1716

J. Relan, M. Sermesant, M. Pop, H. Delingette, M. Sorine, G.A. Wright, and N. Ayache

Modeling the Influence of the Hippocampal Comparator Function on Selective Attention
According to Stimulus–Novelty . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1720

Lars Haab, Carlos Trenado, and Daniel J. Strauss

Global Field Power and Averaging in Measuring Somatosensory Evoked Potentials under
Anesthesia . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1724
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An Arrhythmia Classification Method Based on Selected Features of Heart Rate Variability
Signal and Support Vector Machine-Based Classifier . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1928

F. Yaghouby and A. Ayatollahi

Quantification of Actin Filament Organization by Estimating Graph Structures in Confocal
Microscopic Images . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1932

H. Birkholz, C. Matschegewski, J.B. Nebe, and K. Engel

Cytometric Distributions and Wavelet Spectra of Immunofluorescence Noise in Medical
Diagnostics . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1936

N.E. Galich

Constrained RLTV Deblurring for Confocal Microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1940
Steffen Remmele and Jürgen Hesser

Laser Doppler Flowmetry: Multifractal Spectra of Signals Recorded in Hand of Young
Healthy Subjects Before and After Local Heating . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1944
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Improvement of SNR by Equilibrating Power-line Noise Amplitude and Its Application to
Capacitive ECG Measurement . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1988

Y. Mikami, Y. Yama, and A. Ueno

Study of the Skin Conductance Response during the Valsalva Manoeuvre Applied to
Autonomic Neuropathy Detection in Diabetic Patients . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1992
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Tracking the Dynamics of the Cerebral Autoregulation Response to Sudden 
Changes of PaCO2 

J. Liu1, D.M. Simpson2 and R. Allen2

1 Shenzhen Institute of Advanced Integration Technology, Chinese Academy of Sciences/The Chinese University of Hong Kong, 
Shenzhen, China  

2 Institute of Sound and Vibration Research, University of Southampton, Southampton, United Kingdom

Abstract— Cerebral autoregulation has been studied by lin-
ear filter systems, with arterial blood pressure (ABP) as the 
input and cerebral blood flow velocity (CBFV – from tran-
scranial Doppler Ultrasound) as the output. The current work 
extends this by using adaptive filters to investigate the dynam-
ics of time-varying cerebral autoregulation during step-wise 
changes in arterial pCO2. Cerebral autoregulation was tran-
siently impaired in 12 normal adult volunteers, by switching 
inspiratory air to CO2/air mixture (5% CO2, 30% O2 and 
65% N2) for approximately 2 minutes and then back to the 
ambient air, causing step-wise changes in end-tidal CO2 
(EtCO2). Simultaneously, ABP and CBFV were recorded 
continuously. Simulated data corresponding to the same pro-
tocol were also generated using an established physiological 
model, in order to refine the signal analysis methods. This 
consisted of adaptive filter modeling followed by the extraction 
of time-varying autoregulatory parameters (phase-lead, auto-
regulation index – ARI). The adaptive filter was able to follow 
rapid changes in autoregulation, as was confirmed in the simu-
lated data. In the recorded signals, there was a slow decrease 
in autoregulatory function following the step-wise increase in 
pCO2 (not reaching a steady state within approximately 2 
minutes), with a more rapid change in autoregulation on re-
turn to normocapnia. Adaptive filter modeling can demon-
strate time-varying autoregulation. Impairment and recovery 
of autoregulation during transient increases in EtCO2 occur at 
differing rates.   

Keywords— Autoregulation, System Identification, Adap-
tive Filter 

I. INTRODUCTION  

Cerebral autoregulation is a protective control mecha-
nism that maintains relatively constant cerebral blood flow 
(CBF) despite changes of arterial blood pressure (ABP). 
Assessing and monitoring cerebral autoregulation is of great 
clinical interest in for understanding the pathological proc-
esses, and directing the management of and predicting the 
outcome for these vulnerable patients. Studies of cerebral 
autoregulation were carried out using a range of time- and 
frequency-domain signal processing techniques [1][2]. By 
considering ABP as input and CBFV as output of a control 
system, the ABP-CBFV relationship can be described by 
mathematical (linear filter) models, and autoregulation thus 
be assessed from the model coefficients, or the response of 
the model to standardized input signals (e.g. step-wise 

changes in ABP). However, considerable fluctuations in the 
assessment of autoregulation over quite short periods of 
time have been reported with these methods when applied 
to signals containing only spontaneous variations in ABP 
and CBFV, and it is still unclear if these are genuine 
changes in autoregulatory performance, or the result of 
time-varying errors in the estimates resulting from an inap-
propriate choice of model, or noise in the signals [3][4] 
Better understanding of short-term variations in autoregula-
tion is clearly required. The current study aims to contribute 
to this by monitoring changes in autoregulation (using adap-
tive filter methods), as subjects inspire air with raised levels 
of CO2.  

In order to track the time-varying characteristics of auto-
regulation, an adaptive filter was chosen to identify the 
ABP-CBFV relationship while changing EtCO2, using data 
acquired in a previous study in normal subjects [5]. In addi-
tion, computer-generated data obtained from a mathematical 
model of cerebral haemodynamics simulating an equivalent 
experimental protocol [6] was used to test the adaptive filter 
method, in conditions where the true status of autoregula-
tion was known. Previous study of the dynamics of cerebral 
autoregulation have used blockwise techniques (overlapped 
windows) rather than adaptive filters [3]. An adaptive filter 
has been used in the study of renal autoregulation in rats 
while forcing broad-band spontaneous variations in blood 
pressure [8]. However, no changes in autoregulation were 
provoked in this work, and it is thus unclear if the variation 
observed genuinely reflects changes in blood flow control 
over the time of recording (256 s).  

In the next section details of data acquisition and simula-
tion will be provided. The adaptive filter will then be de-
scribed. In the following section the results from the simu-
lated data are used to test the method and optimize the filter 
performance. The method is then applied to the recorded 
data to show the dynamics of autoregulation during changes 
in CO2. This is followed by discussion of results and their 
implications for future work. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 
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II. METHOD 

A. Data collection and signal pre-processing 

The recorded data was obtained from eleven healthy vol-
unteers between the ages of 23 and 51. Data acquisition has 
been described in previous work [5]. Subjects were free 
from evident vascular disease, heart problems, hypertension, 
migraine, epilepsy, cerebral aneurysm, intra-cerebral bleed-
ing or other neurological conditions. All subjects were in 
the supine position with head elevated when recording the 
data. CBFV was recorded in one middle cerebral artery 
using a Scimed QVL-120 transcranial Doppler system in 
conjunction with a 2-MHz transducer held in position by an 
elastic headband. ABP was collected non-invasively using a 
finger cuff device (Ohmeda 2300 Finapres blood pressure 
monitor). EtCO2 values were monitored using an infrared 
All signals (CBFV, ABP and EtCO2) were recorded simul-
taneously for each subject during the transition from nor-
mocapnia, to hypercapnia and back to normocapnia. After 
approximately 2 minutes of normocapnia (first stage), in 
order to induce the condition of hypercapnia (second stage), 
a step-wise change of EtCO2 was manipulated by inhaling a 
mixture of 5% CO2, 30% O2 and 65% N2 through a face 
mask. The condition of hypercapnia lasted approximately 2 
minutes before allowing the subjects to breathe ambient air 
(third stage) again. All signals were recorded on DAT tape 
using an eight-channel instrumentation recorder (Sony PC-
108M). The maximum velocity envelope of CBFV was 
extracted from the signals Doppler spectra using a micro-
computer based analyzer. All signals including CBFV, ABP 
and EtCO2 were recorded at a sampling rate of 200 Hz. 
Spikes in the CBFV signals were detected and removed by 
linear interpolation. All signals were low-pass filtered with 
a fourth-order Butterworth digital filter with a cut-off fre-
quency of 20 Hz, applied in the forward and reverse direc-
tions to compensate for phase shifts. The cardiac cycles of 
the signals were marked by the ABP signal and mean values 
of CBFV and ABP were calculated for each heart beat. 
Then a beat-to-beat time series of mean CBFV and mean 
ABP was obtained by resampling CBFV and ABP (using 
spline interpolation) at a uniform sampling rate of 5 Hz. 
This was then decimated (following appropriate anti-alias 
filtering) to a 1 Hz sampling rate. The EtCO2 signal was 
linearly interpolated between successive end-tidal values 
and was also resampled (following the same procedure as 
for CBFV and ABP) at 1 Hz. Both CBFV and ABP were 
normalized by their mean values and the EtCO2 is given in 
mmHg. 

A similar experimental protocol was simulated using Ur-
sion’s model of cerebral haemodynamics developed [7] and 
previously implemented in our group [6]. The response to 
changes in CO2 was added to the original implementation, 
which only referred to autoregulation. The transition from 
normocapnia to hypercapnia was simulated by changing 
PaCO2 from 40 mmHg to 50 mmHg in a step-wise manner, 
and then back to 40 mmHg for the third stage. Within 

Ursino’s model, the changes in PaCO2 trigger an alternation 
of an autoregulation variable (AV) which reflects the status 
of cerebral autoregulation [7]. From this variable, a conven-
tional autoregulatory parameter (phase-lead - as used in 
assessing autoregulatory parameters in recordings from 
human subjects) was calculated. The ABP input was taken 
from the recordings in the normal subjects, in order to emu-
late real data. The model output represents CBFV (showing 
an increase during hypercapnia), as well as the autoregula-
tion parameter AV (decreasing during hypercapnia). The 
latter is then converted to the ‘true’ autoregulation index 
(phase lead) through the function f(AV). 

 
B. Data analysis 

A recursive least square (RLS) adaptive filter [9] was 
first utilized to the simulated data in order to estimate the 
time-varying autoregulation characteristics. We defined the 
inputs and outputs of the adaptive filter, where the recorded 
ABP is the input signal (vector, x(n)) and CBFV from either 
volunteer subjects or the physiological model are the de-
sired response (d(n)); the output is the CBFV estimated by 
the adaptive filter. The transversal (Finite impulse response 
FIR) filter (w(n)) represents the estimated system character-
istics and from this the time-varying autoregulation charac-
teristics are subsequently estimated. The goal of the adap-
tive filter is to minimize the error ( (n)) between the filter 
output and the desired signal, by adjusting the filter parame-
ters with each new sample, in a recursive manner (deter-
mined by the adaptive weight control mechanism). The 
main steps of the RLS adaptive filter algorithm are given in 
[9].  
     In the current application, the length of the weight vector 
was chosen to be 6 samples, which are chosen based on 
previous linear modeling of blood flow control [3].  The 
forgetting factor (usually denoted as ) is determined by a 
test using simulation data as a best compromise balancing 
the variability of the filter coefficients and the rate of con-
vergence.  

The RLS algorithm recalculates the impulse responses 
sample by sample. The phase-lead between ABP and CBFV, 
which is one of the established indicators of the status of 
cerebral autoregulation and has been used by a number of 
authors in the study of the CBFV-ABP relationship [4][10], 
was calculated from the phase angle (phase-lead) from the 
frequency responses at 1/12 Hz, a frequency suggested by 
[4]. 

To determine if the phase-lead estimated from the RLS 
algorithm matches the time-varying dynamics of cerebral 
autoregulation predicted by Ursino’s model, the ‘true’ value 
of this phase-lead, was required. This ‘true’ phase-lead was 
estimated from an autoregulation variable (AV) controlling 
the dynamics of cerebral blood flow control in Ursino’s 
model. A similar change of arterial CO2 to the healthy sub-
jects was maneuvered in Ursino’s model. A comparison 
between the ‘true’ phase-lead and the phase-lead estimated 
from the RLS filter was then made by the gradients of the 
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transient change of the phase-lead to show how quick cere-
bral autoregulation changes following step-wise changes in 
PaCO2. 

After testing the suitability of the RLS filter in tracking 
the time-varying cerebral autoregulation, this filter was then 
applied on the recorded ABP and CBFV to show the time-
varying characteristics of cerebral autoregulation. 

III. RESULTS 

In Table 1, the gradients of the transient changes of the 
phase-lead calculated from the adaptive filter are not sig-
nificantly different from the ones obtained from the AV 
generated from Ursino’s model (p>0.1 for both PaCO2 step-
up and step-down, t-test). Furthermore, the absolute gradi-
ent value of the transient change of reference phase-lead at 
PaCO2 step-on is significantly lower than that at PaCO2 
step-down (p<0.01, t-test). The gradients estimated from the 
RLS phase-lead matches the characteristics of the gradients 
acquired from the reference phase-lead (see Table 1).  In 
addition, mean±std value of the correlation coefficient cal-
culated from the 8 pairs of the phase-lead is 0.84±0.067, 
indicating the RLS phase-lead is highly correlated with the 
reference phase-lead. 

Table 1 Mean±std of the gradients of the transient changes of phase-lead. 
The values in the second column were gradients calculated from the phase-
lead estimated by the RLS filter and the ones in the third column were 
converted from the AV yielded by Ursino's model. 

T

Phase-lead (degree/sec) RLS Reference 
Grad. at PaCO2 step-up  -0.33±0.13 -0.35±0.13 

Grad. at PaCO2 step-down  0.55±0.29 0.57±0.18 
 
The results above indicate that the RLS adaptive filter 

can trace rapid changes of autoregulation with relatively 
short delay at PaCO2.  

The results of applying the RLS filter to the recorded 
ABP and CBFV from 11 subjects are shown in Fig. 1-2. In 
order to clearly show the possible delay of phase-lead after 
step-wise changes of PaCO2, all phase-lead were aligned 
with the start and with the end of hypercapnia.  
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Fig. 1 Phase-lead estimated from the recorded ABP and CBFV using the 
RLS algorithm. Each thin solid line represents the phase-lead calculated 
from one subject. The mean of the phase-lead is shown by the thick-solid 
line. The phase-lead lines were aligned by the start (dashed line) of breath-
ing in CO2 /air mixture whilst the start of decrease of the phase-lead is 
shown by a dash-dot line determined by the start of continuous negative 
gradients of the phase-lead after breathing in CO2 /air mixture. 
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Fig. 2 Phase-lead estimated from the recorded ABP and CBFV using the 
RLS algorithm. Each thin solid line represents the phase-lead calculated 
from one subject. The mean of the phase-lead is shown by the thick-solid 
line. The phase-lead lines were aligned by the end (dashed line) of breath-
ing in CO2 /air mixture whilst the start of increase of the phase-lead was 
shown by a dash-dot line determined by the start of continuous positive 
gradients of the phase-lead after switching back to breath in ambient air.  

Fig. 1 shows the response of phase-lead to EtCO2 step-
up. In this figure, the mean phase-lead (thick solid line) 
starts (dash-dot line) decreasing after approximately 18 s of 
EtCO2 step-up (dashed line) and drops slowly. In this case, 
the mean±std of the gradients from all subjects is -
0.30±0.26 (see Table 2). The response of phase-lead to 
EtCO2 step-down is shown by Fig. 2 where the mean 
phase-lead begins to increase after approximately 9 s of 
EtCO2 step-down (dash-dot line) with significantly higher 
gradients (mean±std = 0.54±0.37, p<0.03 t-test, see Table 2) 
than the ones at EtCO2 step-up.  

 
Table T 2 Comparison between of the gradients of the tran-

sient changes of phase-lead estimated from all subjects and 
subjects with high spontaneous fluctuation of ABP. 

Phase-lead (degree/sec) All subjects 
Gradient at PaCO2 step-up  -0.30±0.26 

Gradient at PaCO2 step-down  0.54±0.37 

IV. DISCUSSION  

The purpose of using a physiological model in the first 
part or this work was to test the capability of the RLS algo-
rithm in tracking the time-varying cerebral autoregulation 
during step-wise changes of PaCO2. In this particular case, 
Ursino’s model was chosen, as it currently is the most so-
phisticated and appropriate model for simulating CO2 activ-
ity. Table 1 shows the phase-lead from the RLS filter can 
track the transient changes of the phase-lead, suggesting the 
convergence speed of the adaptive filter is fast enough to 
catch the instantaneous changes of cerebral autoregulation 
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without delay. This result encouraged us to further investi-
gate the time-varying dynamics of autoregulation from the 
data recorded in humans. 

After testing the RLS filter, this technique was then ap-
plied to detect the dynamic characteristics of time-varying 
cerebral autoregulation during step-wise changes of EtCO2 
in a group of 11 adult volunteers. Similar protocols of step 
changes in EtCO2 were applied in several previous studies 
[11-13] to investigate the dynamics of CBFV in response to 
such circumstance. They all found that the dynamics of 
CBFV changes differ between CO2 step-up and step-down. 
However, none of these studies has reported the dynamics 
of cerebral autoregulation. Fig. 1-2 and Table 2 show that 
phase-lead decreases slowly and with some delay after the 
EtCO2 step-up transient and increases more steeply after the 
EtCO2 step-down. The asymmetrical changes of the phase-
lead can be explained by the asymmetrical dynamics of 
CBFV in response to the step-wise changes in EtCO2. It is 
well established that CO2 is a very strong vasodilation 
stimulus that may increase cerebral flow markedly. Due to 
relatively long CO2 wash-in and short wash-out time from 
the lung to the arteries, CBFV changes asymmetrically at 
the onset and offset of hypercapnia [11][12]. During hyper-
capnia, cerebral autoregulation can be impaired, since the 
resistance vessels are dilated and may have limited dilatory 
capacity to regulate blood flow to a constant level. There-
fore, we expected the dynamics of cerebral autoregulation to 
follow the changes of CBFV. 

According to the description above, the major findings of 
this study are as follows:1) RLS algorithm is capable in 
tracing the time-varying characteristics of cerebral auto-
regulation within a relatively short time period; 2) The dy-
namics of cerebral autoregulation following step changes in 
EtCO2 is similar to that of CBFV, with a slower response to 
EtCO2 step-up than step-down. 
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Superior effects of Losartan to propranolol on opening angle of 

portal vein of carbon tetrachloride- induced portal hypertension 
rats
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[Abstract] Portal hypertension (PHT) is a 

hemodynamic syndrome due to pathological increase 

in portal flow and portal pressure. These pathological 

changes in external flow loads will inevitably cause 

vascular remodeling in the portal vein, which is 

usually measured by opening angle. The present study 

showed that the opening angle of portal vein increased 

intrahepatic PHT. Although portal pressure and portal 

flow were reduced, treatment with propranolol alone 

for three weeks did not decrease the augmented 

opening angle of the portal vein, while losartan at 5 

mg/kg per day markedly reduced the increased 

opening angle of the portal vein. These results 

indicate that the superior effects of losartan on portal 

vein remodeling to propranolol in PHT.  

[Keywords]: Portal hypertension; Portal vein; 

Opening angle; Remodeling; Propranolol; Losartan; 

Carbon tetrachloride 

Instruction 
It is well known that vessels not only are 

passive conduit for blood flow, but also remodel 

significantly in response to changes in blood 

flow and pressure. Hence, the hemodynamic 

disorders in portal hypertension (PHT) 

eventually results in nonuniform growth of 

portal veins, such as collagen deposit and 

muscular hypertrophy, which in turn may 

exacerbate PHT [1] 

Opening angle is a concise parameter 

directly indicating the residual stress in vessels, 

which affects the mechanical behavior of vessels 

[2]. The simple opening angle has been widely 

used to reveal the non-uniform remodeling or 

anisotropic growth across the wall when the 

vessels are subjected to pathological changes 

such as hypertension, diabetes and hypoxia [4, 

5]. 

Angiotensin II is a major vasoactive peptide 

in the rennin-angiotensin system (RAS), which 

plays an essential role in pathogenesis of 

hemodynamic derangement in PHT [6]. 

Moreover, lots of evidence has demonstrated 

angiotensin II can modulate the function of 

various cytokines and growth factors, and 

ultimately contributes to cell proliferation, 

hypertrophy [7]. In vivo studies further support 

that angiotensin II increased medial thickness of 

the vessels [8], which is a result of vascular 

remodeling [9].  

Losartan, a selective angiotensin  receptor 

antagonist, has been proved effective in 

cardiovascular diseases for improving arteries 

and myocardium remodeling[10] whose 

mechanism is independent of its 

antihypertensive action[11]. In PHT, losartan 

was considered as a potential selector for 

proranolol to improve hemodynamic disorders. 

However, it is remains elucidated that the effects 

of losartan on portal vein remodeling in PHT, 

especially whether losartan is superior to 

propranolol in amelioration of portal vein 

remodeling.  

In the present study, we explored the effects 

of propranolol and losartan on portal vein 

remodeling by measuring opening angle of 
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portal vein in carbon tetrachloride-induced PHT 

rats. In addition the hemodynamic effects were 

also evaluated. 

Materials and Methods 

Model and protocol 

Intra-hepatic PHT was induced by 

subcutaneous injection of CCl4 as described 

previously [12].According to the previous study 

[12], a total of 60 model rats at 8th weeks 

respectively received distilled water (group C, 

n=15), 5 mg/kg per day losartan(group LD, 

n=15), 10 mg/kg per day losartan(group HD, 

n=15) and 20 mg/kg per day propranolol(group P, 

n=15). And additional model rats (group M, 

n=15) and normal rats (group N, n=5) were 

compared. After 3 weeks of interventions, the 

rats were sacrificed for hemodynamic and 

opening angle measurements.  

Hemodynamic study 

Rats were anesthetized with ketamine (100 

mg·kg-1, i.m.). Portal vein inflow was measured 

using an electromagnetic probe connected to an 

electromagnetic flowmeter (MFV-3200, Nihon 

Kohden Co., Japan). The left carotid artery and 

superior mesenteric vein were cannulated with 

PE-50 catheter to monitor the mean arterial 

pressure (MAP) and portal pressure (PP). 

Hemodynamic parameters were recorded using a 

biological signal processing system (SMUP-PC, 

Fudan University, Shanghai, China) with a 

sensitivity of 0.1 mmHg after a 20-min 

stabilization period. External zero reference was 

the midpoint of mid-axillary line. Splanchnic 

arteriolar resistance (SAR) was calculated as 

(MAP - PP)/ PVF.  

Opening angle measurement 

After measuring the hemodynamics, the 

portal vein was harvested for opening angle 

measurement and histological study. To measure 

the opening angle, portal vein was cut into a 

series of 5-8 rings of 1 mm in axial length. The 

rings were arranged in an aerated phosphate 

buffered saline (PBS, pH = 7.4, 37 °C) in a Petri 

dish, and cut open by radial cuts. The now 

C-shaped rings were allowed to stabilize for 30 

min. Configuration of the rings was 

photographed with a digital camera (E950, 

Nikon, Japan) for later analysis using an image 

analysis software (Fudan University, Shanghai, 

China). The opening angle was defined as the 

angle between the two lines from the midpoint 

of the inner vascular wall to the tips of the inner 

wall. 

Statistical analysis 

Data are expressed as mean ± S.E., and 

analyzed using an ANOVA followed by 

Student’s t-test for post-hoc comparison. P<0.05 

was considered statistically significant. 

 

Results 

1. Effects of losartan on hemodynamics of 

PHT rats 

Losartan at 5 mg/kg per day significantly 

reduced PP and PVF, which was similar to that 

in propranolol(PP, 5.42±0.57 vs 5.62±0.57 

mmHg; PVF, 19.15±0.73 vs 4.61±0.25 ml/min, 

respectively). However, SAR in group HD was 

markedly lower than that in group P (14.64±0.79 

vs 19.98±1.49mmHg.ml-1.min-1.100g-1, P< 0.01). 

And MAP in group HD was notably than that in 

normal rats (80.52±4.53 vs 111.10±3.92 mmHg, 

P<0.01). 

2. Effects of losartan on opening angle of 

portal vein 

Opening angle was significantly increased 

in model rats compared with normal rats 

(109.78±7.63 vs 78.28±5.06 degree, P<0.01). 

The treatment with distilled water didn’t reduce 

the opening angle compared with group 

C(114.31±8.92 vs 109.78±7.63). Losartan at 5 

mg/kg per day significantly attenuated the 

increased opening angle in group M (85.64±6.87 

vs 109.78±7.63 degree, P<0.01). However, the 

opening angle in propranolol-treated group was 

not decreased compared with group M 

(96.37±5.69 vs 109.78±7.63 degree), which was 

bigger than that in group LD (96.37±5.69 vs 

85.64±6.87 degree, P<0.01). 
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Discussion 

Remodeling of the blood vessels 

associated with PHT is a complicated process. 

The opening angle is a quantitative measure of 

growth non-uniformity and resorption in 

different parts of the blood vessel wall, and thus 

has been considered as the most relevant 

measure of the remodeling [13].  

In the present study, PHT caused by chronic 

CCl4 treatment significantly increased the 

opening angle of the portal vein, suggesting that 

the inner part of the vessels outgrows the outer 

part. Such an increase in the opening angle was 

significantly attenuated by a low dose of 

losartan(5mg/kg per day), but not by 

propranolol. 

Losartan is a selective angiotensin  

receptor antagonist, which mainly blocks the 

binding of angiotensin II to its receptors. 

Although it is clear that this binding inducing the 

contraction of blood vessels, it has also been 

proved to inhibit some signal pathway involved 

into angiogenesis, such as bFGF and 

VEGF-related pathway [7]. In addition, there is 

little direct evidence that beta-adrenoceptor 

alone plays an essential role in vascular 

remodeling. This may in part explain that not 

propranolol but losartan reduced the elevated 

opeing angle.  

Furthermore, in the present study, the 

hemodynamic effects of losartan at 5 mg/kg per 

day is similar to that in propranolol, which 

suggests that low dose of losartan may be a 

candidate to propranolol in improving 

hemodynamic disorders in PHT. This result is 

consistent with other previous studies [14].    

Moreover, some studies showed that 10 mg/kg 

per day losartan is more effective [15]. However, 

in our study, losartan at 10 mg/kg per day 

significantly deteriorate the SAR and MAP, 

which indicates that losartan at 10 mg/kg per day 

has an hypotensive effect in PHT.  

In summary, propranolol alone improved 

hemodynamics in a rat model of PHT, but did 

not affect remodeling of the portal vein. 

Losartan in low dose normalized portal pressure 

and blocked changes in the opening angle of the 

portal vein, which has adverse effects on 

hemodynamics at high dose in PHT. Our results 

indicate that losartan at 5 mg/kg per day is more 

effective on hemodynamics and especially on 

portal vein remodeling in PHT. 
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Effects of arterial wall thickness on pulse wave propagation 
F. He and X.Y. Li 

College of Mechanical Engineering & Applied Electronics Technology, 
Beijing University of Technology, Beijing, 100022, China 

Abstract— To investigate the effects of arterial wall thick-
ness on pulse wave propagation. The unsteady flow was as-
sumed to be laminar, Newtonian, viscous and incompressible. 
The vessel wall was assumed to be linear-elastic, isotropic and 
incompressible. The fluid-wall interaction algorithm was con-
structed and the finite element method was employed. The 
results show that the increase of wall thickness makes pulse 
wave propagation fasten and the time delay could not be ob-
served. The results indicate that the effects of arterial wall 
thickness on pulse wave propagation are significant. The fluid-
wall interaction model simulates wave propagation success-
fully. 

Keywords— Pulse wave propagation, Fluid-wall interaction, 
Finite element method, Wall thickness 

I. INTRODUCTION  

Cardiovascular diseases endanger human health and be-
come the major leading killer in modern society. It has been 
established that hemodynamics is associated with the for-
mation and development of the diseases [1-5]. The require-
ment of clinical diagnoses and surgical planning has stimu-
lated the much research of blood flow in arteries. Besides 
blood flow distributions, pulse waves have been also inves-
tigated widely. The measurements of wave speed have been 
performed [6]. Though pulse wave propagation can be 
measured experimentally, it is difficult to simulate wave 
moving numerically. Much research on fluid-wall interac-
tion in arteries has been investigated numerically [7-10]. 
Pulse wave propagation may attribute to the compliance of 
arterial wall.  

If cardiovascular diseases occur, the form and value of 
pulse wave will be different from those of normal pulse 
wave. The arterial wall thickness may be changed when 
there are some diseases, such as stenosis. In the study, pulse 
wave propagation was simulated under the conditions of 
different wall thickness using a fluid-wall interaction model. 
The purpose of the paper is to compare the difference of 
pulse wave propagation between the normal and increased 
wall thickness and investigate the effects of arterial wall 
thickness on pulse wave propagation. 

II. MODEL AND METHOD 

A. The fluid model 

The unsteady blood flow was assumed to be laminar, 
Newtonian, viscous and incompressible. For the fluid model, 
the Navier-Stokes equations were used as the governing 
equations. 

uuuuu 2p
t m

                      (1) 

0u (2) 
Where wvu ,,u , wvu ,,  are the radial, circumferential 

and axial velocities respectively, 
m

u  is the fluid mesh ve-

locity,  the fluid density,  the dynamic viscosity. 

Blood was modeled to have a density 1050 kg/m3 and 

a dynamic viscosity 0035.0 Pa s. 

The diameter was D0=20mm in the fluid domain. At the 
inlet, the time-dependent velocity profile was prescribed 
(Fig.1). At the outlet, a zero normal traction was applied. 
No-slip boundary conditions were imposed at the wall. The 
initial conditions in the whole field were assumed to be zero. 
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Fig. 1 The velocity at the inlet 

B. The wall model 

For the wall model, the linear-elastic constitutive equa-
tions were used as the governing equations. 

0, jji                                                                 (3) 
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1                                                    (4) 
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Where, E  is Young's modulus,  is Poisson's ratio. The 
body force was neglected. 

To observe pulse wave propagation numerically, a three-
segment model was constructed. In the model, the walls at 
two ends were rigid while the wall in the middle was elastic. 
For the elastic wall, the wall thickness was 2mm. The length 
of each segment was 300mm. In the study, the cylindrical 
coordinate system was used. Hence the circumferential and 
radial directions were denoted by the  and r  directions 
respectively. The length direction of the tube was the z  
direction. The center point at the inlet was considered as the 
original point. 

The material constants used in the linear-elastic relation-
ship were a Young's modulus and a Poisson's ratio. The 
Young's modulus of the elastic wall was 5MPa and the 
Poisson's ratio was 0.499 (an incompressible condition). 
The boundary conditions in the wall domain were that one 
end of the blood vessel was entirely fixed and the other end 
was free. 

For the fluid-wall interaction, the conditions should be 
satisfied on the interface as follows: 

wf uu                                                                             (6) 

wf dd                                                                             (7) 

wwff nn                                                           (8) 

Where, d , , n  are displacement vector, stress tensor, 
and boundary normal unit vector respectively. The subscript 
f , w  represent fluid and wall respectively. 

The fluid-wall interaction algorithm was constructed. 
The finite element method was employed for solving the 
governing equations. The unstructured meshes were com-
posed of tetrahedral with four-node elements in the fluid 
domain and hexahedral with eight-node elements in the wall 
domain. There were 59370 elements and 12953 nodes in the 
fluid domain, and 9000 elements and 12240 nodes in the 
wall domain respectively. 

III. RESULTS  

The results were obtained through numerical calculations. 
The centre points that locate at the tube axis were selected 
for expressing the changes of wave velocity at two locations 
of L=100mm and 800mm. L represents the distance away 
from the inlet section. 

We have studied the effects of the wall thickness of the 
elastic tube on wave propagation by increasing the wall 
thickness. The initial normal thickness was 2mm, but the 
abnormal thickness was 4mm. 

A. The condition of normal thickness 

For the normal wall thickness, the velocity waveforms 
are shown in Fig.2. It can be seen that two velocity wave-
forms at two different locations do not overlap each other. 
Clearly, the time delay occurs. In addition, the peak velocity 
increases and the bottom velocity decreases. That is, the 
amplitude of the velocity profile broadens. The velocity 
waveform at L=800mm is different from that at L=100mm 
slightly, this may be caused by the reflection in arteries. 
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Fig. 2 The velocity waveforms under the condition of normal thickness 

The pressure waveforms at L=100mm and L=800mm are 
shown in Fig.3. It is seen that the pressures at L=100mm are 
much higher than those at L=800mm. The maximal and 
minimal values of the pressures at L=100mm are respec-
tively 10kPa and -15kPa or so while those at L=800mm are 
1.5kPa and -2kPa. The pressures gradually decrease along 
the tube and thus a pressure gradient is caused. The fluid 
flows due to the pressure gradient. From the pressure map, 
the two waveforms are almost the same, expect for different 
pressure values. 
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Fig. 3 The pressure waveforms under the condition of normal thickness 
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B. The condition of increased thickness 

The results indicate that wave propagation fastens and 
the time delay could not be observed clearly (Fig.4). It 
seems that the role of the elasticity fades away and it is 
easily explained that the time delay could not be observed 
clearly. 
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Fig. 4 The velocity waveforms under the condition of increased thickness 

The pressure map at L=100mm and 800mm are similar to 
those under the condition of normal thickness, whether the 
waveforms or the values, as shown in Fig.5.  
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Fig. 5 The pressure waveforms under the condition of increased thickness 

IV. DISCUSSION 

Arterial structure and function could be evaluated by 
many methods, including invasive and noninvasive methods. 
One of noninvasive methods is measurement of pulse wave 
velocity and it is widely used to evaluate arterial compli-
ance and stiffness [11-12]. The obtained waveform map by 
altering different parameters may be the disease judgement 
in clinic. The increase of the wall thickness makes the ve-
locity amplitude fall. The pressure level does not change. 
The pressure waveforms are similar to those under the con-
dition of normal thickness. However the velocity wave-
forms are a little different from those under the condition of 

normal thickness. The second peaks in the velocity wave-
forms of L=100mm and 800mm overlap each other ap-
proximately. While, the second peak value is higher at L= 
800mm than that at L=100mm under the condition of nor-
mal thickness. The time delay is changed by the increase of 
wall thickness. As we know, the time delay is closely con-
nected with pulse wave velocity. A short time delay denotes 
a high pulse wave velocity, on the contrary, a long time 
delay denotes a low pulse wave velocity. Compared with 
the condition of normal thickness, the velocity amplitude 
and waveform are also changed by the increase of wall 
thickness. 

Several simplifying assumptions were made in the appli-
cation to arteries, which ignored anisotropy, nonlinear-
elastic properties, the taper of the arterial wall, etc. All these 
higher order effects can be considered in future studies. It 
must be emphasized that pulse wave velocity can be 
changed by many factors, such as age, sex, heart rate, salt 
ingestion, gene factor and so on. Hence our conclusions are 
limited to the mechanical point of view. 

V. CONCLUSIONS 

A numerical model has been constructed successfully in 
the paper. Based on the model, pulse wave propagation has 
been performed numerically. Effects of arterial wall thick-
ness on pulse wave propagation have been investigated and 
discussed. 

The results indicate that pulse wave propagation could be 
simulated by the model. The elastic wall plays a significant 
role in pulse wave propagation. The effects of arterial wall 
thickness on pulse wave propagation are significant. The 
numerical model is effective on expressing characteristics 
of pulse wave propagation. The model could be extended to 
study other mechanical properties of arteries considering 
complicated geometrical factors. 
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Selection Method  
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Abstract— A fast and accurate computer-aided liver seg-
mentation plays a vital role in the virtual hepatic surgery. 
Large amount of features yielded in supervised segmentation 
methods may lead to slow training and classifying processes. 
Therefore, feature selection is of importance in order to speed 
up the liver segmentation. Recently, a hybrid method was 
proposed by Liu et al. combining thresholding, classifier and 
region growing. However, this method suffers from long 
process time caused by the large amount of features. F-score is 
a simple technique to measure the discrimination of different 
features. We therefore combine F-score to the hybrid method 
to reduce the time required in the training and testing stage. 

Four sets of abdominal CT images were obtained from Shan 
Dong University. The data consists of multiple, serial, axial 
computed tomography images derived from helical, 64 multi-
slice CT and was stored in DICOM format of size 512 by 512 
with 12-bit gray level resolution. The hybrid method which we 
proposed is to segment CT images by support vector machines 
after supervised thresholding, K means clustering, and texture 
feature extraction (Gray level co-occurrence Matrix-GLCM). 
We applied principle component analysis (PCA), forward 
orthogonal search algorithm by maximizing the overall depen-
dency (FOS-MOD) and F-score to select the features from the 
GLCM.  

The experiment showed that F-score helps in accelerating 
training and classifying stage by 50% whilst the PCA-based 
feature selection method failed to extract the liver contour 
correctly. This may be explained by the fact that useful infor-
mation for classifying may be lost when using PCA. FOS-MOD 
algorithm is time consuming mainly because its orthogonaliza-
tion procedure and the calculation of the correlation matrix 
are very complex. In conclusion, F-score is a promising feature 
selection method for the svm-based classification. Our hybrid 
method with F-score can speed up the segmentation with accu-
rate results ensured.  

 

Keywords— GLCM, F-score, FOS-MOD, PCA 

I. INTRODUCTION 

Advancement in radiological image segmentation is cru-
cial in the virtual hepatic surgery. Only precisely segmenta-
tion of parenchyma organs such as liver and kidney with 
computed tomography (CT) or other medical images makes 

planning of operations possible [1]. However, several prob-
lems have to be solved during the segmentation process: a) 
high shape variation due to natural anatomical variation, b) 
inhomogeneous grey-value appearance caused by tumor, c) 
low contrast to neighboring organs like colon [2]. For prac-
tical reason, a segmentation scheme has to be capable of 
handling these problems in a time-efficient manner. 

Recently, a hybrid method was proposed by Liu et al. 
combing thresholding, SVM and region growing [3]. Al-
though this method provides an accurate solution of the 
segmentation, it suffers from long processing time yielded 
from the SVM for the large amount of features. In order to 
accurate the segmentation process, feature selection is of 
importance. 

Feature selection refers to finding the minimally sized 
feature subset that is necessary and sufficient to the target 
concept [4]. The aim of feature selection is to choose a 
subset of features for improving prediction accuracy or 
decreasing the size of the structure without significantly 
decreasing prediction accuracy of the classifier built using 
only the selected features. 

There are four basic steps in a feature selection method 
[5]: 1. a generation procedure to generate the candidate 
subset; 2. an evaluation function to evaluate the subset; 3. a 
stopping criterion; 4. a validation procedure to check the 
final subset. Feature methods can be categorized by the two 
main steps: generation produce and evaluation function. 
PCA is a classical dimensionality reduction method that has 
been used in many fields including medical image 
processing and pattern recognition. FOS-MOD proposed by 
Wei et al. [6] is a novel heuristic method based on a ranking 
criterion. F-score proposed by Chen et al [7] is a simple 
algorithm to measure the discrimination of two sets of real 
numbers. It is advantageous to limit the number of input 
features in a support vector machine to have a good predic-
tive. We hence applied these algorithms in our supervised 
method to compare their results in order to find an appropri-
ate solution to speed up the segmentation process. 

The rest of the paper is organized as follows. Section 2 
summarizes some feature selection methods. Section 3 
presents the experiment condition and the final result with a 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 13–16, 2009. 



brief explanation. Finally, section 4 concludes the paper 
along with outlining future discussion. 

II. METHOD 

A. PCA 

PCA is a vector space transform often used to reduce 
multidimensional datasets to lower dimensions for analysis. 
The goal of PCA is to find a method of linear projection and 
select some features (principal component) which can most-
ly represent the original data. Through PCA, original data 
can reduce dimensionality without losing much useful in-
formation. 

Let X=(X1,X2,…, Xm) be the original data set formed by 
m instances .And let Xi=(Xi1,Xi2,…, Xip)T(i=1,2,…, m) 
where p is the feature numbers of each instance. Assume 
that C is the covariance matrix of X and λ1 �λ2 �… �λp are 
the eigenvalue of C. We can get covariance matrix by 

  ∑
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where U is the mean vector of X. Then, eigenvalue λ1 �

λ2 �… �λp and eigenvector E can be evaluated from eigen-
value method. 

Finally,  
yER T= ,                                                 (3) 

where y is a instance and 
�

 is the principal component 
instances. 
B. FOS-MOD 

Let S={x1, x2,…,xn} be the data set formed by n attributes 
in the feature space. The objective is to find a feature subset 
{z1, z2,…,zd}  S. Any data vector xi should be well approx-
imated in the sense that  

    Szzzf dii ⊆= ),...,,(x 21 ,                           (4) 
where fi is an unknown function and ei is an error coeffi-

cient representing the discrepancy. Consider using the linear 
model to substitute function fi, xi can be expressed as 
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In order to find a feature subset which is sufficiently rep-
resentative of original features, the squared-correlation 
coefficient between two random vectors x and y of size N×1 
is defined below 
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First of all, let  
C[i,j:1]=sc(xi,xj),  i, j=1,2,…,n.                               (7) 
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The first feature can be selected as z1=xl1 and the asso-

ciated variable q1 can be chosen as z1. In other words, z1 is 
the most relevant feature to represent others. 

Then, assume a feature subset Sm-1, consisting of z1, z2,…, 
zm-1 has been determined before and m-1 selected variables 
have been transformed into a group of orthogonalized va-
riables q1, q2,…, qm-1 via orthogonal transformation. To 
select the mth representative feature zm, let αj

�S-Sm-1. qj is 
orthogonalized as below 
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The squared-correlation between xi and )(m
jq can be com-

puted using  
C[i,j;m]=sc(xi,

)(m
jq ).                                (11) 
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The mth representative variable zm can then be chosen as 

xlm. 
After having got the selected subset S={z1,z2…zm}, a 

kind of criterion is needed to evaluate it. The evaluate crite-
rion of FOS-MOD is the sum of error reduction ratio. The 
algorithm is defined as below. 

First of all, including qk(or, equally by including zk)to the 
subset, the kth error reduction ratio(ERR) is defined as 
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  K=1, 2,…m. 
Then, the sum of error reduction ratio(SERR) are defined 

as 
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At last, the variation’s percentage in the overall features 
can then be calculated as  
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If SERR  is larger than a given threshold, the feature 
subset Sm can be counted as to be sufficient enough to 
represent the original features. 

 
C. F-score 

 
F-score is a simple feature selection filter method by eva-

luating the discrimination of two sets of real numbers. Giv-
en training vectors xk, k=1,2,…,m, if the number of positive 
and negative instances are n+ and n-,respectively, then the F-
score of the ith feature is defined as 
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ix  are the averages of the ith 

feature of the whole, positive, and negative datasets. )(
.
+
ikx  is 

the ith feature of the kth positive instance and )(
.
−
ikx  is the ith 

feature of the kth negative instance. F-score is a simple and 
effective algorithm including variable ranking as a principal 
selection mechanism. The larger the F-score is, the more 
likely the feature is more significant. 

However, F-score cannot effectively reveal mutual in-
formation among features. Figure 1 shows a simple example 
that both features have low F-score but can easily classify 
into two categories. 

Despite this advantage, F-score is effective and generally 
used with classifiers such as Support Vector Machine for 
accelerating the training and segmenting stage. 
 

                       +1 
 
 
           
 
                        -1 
 
 
 
 
 
 
Fig.  1 This data’s features have low F-scores for in (17) the 
denominator is much larger than the numerator. However the 

feature can indicate the discrimination between the positive (+1) 
and negative (-1) instances. 

III. EXPERIMENT AND RESULT  

A. experiment 

Four sets of abdominal CT images were obtained from 
Shang Dong University. The data consists of multiple, seri-
al, axial computed tomography images derived from helical, 
64 multi-slice CT using SIEMENS Sensation Cardiac 64. 
The data is stored in DICOM format of size 512 by 512 
with 12-bit gray level resolution. 

 According to the method applied in liu et al [3], we ex-
tracted texture features through GLCM. Then, we selected 
10 slices from each CT images data set randomly to apply 
PCA, FOSMOD, and F-score, respectively. 

After obtaining the feature selection result, the radiologist 
will randomly select three slices to segment from K means 
clustering. LIBSVM [8] is a powerful library tool for sup-
port vector machine. We exploited LIBSVM to segment CT 
images. The radial basis function (RBF) was selected for the 
training process, as it can handle the case when the relation 
between class labels and attributes are nonlinear. 

Finally, three dimensional (3D) region grow algorithm 
was applied to the resultant volumes to separate the liver 
region from other tissues. 
 
B. result 

The accelerating result is calculated from the fraction be-
tween the time required to segment a dataset using our orig-
inal adaptive method and the time need to segment a dataset 
after applying a feature selection method. The score system 
result proposed by Ginneken et al [9] is calculated from the 
following five metrics: 1. Volumetric overlap error; 2. Rela-
tive absolute volume; 3. Average symmetric surface dis-
tance; 4. Root Mean Square; 5. Maximum symmetric sur-
face distance. We use accelerating result, final result and the 
score to evaluate three feature selection methods. 

Table 1 The accelerating result of feature selection method 

Dataset Slice 
numbers 

PCA FOS-
MOD 

F-score 

1 209 0.704 0.573 0.426 
2 279 0.725 0.562 0.447 
3 253 0.716 0.564 0.435 
4 325 0.735 0.569 0.418 
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Fig. 2 the comparison of segment result between feature selection 
strategies (a) Original CT Images �(b) result through PCA �(c) re-
sult through FOS-MOD �(d) result through F-score 

 
 Table 2 Scores for four dataset combing F-score with hybrid method 

Data 

set 

Overlap 
Error 
Score 

Vo-
lume 
Diff 
Score 

Avg 
Dist 
Score 

RM
S 
Dist 
Scor
e 

Ma
x 
Dis
t 
Sc
ore 

 Score 

1 48 89 18 10 33 40 

2 47 58 24 19 50 40 

3 58 52 47 39 48 49 

4 44 88 0 0 3 27 

Av-
erag
e 

49 71 22 17 34 39 

As described in Fig. 2, PCA did not segment liver exactly 
and some neighboring tissues were considered as a part of 
liver. According to Table 1, PCA method evidently per-
forms poorer than two others. 

    F-score evidently performs better than FOS-MOD and 
PCA according to Table 1. This may explained by FOS-
MOD and PCA have selected more features than F-score. 

   Table 2 shows evaluation score of our test data calculated 
by the criterion of MICCAI 2007 liver workshop [9]. The 

final score is seriously declined by the poor result of dataset 
4. We attribute this to the low number of training examples 
to build SVM.  

IV. CONCLUSIONS  

From the experiment result, we can infer that PCA did 
not get a good segment result maybe because it lose some 
information which is useful to classification. FOSMOD is a 
little slower than two others for its complex orthogonaliza-
tion procedure and the calculation of the correlation matrix. 
F-score is simple and effective method to select features to 
segment liver. In conclusion, our supervised method with F-
score provides a semi-automated framework for liver seg-
mentation and F-score can reduce the time required in seg-
ment process.  
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Abstract: The design and implementation methods of 

the computer-aided system for liver hyperthermia 

treatment planning were introduced. By the system, 

the optimal hyperthermia treatment parameters could 

be obtained, and reasonable treatment scheme could 

be worked out. Experimental results indicated that the 

system could be applied for liver hyperthermia 

treatment planning, and was expected to guide the 

process of clinical operation in the future.  

Keywords: Liver; Treatment planning; Hyperthermia; 

 

 

1. Introduction 

The liver cancer has become the most dangerous 

disease to humans. At present the treatment techniques 

for liver cancer include surgery, radiotherapy and 

chemotherapy, but the survival rate is very low. 

Recently, hyperthermia treatment has become one of 

useful means to treat liver tumors. Tumor cells are 

heated and killed by microwaves. The Department of 

Ultrasound of 301 hospital(General Hospital of People 

Librate Arm) has treated several thousand patients 

with liver cancer by microwaves, obtained marked 

curative effects, and the microwave ablation therapy 

technique has achieved international advanced level. 

But now the hyperthermia treatment process 

mostly depends on comprehensions for doctors to 2-D 

images (CT,MRI,ultrasonic images), so the subjective 

experiences play critical roles[1]. Surgeons have to 

determine puncture location, puncture depth, and 

hyperthermia parameters by 2-D slices, which was 

very unscientific. Besides, in view of physical states 

of patients excessive punctures can’t be achieved in 

the interventional therapy, and the elimination of 

tumor cells must be achieved at one time to prevent 

metastasis and relapse[2]. Aiming at these problems 

with clinical applications, the development of Liver 

Hyperthermia Treatment Planning System is very 

urgent.  

The improvement of computer, medical imaging 

and engineering techniques makes computer-aided 

treatment practical[3]. 3-D anatomy relationship of 

liver, tumors, and vessel system can be determined by 

the computer-aided system for liver hyperthermia 

treatment planning, and then suitable treatment 

scheme, including the puncture position, orientation 

and hyperthermia parameters (time, power, etc), can 

be worked out. Therefore, the development of Liver 

Hyperthermia Treatment Planning System can 

improve the predictability of clinical operations, 

which will enhance clinical applications of 

hyperthermia treatment. 

2. Design and Implementation 

2.1 System design 

2.1.1 System design environment  

Due to large data quantity of medical images, 

Microsoft Visual C++ was chosen as system 

development platform. Besides, to make good use of 

the present algorithms and reduce the workload, the 

system was developed by MITK(Medical Imaging 

ToolKit) framework. MITK is an integrated medical 

image processing and analyzing toolkit. Its main 

purpose is to provide a consistent framework to 

combine the function of medical image segmentation, 
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registration and visualization.  

2.1.2 System software framework 

Based on system function requirements, the 

system is composed of 3-D visualization module, 

Finite element simulation module, and Treatment 

planning and forecasting module. All the function 

modules can be called through main interface of the 

system(Figure 1) so that hyperthermia treatment 

planning can be carried out. The function of each 

module is as follows: 

 
Fig 1 Main interface of the system 

3-D visualization module: The main function of 

the module is to get 3-D visualization results by 2-D 

slices and export model data. The module is made up 

of two parts: one part is to use MITK framework 

under VC++ 6.0 platform, and the part implements 

image segmentation, image registration, image 

filtering, 3-D visualization, mesh simplification, and 

image measuring, etc[4].The other part is commercial 

3-D visualization software Amira 3.1, which can be 

used to conduct initial experiments and compare the 

results. 

Finite element simulation module: The main 

function of the module is to simulate the distributing 

of temperature field. By adjusting hyperthermia 

parameters, all kinds of temperature field models can 

be obtained, and then the database of temperature field 

can be built for model matching. The module is 

composed of two parts: one part is to simulate the 

temperature field under VC++ platform, and the other 

part is commercial finite element software ANSYS for 

contrast and validation. 3-D finite element 

models(FEM) play critical roles in the liver 

hyperthermia treatment planning system. 

Treatment planning and forecasting module: 

The main function of the module is to set down liver 

hyperthermia treatment scheme for clinical operation. 

The module consists of model matching system and 

the optimal treatment scheme forming system. The 

first system is used to match 3-D visualization model 

with FEM and make conformal estimation. The 

second system is to obtain hyperthermia parameters 

(time, power, time-sharing rate, etc) and the optimal 

treatment scheme. At last, the scheme can be export in 

the form of written “*.txt” format 

2.2 System implementation 

Data flow diagram of liver hyperthermia 

treatment planning system was illustrated as Figure 2. 

Based on system design framework, the system of 

Liver Hyperthermia Treatment Planning was 

implemented by Amira and Ansys. 

 
 Fig 2 Data flow diagram of liver hyperthermia 

treatment planning system 

2.2.1 3-D reconstruction of liver and tumors  

The experimental data were two series of CT 

slices, obtained from General Hospital of People 

Librate Army. Each series included 60 slices, the 

spacing between two slices was 0.25mm. Each CT 

image was composed of 512*512 pixels, and the pixel 

size was 0.703125mm*0.703125mm. By Amira image 

cropping, segmentation, surface reconstruction, mesh 
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simplification, surface smooth[5] were accomplished, 

and the 3-D reconstruction results of liver and tumors 

were obtained, shown as Figure 3 and Figure 

4((a):3-D visualization model of liver; (b): schematic 

view of tumor model to measure; (c):3-D anatomy 

relationship view between liver and tumors). The size 

of tumor and 3-D anatomy relationship could be 

learned by liver and tumor surface models, and then 

the corresponding feature parameters could be 

extracted.  

 
     (a)             (b)             (c) 

Fig 3 3-D surface model of the 1st liver and tumor 

 

       (a)             (b)           (c) 

Fig 4 3-D surface model of the 2nd liver and tumor 

 

2.2.2 Modeling of finite element temperature field 

In clinic, the temperature of (54 0.5)  was 

considered as the outer boundary of microwave 

ablation region[6]. All the distribution functions of 

SAR Specific Absorption Rate was nearly obtained 

for hyperthermia by fitting experimental data. The 

distribution functions of SAR(50W 2450MHZ) fitted 

by phantom experimental data were as follows: the 

positive function: 1.07 3.7 1.5677 1.8055

2.71828-2.15 r -0.1z3+0.37z2-0.529z+0.7963

the negative function: 1.07 3.7 1.0349 1.8055

2.71828-2.15 r -0.1z3-0.59z2-0.493z+0.6294

By Ansys and the function of SAR,3-D simulation 

models of temperature field of 50W 2450MHZ could 

be gotten, illustrated as Figure 5. 

2.2.3 Parameter extracting and model matching 

Figure 6 showed 3-D model view of liver tumor 

and simulation temperature field. Firstly, data 

measurement and parameter extraction were 

accomplished according to 3-D visualization models 

of tumor. Measuring results of the 1st model of tumor 

were as follows: the long axis length was 3.2901cm, 

 

 (a) the section view (b) the outline view 

Fig 5 The simulation models of temperature field of 

50W,2450MHZ 

and the short axis length was 2.4382cm. The angles 

between the long axis of the tumor and X-axis, Y-axis , 

Z-axis were 78º, 10.4º, 75º, respectively (X,Y,Z were 

Corona , Sagittal, Axial , respectively.). Measuring 

results of the 2nd model of tumor were as follows: the 

long axis length was 2.8965cm, and the short axis 

length was 2.4645 cm. The angles between the long 

axis of the tumor and X-axis, Y-axis, Z-axis were 

78.8º, 155.7º, 161.9º, respectively. The intersection 

point of the long axis and the short axis was regard as 

ordinate origin, and the surface measurement results 

of liver tumor were shown in Table 1 and 2. 

 
(a) surface model     (b) temperature field model 

Fig 6 Contrastive results of 3-D models  

The model of temperature field of 50W

2450MHZ was illustrated as Figure 6(b), and various 

temperature field models could be obtained by the 

adjustment of hyperthermia time. At 465s the data of 

temperature field were shown in Table 1; Compared 

with 3-D visualization data of liver tumor, the size of 

temperature field was suitable for liver tumor 

hyperthermia. Also, at 480s the data of temperature 

field were shown in Table 2. 

IFMBE Proceedings Vol. 25

Design and Implementation of Liver Hyperthermia Treatment Planning System 19



Table 1 Measuring data of the 1st model 

transversal coordinate value(cm) vertical 

coordinate 

value(cm) 
3-D surface data 

of liver tumor 

data of temperature 

field(at 465s) 

-1.2 1.0283 1.2 

-0.615 1.0215 1.15 

0 1.2191 1.45 

0.5635 1.021 1.15 

1.116 0.74873 0.95 

 

Table 2 Measuring data of the 2nd model 

transversal coordinate value(cm) vertical 

coordinate 

value(cm) 

3-D surface data 

of liver tumor 

data of temperature 

field(at 480s) 

-0.724 1.0785 1.35 

0 1.2323 1.55 

0.724 1.0024 1.3 

2.2.4 Determination of liver cancer hyperthermia 

treatment planning 

     By comparing liver tumor data with 3-D 

temperature field data, the treatment scheme of the 

first liver cancer obtained was as follows: 

     Hyperthermia power: 50W, hyperthermia 

frequency: 2450MHZ, hyperthermia time: 465s; 

     The direction of hyperthermia antenna: the 

included angle with X-axis, Y-axis , Z-axis were 78º, 

10.4º, 75º, respectively. 

The treatment planning scheme of the second 

liver cancer obtained was as follows: 

     Hyperthermia power: 50W, hyperthermia 

frequency: 2450MHZ, hyperthermia time: 480s; 

     The direction of hyperthermia antenna: the 

included angle with X-axis, Y-axis , Z-axis were 78.8º, 

155.7º, 161.9º, respectively. 

3. Discussions and conclusions 

    Combined with Amira and Ansys, Liver 

Hyperthermia Treatment Planning System was 

developed by VC++ and MITK. By the system, 

suitable hyperthermia treatment planning could be 

worked out, and experimental results showed the 

feasibility of the system. However, the system was 

still initial, further research of the system should be 

done as follows: 

(1) More exact parameters of liver tumor visualization 

model should be extracted; 

(2) Various temperature field database should be built, 

so that more suitable temperature field could be 

obtained from the database to match 3-D visualization 

model; 

(3)The optimal algorithms should be found to make 

exact match between temperature field models and 

tumor shapes. 
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The mechanical behavior of a new designed hip spacer  

T. Thielen1, S. Maas1, A. Zürbes1, D. Waldmann1, K. Anagnostakos2 and J. Kelm2 

1 University, Research Unit in Engineering Science, Luxembourg, Luxembourg  
2 University Hospital, Department of Orthopedic Surgery, Homburg-Saar, Germany 

Abstract— Within this project a new hip spacer made of an-
tibiotic impregnated bone cement used in two-stage treatment 
of infected hip joints was developed. As the material strength 
of bone cement is limited, fractures occurred in the past and 
led to important complications, so that a reinforcement of 
titanium was designed. Different shapes for this reinforcement 
were investigated and tested. The loading procedure was close 
to the ISO 7206-4, though small adaptation was made. An 
inserted rod of titanium grade II increased the collapse load up 
to 1000 – 1300 N, but considering a maximum expected force 
of about three times body weight, a “full-stem” reinforced 
spacer was created with titanium endoskeleton and a coating 
of minimum 2 mm PMMA. A finite element model was used to 
design this device so that finally a mobile and functional joint 
through the treatment course can be guaranteed. This new 
spacer is moulded during surgery and thus may be adapted 
optimal to the patients infect and his individual needs.  

Keywords— Spacer, Fracture, PMMA, Hip joint, Infection 

I. INTRODUCTION  

Two-stage re-implantation using an interval hip prosthe-
sis (spacer) of antibiotic-impregnated bone cement has 
become a well-accepted method to eradicate hip-infection 
and prevent limb shortening [1,2]. Although it is likely to 
find a great number of literature about the advantages of 
“hip spacers” in the treatment of the infection [3,4], there 
are very few publications about their mechanical strength 
[5]. The final aim of this study can be concluded by design-
ing an intra-operatively formed spacer, both, adapted to the 
patient situation and capable of resisting normal loading. In 
order to reach this aim, finite element analysis and labora-
tory tests of new designed hip spacers were performed. 

II. MATERIALS AND METHODS  

A. Laboratory 

PMMA, in medical applications commonly known as 
bone cement, is the basic material for hip spacers. After 
resection of the femur head or, in case of an existing hip 
prosthesis, after removal of the implant, the spacer fills the 
free space between the femur and the pelvis and releases its 
added antibiotics during an average treatment period of 90 

days [6]. After this period, the spacer will be substituted by 
a new commercial available hip prosthesis. Due to the lack 
of a standardized spacer model, the Orthopaedic Depart-
ment of the Saarland University Hospital developed, in 
collaboration with the University of Luxembourg, their own 
spacer system. A moulding form made of polyoxymethyl-
ene (POM) was designed and allows for reproducible mak-
ing of spacers unlike a hand made spacer (Fig. 1).  
 

 

Fig. 1 Casting mold for spacers 

In contrast to commercial available spacers, this spacer 
can be moulded during surgery and type and amount of 
antibiotics can be individually varied based on patients 
needs. Unfortunately, until now, some complications within 
the use of these spacers occurred. The main problem is the 
fracture of the spacer stem (Fig. 2, left), even if the patient 
practices only partial weight bearing with external crutches. 
Laboratory tests were applied, to investigate the actual bear-
able load of these spacers (Fig. 2, right). As there is no 
standardized protocol of testing the mechanical behaviour 
of a hip spacer available, existing standards for total hip 
prostheses (ISO 7206-4/6/8) were adapted. For testing, the 
spacer is inclined 10° in the frontal plane and 9° in the sagit-
tal plane. Clinical observations of in vivo implanted spacers 
showed frequent fractures in 40-80 mm, measured in 
proximal direction from the tip of the stem. Therefore, 
spacers in this study are imbedded in polyurethane, which 
simulates the bone, up to a height of 60 mm. Loads are 
applied through the femoral head by means of a roller 
bearded half-shell, compensating the acetabular cup.  
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Fig. 2 left: Fracture of an implanted spacer 
right: Spacer test-bed 

Static as well as cyclic loading tests were applied. Cyclical 
tested spacers were sinusoidally loaded at a frequency of 5 
Hz. To simplify matters the spacers were all tested in air at 
room temperature (23°C), because no significant influence 
was expected as compared to using a fluid test medium.  

It is common knowledge, that the bone cement properties 
depends strongly on the porosity of the cement and thus on 
the mixing technique [7]. Cement with low porosity will 
therefore have increased strength. However improved mix-
ing technique such as vacuum mixing will affect the elution 
of antibiotics adversely [8] and is not recommended for 
spacer preparation.  

Thus, to increase the bearable load, the spacer is rein-
forced by means of a titanium grade two inlay (endoskele-
ton), either as a central rod pin with 5mm diameter or as a 
“full-stem” insertion with thicknesses of 6, 8 or 10 mm (Fig. 
3, left). Titanium grade two was chosen because of its bio-
compatibility, very high strength and ductility. Clinical trial 
has shown that for antibiotic impregnated bone cements the 
major elution of antibiotics is just within the outer 2-3 mm. 
Hence, even the “full-stem” reinforcement, if maintaining a 
reasonable edge distance for all around antibiotic cement, 
won’t influence the treatment adversely. 

B. FE-Model 

In addition to laboratory tests, linear and non-linear finite 
element calculations were performed. The applied linear 
elastic material parameters are shown in table 1. 

 

Table 1 Linear elastic material properties 

Material 
Young’s modulus 

[MPa] 
Poissons’ ratio 

[-] 
PMMA 2,500 0.35 

Titanium grade II 110,000 0.34 
Polyurethane 4,100 0.35 

 
Measured material properties for one of the most fre-

quently used bone cement, Palacos®, revealed brittle mate-
rial properties, with quite high compressive strength (80-
100 MPa) but rather low tensile strength (35 ± 1.4 MPa) – 
determined according to ISO 5833 and ISO 527 respec-
tively. The flexural strength (60 ± 3.8 MPa) is onward re-
duced by about 16% with the addition of antibiotics. As 
titanium is a quite ductile material, a nonlinear material 
curve with a yield strength of Rp0.2=325 MPa and a tensile 
strength of Rm=428 MPa was considered. Meshing was 
conducted by the element solid 186, a hexahedral solid 
element with quadratic displacement behaviour (Fig. 3, 
right). The results were additionally validated by means of 
strain gauges (Fig. 2, right). 

 

   

Fig. 3 left: a) Non-reinforced spacer; b) Rod-reinforced spacer (5mm 
diameter); c)”Full-stem”-reinforced spacer 

right: Finite element mesh of the embedded spacer 

III. RESULTS  

A. Laboratory 

Non-reinforced spacers, statically tested, failed at a hip 
resultant force of about 600 N, depending on kind and 
amount of added antibiotics. If cyclical tested (n=10.000 
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load cycles) the bearable load was just between 400-500 N. 
Each fracture was located at the level of constraint, i.e. 60 
mm from the tip of the stem. For rod-reinforced spacers 
failure occurred generally in a load range of 1000-1300 N. 
All failures took place again at the stem fixation starting 
with an initial crack emanating on the anterior-lateral side 
of the cement coating. Due to the central rod pin, no com-
plete dislocation of the stem but rotation of the head relative 
to the stem happened. The maximum hip resultant forces for 
“full-stem” reinforced spacers, tested statically, are given in 
table 2. Moreover an S-N curve for spacers with 8mm tita-
nium inlay was determined and is shown in figure 4. 

Table 2 Hip resultant force of “full-stem” reinforced spacers 

thickness hip resultant force [N] 

t =   6mm 2650 - 2800 

t =   8mm 3350 - 3950 

t = 10mm 4430 - 4810 

 

 

Fig. 4 S-N curve and survival probability of “full-stem” reinforced 
spacer with 8mm titanium endoskeleton 

B. FE-Model 

The calculated stresses of a non-reinforced and a “full-
stem” reinforced (8mm endoskeleton) spacer are shown in 
figure 5 and 6. For a hip resultant force of 600 N, the non-
reinforced spacer has a maximum principle stress of about 

60 MPa, located on the anterior-lateral side at the stem 
fixing end (Fig. 5). 

 

Fig. 5 Maximum principle stresses on a non-reinforced spacer at a hip 
resultant force of 600N 

For a spacer with 8mm endoskeleton the hip resultant 
force of 2300N produces again a maximum principle stress 
of about 60 MPa on the cement coating (Fig. 6, left). Maxi-
mum von-Mises stress of the titanium inlay is in the range 
of yield strength and takes place on the anterior-lateral side 
at fixation level as well (Fig. 6, right). 

 

Fig. 6 Maximum principle and equivalent von-Mises stresses on a “full 
-stem” reinforced spacer (t=8mm) at a hip resultant force of 2300N 
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IV. DISCUSSION  

Two-stage hip revision by using hip interims prostheses 
(spacers) seems an appropriate solution in order to improve 
patient mobility and maintain stability of the joint as well as 
length of the limb [1-4]. Complications with spacers include 
fracture or luxation [5]. Furthermore, commercially avail-
able, pre-fabricated spacers lack patients’ specific needs [9]. 
Shape forming by means of a casting mould out of poly-
oxymethylene allows for intra-operatively spacer produc-
tion and thus the cement can be mixed with the required 
kind and amount of antibiotics. However, spacers without 
reinforcement can only bear up a hip resultant force of 
about 600 N and are therefore too fragile. Bergmann et al., 
2001 [10] measured an actual hip resultant force of about 
300% body weight during normal walking or going up-
stairs/downstairs. The load range requested by ISO 7206/8 
for endurance testing of commercial available hip prosthe-
ses is 300-2300N. Consequently, the bearable load of spac-
ers must be significant increased if the patient should be 
allowed to weight the affected hip joint without restrictions 
within the treatment period. Vacuum mixing will increase 
the mechanical strength of the cement but decreases the 
antibiotic elution and is therefore not suited. Although rod-
reinforced spacers double the primary load of 600 N up to 
1300 N, they are still too fragile. “Full-stem” reinforced 
spacer, statically loaded, can resist a hip resultant force 
between 2650-4810 N and thus over three times of normal 
body weight. Considering cyclic loading, the spacer with 
8mm titanium inlay can even bear up a hip resultant force of 
about 2400N when loaded with 500,000 load cycles (figure 
4). Given that one million load cycles is the average yearly 
load history of an active person and that the spacer remains 
in situ for a maximum of six month the duration of 0.5 mil-
lion cycles is the upper limit the spacer will ever be charged 
with [11]. However, according to Kelm et al., 2006 [6] the 
average treating period is considerably less (60-90 days) as 
well as the patient is mostly not active for the entire period 
between the two surgical stages. 

Beyond the here presented results, the developed FE-
model of the spacer can be further used for sensitive analy-
sis. Hence, altering circumstances can initially be simulated 
on computer before starting expensive test series. 

V. CONCLUSION  

Clinical and mechanical studies showed that spacers with 
internal reinforcement are well adapted to eradicate hip-

infection. The antibiotic release is not affected too much by 
the internal titanium endoskeleton but the bearable load can 
be considerably increased. The results demonstrate that full-
stem reinforced spacers with titanium inlay of 8mm appear 
to be a good solution to bear average hip joint loads. Never-
theless, in few cases a 6mm or even a 10mm titanium inlay 
should be used, depending on the current state of the femo-
ral canal. But with the information provided into this study, 
decision can be made individually by the surgeon. 
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Abstract—Hemodynamics are thought to play an important role 
in the creation, thrombosis, recanalization, regrowth and re-
bleeding of cerebral aneurysms treated by endovascular means. 
And the lattice Boltzmann method has received considerable 
interest as an efficient method of computing a variety of fluid 
flows, especially with complex geometrical configurations. 
Therefore, 3-dimensional mathematical model of different 
cerebral vessels with aneurysm were created. Furthermore, CFD 
calculations were performed by using lattice BGK model with the 
assumption of Newtonian fluid property for blood and the rigid 
wall property for the vessel and the aneurysm. The results 
suggest that the lattice BGK model has the potential to be a 
useful clinical tool for the prediction of the hemodynamics in 
cerebral aneurysm. And the geometric configuration of aneurysm 
is essential to the hemodynamics in aneurysm. 

Keywords-cerebral aneurysm; lattice Bolztmann method; 3D 
reconstruction; hemodynamics 

I.  INTRODUCTION 

The rupture of an intracranial aneurysm is a serious 
clinical event leading to a subarachnoid hemorrhage (SAH) 
with potential fatal outcome. Prevalence of SAH is 8 to 10 
people in 100 000 persons per year [1] with a mortality of 25 
% -50 %. Blood flow dynamics are thought to be an important 
factor in the pathogenesis and treatment of cerebral aneurysms. 
Hemodynamic factors, such as pressure distribution, 
impingement force and wall shear stress (WSS), have been 
implicated in aneurysm growth and rupture [1]. And 
appropriate control of these hemodynamic factors in clinic 
may also govern the outcomes of endovascular therapies. 
However, hemodynamic quantities of interest are difficult to 
measure in vivo.   

It has been demonstrated that advanced computational 
fluid dynamics (CFD) methods have the ability to predict 
velocity fields and other hemodynamic parameters on the 
aneurysms [2]. Furthermore, CFD methods are able to 
simulate conditions that do not currently exist and can, 
therefore, be used to predict the hemodynamic consequences 
of a surgical intervention [3]. 

Recently, lattice Boltzmann method (LBM) [4] has 
received considerable interest in the last decade as an efficient 

method of computing a variety of fluid flows, especially, with 
complex geometrical configurations [5]. The solution of the 
lattice Boltzmann equation converges to the Navier-Stokes 
solution in the continuum limit (small Knudsen number). Thus, 
steady flow in a 3D reconstruction aneurysm based on CT is 
studied and the pressure fields and stress tensor components 
are obtained using lattice BGK model. 

II. LATTICE  BOLTZMANN METHOD 

Different from the traditional CFD methods which obtain 
the velocity and pressure by solving the Navier–Stokes 
equations and computing the shear stress from the velocity 
profiles, the lattice Boltzmann method is a special finite 
difference discretization of the simplified Boltzmann equation 
with BGK collision operator which describes transport 
phenomena at the mesoscale level.  

In the LBM, the state quantity or particle density is 
described as a continuous distribution function, and the 
dynamics of the fluid is modeled by the transport of simple 
fictitious particles on the nodes of a Cartesian grid. The 
evolution of the original lattice Boltzmann model consists of 
two steps: relaxation and streaming. In the relaxation step, 
distributions f (x,t) at grid node x relax to the equilibrium state 
f0 (x,t) according to the Bhatnagar-Gross-Krook (BGK) [6] 
rule. In the streaming process, distributions advect freely at 
their characteristic velocities e  to the next site x+e t. The 
evolution equation for the incompressible lattice BGK model 
can be described by 

)),(),((),(),( txftxftxftexf tt
01

 (1) 

Where  is the dimensionless collision relaxation time, and t 
is the time step, respectively. 

The fluid density  and velocity u are obtained from the 
density distribution function f (x,t): 

),( txf                                        (2) 

),(),( txftxfeu                        (3) 
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Furthermore, applying to the Eq.(1) a second order Chapman–
Enskog expansion, continuous equation for mass and 
momentum can be obtained [7]. And the macroscopic pressure 
p can be calculated as 

2
scp (4) 

Where the cs is the sound velocity, and the kinematic viscosity 
are defined by the equation 

tx 612 2 /)(                                 (5) 

And x is the lattice constant size. 

Moreover, the density distribution functions in equilibrium 
state f0 (x,t) are designed so that the time averaged motion of 
the particles is consistent with the Navier-Stokes equation.  

LBM could be applied to both two- and three-dimensional 
flows, and D3Q15 lattice BGK model is popular in 3-
dimensional fluid flow. And corresponding equilibrium 
distribution function is 
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Thus the sound velocity cs is equal to 46c . 

III. LATTICE BOLTZMANN EQUATIONS IN CURVILINEAR 

COORDINATES 

The lattice Boltzmann equation (Eq.(1)) is viewed as a 
Lagrangian finite-difference numerical approximation to the 
discrete-velocity Boltzmann equation that makes use of BGK 
collision operator [8] 

)(
1 0fffe

t
f

                    (7) 

In order to preserve the geometry of the curved boundary, 
the above equation can be discrete in curvilinear coordinate 
system such as body-fitted coordinate. In Cartesian coordinates, 
after 3-dimensional transforming x1=x( 1, 2, 3), x2=y( 1, 2, 3) 
and x3=z( 1, 2, 3) are applied, Eq.(10) becomes 
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In this approach, Equation (8) can be discretized using the 
finite difference and the resulting equation is solved in an 
explicit manner. 

Furthermore the physical boundary condition at solid-
fluid interfaces is the no-slip boundary condition, which in 
LBM is usually realized as bounce-back rule [9]. 

IV. 3-DIMENSIONAL BLOOD FLOW IN ANEURYSM 

A. mage Acquisition 
A 3D DSA was performed using a clinical C-arm 

angiography unit (ANGIOSTAR Plus; Siemens A.G.). 
Angiographic images with matrix size of 512×512 pixels were 
obtained with a 33-cm field of view, acquiring 50 exposures 
(70 kilovolt peaks; 400 mA; 10 ms) before and during the 
injection of contrast medium. Subtracted angiographic images 
were transferred to a Unix workstation equipped with 3D 
Virtuoso (Siemens A.G.). As seen in Figure 1, regions for 
analysis were selected, and the images were reformatted into 
tomographic images with a pixel size of 0.13 mm and a slice 
thickness of 0.13 mm. 

Figure 1. Original medical image 

B. Reconstruction of  Vessels and Aneurysm 
Lumen boundaries were segmented with the threshold 

scheme, and the surfaces of the vessels and the aneurysms were 
constructed with a marching cubes algorithm using Mimics 
(Materialise Corporation). Surface irregularities resulting from 
partial volume effects, truncated small arteries, and other 
noises were automatically corrected with using original 
software, and additional smoothing of the polygonal surfaces 
was performed manually. The analysis region included the 
vessels that were 10 to 15 mm distal to the aneurysm. This 
computational meshgrid of reconstruction aneurysm is shown 
in Figure 2. 

 

(a)  (b)  

Figure 2. Reconstruction of  cerebral aneurysm 
with meshgrid (a) on the surface and (b) in the body 
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C. Numerical Simulation 
Lattice Boltzmann simulations were performed using our 

D3Q15 lattice BGK model. The corresponding boundary 
conditions were applied as follows. Blood was assumed to be 
an incompressible isothermal Newtonian fluid with a specific 
gravity of 1053 kg/m3 and a viscosity of 4.0×10-3 N/m2 per 
second. The viscoelastic properties of the vessel wall were 
neglected and a rigid wall with no-slip condition was applied. 
A traction-free boundary condition was applied to the outlets. 
The width of the time step for calculation was set at 0.0001 
seconds. 

Hemodynamic factors, such as pressure distribution, wall 
pressure and wall shear stress, have been implicated in 
aneurysm growth and rupture [1]. So pressure field and 
velocity field of blood flow in the aneurysm are simulated 
mathematically. And pressure distribution on the wall of 
cerebral aneurysm is presented in Figure 3.  

 
Figure 3. Wall pressure distribution of cerebral aneurysm 

 
Furthermore, the wall shear stress of cerebral aneurysm is 

computed according to the velocity field of blood flow in the 
aneurysm. WSS is a flow-induced stress that can be described 
as the frictional force of viscous blood. The 3D geometry and 
the 3D velocity field of vessels are indispensable to the 
establishment of spatial distribution of WSS and the flow 
structure. 

In recent corresponding studies [10-12], it is assumed that 
the WSS about 2.0 N/m2 is suitable for maintaining the 
structure of arterial vessels and the WSS lower than 1.5 N/m2 
will degenerate endothelial cells via the apoptotic cell cycle. As 
seen in Figure 4, the WSS of the aneurysm region was nearly 
higher than 2.0 N/m2 especially in the peak systole and seems 
to be too high to accelerate the regular cellar functions of 
endothelial cells. This excessively high WSS may be one of the 
main factors indicating the structural fragility of the 
aneurysmal wall, and resulting in rupture in the end. At the 
same time, there has been no study to our knowledge that 
demonstrated the changes of the size and the shape of the 
aneurysm immediately before and after the rupture until now. 
The current results of ruptured aneurysms might not 
characterize the aneurysm with high risk of rupture, but may 

only document the feature of the aneurysm after rupture. The 
application of these results to the clinical materials will prove 
the validity. 

 
Figure 4. Wall shear stress distribution of cerebral aneurysm 

Validation of image-based CFD studies of in vivo 
hemodynamics is a tricky proposition, because there are no 
“gold standard” techniques for measuring blood dynamics in 
vivo. The ability of CFD to accurately model flow in 
anatomically realistic aneurysm model based on CT has been 
shown. 

V. CONCLUSIONS 

As 3D angiographic techniques become more commonly 
used in the clinic, we can envision the routine acquisition of 
sufficiently high resolution angiographic datasets for large 
scale prospective or even retrospective studies of aneurysm 
hemodynamics and subsequent clinical outcomes. The ability 
to acquire high frame rate angiograms during the same clinical 
examination provides a unique opportunity to validate the 
predictive capabilities of these models. With continuing 
improvements in automated image analysis tools and 
computational performance, it will eventually be possible to 
perform these simulations in time frames suitable for clinical 
decision making. 

The discrete-velocity lattice Boltzmann method suggested 
by Mei et al. [8] is revisited and extended. The geometry of 
curved boundaries is preserved in body-fitted coordinates, and 
the required number of grid points is reduced at least, so the 
computational efficiency is greatly enhanced.  

Furthermore, CFD calculations were performed by using 
lattice BGK model with the assumption of Newtonian fluid 
property for blood and the rigid wall property for the vessel and 
the aneurysm. The results of this study suggest that the lattice 
BGK model has the potential to be a useful clinical tool for the 
prediction of the hemodynamic information in cerebral 
aneurysms. And the geometric configuration of aneurysm is 
essential to the hemodynamics in aneurysm. Computer 
simulation of the bloodstream may be of utility in advancing 
our understanding of hemodynamic stress and the 
pathophysiology of vascular disease. 
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Abstract 

Background: Prospective comparative studies to predict the 
risk of hemodynamic deterioration in patients referred for 
transplantation were performed on the basis of standard inva-
sive and non-invasive data and new wave intensity (WI) pa-
rameters. 

Methods and results: Study group 1 consisted of 150 con-
secutive outpatients (age 48.7±12 years; 110 men) with end-
stage dilative cardiomyopathy. Group 2, consisting of 11 con-
secutive patients (age 50±11 years; 6 men) with sinus rhythm 
and “true” decompensation, was used to create “critical” val-
ues of WI. There were no demographic or somatic (weight and 
height) differences between the groups. The follow-up period 
of ambulatory patients was 31±8 months. Non-invasive WI was 
studied in the common carotid artery. Complete invasive and 
noninvasive data were also recorded on the day of investiga-
tion. During follow-up 44 pts were lost: there were 15 cardiac 
deaths (10%), life-saving ventricular assist device implantation 
in 10 (6.6%) and transplantation in 19 (12.7%). For statistical 
purposes this group was named “events” group B (n=44). A 
predisposing factor for events (death, “true” decompensation 
and “urgent” transplantation in ambulatory patients) was low 
first peak (“critical” value assessed in group 2 <4100 
mmHg*s³) (OR 45.6, CI 14.5-143.3, p<0.001). Less powerful 
predictors of the risk of deterioration were PCP, diastolic PAP 
and E/A mitral wave relation (p=0.05).  

Conclusions: The new ventricular-arterial coupling pa-
rameter 1st peak of WI can potentially be used to distinguish 
patients at high risk for true deterioration and death. 

Keywords —  wave intensity, end-stage cardiomyopathy, heart 
failure 

I. INTRODUCTION  

Despite published papers and guidelines [1], the problem 
of the selection of the best treatment option for patients 
suffering from end-stage dilative cardiomyopathy (DCM) is 
not solved. Newly published data obtained in patients suf-
fering from congestive heart failure (CHF) with preserved 
[2] or significantly reduced [3] systolic function indicates 
that the cause of hemodynamic worsening possibly depends 
on arterial stiffness or “hypervolemic” state of the circula-

tory system rather than on primary and isolated heart mus-
cle dysfunction itself. The new wave intensity (WI) parame-
ters are potent assessors of heart and arterial function 
cooperation and may be useful in identifying the factors 
responsible for the worsening of chronic congestive condi-
tions [4]. We undertook prospective comparative WI studies 
to predict the risk of hemodynamic deterioration in patients 
referred for transplantation and treated medically, per-
formed on the basis of standard invasive and non-invasive 
data and new WI parameters. 

II. PATIENTS AND METHODS 

Study group 1 consisted of 150 consecutive outpatients 
(age 48.7±12 years; 110 men) with end-stage DCM studied 
between 07/2001 and 12/2008 out of a mean of 182 pa-
tients/year referred for transplantation to the Deutsches 
Herzzentrum Berlin. Group 2, consisting of 11 consecutive 
patients (age 50±11 years; 6 men) with sinus rhythm and 
“true” decompensation, was used to create “critical” values 
of WI. There were no demographic or somatic (weight and 
height) differences between the groups. 

Non-invasive wave intensity (WI) is defined on the basis 
of echocardiography (ALOKA ultrasonic system, Japan) 
and uses the protocol proposed by Sugawara et al. [5] and 
Harada et al. [6]. The pressure waveform is derived from 
the diameter change waveform of the arterial wall measured 
by ultrasound pulse echo tracking. The diameter change of 
the artery (dU) corresponds closely to the pressure change 
(dP) in a carotid artery measured invasively with high corre-
lation quotient (goodness of fit r²=0.97) and can be substi-
tuted for the invasively recorded pressure waveform [7]. 
The formula for WI is as follows:  

WI = (dU/ d t) • (dV Doppler/ dt),  
where dU= difference in displacement of carotid artery, and 
V= flow velocity measured by Doppler. 

The WI index materializes as two peaks (1st and 2nd). The 
“compression” wave (1st peak, during beginning of ejection) 
is mathematically positive as a product of two positive val-
ues of pressure and flow waveform. The “expansion” wave 
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(2nd peak at the end of ejection period) of WI is calculated 
in the same way as the 1st peak but both curves (pressure 
and flow) in this phase are negative: algebraically their 
derivates produce positive peak of WI.  

All patients received serial echocardiography and were 
followed up according to our institutional protocol [8].  

 
III. PROPOSED HEART FAILURE VALUES FOR 1ST AND 2ND PEAK 

Values of 1st and 2nd peak calculated in the group with 
true decompensation with added standard deviation (SD) 
were used as reference values to identify the risk of true 
decompensation (cut-off for 1st peak value at 4100 
mmHg*s³). For the purposes of this analysis these values 
were accepted for the identification of patients at risk for 
“events” (death, true decompensation requiring assist sup-
port or urgent transplantation). 

 
IV. STATISTICAL ANALYSIS 

 
The first hypothesis was that the hemodynamic deteriora-

tion leads to three clinical situations: death, assist device 
implantation or urgent heart transplantation, and these situa-
tions were primary endpoints (events for statistical pur-
poses). The second hypothesis was that the value of 1st and 
2nd WI peak assessed in the group of critically ill patients 
(n=11) during true decompensation could be used as a 
“value of risk for true decompensation” in the ambulatory 
patients and would statistically correspond with the clinical 
endpoints of ambulatory patients.  

A cumulative survival curve was created to express the 
results of follow-up. Statistical significance was assumed 
for P values <0.05. 

 
V. RESULTS  

 
The patients in group 1 (ambulatory) did not vary from 

those in group 2 (true decompensation) in terms of the dura-
tion of congestive heart failure symptoms or the number of 
decompensation episodes. Patients’ height and weight also 
did not differ statistically between the groups. The stable 
ambulatory group of patients (group 1) did not have signifi-
cantly smaller median LV diameter: 72 (min. 61, max. 100) 
mm vs. 75 (min. 60, max. 90) mm, and median EF was also 
similar: 20 (min. 10, max. 40)% vs. 19 (min. 15, max. 
25)%. Cardiac index was higher in group 1 and was 2.4±0.8 
vs. 2.0±0.3 l/min/m² in group 2 (p <0.05). The mean left 
ventricular filling pressure and mean PAP in group 2 (dur-
ing decompensation) were significantly lower than in group 

1 and were 18±9.81 vs. 27±11 (p <0.001) and 20±10 vs. 
28.6±6 mmHg (p <0.001), respectively.  

The differences between groups mentioned above were 
to be expected by the design of the study. The LV dimen-
sions and systolic function (EF) did not differ significantly 
between groups 1 and 2 and were: 72.0 (51-100) vs. 75.0 
(60-90) mm, p=0.43, and 20.0 (10-40) vs. 21.0 (15-25) % 
(NS), respectively. The strikingly significant difference 
between the group with true decompensation (group 2) and 
ambulatory patients (group 1) was in the value of 1st peak: 
2.900±900 vs. 5400±3.500 mmHg*s³ respectively (p 
<0.001), while the values of the 2nd peak and ß values did 
not differ significantly between the groups and were for 2nd 
peak 1800±900 and 1900±1200 and for ß value 15±7 for 
both groups. 

Ambulatory patient follow-up. During the follow-up of 
ambulatory patients (31±8 months) 44 pts were lost: there 
were 15 cardiac deaths (10%), life-saving ventricular assist 
device implantation in 10 (6.6%) and transplantation in 19 
(12.7%). For statistical purposes this group was named 
“events” group B (n=44). A predisposing factor for events 
(death, true decompensation and “urgent” transplantation in 
ambulatory patients) was low first peak (“critical” value 
assessed in group 2 <4100 mmHg*s³) (OR 45.6, CI 14.5-
143.3, p<0.001). The mean values measured in the carotid 
artery for NWI calculation were as follows: heart rate and 
maximal pressures (systolic and diastolic) as well as dia-
stolic minimal flow did not differ significantly between 
group A (event-free patients) and group B; however, the 
median value of maximal velocity in the carotid artery was 
significantly higher (p= 0.057) in group A than in group B 
and was 0.626 (0.230-1.469) vs. 0.524 m/s (0.216-1.122), 
respectively (Table 1). 

Group A was characterized by 1st peak WI that was 
higher (6.400±3.300) than the “value of risk for true de-
compensation” (<4100 mmHg*s³) assessed by studying 
group 1 during true decompensation, and group B was char-
acterized by low 1st peak (2.900±1200 mmHg*s³) of WI. 
Patients in whom the 1st peak was small (<4100 mmHg*s³) 
had a significantly reduced chance of event-free survival 
compared with patients with 1st peak of 4100 or more (OR 
45.6, CI 14.5-143.3, p <0.001). The 2nd peak did not differ 
significantly between the groups. Invasively assessed sys-
tolic pulmonary artery pressure (PAP) did not vary signifi-
cantly between groups A (event-free) and B (event-
positive); however, the diastolic PAP and left filling pres-
sure were elevated in the event-positive group: median 18 
(14-45) vs. 21 (13-53) mmHg and 17.0 (4-36) (p=0.069) vs. 
19.0 (7-40) mmHg (p=0.058), respectively. Ratio of E/A of 
mitral flow in group A was significantly lower at 1.24 
(0.01-2.9) than in the event-positive group: 1.8 (0.1-9.0), 
p=0.05. 
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Table 1. Invasive and non-invasive characteristics of the 150 patients 
studied. Group A = event-free and Group B = event-positive subgroup 
(event = death, assist device implantation, transplantation). 

 Group A 
N=106  
median  
(min-max) 

Group B 
N=44  
median  
(min-max) 

p 

Invasive data    
HR bpm 77 (53-127) 75 (54-129) 0.42 
PAP mean mmHg 26 (8-55) 25 (13-51) 0.41 
PAP diast. mmHg 18 (14-45) 21 (13-53) 0.069 
CI ml/min/m² 2.4 (1.3-5.2) 2.2 (1.1-3.6) 0.13 
SV 47.1 (19-108) 39.5 (10-71) 0.042 
PCP mmHg 17.0 (4-36) 19.0 (7-40) 0.058 
Echocardiography    
EDD mm 72.0 (51-100) 77.0 (55-95) 0.27 
EF% 21 (10-40) 20 (10-35) 0.017 
Mitral flow E/A 1.24 (0.01-2.9) 1.8 (0.1-9.0) 0.05 
Exercise test    
VO2 max. ml/min 17.6 (9-35) 13.9 (4-31) 0.037 
Noninvasive  
instantaneous  
mean values  
(carotid artery)* 

   

HR b/min 73.9 (64-118) 77.2 (68-130) 0.65 
BP max. mmHg 106 (76-145) 104 (71-141) 0.23 
BP min. mmHg 64 (36-100) 63.5 (42-86) 0.3 
Velocity max. m/s 0.626  

(0.230-1.469) 
0.524  
(0.216-1.1215) 

0.057 

Velocity min. m/s 0.013  
(-0.303-0.235) 

0.023  
(-0.85-0.153) 

0.2 

1st peak WI 
mean ±SD 

6400±3.300 2.900±1200 <0.001 

2nd peak WI 
mean ±SD 

2000±900 1400±800 0.15 

* Value assessed during WI investigation  
 

VI. DISCUSSION 

 
The most plausible explanation for unexpected or unpre-
dicted “true decompensation” is based on primary systolic 
or diastolic myocardial failure [9, 10]. The concept that the 
worsening of compensated heart failure is produced by the 
gloomy pathophysiological process of loss of myocyte per-
formance has to be revived. The published study [3] in 
patients suffering from chronic compensated heart failure 
moving to exacerbation based on continuous monitoring of 
intracardiac pressures documented that the most important 
factor in such conversion is probably secondary rising LV 
filling pressure and thus rising of pulmonary pressure above 
the limit that is able to be compensated by the diseased 
myocardium, producing a sudden drop in the performance 
of the heart. The primary cause of this hemodynamic phe-
nomenon can be hypothetically explained by progressive 
failure of mechanical cooperation between the vascular bed 
and the heart [11], which in turns appears as the “hyper-
volemic” state. Wave intensity has proven to be an adequate 
method to assess this phenomenon and, despite the limited 

numbers of publications regarding the mechanical coopera-
tion of the arterial system and “failing heart” [12, 13], the 
concept of a causal relation between heart and arterial con-
duit failure [14] seems to be an important topic.  
Measurement of WI values for decompensation evaluation. 
We established “critical” values of 1st and 2nd peak and ß of 
WI in chronic DCM patients during conversion to the de-
compensated state. These critical values were registered in 
11 consecutive patients who were at such a transition to 
“true” decompensation during chronic disease (duration of 
congestive symptoms was 5.9±0.9 years with mean 1.6±0.9 
episodes of frank decompensation), possessing sinus rhythm 
and who were admitted for assist device implantation.  
Wave intensity parameters as important factors in decom-
pensation evaluation of stable ambulatory patients. Al-
though NWI was assessed in the carotid artery it defines the 
cooperation of the heart with the arterial conduit (aorta and 
arterial system) as a whole and not exclusively the arterial 
system of the heart. This is the law of “connected compart-
ments” (vessels).  
Our prospective study demonstrates that the 1st peak of WI 
which defines the systolic interaction of the arterial and 
ventricle system was a highly significant and independent 
predictor for survival (p<0.001) if the 2nd peak was pre-
served. Preserved 2nd and low 1st peak have to be explained 
as a result of poor systolic function of the left chamber 
(small stroke volume and poor ejection dynamics) but also – 
an important further factor – as the poor response of the 
arterial system to the input. The diastolic function of the 
heart is reflected in the 2nd peak [15] while relaxation of 
the heart begins before aortic valve closure. This means that 
coordinated and precise relaxation of the LV muscle stops 
the blood from moving back before valve action [16]. The 
value of the 2nd peak and WI markers in general could also 
be extended as highly sensitive markers of vessel conduit 
filling and at the same time as markers of resistance of the 
vessel conduit [17]. We hypothesize that the “overvolumed” 
vessel conduit or changing relatively high resistance (as 
mismatch value to heart performance) or both factors to-
gether can cause secondarily worse diastolic function of the 
diseased myocardium. Significantly higher quotient of the 
relation of the early to late mitral filling waves in the event-
positive group (B) compared to stable patients (group A, 
p=0.05) could support the “overvolume” hypothesis. Arte-
rial stiffness (reflected as ß value in our studies) has also 
been claimed to be a good predictor for the risk of decom-
pensation, but we could not confirm this [18].  
It is clear that the arterial tree functions as a “conductor” 
and plays a vital role as an active transmitter of blood sup-
ply to the peripheral tissue. This study not only shows WI to 
be a new clinical marker that is important for follow-up but 
also opens up possibilities of using this new instrument to 

Prognostic Value of Wave Intensity in Patients Awaiting Heart Transplantation 31

IFMBE Proceedings Vol. 25



influence the medical treatment and the selection of specific 
treatment options. The reactivity of the arterial system to 
any kind of physiological stimulation is well known from 
animal studies [19]. However, patients suffering from con-
gestive heart failure in general, and especially during the 
advanced stages of the disease, are hemodynamically stable, 
characterized by scarcity of symptoms [20] and do not 
demonstrate variability of WI parameters from beat to beat, 
allowing representative values to be registered. This method 
was validated and demonstrated good reproducibility in 
human beings [21].  

On the other hand, invasively acquired data were less at-
tractive in predicting risk of hemodynamic deterioration; 
however, diastolic PAP and left filling pressure were ele-
vated in the risk group (B) (p = 0.058). 

 
VII. CONCLUSIONS 

 
Non-invasively assessed 1st peak of wave intensity is a new, 
powerful marker with the strongest prediction (p<0.001) of 
the risk of deterioration in patients suffering from chronic 
congestive cardiomyopathy. WI is cost effective and un-
complicated in assessing the quality and quantity of coop-
eration between the heart and arterial system. This could 
help to separate the DCM patients who will remain stable in 
the long term from those with a high risk of progressive and 
so far unpredictable decompensation and death. 
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Abstract— Patients with aortic valve stenosis (AS) may 
experience angina pectoris even if they have angiographically 
normal coronary arteries. Angina is associated with a marked 
increase in the risk of sudden death in AS patients. Moreover, 
as only a few in vitro models describing the interaction 
between LV and aortic pressures, and the coronary circulation 
have been reported, we have developed an in vitro model that 
is able to mimic the coronary circulation under physiological 
and pathological conditions. After validating the model under 
physiological conditions, we have examined and quantified the 
effects of AS on a model of the normal left coronary artery. 
Moreover, this coronary in vitro model allowed us to validate 
the mathematical model of the interaction between AS and the 
coronary flow circulation (V3C) previously developed in the 
laboratory. In the coronary in vitro model without AS, the 
amplitude and the shape of coronary flow were similar to in 
vivo measurements obtained under physiological conditions, as 
described by Judd et al. The presence of an AS induced an 
increase of the maximum and the mean coronary flow rate 
(113% and 109% respectively, for a very severe AS). 
Furthermore, when AS was very severe, a retrograde flow 
occurred during systole. Comparison between the in vitro 
model and the V3C mathematical model without and with AS 
has shown a very good agreement, even if a minor difference 
could be observed. So our coronary in vitro model allowed us 
to quantify the effects of AS on a normal coronary left artery 
and to validate the V3C mathematical model.  
 

Keywords— Left coronary artery, Aortic valve stenosis, 
Coronary flow reserve, In vitro model, V3C mathematical 
model.  

I. INTRODUCTION  

Patients with aortic valve stenosis (AS) may experience 
angina pectoris and present ECG signs suggestive of 
myocardial ischemia, even if they have angiographically 
normal epicardial coronary arteries [1]. Angina is associated 
with a marked increase in the risk of sudden death in AS 
patients [2] and is relieved immediately after aortic valve 
replacement (AVR) [3], whereas regression of left 
ventricular (LV) hypertrophy may occur over the next 
several months to years [4]. The reduction of coronary flow 
reserve (CFR) is the key factor responsible for myocardial 
ischemia in AS outcomes [5]. There persist some 
uncertainties and controversies as to the causes of the 
impairment of CFR in these patients. Development of 
concentric LV hypertrophy in patients with AS is an 
adaptive response to reduce LV wall stress [6]. In relation to 

LV mass, total coronary blood flow increases, whereas 
arteriolar density is reduced. The combination of these two 
abnormalities is responsible for a partial exhaustion of the 
autoregulatory capacity of the coronary microcirculation 
under resting conditions, thus contributing to limitation of 
CFR. This mechanism was initially believed to be the main 
cause of impaired CFR in AS patients until the recent study 
by Rajappan et al. [5]. This study, performed in 20 AS 
patients with normal coronary arteries, revealed that the 
decrease in CFR measured by positron emission 
tomography was related to the severity of AS rather than to 
LV mass. Moreover, CFR was more severely impaired in 
the subendocardium than in the subepicardium in patients 
with severe AS. In a subsequent study, the same team 
reported that changes in CFR after AVR were not directly 
related to regression of LV mass but were rather dependent 
on change in valve effective orifice area (EOA) achieved 
with AVR [7]. These recent results are in agreement with 
those of previous studies in AS patients where coronary 
hemodynamics was correlated to valve EOA [8], 
transvalvular pressure gradient [8, 9], and LV wall stress 
[10]. These findings suggest that extravascular compression 
of coronary vessels due to increased intramyocardial 
pressure is one of the main mechanisms responsible for 
impaired CFR and thus myocardial ischemia in AS.  
Only a few in vitro models describing the interaction 
between LV and aortic pressures, and the coronary 
circulation have been reported [11, 12, 13], very likely 
because of the difficulty to mimic such a complex 
hemodynamic system. Indeed, the hemodynamic features of 
the coronary flow are highly dependent upon the transmural 
pressures which themselves differ from the epicardium to 
the endocardium.  
This is why the purpose of this study was to develop an in 
vitro model that is able to mimic the coronary circulation, in 
order to examine and quantify the effects of AS on a normal 
left coronary artery. Moreover, this coronary in vitro model 
allowed us to validate the V3C mathematical model of the 
interaction between AS and the coronary flow circulation 
previously developed in the laboratory [14].   

 

II. METHODS  

Experimental model. For the purpose of this study, we 
used our validated ventriculo-aortic model [15]. The main 
modification to the existing model was the addition of the in 
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vitro coronary model. This model was based on the 
theoretical model described by Judd et al. [16]. The 
hydraulic analogue is shown in figure 1. The coronary flow 
model was made up of: a rigid tube connected to the left 
coronary ostium of the aorta model which comprises a flow 
probe, a valve resistance (Rc) and a systolic resistor 
simulating intramyocardial stresses (Sim) depending upon 
the LV pressure. The systolic resistor was based on the one 
used by Sabbah and Stein [11]. The pressure surrounding 
the collapsible tube of the systolic resistor was transmitted 
from the LV and adjusted by using a valve resistance. This 
collapsible tube contributes in part to the compliance in our 
in vitro coronary model. The outlet of the coronary flow 
model was connected to the main reservoir of the in vitro 
aortic flow model. 
  

Fig. 1 Schema of the in vitro mock flow model of the coronary circulation. 

Aortic stenosis model. To simulate AS, we have designed 
and realized an adjustable locking system of the aortic valve 
leaflets opening. A series of screws, inserted in the aortic 
wall around a biological aortic valve (aortic Mitroflow 
SynergyTM PC, size = 23 mm) and covered of a piece of 
elastic tube in order to protect the leaflets, was used to 
control the opening displacement of the valve leaflets 
(Figure 2). This system allowed us to vary AS severity from 
0% (EOA = 2.8 cm²) to a maximum of about 90% (EOA = 
0.28 cm²) (that means that the valve EOA was reduced, for 
example, by 90%). In this paper, four different aortic valve 
EOAs are presented (Table 1): 0% mimicking a normal 
aortic valve (EOA = 2.8 cm²), 25% mimicking a moderate 
AS (EOA = 1.4 cm²), 50% mimicking a severe AS (EOA = 

0.7 cm²) and 90% mimicking a very severe AS (EOA = 
0.28 cm²).   
Experimental conditions. A Millar catheter (SPC 360S, 
accuracy 0.5% full scale) was introduced downstream of the 
aortic valve in order to measure the aortic pressure. A 
second Millar catheter was directly introduced in the LV 
outflow tract so as to measure the instantaneous LV 
pressure. Aortic flow and left coronary inflow were 
measured using two electromagnetic flowmeters (Carolina 
Medical Electronics, 600 series, internal diameter = 20 mm 
and 4 mm respectively, accuracy 1% full scale). All 
measurements were performed simultaneously under a wide 
range of physiologic and pathologic conditions. The aortic 
flow model was first adjusted to obtain typical normal 
hemodynamic conditions (Stroke volume = 70 mL, systolic 
blood pressure = 120 mmHg, diastolic blood pressure = 80 
mmHg) at 70 bpm. Then, the resistance and compliance of 
the coronary section were adjusted in such a way that the 
coronary flow waveform and its mean value were similar to 
the ones observed in normal subjects (without AS). Finally, 
the resistance of the coronary section was settled for each 
AS severity in order to maintain the LV stroke work in a 
physiological range [17] (Table 1). 
Mathematical model. The V C mathematical model [14] is 
an upgraded version of the V  model that describes the 
ventricular-valvular-vascular interaction [18], using a new 
lumped-parameter representation of the inflow in the left 
coronary artery. According to this model, the relationship 
between the left coronary inflow (Q ) and the inlet coronary 
pressure (P ) can be written as a function of the LV 
pressure (P ) as: 

3
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where Rc and Cc are respectively the functional 
intramyocardial resistance and compliance, R is the ramp 
function (R(x) = x if x 0, = 0 otherwise), Pzf represents the 
zero-flow pressure and Pinlet is defined as: 
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where PA is the aortic pressure, TPGmax is the maximum 
transvalvular pressure gradient.       

EOA (cm²) 2.8 1.4 0.7 0.28 

AS severity  
0%     
no AS  

50%    
moderate  

75%    
severe  

90%    
very severe 

LVSW (g.m) 36.7 37.8 51.3 71.6 

Table 1 Aortic valve stenosis (AS) severity in relation to aortic valve 
effective orifice area (EOA).  
Left ventricular stroke work (LVSW) used for each aortic valve EOA. 
LVSW (g.m) = SV (mL) * MLVP (mmHg) * 0.0144, where SV is the 
stroke volume and MLVP is the mean left ventricular pressure.

Fig. 2 Schema of the locking system of the aortic valve leaflets.
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III. RESULTS AND DISCUSSION 

Simulated aortic and LV pressures and aortic flow rate 
were comparable to that observed in humans (see Geven et 
al. [12]). In addition, the amplitude and the shape of the 
coronary flow during diastole in our in vitro model without 
AS were similar to in vivo measurements obtained under 
physiological conditions (Figure 3), as described by Judd 
and Mates [16]. The main difference appeared during 
systole after the fast drop in early systole. In the in vivo 
measurements, the flow rate increased again producing a 
peak in middle of systole, while in the in vitro model, the 
coronary flow rate increased slowly and continuously 
during this phase. This difference could be explained by the 
fact that in the in vitro model, the collapsible tube that 
mimicked intramyocardial stresses, did not relax quickly 
enough, at the beginning of systole. The tube relaxation was 
indeed slow. Work is in progress to improve the systolic 
flow.

Fig. 4 Coronary flow rate without aortic valve stenosis (AS) for the in 
vitro model (black line) and for the V3C mathematical model (blue dashed 
line). (S = Systole, D = Diastole). 

Otherwise, the flow conditions (LV pressure and coronary 
flow rate) in the in vitro model with an AS (Figure 3), were 
in agreement with those reported in patients [8, 9]. As can 
be observed in figure 3, the presence of an AS induced an 
increase (mainly in diastole) of mean coronary flow rate 
(approximately 109% for a very severe AS), of maximum 
coronary flow rate (approximately 113% for a very severe 
AS) and of maximum LV pressure (approximately 88%, for 
a very severe AS). Similarly, variations in EOA were 
inversely proportional to the variations in mean coronary 
flow rate, maximum coronary flow rate and maximum LV 
pressure. Furthermore, there was a huge increase of 
coronary flow rate at the beginning of diastole. The majority 
of this mean coronary flow rate increase occurred during 
diastole (about 80% throughout diastole and 20% 
throughout systole). Moreover, when the AS was very 
severe, the coronary flow rate became retrograde (with a 
minimum flow rate around -22 mL/min) at the beginning of 
systole, while it remained anterograde without AS and for 
the other AS severities (with a minimum flow rate about 0 
mL/min in all cases). This was in agreement with what was 
reported in previous studies [8, 19]. The suction produced 
by the so-called “Venturi effect” of the aortic flow jet was 
postulated to be responsible for this reverse flow [19]. 
However, several investigators have questioned the validity 
of this mechanism [11, 20], some arguing that the flow is 
not reversed in right coronary artery [20, 21]. But the fact 

that the compression is not the same between the left and 
the right side of the heart due to the pressure difference 
between the two ventricles could explain that the suction is 
less important in the right coronary artery. In vivo, it has 
been shown that the presence of an AS induces an increase 
in ventricular activity due to a greater demand in 
myocardial oxygen consumption [1]. Consequently, the 
mean coronary flow rate increased, mainly during diastole, 
which allowed additional oxygen contribution and energy to 
myocardial muscles. 
 

Comparison between the in vitro model and the V3C 
mathematical model in the absence of AS has shown a good 
agreement (Figure 4 and Table 2). Qualitatively, the flow 
rate decrease during diastole and the drop toward 0 mL/min 
in systole were clearly similar in the two models. 
Furthermore, the flow rate increase at the beginning of 
diastole was obvious in each model. As in the comparison 
with the in vivo measurements, one main difference 
appeared during systole. In the mathematical model, after 
the flow rate drop towards zero flow, it increased quickly 
from 0 to 40 mL/min and then decreased slowly until the 
end of systole, while in the in vitro model, it increased 
slowly and continuously. This could be explained by a 
lower coronary compliance in the in vitro model. 
Quantitatively, the two coronary flow rates were in the same 
range (systolic minimum close to 0 mL/min and diastolic 
maximum slightly above 80 mL/min). Therefore, in the 
mathematical model, the mean systolic coronary flow rate 
represented near 26% of the mean total coronary flow rate, 
whereas in the in vitro model it was approximately 15% 
(Table 2). 
Results obtained in the two models in presence of an AS 
were in a very good agreement (Figure 5 and Table 2). 
Qualitatively, even though a few differences occurred 
between the curves of the two flow rates, the general shape 
was similar in the two models. Quantitatively, the values 
range was comparable in the two models for the three 
degrees of AS (for example, a systolic minimum close to 
-25 mL/min, and a diastolic maximum around 200 mL/min, 
for a severity of 90%). Moreover, in the presence of an AS, 
the percentage of mean systolic coronary flow rate was 
equivalent in the two models and decreased with increasing 
AS severity due to the marked increase in LV pressure 
during systole (Table 2). 

Fig. 3 Coronary flow rate for the four different aortic valve stenosis (AS)
severities for the in vitro model (S = Systole, D = Diastole). 
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IV. CONCLUSIONS  

This study allowed us to validate our coronary in vitro 
model under physiological conditions. We have also shown 
that the presence of an AS induces important modifications 
in normal left coronary artery flow. The two main changes 
were an increase of the maximum and the mean coronary 
flow rate and the occurrence of a retrograde flow during 
systole for a very severe AS. These changes could explain 
why even if patients have angiographically normal 
epicardial coronary arteries, angina pectoris can be observed 
in presence of an AS [1]. Comparison between the in vitro 
model and the mathematical model with and without AS has 
shown a very good agreement. Consequently, the coronary 
in vitro model allowed us to validate the V3C mathematical 
model, under physiological and pathological conditions.  
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EOA (cm²) 2.8 1.4 0.7 0.28 

Qc max (mL/min) 
    In vitro model 
    Mathematical model 
    Variations 

 
91.1 
88.1 
3.4 % 

 
115.6 
99.5 
15 % 

 
143.8 
121.2 
17.1 %  

 
194.4 
201.8 
3.7 %  

Qc mean (mL/min) 
    In vitro model 
    Mathematical model 
    Variations 

 
35.5 
50.7 
35.3 % 

 
44.4 
55.9 
22.9 % 

 
52.4 
55.8 
6.3 % 

 
74.3 
83.8 
12 % 

% Systolic Qc 
    In vitro model 
    Mathematical model 
    Variations 

 
14.7 
26.6 
57.6 % 

 
22.1 
26.4 
17.7 % 

 
21.2 
17.8 
17.4 % 

 
13.8 
15.5 
11.6 % 

Table 2 Comparison of maximum coronary flow rate (Qc max), mean 
coronary flow rate (Qc mean) and percentage of mean systolic coronary 
flow rate (% Systolic Qc) obtained with the in vitro model and the V3C 
mathematical model. Variations represents the difference between the 
values obtained with the two models divided by the average of these two 
values. 
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Abstract—Texture analysis (TA) is a quantitative approach 
for characterizing subtle changes in magnetic resonance (MR) 
images of different tissues. The aim of this study was to detect 
changes in tissue of corpus callosum (CC) in mild traumatic 
brain injury (MTBI) patients by the means of TA.  

TA was performed in the sagittal T1-weighted MR images 
of 42 MTBI patients, focusing on different segments of CC by 
using the tissue characterization software MaZda. Results 
were compared with the control group of ten healthy volun-
teers. The most discriminant texture features were identified 
with a combination of feature selection algorithms mutual 
information (MI), classification error probability combined 
with average correlation coefficients (POE+ACC) and Fisher 
coefficient. Linear discriminant analysis (LDA) and nonlinear 
discriminant analysis (NDA) were performed. Nearest-
neighbor (1-NN) classification for LDA and artificial neural 
network (ANN) for NDA was used for tissue classification.  

The results revealed differences in the textures between the 
selected segments of CC in MTBI patients. There were also 
differences in the CC between healthy volunteers and MTBI 
patients. The best classification results between healthy volun-
teers and patients were achieved in the area of splenium of CC, 
with accuracy of 96% for the 1-NN classifier, and accuracy of 
98 % for the ANN classifier.   

TA results revealed changes in the texture parameters of 
the segments of CC between healthy volunteers and MTBI 
patients and therefore may provide a novel additional tool for 
detecting subtle changes in CC tissue on MTBI, but evidently 
larger data is necessary to confirm the clinical value of TA in 
diagnosing MTBI. 

Keywords—Magnetic resonance imaging (MRI), mild trau-
matic brain injury (MTBI), texture analysis (TA), tissue char-
acterization, corpus callosum (CC). 

I. INTRODUCTION  

Each year, millions of people sustain traumatic brain in-
jury as a result of falls, motor vehicle accidents, assaults and 
other mechanisms, from which mild traumatic brain injury 
(MTBI) represents approximately 70 - 90% [1]. MTBI can 
be caused by a blow to the head, or by acceleration or de-
celeration forces without any direct impact. Damage to the 

brain is often found in grey matter (GM) and white matter 
(WM) at the site or on the contralateral side of the impact. 
WM tracts are especially vulnerable to the axonal stretching 
and shearing which are associated with diffuse axonal injury 
occurring particularly in the corpus callosum (CC), brain 
stem, and subcortical WM regions.  

Although numerous neuroimaging modalities can be 
used to assist in making the diagnosis of MTBI [2], CT scan 
and MRI are currently the modalities of choice. The vast 
majority of MTBI patients have normal CT scans, and 
though MRI is found to be more sensitive to traumatic le-
sions a majority of symptomatic patients also have normal 
MRI scans. MRI techniques have become more sensitive 
due to the recent improvements, such as diffusion-weighted 
MRI, diffusion tensor imaging (DTI) and new MRI se-
quences [3, 4]. However, conventional MRI still has a ten-
dency to underestimate the condition.  

Image texture is known to provide the rich visual infor-
mation and therefore the analysis of texture parameters 
offers a useful way of increasing the information obtainable 
from medical images. Texture is an image feature which 
corresponds to both brightness value and pixel locations. 
Texture analysis (TA) methods assume  that  image  grey 
level  relationships  and  spatial  distribution  are  directly  
effected  by  the  properties  of  the  underlying  tissue. 
Based on the distribution of grey level values TA allows 
one to calculate mathematical texture features which can be 
used to characterize the properties of tissues [5].  

TA is an ongoing field of research, with applications 
ranging from the segmentation of specific anatomical struc-
tures and the detection of lesions, to differentiation between 
pathological and healthy tissue in different organs. Many 
promising studies have been reported with TA in the classi-
fication of pathological tissues from normal tissues in dif-
ferent applications [6, 7, 8]. TA has also been used for clas-
sifying healthy and pathologic human cerebral tissue [9, 
10], mainly by applying texture parameters based on the 
histogram, co-occurrence, gradient and run-length matrix. 
Especially co-occurrence matrix-based features have been 
found to be sensitive when studying neurological disorders 
such as Alzheimer's disease [11], hippocampal sclerosis 
[12] and multiple sclerosis [13].  
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The purpose of this study was to assess the effectiveness 
of TA to detect subtle changes in tissue in the different 
segments of CC caused by MTBI. To the best of our knowl-
edge, there are no published studies on the application of 
MRI TA in studying MTBI. 

II. MATERIAL AND METHODS 

A. Patients 

Patients with MTBI (GCS score 13-15) were recruited 
from the emergency room of the Tampere University Hospi-
tal during the period 2006-2007. For the TA study 42 con-
secutive patients (17 male, 25 female; mean age 38.8 ± SD 
13.6; range 18 to 60 years) were included. Clinical exami-
nation on admission and CT examination on the day of the 
accident were conducted for all patients. Neuropsychologi-
cal assessment was performed within six weeks after injury 
and MRI was performed in two weeks from the day of ad-
mission. All patients met the criteria of MTBI according to 
World Health Organization Collaborating Centre for Neuro-
trauma Task Force on Mild Traumatic Brain Injury [14]. All 
patients had normal CT and MRI scans. Also ten healthy 
volunteers (4 male, 6 female; mean age 39.6 ± SD 12.9; 
range 26 to 61 years) were recruited to form a control 
group. All patients and volunteers gave their written consent 
and the study was approved by the Ethics Committee of 
Tampere University Hospital.  

B. MRI  Examinations 

All 42 patients were studied on a 1.5 Tesla MRI machine 
(Siemens Magnetom Avanto, Erlangen, Germany). The 
MRI protocol included sagittal T1 3D Turbo flash (TR = 
1910, TE = 3.1, TI =1100, slice/gap 1.0/0, matrix = 256 x 
256, FOV=250, flip angle=15), axial T2 Turbo Spin Echo 
(TR = 44860, TE = 96, TI = 0, slice/gap 5.0/1.5, matrix 293 
x 448, FOV = 230), axial FLAIR (TR = 9000, TE = 109, TI 
= 2500, slice/gap 5.0/1.5, matrix = 256 x 256, FOV = 230), 
axial T2 HEMO (TR = 800, TE = 26, TI = 0, slice/gap 
7.0/2.0, matrix 256 x 256, FOV = 230, flip angle = 20),  
axial SE EPI 3 scan diff (b = 0, b = 500, b = 1000) (TR = 
3400, TE = 89, TI = 0, slice/gap 5,0/1.5, matrix = 192 x 
192, FOV = 230), sagittal FLAIR (TR = 8860, TE = 116, TI 
= 2500, slice/gap 2.0/2.0, matrix 256 x 256, FOV = 230), 
axial SE MDDW 12dir (b = 0, b = 1000) (TR = 3600, TE = 
96, TI = 0, slice/gap 5.0/1.5, matrix = 128x128, FOV = 230) 
and axial SWI 3D (TR = 15, TE = 49, TI = 40, TI = 0, 
slice/gap 2,0/0, matrix 177 x 256, FOV = 230, flip angle = 
15). The ten healthy volunteers underwent the same MR 
imaging procedures. 

C. Texture Analysis  

For TA sagittal T1 3D Turbo flash (T1 TF) image series 
was selected from the whole MRI study. One image slice of 
corpus callosum from sagittal view in the caudo-cranial 
direction per subject was chosen.  

TA was performed with the software package MaZda 
(MaZda 4.5, The Technical University of Lodz, Institute of 
Electronics [15]) specially designed for TA of MR images 
by Materka and co-workers as part of the European COST 
B11 program. Circular standardized regions of interest 
(ROI) were manually placed on the splenium, body and 
rostrum of CC (Figure 1).  

 

Fig. 1 T1 TF sagittal image of corpus callosum. ROIs are placed on the 
splenium, body and rostrum of corpus callosum 

The software calculates hundreds of texture parameters 
for each ROI based on histogram (mean, variance, skew-
ness, kurtosis and percentiles), gradient (mean, variance, 
skewness, kurtosis and the percentage of pixels with a non-
zero gradient), co-occurrence matrix (angular second mo-
ment, contrast, correlation, sum of squares, inverse differ-
ence moment, sum average), run-length matrix (run length 
non-uniformity, grey level non-uniformity, long-run empha-
sis, short-run emphasis and fraction of image in runs), auto-
regressive model (theta: model parameter vector, 4 parame-
ters; sigma: standard deviation of the driving noise) and 
wavelet-derived [15]. The grey level normalization, to 
minimize the influence of contrast variation and brightness, 
was performed using method which normalizes image in-
tensities in the range [μ-3σ, μ+3σ] (μ, grey-level mean; and 
σ, grey-level standard deviation).  

A combination of feature selection algorithms mutual in-
formation (MI), classification error probability combined 
with average correlation coefficients (POE+ACC) and 
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Fisher coefficient was used to determine overall 30 texture 
features with the highest discriminative power. The mutual 
information measures the dependence of random variables 
without making any assumptions about the nature of their 
underlying relationships. The heuristic POE+ACC tech-
nique consecutively seeks features that are best suited for 
classification but are, the least correlated with features al-
ready selected when the Fisher method produces a feature 
set that are also highly correlated with each other [15]. 

D. Data Analysis 

The selected features were set as input in integrated 
module B11 application (version 4.5) [15] for data analysis 
and classification. Texture classification for tissue combina-
tions was performed for all three segments of corpus callo-
sum, rostrum vs. splenium, rostrum vs. body, body vs. sple-
nium and comparing the texture data of the patients and 
healthy volunteers. B11 investigates the ability of input data 
texture feature sets to distinguish various texture categories 
using statistical methods. Linear discriminant analysis 
(LDA) and nonlinear discriminant analysis (NDA) were 
used to reduce the feature vector dimension and increase the 
discriminative power. Classification tests on the input data 
using different classifiers were performed. Nearest-
neighbour (1-NN) classifier was used for the most discrimi-
nating features resulting from LDA, and the artificial neural 
network (ANN) classifier for features resulting from NDA.  

III. RESULTS 

A. Classification Results of the Segments of CC in MTBI 
Patients 

The classification results when comparing the segments 
of CC of MTBI patients are presented in Table 1. 

Table 1 Classification results comparing the segments of CC of MTBI 
patients. The number of analyzed samples and classification accuracy 
percentages (%) based on nearest-neighbor (1-NN) for LDA (Linear 
discriminant analysis) and the artificial neural network (ANN) for 
NDA (Nonlinear discriminant analysis) are given in columns 

 
Regions of interest 

 
Number of samples 

 
LDA 

 
NDA 
 

 
all segments 

 
126 

 
58 % 

 
73 % 

 
rostrum vs. splenium 

 
84 

 
76 % 

 
86 % 

 
rostrum vs. body 

 
84 

 
90 % 

 
96 % 

 
splenium vs. body 

 
84 

 
90 % 

 
95 % 
 

B. Classification Results of CC between Healthy 
Volunteers and MTBI Patients 

The classification results of CC between MTBI patients 
and healthy volunteers are set out in the Table 2.  

Table 2 Classification analyses between MTBI patients and healthy volun-
teers in the rostrum of CC, the body of CC and the splenium of CC. The 
number of analyzed samples and classification accuracy percentages (%) 
based on nearest-neighbor (1-NN) for LDA (Linear discriminant analysis) 
and the artificial neural network (ANN) for NDA (Nonlinear discriminant 
analysis) are given in columns 

 
Regions of interest 
 

 
Number of samples 

 
LDA 

 
NDA 

 
Rostrum 

 
52 

 
92 % 

 
98 % 

 
Body 

 
52 

 
88 % 

 
92 % 

 
Splenium 

 
52 

 
96 % 

 
98 % 
 

The best classification result between MTBI patients and 
healthy volunteers is seen in the area of splenium, with 
accuracy of 96 % for the 1-NN classifier, and accuracy of 
98 % for the ANN classifier. 

IV. DISCUSSION 

Although the imaging modalities have been developing 
fast in recent years, with many improvements in MRI tech-
niques such as diffusion-weighted MRI and DTI [16, 2] it is 
still difficult to detect the damaged lesion and make the 
diagnosis of MTBI on the basis of imaging findings. It has 
been proven that TA can be used in classifying healthy and 
pathologic human cerebral tissue [9, 10] and in studying 
neurological disorders [11, 12, 13]. In the light of these 
studies, we suspected that TA could provide a novel ap-
proach also on improving the prognostic capabilities of MRI 
in studying and diagnosing MTBI. 

We chose the MR images of MTBI patients for our study 
with the objective of detecting textural differences in differ-
ent regions of corpus callosum. The purpose was to test the 
performance of TA to differentiate and classify the seg-
ments of CC and to test the effectiveness of selected texture 
parameters to study damages caused by MTBI. Our study 
showed that there are significant differences in texture pa-
rameters in the segments of CC between healthy volunteers 
and MTBI patients. 

Our study showed that the texture of the body of CC 
seemed to be different than the texture in rostrum or sple-
nium. The CC is the largest fiber bundle in the human brain 
connecting two cerebral hemispheres with more than 300 
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million fibers. A different orientation or densities of the 
fibers might yield different textures. The fiber composition 
in the CC has been studied in [17, 18] and it has been ob-
served that there are least nerve fibers in the body of CC per 
unit area and  Glial cells occupied more of the body of the 
CC than of the other segments. It is likely that the textural 
changes in the body of CC are caused by the different densi-
ties and number of the fibers in different regions of CC. 

Several DTI studies have investigated the CC in head 
trauma [19, 20] and it has been demonstrated that effects of 
head injuries often occur in the splenium, or in some studies 
in the genu of CC [20].  Our TA results showed difference 
in texture between healthy volunteers and patients in the 
splenium of CC with classification accuracy of 96 % for the 
1-NN classifier, and accuracy of 98 % for the ANN classi-
fier suggesting that the damage may indeed be observed in 
the splenium part of CC. Texture differences were also seen 
in the rostrum of CC with classification accuracy of 92 % 
for the 1-NN classifier, and accuracy of 98 % for the ANN 
classifier.   

V. CONCLUSION 

In conclusion, the results of our study show that there are 
significant differences in texture parameters in the segments 
of CC between healthy volunteers and patients. The study 
shows that TA could be useful in characterizing the changes 
in cerebral tissue in MTBI patients. This study suggests that 
TA with a variable set of texture features could in the future 
serve as an adjuvant diagnostic tool along with traditional 
MR and DT imaging for studying MTBI patients. However, 
to prove an established role of TA in MTBI one needs to 
correlate the TA results with neurological and neuropsy-
chological assessments along with DTI results. In the near 
future, we are planning to conduct a larger study to evaluate 
the role of TA in MTBI in this context.  
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An Adaptive Landmark Scheme for Modeling
Brain Deformation in Diffusion-Based Tumor Growth
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Abstract In the present work a novel model to simulate
mass effect caused by brain tumors is described. The progres-
sion of the tumor is modeled by means of a deterministic reac-
tion-diffusion equation, which is discretized on a high-
resolution voxel grid. This model does not inherently account
for the mass effect of the tumor. Therefore, the computed
tumor cell density is linked to a parametric deformation mod-
el.

More precisely, this deformation model is based on a thin-
plate spline interpolation strategy. Correspondence during the
spatio-temporal progression of the tumor is defined by track-
ing landmarks, which are attached to the boundary of the
gross tumor volume (GTV). To suppress deformation of rigid
structures, i.e. the skull, fixed shielding landmarks are intro-
duced into the model. An adaptive landmark scheme is used
that allows for introducing new landmarks into the model as
the tumor progresses.

The present work has to be considered as a feasibility study.
First qualitative results demonstrate the capability of the de-
scribed method, which allows for plausibly approximating the
mass effect caused by diffusive brain tumors.

Keywords modeling, tumor growth, mass effect, thin-plate
spline, glioblastoma multiforme

I. INTRODUCTION 

Glioblastoma multiforme (GBM) is one of the most 
common and most aggressive manifestations of primary 
brain tumors. The progression of GBM is based on three 
different mechanisms, namely (i) proliferation of tumor 
cells, (ii) migration of cancerous cells into surrounding 
healthy tissue and (iii) malignant transformation of cells. 
Commonly, multi-modal MRI is used to measure size, loca-
tion, spread and functional state of the tumor and its sur-
rounding [1]. The ability of these tumors to infiltrate healthy 
tissue well beyond the bulk tumor boundary represents a 
fundamental problem for state-of-the-art treatment ap-
proaches, since only a small fraction of the (diffusive) tu-
mor might be visible in modern imaging modalities. Al-
though much effort is directed towards better treatment 
approaches, state-of-the-art therapies remain palliative. 

Mathematical models of tumor growth can potentially aid 
to achieve a better understanding of the spatio-temporal 
progression of brain tumors. Further, they could ultimative-

ly allow for determining predictive factors of tumor inva-
sion [2] and, thus, enable the possibility to apply more ap-
propriate, spatially adaptive treatment methods. 

Modeling brain tumor progression is an active area of re-
search. Mathematical models can be divided into direct [3] 
and continuous models [4, 5, 6]. The model introduced by 
Swanson et al. [4] falls into the second category. The pro-
gression of the tumor is described on basis of a reaction-
diffusion equation, which is discretized on a 3D voxel grid. 
To account for the distinct motility of cancer cells within 
grey and white matter an isotropic diffusion coefficient is 
assigned according to the local tissue type.  

Clatz et al. [5] augmented this approach by incorporation 
diffusion tensor information in order to account for the 
anisotropic nature of cell diffusion. Secondly, they also 
incorporated a mass effect model. Rather than discretizing 
the associated equations on a high-resolution voxel grid, 
they embedded their model into a finite element framework. 

Another tumor model uses a level set formulation for the 
evolution of interfaces whose normal velocity depends on 
the solution of linear and nonlinear quasi-steady reaction-
diffusion equations with curvature-dependent boundary 
conditions [7, 8].  

To date the coupling between mechanical behavior of 
brain parenchyma and the reaction-diffusion equation is 
typically described by means of a linear elastic constitutive 
equation. This equation can be expressed as a parametric 
function of cell density [5, 6].  

The present work follows the approach presented in [4] 
in the sense that the reaction-diffusion equation is discre-
tized on a high-resolution voxel grid. The described method 
also accounts for the different motility of cancerous cells in 
brain parenchyma by locally varying the diffusion coeffi-
cient. The main contribution of the present work, however, 
is the efficient approximation of the tumor mass effect by 
means of a parametric interpolation strategy that is well 
known from image registration [9]. No simplification of the 
growth model apart from an isotropic diffusion coefficient 
(cf. section IV.) is demanded. The present work is an im-
provement of the method described in [10] in the sense that 
the number of landmarks is adapted as the tumor progresses.  
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II. MATERIALS AND METHODS 

A. Tumor Growth Model

The present work is based on a continuous, deterministic 
description of brain-cancer progression. The employed 
model describes spatio-temporal changes in tumor cell den-
sity on basis of a reaction-diffusion equation 

, (1) 

where  
denotes the relative cell density and  is the voxel 
coordinate in the image domain . (1) is 
solved on a high-resolution voxel grid , where 

 represents the brain. Scaling  with the max-
imum tumor cell capacity of brain tissue                    

 [11] yields the real cell densi-
ty.  in (1) describes the migration of can-
cerous cells into surrounding healthy brain tissue on basis of 
a passive diffusion process. The term  in (1) models 
the proliferation of the brain tumor as an exponential in-
crease in cell density. 

Establishing the boundary condition  for all 
 allows for preventing diffusion into non-cerebral 

tissue. Further,  is initialized by 

if
otherwise

  (2) 

 represents an interactively chosen seed point in , i.e. 
the estimated position of tumor emergence. The isotropic 
coefficient  mimics the diffusion properties with re-
spect to different types of brain tissue as given in (3). 

if
if
otherwise

  (3) 

Here,  and  denote white and grey 
matter, respectively. The corresponding tissue labels are 
taken from a standardized virtual brain template, which is 
based on the synthetic MNI data set [12]. The dataset has a 
resolution of mm; for simplicity, neither noise 
nor any intensity non-uniformity has been added. 

B. Deformation Model

Let  be a template image at a dis-
crete iteration step  and  denote a spatial mapping 
that maps points  of the template image  at itera-
tion  to their corresponding points  in the template 
image  at the current simulation iteration step ; that is  

. In the present work the desired 

spatial mapping , which simulates the tumor mass effect, 
is computed using a parametric thin-plate spline interpola-
tion. This technique is well known from medical image 
registration [9]. The tumor cell density is connected to the 
resulting parametric mass effect model by tracking the 
movement of landmarks that are attached to the gross tumor 
volume (GTV).  

In image registration two homologous sets of landmarks 
define the correspondence between salient features of two 
images. Interpolation can subsequently be used to estimate 
the mapping for the entire image domain . Following this 
approach two sets of corresponding landmarks 

 and  are defined. Here, 
 again is the iteration step,  and  

denotes the number of corresponding landmarks. These 
landmarks are automatically attached to an isosurface 
representing the GTV (cf. Fig. 1 for an illustration and the 
next subsection). 

An associated energy functional 
 regularizes the resulting trans-

formation .  is the Hessian matrix of  and  
is the Frobenius norm. The new coordinate of any point 

 can be computed via 

,  (4) 

where denotes the radial basis func-
tion in 3D. To compute the deformation at simulation itera-
tion step , the unknown coefficients  and 

  have to be determined from the set  and  
by solving a linear system of equations [9]. Here, the inter-
polation constraint can be relaxed by introducing a regulari-
zation parameter . 

C. Adaptive Coupling Model

As described above, in order to simulate the mass effect 
of the tumor two sets of landmarks  and  are linked 
with the isosurface representation of the GTV. This isosur-
face can be computed directly from the cell density . 
The center of gravity of the GTV is used as the origin of 
initial landmark distribution. Upon simulation of tumor 
growth these landmarks are pushed away from the center of 
gravity of the GTV and forced to follow equally distributed, 
radial lines l. As pointed out above, these sets of landmarks 

 and  are used to compute the parameters for (4).  
Consequently, the resulting transformation  approx-

imates the mass effect of the tumor. To suppress the defor-
mation of rigid structures (e.g. skull) fixed shielding land-
marks are introduced (red squares in Fig. 1). 
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Due to the initial small size of the GTV only a small 
amount of landmarks is necessary to compute the mass 
effect of the tumor. Along with a progression of the tumor 
the Euclidean distance between adjacent tumor landmarks 
(turquoise squares in Fig. 1) increases. Thus, to densely 
sample the tumor shape and, therefore, adequately approx-
imate the mass effect for later iteration steps, a refinement 
step of the tumor landmarks is necessary. Hence, new 
landmarks  located on the radial line  are introduced in-
between two existing landmarks  and , if the Euclidean 
distance between these two landmarks is larger than a pre-
defined threshold , i.e. if . 

D. Parameters

To solve (1) a resolution of  is used. The 
parameters of the diffusion model in (1) are chosen as de-
fined in [13]: , , 

. 

 

Fig. 1 Illustration of the landmark refinement. Left: Shielding (red) and 
tumor landmarks (turquoise). The cell density is additionally overlaid. 

Right: Refinement of the landmark distribution for two landmarks  and 
. 

The seed point  is assigned interactively. Initially, 47 
tumor landmarks and 167 fixed shielding landmarks are 
equally distributed on the GTV isosurface and on the skull, 
respectively. Further,  is set to 6 mm.  

Since the deformation model is based on an automatic 
assignment of the landmarks the regularization parameter is 
set to . 

III. RESULTS  

First results of the described adaptive coupling approach 
between growth model and mass effect are plausible as 
demonstrated in Fig. 2. Here, the original image (left) and 
the deformed image upon tumor growth after j = 1100 itera-
tions (right) are visualized. The computed tumor cell densi-
ty is also depicted (see Fig. 2 (right)). For the visualization 
of cell density a hypsometric, thermographic color scheme 
is used: Low tumor cell density is labeled in blue and high 
cell density is labeled in red. Accordingly, the blue area is 
associated with the diffusive nature of the tumor whereas 
the red area denotes the GTV.  

The diffusive character of the simulated tumor and the 
resulting infiltration into the surrounding healthy tissue 
(blue area) as well as a coarse shift of the brain midline due 
to mass effect are clearly visible (see Fig. 3 (left)). 

For visualization the resulting deformation of the brain 
tissue distal to the primary tumor site an absolute difference 
image is also provided (cf. Fig. 3 (right)). 

 

Fig. 2 Results of the described model: Original image (left); deformed 
image upon tumor growth after 1100 iterations (right); the density of 
malignant cells is color-coded (red: high density; blue: low density). 

 

Fig. 3 Results of the described model: Deformed image without color-
coding of tumor cell density (left; see also Fig. 2 (right)); difference image 

upon tumor growth after 1100 iterations (right). 
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During the simulation the initial number of tumor land-
marks increases by a factor of approx. 2.6 from 47 to 122 
landmarks. 

IV. DISCUSSION AND CONCLUSION  

A novel approach is described that allows to couple tu-
mor growth modeled by means of a deterministic reaction-
diffusion equation with the expansive nature of the tumor.  

There is no doubt, that the present approach is a feasibili-
ty study and still work in progress. However, it is shown 
that the model is capable of plausibly approximating the 
tumor mass effect. The quality of mass effect approximation 
as well as the computational complexity is directly related 
to the number of landmarks. Thus, initializing the computa-
tion with only a small set of landmarks and adaptively in-
creasing their number allows for a trade-off between the 
accuracy of the approximation and the computation time. 
Indeed, at later iteration steps of the simulation a large 
number of landmarks is inevitably necessary to recover the 
shape of the tumor. That is the reason why the model is 
constrained to an isotropic diffusion. Employing an aniso-
tropic diffusion coefficient potentially results in a more 
complex shape of the tumor, which is harder to recover with 
a finite set of landmarks, as it is employed to date. 

As a result this approach can neither necessarily be used 
to model non-convex tumors nor is it applicable for model-
ing the mass effect for multifocal tumors. This problem 
could be addressed by introducing multiple centers for the 
landmark distribution or by introducing a surface represen-
tation of the tumor to recover its entire shape instead of 
relying only on a limited number of tumor landmarks. 

It must be noted that the present growth model did not 
account for any stochastic mechanisms such as for instance 
the malignant transformation mentioned in the introduction. 
Including stochastic cell transformation events into the 
model is not straightforward since processes taking place on 
a cellular level have to be extrapolated onto a cluster of cells 
to be incorporated into the reaction-diffusion equation. This, 
amongst other things, forms the basis of our current re-
search. Further comparison to physical models [14] will 
also be essential for our future work.  

Clearly, the evaluation of the model is crucial in order to 
judge the performance of the described method. Such eval-
uation however is still an area of ongoing research and also 
remains unresolved in the present paper. 
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Abstract — Myocardial perfusion MRI provides valuable 
insight into how coronary artery and microvascular diseases 
affect myocardial tissue. Stenosis in a coronary vessel leads 
to reduced maximum blood flow (MBF), but collaterals may 
secure the blood supply of the myocardium but with altered 
tracer kinetics. To date, quantitative analysis of myocardial 
perfusion MRI has only been performed on a local level, 
largely ignoring the contextual information inherent in 
different myocardial segments. This paper proposes a Hier-
archical Bayesian Model (HBM) to quantify the dependen-
cies between local kinetic systems for perfusion quantifica-
tion. In the proposed framework, all local systems are 
modelled simultaneously along with their dependencies, thus 
allowing more robust context-driven estimation of local 
kinetics. Detailed validation on both simulated and patient 
data is provided. 

Keywords — Imaging, Bayes, Markov random field, micro-
circulation, ischemic heart disease 

I. INTRODUCTION  

First-pass contrast enhanced myocardial perfusion 
Magnetic Resonance Imaging (MRI) is a promising tech-
nique for providing insight into how reduced coronary 
flow affects the myocardial tissue. It also allows the un-
derstanding of microcirculation in the myocardial tissue 
and myocardial angiogenesis [1]. Clinically, myocardial 
perfusion MRI plays a major role in the evaluation of 
ischemic heart disease beyond situations where there 
have already been gross myocardial damages such as 
acute infarction or scarring [2]. It is commonly used to 
identify tissue with low Maximum Blood Flow (MBF) 
due to obstructive coronary lesions. Intra-coronary collat-
erals, i.e., arteries and arterioles, which interconnect ma-
jor coronary artery branches, can function as natural by-
pass vessels in the myocardium. In areas affected by 

collaterals, the maximum blood flow may appear to be 
normal, but the arrival of contrast agent is delayed [3]. 

Analysis of myocardial perfusion MRI is typically per-
formed via deconvolution of the myocardial signal re-
sponse with an Arterial Input Function (AIF) measured in 
the blood pool, typically in the left ventricle. In the ap-
proach by Jerosch-Herold et al. [4], a penalty spline (P-
Spline) is used to impose a priori smoothness constraints 
on the impulse response function in order to improve the 
numerical stability of the deconvolution process [5]. The 
optimal value of the parameters can be determined using 
the L-curve method [6]. As an alternative method for 
estimating the smoothness of B-splines, Bayesian based 
frameworks have also been proposed [7]. Bayesian mod-
els allow adaptive, i.e., time-varying smoothness parame-
ters for the deconvolution process. For this reason, Bayes-
ian P-Spline models have received extensive attention in 
both Dynamic contrast-enhanced MRI (DCE-MRI) [8] 
and myocardial perfusion MRI [7] due to its flexibility in 
dealing with rapid changes in the response function. 

To date, quantitative analysis of myocardial perfusion 
MRI has mainly been performed on a local level without 
explicit use of contextual information. For analysis of 
collateral perfusion, this is important as it indirectly re-
flects the structure of microcirculation. Contextual infor-
mation is frequently used in traditional image processing 
tasks and more recently spatial priors have been widely 
used in functional MRI [9], diffusion tensor imaging 
(DTI) [10] and DCE-MRI [11]. In these studies, the re-
gression models in the “local” pixels are enhanced by 
contextual information from neighbouring pixels using 
Markov random fields (MRF).  

MRFs are defined by specifying local neighbourhoods, 
from which a global network of dependency is derived. A 
major challenge with this approach is to develop struc-
tural-preserving models, i.e., models that do not smooth

 
 
Fig. 1. Myocardial perfusion series at rest (top) and under stress (bottom). Time difference between depicted images is 3 seconds. It illustrates the con-

trast agent entering into the right ventricle first, followed by the left ventricle and finally the myocardial tissue 
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across structural boundaries or distinct features in the 
tissue. 

The purpose of this paper is to propose a spatio- tem-
poral model for analyzing myocardial perfusion MRI. In 
normal myocardium, the blood flow in neighbouring 
segments is largely similar. In the case of collateral flow 
under coronary obstruction, the response function is ex-
pected to be significantly different between segments.  

The focus of the proposed model is to quantify the de-
pendencies between local kinetic systems. In the pro-
posed framework, all local systems are modelled simulta-
neously along with their dependencies. It thus allows 
more robust context-driven estimation of local kinetics, a 
concept we call “contextual kinetics”. 

II. THEORY AND METHODS 

A Hierarchical Bayesian Model (HBM) is used in or-
der to model the signal intensity in the myocardial tissue. 
A HBM assumes the existence of unknown, latent vari-
ables, which cannot be observed. In the context of myo-
cardial perfusion, the spatial dependencies between dif-
ferent regions of the myocardium are such latent 
variables. 

A. Local B-Spline model  

For data analysis, the standard AHA (American Heart 
Association) 17 segment model is used [12]. This in-
cludes six segments in basal and mid slice, four segments 
in the apical slice and one in the apex. In most multi-slice 
perfusion MRI, vertical long axis scans are not available 
due to time constraints, so the apical segment (17) is not 
considered in this study.  

In each segment n, the observed signal intensity Yknt at 
time t is the unknown true signal intensity Skn(t) plus an 
observation error. Here, index k=1 is used to represent 
the perfusion series at rest and k=2 under stress. We as-
sume a Gaussian observation error with unknown vari-
ance σ2

kn. In the Bayesian framework, we use an unin-
formative Inverse Gamma prior on the variance with 
parameters a = 1, b = 10−5. 

In general, the true signal intensity is the convolution 
of the arterial input function Ak(t) for series k, i.e., the 
signal intensity in the LV blood pool, and a response 
function f(t). After discretization at the time points 
t1,…,tT, 

  ( )

1 1
( ) ( ) ( )

i

T T
k

nkt k i l kn l il kn l
l l

S A t t f t t A f t
= =

= − Δ =∑ ∑           (1) 

where Δt represents the sampling interval of the dynamic 
series and the matrix A(k) is a convolution operator [4]. If 
we assume the response to be a smooth function, we can 

use a B-spline representation
1

( ) ,
P

kn j knp pj
p

f t Bβ
=

=∑ where 

B is a T×P design matrix of 4th order B-splines, and βkn 

represent the spline regression parameters for segment n 
in dynamic series k. In vector notation, Eqn. 1 reduces to  
       ( ) ( ) ( )k k k

kn kn kn kn= = =S A f A Bβ D β                  (2)         

where ( ) ( )k k=D A B is the discrete convolution of the AIF 
with the B-Spline polynomials. 

B. Temporal and spatio-temporal constraints 

A typical constraint on β is a first or second order dif-
ference in the temporal dimension [4, 8]. In a Bayesian 
framework, this constraint is expressed as a priori distri-
bution 

( ), 1 ~ N(0,1/ ) for all 1, , 1R
kn p knp p p Pβ β τ+ − = −K   (3) 

This is also known as “random walk” prior [13], and the 
joint a priori distribution can be expressed as multivariate 
Gaussian distribution ( )1

p~ Nkn
−β 0, R , where R denotes 

the “precision matrix” (pseudo-inverse of a covariance 
matrix) of the random walk, including the temporal 
smoothness parameters τR

p [13]. As a priori distribution 
for the temporal smoothness parameters we use a Gamma 
distribution with parameters a = 1 and b = 10−2, which 
imply a smooth, but flexible shape of the response func-
tion. 

So far, the analysis is independent for each segment. 
To include contextual information, we assume that spa-
tially adjacent segments share similar properties, i.e., the 
shape of the response function in neighbouring segments 
are similar. 
     The shape of the response function is determined by 
the first order differences of the spline regression parame-
ters. We therefore impose a stochastic constraint on the 
differences, 

( ) ( )( ) ( )knp kn,p-1 kmp km,p-1 { }~ 0,1/ Q
nmNβ β β β τ− − −      (4) 

where {nm} denotes pairs of adjacent segments n and m.  
The spatial distribution parameter τQ

{nm} is defined for 
each pair of adjacent segments and describes the similar-
ity between the shapes of the response functions in both 
segments. For the spatial distribution parameter, we use, 
again, a Gamma prior distribution with parameters a = 1 
and b = 10−2. For the standard segmentation into 16 seg-
ments, a total of 32 pairs of adjacent segments are de-
fined, which include 16 pairs within-slice, 6 between 
basal and mid slices, and 10 between mid and apical 
slices.  

This formulation of a prior distribution is the interac-
tion between a temporal constraint (first differences) and 
a spatial constraint (a Markov random field). The joint a 
priori distribution can therefore be expressed by [14]  

( )( )1~ N 0,kp N P
−

⋅ ⊗β Q S                                (5) 

where⊗ is the Kronecker matrix product. Here, Q is the 
precision matrix of a Markov random field (MRF), incor-
porating the spatial distribution parameters τQ

{nm}, and S is 
the precision matrix of a temporal random walk, similar 
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to R, but with a fixed global smoothness parameter. We 
combine the a priori constraints in Eqns. 3 and 4 in  

( )( )1~ N 0,N P
−

⋅ ⊗ + ⊗β Q S I R                              (6) 

where I is the identity matrix with dimension N×N.  
Inference in the Bayesian model is based on a Markov 

chain Monte Carlo (MCMC) algorithm. The MCMC 
algorithm allows the estimation of a posterior probability 
density function for each parameter, i.e., we can compute 
credible intervals along with point estimators for all re-
sults. The median of the sampled posterior distribution is 
used in this paper as the point estimator. 

C. Simulation study and in vivo data acquisition 

For numerical validation, a set of myocardial perfusion 
images was simulated using the MMID4 model [15] in 
the JSIM software, made available by the National Simu-
lation Resource, Dept. of Bioengineering, University of 
Washington (http://nsr.bioeng.washington.edu). In the 
MMID4 model, microcirculation is simulated by parallel 
pathways draining the conduit vessel, and heterogeneity 
of blood flow in tissue is accounted for by different val-
ues of flow. Here, stenosis is simulated in the right coro-
nary artery (RCA), resulting in a reduced maximum 
blood flow (MBF) in the basal inferoseptal, basal inferior, 
and mid inferoseptal segments (3, 4, and 9). Collateral 
vessels are assumed for the blood supply of the mid and 
apical RCA segments, resulting in a delayed input in the 
mid inferoseptal and inferior and apical inferior segments 
(9, 10, and 15). For healthy segments MBF values be-
tween 1 and 3 were assumed, with a small delay between 
slices. Fig. 2 depicts MBF values and delay used in the 
simulation. 

Following Schmitt et al. [16], the arterial input func-
tion was defined as  

( )1
0 0 0 2 0

0

( ) exp ( ) for 
( )

0 for 

xx t t t t x t t
A t

t t
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with x0 = 55, x1 = 1.00, x2 = 5.10 for resting condi-
tions and x0 = 65, x1 =1.34, x2 = 3.49 for conditions un-
der stress. To simulate a delay of τ seconds, the AIF was 
convolved with a dispersion function  

exp( / ) / for 0
( )

( ) for 0
t

d t
t
τ τ τ

δ τ
− >⎧

= ⎨ =⎩
 

All other parameters in the simulation other than MBF 
were also taken from [16]. White noise with a standard 
deviation of 0.01 was added to all simulated concentra-
tion time series and the input functions before analysis. 

 For in-vivo evaluation, MRI perfusion data from eight 
patients with coronary artery disease was used [17]. The 
images were acquired with a 0.1 mmol/kg injection of a 
Gadolinium-based contrast agent on a 1.5-T Siemens 
Sonata scanner with single-shot FLASH with 48×64 
resolution on a 30×40 field of view (FOV) with a short 
saturation recovery time of 3.4 msec, TE= 0.5msec,  

 
Fig. 2. Parameters used in simulation: from left to right, maximum 

blood flow in ml/min/g at rest and under stress, delay of tracer arrival in 
seconds. 

 
TR=1 msec for measurement of the LV blood pool, fol-
lowed by measurement in the same cardiac cycles with a 
108×256 resolution on the same FOV with a longer satu-
ration recovery time of 63.4 msec, TE = 1.2 msec, TR = 
1.86 msec for measurement of the LV myocardium. Each 
subject was scanned once under rest, followed by a scan 
after injection of 140 μg/minute/kg of adenosine for four 
minutes, i.e., under stress [1]. 

III. RESULTS 

Fig. 3 depicts the estimated spatial distribution parameter 
for the simulated dataset; note that the spatial distribution 
parameters are defined on the borders between the seg-
ments. The spatial distribution parameter is clearly re-
duced between segments 2 and 3, 4 and 5, 8 and 9, 10 and 
11, 14 and 15, and 15 and 16. That is, the stenosis simu-
lated in right coronary artery is clearly detected. Seg-
ments 9, 10 and, 15, supplied by collateral vessels and 
therefore with delayed tracer arrival, are clearly detected 
as different from the adjacent segments. In addition, large 
differences in maximum blood flow are picked up, for 
example between segments 11 (MBF= 2) and 12 (MBF= 
1). The small delays between slices induce only slightly 
decreased spatial distribution parameters. 

Fig. 4 shows the MBF estimated both with the local 
independent and the spatio-temporal model for two of the 
patients studied. In general, estimated MBF values are 
similar between both models, but are more robust, i.e., 
less susceptible to noise for the spatio-temporal model.  
 

 
Fig. 3. 3D-visualization of ground truth and estimated MBF and spatial 

distribution parameters for the simulated data set. From left to right: 
Ground truth MBF, MBF values estimated with standard method, MBF 

values estimated with spatio temporal model, spatial distribution pa-
rameter (depicted on the borders between segments). Top row: Simula-

tion with conditions at rest, bottom row: Simulation with conditions 
under stress. 
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Fig. 4. Bullseye representation of MBF and spatial distribution parame-

ters for two of the patients studied. From left to right: MBF at rest 
estimated with standard model, MBF under stress estimated with stan-
dard model, MBF at rest estimated with spatiotemporal model, MBF 

under stress estimated with spatio-temporal model, estimated distribu-
tion parameters (on logarithmic scale). 

 
Fig. 4 also depicts the spatial distribution parameters for 
both patients. Differences in MBF are reflected by the 
spatial distribution parameter maps, but in addition dif-
ferences like a delayed arrival of contrast agent in a seg-
ment are detected by the spatio-temporal model. 

IV. CONCLUSION 

In this paper, we have presented a spatio-temporal 
model for the analysis of myocardial first-pass perfusion 
MRI scans. The proposed model includes contextual 
information to describe the dependencies of the data in 
the individual segments. The model is based on a stan-
dard segmentation of the LV myocardium. Validation 
with simulated data shows that diseased segments can be 
detected by depicting the spatial distribution parameter 
between segments. By taking the complete shape of the 
response into account, the model highlights differences in 
delayed enhancement and altered kinetics. Differences in 
blood flow can result from reduced MBF, and hence 
stenosis in one of the segments, or from delayed arrival of 
tracer, hence due to the effect of collateral perfusion. In 
summary, the proposed method provides additional in-
formation to the standard myocardial perfusion index 
used in cardiovascular MRI, which can further enhance 
its clinical value.  
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Transmission sounding of human lungs by complex acoustic signals  
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Laboratory installation for acoustic sounding of human 
lungs by complex signals has been developed. Linear frequency 
sweep signal (80-1000 Hz, 20 s) and the signal containing m-
coded (the basis - 511 readouts) phase-manipulated fragments 
with three various carrying frequencies (200, 300, 750 Hz) are 
entered into mouth. Pilot experiment has been carried out with 
3 volunteers. Results of processing of sounding signals received 
on the chest surface by convolution method show, that the 
pictures of arrivals of sounding signal are various above the 
top, middle and basal areas of lungs, and have steady (replicat-
ing from attempt to attempt and from one kind of signals to 
another) specific features connected with time delays of arri-
vals, ratio of amplitudes of maxima of arrivals. In basal areas 
of lungs two various arrivals of both sounding signals have 
been directly found. This testifies to existence, at least, two 
various ways of sound transmission in human lungs, distin-
guished on resulting sound velocity of mechanical oscillations. 
Subject’s individuality, dependent on body build and age re-
lated condition of lung parenchyma, was found both in time 
delays between emission of sounding signal and reception of 
the first arrival, and time delays between the first and the 
second arrivals. The developed method seems to be promising 
for non ionizing transmission low frequency acoustic tomogra-
phy of lungs. 

Keywords— Acoustics, transmission, lungs, time delays. 

I. INTRODUCTION  

Sound transmission in human respiratory system repre-
sents one of the most complicated questions of respiratory 
acoustics. Complexity of respiratory path structure have 
already caused assumptions on existence of several ways of 
sound transmission to chest wall. Buller, Dornhorst, 1956 
(see [1]) postulated existence of 2 basic mechanisms of 
voice transmission to chest wall: through a lumen of respi-
ratory ways (air) and through pulmonary tissues (structural). 
Similar ideas were reported later by Nemerovsky, 1981 (see 
[1]). He had developed an attempt of describing the mecha-
nism of air transmission on the basis of the phenomenon of 
acoustic resonant contour (pliability of air in terminal parts 
of bronchial tree and mass of chest wall), providing trans-
mission of flat sound waves, radiating through air lumen of 
respiratory ways (RW) to chest wall. On the contrary, 
Wodicka et al., 1989, Vovk, et. al., 1995 (see [1]) developed 
acoustic description of structural mechanism in which large 

RWs were identified as a source of cylindrical pulsations 
radiating through pulmonary tissues.   

Korenbaum et al., 1998 (see [1]) by means of the struc-
tural intensimetry method have revealed spectral differences 
of transmitted voice sounds above upper and basal areas of 
lungs, and have developed the acoustic model explaining 
this effect from the position of interference of air and struc-
tural transmissions. However it has been shown by works of 
Dyachenko [2] and Vovk, 2000 (see [2]), that pure air 
transmission to chest wall is impossible, at least, in a fre-
quency range of 100-500 Hz. More likely combined air - 
structural mechanism seems to be possible when a part of 
the way sound passes through lumen of RWs, and a part  
through pulmonary tissues. This conclusion is approved by 
results of direct experimental evaluation of sound velocity 
in the respiratory path, received by Kraman, 1983, Mahag-
nah and Gavriely, 1995 (see [3]). Recently, it has been ex-
perimentally shown, that sound velocity of mechanical 
oscillations with frequencies about 100 Hz entered into 
mouth [4] is almost twice more, than in the case of their 
entering in supraclavicular area [3]. Thus, there is a task to 
estimate time delays about several milliseconds.  

The purpose of the work is experimental estimation of 
opportunities of transmission sounding of lungs by complex 
acoustic signals for revealing various transmission mecha-
nisms. 

II. METHOD 

The laboratory installation has been designed which in-
cludes loudspeaker, fed through the amplifier from linear 
output of sound card of personal computer, system of acous-
tic sensors (accelerometers), connected to analog inputs of 
computer laboratory PowerLab (ADInstruments). 

Two kinds of complex signals are used: phase manipu-
lated (PhM) signal on the basis of consistently generated 
three 511 symbol m-coded sequences with various carrying 
frequency (200, 300, 750 Hz), general duration of the signal 
is 2.5 s; frequency sweep (FS) signal with frequencies from 
80 up to 1000 Hz, swept linearly in time 20 s. Autocorrela-
tion function of both signals, basically, provides time reso-
lution of 1 ms. However, distortions of spectra of responses 
in comparison with the mathematical model of signal result 
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in deterioration of time resolution, especially in basal areas 
of lung. 

During pilot experiment with three participants (#1, #2 
#3) some consecutive attempts of sounding respiratory 
system by both types of signals were carried out. Sounding 
signals were entered into mouth through the removable 
mouthpiece fixed in loudspeaker’s mask. A volunteer made 
deep inspiration, clasped mouthpiece and began maneuver 
of slow exhalation. In this moment emission of sounding 
signal was turned on. In order to prevent closing glottis 
slow exhalation proceeded before the complete ending of 
sounding signal. Signals transmitted to body surface or 
responses were recorded by three acoustic sensors, pasted 
with the help of bilateral sticky tape in bulbar fossa above 
bottom part of trachea, and on paravertebral line in middle  
and in basal areas of right lung. Signals of acoustic sensors 
were recorded by electronic recorder. Synchronously with 
the responses mathematical model of the sounding signal 
was recorded, and electric copy of the sounding signal from 
input of loudspeaker was recorded. Operation of convolu-

tion (fig. 1) was carried out by calculation of cross-spectrum 
of synchronous fragments of electric copy of sounding sig-
nal with the responses received. Subsequent inverse Furrier 
transformation and capture of the module were made. 

III. RESULTS 

In obtained convolution curves time delays between 
emission of sounding signal and receiving the first maxi-
mum of responses were determined (Tab. 1). In basal area 
of right lung two arrivals of sounding signal have been 
found (fig. 1), delays between which are represented in Tab. 
2. In middle (interscapular) area of right lung for FS signal 
which has more expressed low-frequency components than 
the PhM signal, two arrivals of sounding signal have been 
revealed too. Delays between these arrivals are represented 
in Tab. 3. For the PhM signal here the second arrivals, ex-
cept for separate cases, has been allocated doubtfully. 

 
 

                                               a)                                                                                          b) 
Figure 1. Convolution of sounding signal and the responses in basal area of right lung (subject 1.): 

a) FS signal, 3 attempts, b) PhM signal, 1 attempt. 
 
 
According to obtained data fixed time delays for each of 

used signals have high repeatability from attempt to attempt 
for the same subject (fig. 1a). Time delays between emis-
sion of sounding signal and receiving the first maximum of 
responses (Tab. 1) for both types of signals are similar for 
each subject, but have steady differences, particularly, in 
basal areas. Really, conditions of sounding differed a little: 

the PhM signal had duration 2.5 s and was entered into 
respiratory path in the beginning of exhalation with, on the 
average, higher pulmonary volumes, than FS signal, which 
had duration 20 s and occupied completely all time of expi-
ratory maneuver, and consequently may be identified with, 
on the average, smaller levels of air-filling of lungs. 
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Table 1. Time delays between emission of sounding signal and the first maximum of responses (ms) 
Signals FS PhM 
Attempts 1 2 3 1 2 3 4 

Trachea 
#1 2.5 2.5 2.4 2.5 2.5 2.5 2.5 
#2 2.7 n/s n/s 2.5 2.6 2.6 - 
#3 2.4 2.4 - 2.5 2.5 2.5 - 

Middle area of right lung 
#1 4.2 4.1 4 4.3 4.3 4.2 4.3 
#2 3.3 3.4 3.3 3.3 3.3 3.3 - 
#3 3.5 3.4 - 3.6 3.5 3.5 - 

Basal area of right lung 
#1 5.4 5.4 5.4 5.7 6 5.8 5.9 
#2 n/s 5 5 5 4.9 4.9 - 
#3 6 6.1 - 6.2 6.2 6.2 - 

 
 
Tab. 2. Time delays between maxima of the first and the second arrivals above basal areas (ms) 

Signals FS PhM 
Attempts 1 2 3 1 2 3 4 
#1 9.2 8.1 7.9 9.3 9.2 9 9.1 
#2 13.1 n/s 12.4 13.2 12.4 12.5 - 
#3 7.5 7.2 - 8.3 7.8 7.9 - 

 
 
Tab. 3. Time delays between maxima of the first and the second arrivals above interscapular areas (ms) 

Signal FS PhM 
Attempts 1 2 3 1 2 3 4 
#1 4.9 4.7 5.6 n/s n/s n/s n/s 
#2 7.5 7.6 7.8 n/s n/s n/s n/s 
#3 4.8 5.1 - n/s n/s n/s n/s 

 
 

IV. DISCUSSION 

Delays of reception of the first maximum of responses in 
middle and basal areas of right lung relatively the bottom 
part of trachea are completely similar to time delays ob-
tained in paper [4], where frequency-manipulated sounding 
signal was entered in the mouth. Delays of reception of the 
second maximum of responses in middle and basal areas of 
right lung concerning the bottom part of trachea are com-
pletely similar to time delays obtained in paper [3], where 
frequency-manipulated sounding signal was entered into 
supraclavicular area of thorax. As responses of our sound-
ing signals, entered into mouth, contain two arrivals similar 
to above described on transmission time, it is logical to 
assume an opportunity of simultaneous existence of both 
mechanisms of transmission of sound oscillations in lung. If 
the first arrival of responses in agreement with [4] is deter-

mined by partial sounding signal spreading through a lumen 
of RWs, and partial through lung parenchyma, the second 
system of arrivals may be referred to excitation by pulsating 
walls of trachea (standing wave [1]) sound oscillations in 
the top part of thorax. These oscillations according to [3] 
are transmitted through pulmonary tissues to the sites of 
acoustic sensors installation. Thus, transmission mechanism 
of the second arrival is treated as pure structural whereas the 
transmission mechanism of the first arrival, most likely, is 
combined air - structural. 

Note the individuality both time delays between emission 
of sounding signal and reception of the first maximum of 
responses, and time delays between the first and the second 
arrivals. For the case of #1 and #3. subjects it can be ex-
plained by difference in body build. While under similar 
body build (#2 and #3) it is necessary to assume various 
condition of lung parenchyma, connected with age changes 
(#3). Therefore the developed method seems to be promis-
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ing for transmission low frequency acoustic tomography of 
lungs. Being non ionizing and very simple in comparison 
with CT or MRT this type of tomography may be perspec-
tive for frequent usage, especially in ambulatory conditions.      

V. CONCLUSIONS 

The existence of, at least, two various ways of sound 
transmission in human lungs, distinguished on resulting 
sound velocity of mechanical oscillations is experimentally 
proved. Subject’s individuality, dependent on body build  
and age related condition of lung parenchyma, is found both 
in time delays between emission of sounding signal and 
reception of the first arrival, and time delays between the 
first and the second arrivals. 
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Abstract— Stem cell therapy, like cell cardiomyoplasty, is an 
innovative therapy for patients affected by advanced heart 
failure. Predicting of the exact amount of implantable cells is 
one of the most important limitations of this therapy. This 
parameter must be calculated considering cells metabolism 
and histological environment (damage, O2 and CO2 concen-
tration, residual microcirculation, temperature, pH, etc.) 
closed to ischemic area where stem cells will be implanted.  

The aim of this work was to realize a numerical model 
enables to simulate substrate concentration profile, stem cells 
distribution and proliferation into the ischemic area. Nutrition 
of cells was based on reaction-diffusion mechanism until angi-
ogenesis has come to advanced step. The numerical simulation 
reproduces reaction-diffusion phenomena considering oxygen 
transport and cells proliferation. Oxygen consumption and 
cells proliferation were represented using Michaelis-Menten 
and Monod model respectively.  

The numerical model was developed in order to simulate 
the stem cell cardiomyoplasty in transmural, subepicardial, 
subendocardial and intramural ischemic area.  

Results obtained show oxygen profile and so cells distribu-
tion into the necrotic area for different kinds of heart failure, 
different perfusion and during cell growth. After that, it is 
possible to evaluate the extension of the residual ischemic area.  

Keywords— Stem Cells, Numerical Simulation, Heart Failure, 
Cells Cardiomyoplasty, Reaction-Diffusion Mod-
els. 

I. INTRODUCTION  

Heart failure (HF) is the most increasing cause of death 
in Western Countries. Actually, it is well known the diffi-
culty of having a sufficient number of donor organs and/or 
the difficulty in device-based therapeutic approaches man-
agement [1]. For this reason, stem cell therapy should be 
one of the most promising areas for medical advance in 
treating the growing number of patients with advanced heart 
failure. 

This new approach is under investigation in order to un-
derstand the role of different parameters [2,3]. One critical 
parameter is the exact amount of implantable stem cells, 
that must be estimated considering cells metabolism and 
histological environment (damage, O2 and CO2 concentra-
tion, residual microcirculation, temperature, pH, etc.) closed 
to ischemic area [2]. 

Development of numerical modeling tools is useful to 
investigate and predict critical parameters. 

The aim of this work was to develop a numerical model 
enables to simulate substrate concentration profile, stem 
cells distribution and their proliferation into the ischemic 
area and nutrients transport.  

Model proposed is based on reaction-diffusion mechan-
ism that describes nutrient transport in cells until angioge-
nesis has come to advanced step [4]. Oxygen consumption 
phenomena is simulated using Michaelis-Menten law, while 
cell proliferation includes the study of lag, growth, statio-
nary and death phases. The growth phase is reproduced 
using the Monod kinetics. 

The presented numerical model permits to simulate the 
cardiomyoplasty for different ischemic area produced by 
different heart failure (e.g.: transmural, subepicardial, sub-
endocardial and intramural HF). The amount of implantable 
stem cells, the oxygen concentration in the treated area and 
the extension of ischemic area after cell proliferation can be 
predicted by the model. 

II. MATERIALS AND METHODS 

A. Reaction-Diffusion Model 

Let’s present schematically a cardiac necrotic tissue with 
a bulk, whose dimensions are A, B and C. Let’s consider 
now a generic nutrient N. It’s possible to derive nutrient 
profile concentration adopting the follow assumption:  

 nutrient transport is based on Fick’s diffusion law, ne-
glecting convection transport and considering that an-
giogenesis hasn’t come to advanced step; 

 stationary state [4,5]; 
 interface resistance could be neglected; 
 uniform oxygen diffusivity in the region studied [6]. 
In this condition, the mass transfer in Cartesian coordi-

nate system could be expressed by the equation: 
 

2 0N ND c                                                        
 

D is the diffusivity of the nutrient in tissue, c is the nu-
trient concentration. 

Let’s consider now that some stem cells are implanted 
with a uniform density in a portion of the entire necrotic 

(1) 
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tissue. Adopting the assumption enhanced before, in this 
area, nutrition transport must be described by reaction-
diffusion model expressed as follow:  

 
2

N ND c          

                                                                         
 is the consumption term that includes Michaelis-

Menten kinetics (as reported later) and cells number [4,6]. 
 

B. Boundary Condition 

Boundary conditions depend on residual vascolarization 
closed to the necrotic area where stem cells will be im-
planted. A generical condition could be written as:  
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For different coordinate, boundary conditions could be 

written in the same way. Nutrient concentration in blood 
flow afferent to the examinated region will be discussed 
later. 

 
C. Oxygen Consumption 

Oxygen is assumed as the limitant substrate for cells me-
tabolism [2,3,4,6]. In the model, oxygen concentration affe-
rent to the ischemic region depends on the state of perfu-
sion. Formally, perfusion is divided into four conditions in 
which perfusion #4 is physiological and perfusion #1 is the 
most pathological. 

Oxygen is consumed by the cells implanted. The con-
sumption rate generally follows Michaelis-Menten kinetics: 
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q is the specific consumption rate, qmax is the maximum 
value of the specific consumption rate and k1 is the  Michae-
lis-Menten constant. 

Equation (4) can be divided into two branches according 
to the different degree of perfusion [6]: 
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In the case of perfusion #1, oxygen consumption depends 

on oxygen concentration. In this situation a metabolic adap-
tation of cells can be observed. 

D. Cells Cycle 

After cells implantation in the necrotic area, cells cycle 
can be divided into four phases. In the presented model the 
first and the second phases were studied considering the 
most critical period after stem cells implantation. The first 
phase is the lag phase, in which a cells adaptation to envi-
ronmental condition can be observed. In this case cell 
growth rate is null. The second phase is the growth one. 
Cells proliferation can be described by Monod model: 

 

dn
n

dt
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c

k c  

 
n is the cells number, µ is the growth rate, µmax is the 

maximum growth rate and k2 is the Monod constant. 
It has been studied how oxygen concentration profile 

change during lag and growth phase. It has been assumed 
that cells proliferation is too slower than reaction-diffusion 
phenomena, and that cells distribution, in the necrotic re-
gion, depends on oxygen distribution. After stem cells im-
plantation, the novel extension of necrotic area (if it’s 
present) is the extension of the area in which oxygen con-
centration is lower than a critical value ccr [3,4,6]. The criti-
cal value represents the oxygen concentration under which 
cells are no more biologically active. This extension de-
pends also on stem cells proliferation power. In fact, chang-
ing Monod’s and Michaelis-Menten parameters it’s possible 
to simulate the behavior of different cells lines. 

 
E. .Model Implementation And Experimental Set-Up 

Michaelis-Menten equation and Monod model are in-
serted in the reaction-diffusion model. After that model was 
implemented using the software MATLAB 7.5  and 
COMSOL 3.2 . 

Different ischemic areas were considered in order to si-
mulate the effects of stem cell therapy in a specific heart 
failure.  

Simulations are obtained changing: boundary condition, 
position and configuration of the treated region in the 
ischemic area. 

For each pathological condition, (damage, O2 and CO2 
concentration, residual microcirculation, temperature, pH, 
etc.) the model permits to analyze the oxygen concentration 
profile before stem cell therapy, in order to decide where 
it’s useful to implant cells. In the simulation, oxygen con-
centration profile can be observed also after cells implanta-
tion (lag phase) and during cells proliferation (growth 
phase). 

(2) 

If there aren’t afferent capillaries 

If there are afferent capillaries 

If there aren’t afferent capillaries 

If there are afferent capillaries 

(3) 

(4) 

Perfusions  #2, #3 and #4 

Perfusion  #1 (5) 

(6) 

(7) 
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III. RESULTS 

Results regarding stem cell therapy to rebuild damaged 
cardiac tissue after transmural HF and after subepicardial 
HF are presented.  

Fig. 1 shows oxygen concentration profile simulated in a 
necrotic tissue induced by transmural HF and processed to  
stem cell therapy with a uniform density of cell implanted. 
Two afferent blood flows to the region in the same direction 
were considered. Transmural ischemia was represented as a 
one-dimensional problem. The black line is the ccr. 

Adopting the previous conditions, Fig 2 shows oxygen 
profile concentration in treated area with a constant and 
uniform stem cell density and for different perfusion value.  

Oxygen profile concentration in an ischemic area in-

duced by subepicardial HF is reported in Fig. 3 and Fig. 4 
for different value of stem cell density and Perfusion  #4. In 
this simulation the ischemic area is the bulk. The superior 
border (indicated by arrows) is the area where stem cells are 
implanted. Three afferent blood flows (big blue arrows) are 
considered. In this condition, as shown in Fig. 3 and Fig. 4, 
could be useful to let implanted stem cells be closed to 
blood flows. In Fig.4 stem cell density is higher than in Fig. 
3. 

In Fig. 4 oxygen concentration in white area is lower  
than ccr. 

IV. DISCUSSION 

Generally, the amount of implantable stem cells and the 
location can be decided after studying the perfusion and the 
afferent current. In Fig. 1 it is possible to observe that all 
stem cells contained in the area where oxygen concentration 
value is under the critical value ccr are no more biologically 
active. The area under the ccr value represents the extension 
of the ischemic region after stem cell therapy. Cell density 
growth is due to cell proliferation or to an increased amount 
of implanted stem cell for therapy. If cell density enhances, 
the extension of rebuild cardiac tissue decreases. It can be 
deduced that it is better to implant a lower number of stem 
cells considering cells proliferation power, than implant a 
bigger amount of cells. In fact they can die for nutrient 
competition. Besides, for advanced cells growth it is neces-
sary that angiogenesis has come [2]. 

Fig. 2 shows that for the same cell density, the extension 
of the ischemic area after cell therapy, if it is present, is 
smaller for higher perfusion (except in Perfusion #1). In 
fact, the extension of the necrotic area is smaller in the con-
dition of Perfusion #1 than in Perfusion #2. The reason is 
the metabolic adaptation of cells. 

 
Fig. 2 Oxygen concentration profile simulated (by MATLAB 7.5 ) in 
an ischemic area produced by transmural HF. Cells density of about 

106.6 [cells/cm3], Perfusion from #1 to #4 and ccr=70·10-9 [mol/l]. 

 
 

Fig. 1 Oxygen concentration profile simulated (by MATLAB 7.5 ) in 
an ischemic area produced by transmural HF. Perfusion  #4, increas-
ing cells density from 106 to 107 [cells/cm3] and ccr=70·10-9 [mol/l].

 
Fig. 3 Oxygen concentration profile simulated (by COMSOL 3.2 ) in 
an ischemic area produced by subepicardial HF. Perfusion  #4, cells 
density of about 107.5 [cells/cm3]. A is 0.6 cm, B is 1.0 cm and C is 

0.4 cm. 
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Fig.3 shows that all stem cells implanted are well driz-

zled. In the face of the bulk where there is no afferent blood 
flow a parabolic decrease of oxygen concentration can be 
observed in all directions. Oxygen concentration never 
decreases under critical value ccr. 

In Fig. 4 oxygen concentration decrease under the critical 
value in the area where there isn’t any afferent blood flow. 
Cells implanted are not more biologically active in this area. 
The novel extension of necrotic area can be deduced. 

V. CONCLUSIONS 

The aim of this work was to realize a numerical model 
enables to simulate substrate concentration profile, stem 
cells distribution and their proliferation. Results obtained 
were in according with literature data. 

Numerical model can be useful to predict the novel ex-
tension of ischemic area for different amount of implanted 
stem cells. This can be helpful to determine a specific pro-
cedure for stem cell therapy. 

Mathematical model will be improved considering car-
bon dioxide production during oxygen consumption. In fact 
cells can die also for high carbon dioxide value [7]. 

Future step will be the experimental validation of the si-
mulation model in the specific case of cells cardiomyoplas-
ty.  

Changing some parameter values, model is flexible 
enough to simulate different biological tissue and different 
cells line.  
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Fig. 4 Oxygen concentration profile simulated (by COMSOL 3.2 ) in 
an ischemic area produced by subepicardial HF. Perfusion  #4, cells 

density of about 108.3 [cells/cm3]. 
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Abstract— This paper proposes a finite element method 
(FEM)-based mesh-mesh interaction model with multi-modal 
3D meshes for neurosurgical simulation. The proposed model 
considered energy preservation during collisions of objects. 
The method was implemented and applied to the surgical 
approach to the trigeminal nerve in neurosurgery. Simulation 
results showed real-time simulation of brain tissue deforma-
tion with force feedback. 

Keywords— Virtual reality, Neurosurgery, Finite element 
method, Haptics. 

I. INTRODUCTION  

Rapid progress in information technologies has created 
the possibility of virtual reality (VR) based surgical simula-
tion system that would simulate the physical behavior of the 
human body and artificially stimulate human senses to 
create an experience similar to a surgeon treating a real 
patient. Surgical simulation has been intensively studied for 
the purpose of training, pre-planning, and intra-operative 
support [1, 11]. Recently, Sorensen applied the General 
Purpose Graphics Processing Unit (GPGPU) approach to 
real-time, spring-mass based deformation of the heart for 
cardiac surgery simulation [2, 3]. Kuroda simulated liver 
deformation using a finite element method (FEM) with 
multi-finger force display [4]. Bachofen simulated blood 
flow to enhance the visual realism of hysteroscopy simula-
tion [5]. Satava carried out a randomized, double-blind 
evaluation study of a training simulator and reported the 
effectiveness of the simulator [6].  

Surgical simulation has been studied as related to neuro-
surgery as well as other surgical fields [7]. For example, 
Hayashi proposed a system to navigate a target lesion, and 
Spicer proposed a simulator with multi-modality images [8, 
9]. However, the latter system contained no consideration 
for force feedback and collisions of tissues. In neurosurgery, 
the surgeon works within the skull and treats small vessels 
and nerves in the brain. Recent advances in measurement 
methods enable the detection of fine brain structures and 
small vessels [10]. Since measurement methods to detect 
brain substances and vessels are different, the surgeon must 
integrate multi-modal 3D images to observe the geometrical  

 
Fig. 1 Concept of neurosurgical simulation system  

with mesh-mesh interaction and force feedback 

relationship between brain substances and vessels. However, 
no neurosurgical simulation considering the collisions of 
simulated objects (i.e., meshes) as obtained from multi-
modal images has been reported to date. 

The aim of this study is to establish a FEM-based neuro-
surgical simulation framework for the purpose of surgical 
training, pre-planning and intra-operative navigation. This 
paper proposes a FEM-based mesh-mesh interaction model 
with multi-modal 3D meshes and reports a prototype system. 

II. CONCEPT 

Figure 1 illustrates the concept of the proposed neurosur-
gical simulation framework, which consists of the following 
functions: 

 Tool-mesh interaction with visual and haptic feedback 
 Mesh-mesh interaction  
 Visualization of deformed volumetric images 
In the pre-processing stage, automatically registered 3D 

images are obtained from the patient. Mesh structures to 
simulate the deformation are separately generated from the 
sets of multi-modal images. In the real-time stage, the 
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surgeon’s manipulation causes interaction between a virtual 
tool (i.e., surgical instrument) and the meshes (i.e., tissue). 
In this study, the interaction between the meshes is consi-
dered in order to enhance the accuracy and realism of the 
simulation.  

III. METHODOLOGY 

Not considering the interaction between the detailed 
structure and the entire brain structure significantly dimi-
nishes the realism of the simulation. This paper proposes a 
multi-mesh interaction in order to enable the simulation of 
collisions between multiple meshes. Figure 2 shows all 
procedures of the proposed simulation framework, and the 
dotted line shows a step of FEM-based deformation and 
mesh-mesh interaction. 
 
Modeling Deformation 

Deformable objects can be modeled in various ways [12-
14]. A mass-spring model is a simple and popular approach 
to represent real-time deformation. However, a FEM-based 
model treats an object as continuum and has an advantage 
over simple mass-spring networks. FEM was originally 
studied for structural analysis in architectural, material, and 
aeronautic engineering. In general, a FEM based analysis 
requires much computation to solve simultaneous differen-
tial equations. Thus, it was mainly used in offline computa-
tion in the past. However, the growth in computer and in-
formation technologies enabled real-time calculation of 
FEM-based deformations. In this study, FEM is applied to 
the deformation of the brain and its detailed structures.  

FEM yields a stiffness matrix, K , and relates displace-
ments (i.e., deformed positions from initial positions) to 
applied forces. 

fKu      (1) 

where ),,( 21 nffff and ),,( 21 nuuuu  
represent applied forces and displacements, respectively, 
and K  is an n by n stiffness matrix. Eqn.1 is derived from 
principle of virtual work. The principle of virtual work 
indicates that virtual work by force equals to virtual strain 
energy by stress.  

WU      (2) 
where U is virtual strain energy and W is virtual work.  

 
Modeling mesh-mesh interaction 

Interaction between objects occurs when the objects col-
lide with each other. If no energy loss occurs, the total ener-
gy of the two objects is preserved. The work by applied 
force is stored as strain energy. Now, we assume that a tool  

 
Fig. 2 Procedures 

 
Fig. 3 Mesh-mesh interaction. 

pushes or pulls one of the two objects, and the collision 
between the objects occurs as shown in Figure 3. The work 
by applied force of the object that the user touches (i.e., 
object A) is divided into two parts. 

obu WWW     (3) 

where W , uW , obW  are the total work, the work by the user, 
and the work by the other object, respectively. The work of 
the other object (i.e., object B) is given as follows: 

'' obWW      (4) 

where 'W and '
obW  are the total work by applied force and 

the work by object A, respectively. The energy input and 
output between the two objects is preserved, assuming no 
energy loss by collisions.  

58 Y. Kuroda et al.

IFMBE Proceedings Vol. 25



0'
obob WW     (5) 

After discretization, the work by applied force is 
represented as nodal forces ),,( 21 nffff . Thus, 
Equation 5 is rewritten to form the following equation. 

0)( '
obob fZf     (6) 

where obf  , '
obf  are matrices of nodal forces at object A 

and B, respectively. )(xZ is a weighting mapping function 
between objects A and B. The function maps nodal values 
of object B to nodal values of object A. In addition, collid-
ing nodes of objects A and B are located at the same boun-
dary position ( bx ) of the objects.   

)''( 0,0, obobobobb uxZuxx   (7) 

where ', 0,0, obob xx are initial positions, and ', obob uu are 
displacements of colliding nodes of object A and B, respec-
tively. The displacement is calculated by using the inverse 
of the stiffness matrix as shown in Equation 8 [13].  

Lfu    ,  1KL     (8) 
The nodes in object A are divided into the following three 
types: contact nodes by a user, collided nodes with object B 
and the other nodes. The nodes in object B are divided into 
the following two types: collided nodes with object A and 
the other nodes. The stiffness equations of object A and B 
are as follows: 

object A:   

o

ob
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ooobcoc

oboobobobc

cocobcc

o
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f
f
f
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u
u
u

 (9) 

object B:   
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'

''
''

'
'

o

ob

ooobc

oboobob

o

ob

f
f

LL
LL

u
u

 (10) 

where subscript c, ob, o represent contact nodes by a user, 
collided nodes and other nodes, respectively. Applied forces 
of all nodes except collided nodes are zero. From Equation 
10, the applied forces at collided nodes are represented as 
follows: 

''' 1
obobobob uLf     (11) 

From Equations 6 and 11, the contact forces are calculated 
as follows: 

cccc uLf ~1     (12) 

)''(~ 1
obobobcobcc uLZLuu    

cu , which represents the displacement of contact nodes, is 
known, because a typical haptic display senses position and 
displays force, not senses force and controls position. The 

reaction forces, which are fed back to the user, has the op-
posite direction and same magnitude of the contact forces. 
Displacements of other nodes are calculated as follows: 

)''( 1
obobobobobcobcob uLZLfLu   (13) 

)''( 1
obobobobccoco uLZLfLu   (14) 

The visualization of deformed volumetric data is realized by 
sliced-based volume rendering for real-time and high quali-
ty visualization. The volumetric data is reconstructed from 
slices obtained by measurement methods, e.g. MRI and X-
ray CT. In neurosurgical simulation, more than one volume-
tric data is required to represent the detailed structure of the 
entire brain. In order to visualize tissue deformation, mesh 
deformation is calculated from the previous equations, and 
the volumetric data is fitted to the deformed shape. 

IV. SYSTEM 

The methods were implemented on a general PC with a 
haptic device. Table 1 describes the configuration of the 
system. At the time, the system was equipped with a 3DOF 
haptic display, which allowed the user to manipulate a vir-
tual tool and interact with brain and vessel models.  

Three different types of MRI measurements were carried 
out and the registration was carried out semi-automatically. 
The tetrahedral meshes were generated for each 3D volume. 
The elasticity of the models was subjectively set by a skilled 
neurosurgeon.  

Table 1 Configuration of developed system 

Item Name 

CPU Intel Core2 Duo 2.66 GHz (2 core) 
Main memory 3.5GB 
Graphic board nVidia GeForce 8800 GT 
Graphic display LCD monitor 
Haptic display SensAble PHANToM Omni 

 

V. RESULTS 

Figure 4 shows the images produced by the developed 
system. The figure shows a surgical approach to the trige-
minal nerve by excluding the cerebellum and vessels. The 
brain tissue was deformed by a virtual tool, whose color 
changes from gray to red according to the magnitude of the 
reaction force. A user can manipulate a tool and exclude 
brain tissue with interactive force feedback.   
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Fig. 4 Meshes and simulation results. Brain tissue is excluded with a tool. 
The tool’s color changes to red according to the reaction force. The images 
in the second low show excluded brain in a skull. The images in the third 

low show excluded brain without the rendering of a skull. 

VI. CONCLUSIONS  

This paper proposed a FEM-based mesh-mesh interaction 
model with multi-modal 3D meshes. The proposed model 
considered energy preservation during the collision of 
meshes. The method was implemented and applied to the 
surgical approach to the trigeminal nerve in neurosurgery. 
The simulation results showed the real-time simulation of 
brain tissue deformation with visual and force feedback. 
This study also established a FEM-based neurosurgical 
simulation framework with visual and haptic feedbacks for 
surgical training, pre-planning, and intra-operative naviga-
tion. 

In the near future, the grip of the haptic interface will be 
modified to be more similar to the real surgical tool. In 
order to increase realism and usefulness of the system, the 
simulation of viscous phenomena, which is especially im-
portant when unloading forces, and the simulation of blood 
flow from vessels are planned for future studies.  
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Augmentation of Coronary Blood Flow in Systole by  
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I. SUMMARY 

It has been proposed that blood flow in coronary arteries is 
augmented by backward travelling (reflected) waves in the 
proximal aorta that arise from distal reflection sites and propagate 
as forward travelling waves in the coronary arteries. However, 
these waves have never been identified and measured. We used 
wave intensity analysis to quantify forward and backward 
travelling waves in the proximal aorta and coronary arteries at 
various times in the cardiac cycle, and assess their relationship to 
changes in coronary blood flow.  In 19 subjects (age 35-73 years), 
sensor-tipped intra-arterial wires were used to measure pressure 
and flow velocity in the coronary arteries and in the proximal 
aorta. A backward travelling (reflected) wave was seen in the 
proximal aorta in systole in all subjects (159±12ms after the ECG-
R-wave). A forward travelling wave that corresponded to this 
reflected wave could be seen in the coronary arteries 
approximately 30ms later: left main stem (187±11 ms), left 
anterior descending (194 ±7 ms) and circumflex (189 ±7 ms) . In 
the coronary arteries the wave that corresponded to the reflected 
wave in the aorta represented 20.3±2.1% of the peak intensity  of 
the wave generated by ventricular systole (incident wave), and was 
associated with a 38.9±8.4% instantaneous increase in systolic 
coronary blood flow velocity (0.2 to 0.28m/s, p<0.002).  In 
conclusion, reflected waves in the proximal aorta appear to 
propagate into the coronary arteries and augment coronary systolic 
blood flow.  

II. INTRODUCTION 

Blood flow in the coronary arteries is predominately 
determined by changes in the gradient generated by 
ventricular contraction and variation in the admittance of 
the distal microcirculation[1 2 3 4].  In addition to these 
established physiological mechanisms is it widely 
hypothesised that coronary flow is further augmented by 
backward travelling (reflected) waves in the proximal aorta  

that arise from distal sites where there is impedance 
mismatching. These are believed to propagate into the 
coronary arteries as forward travelling waves and augment 
coronary flow. This belief  is founded on rational principles, 
but reflected waves entering the coronary arteries to 
augment coronary flow have never been demonstrated 
experimentally [5].    One reason for this is that until 
recently it has been difficult to make invasive measurements 
in the coronary arteries, another is that it can often be 
difficult to reliably identify the timing of the reflected 
wave[6 7].   

Following cardiac ejection a forward-travelling wave 
travels from the heart to the distal vasculature.  A small 
proportion of this wave is reflected back towards the heart 
from sites of impedance mismatching.  Commonly, this 
backward-travelling reflected wave is identified from the 
shoulder or inflection point seen in the aortic pressure 
waveform [8].  However, whilst this process is reliable in 
middle aged subjects (where the inflection point is clear), it 
becomes less reliable in elderly and very young subjects and 
the general approach has been criticised[6 7]. An  
alternative technique which overcomes many of these 
limitations is wave intensity analysis.  This technique uses 
simultaneous acquisition of pressure and flow to separate 
waves into forward and backward components and to 
identify the precise timing and magnitudes of reflected 
waves.  It has been successfully applied in study of waves 
within several vascular beds including the aorta and 
coronary arteries[1 9 10 11 12].   

In this study we used wave intensity analysis in the 
proximal aorta and coronary arteries of the same 
individuals, to see if it were possible to identify reflected 
waves in the aorta that propagated as forward waves in the 
coronary arteries and then went on to assess whether they 
augmented coronary blood flow. 
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III. METHODS 

In 19 patients (mean age 35-73 yrs, 13 female), with 
unobstructed arteries, we measured simultaneous pressure 
and flow velocity using intra-arterial pressure (Wavewire) 
and Doppler flow wire (Flowwire) (Volcano Therapeutics, 
formerly Jomed inc) in the proximal left main stem, left 
anterior descending, circumflex arteries and in the proximal 
aorta as previously described[1].  Haemodynamic data were 
recorded via an analogue to digital card (DAQ-card AI-16E-
4) and acquired at 1KHz using Labview.  All subjects gave 
written informed consent for participation in this study, 
which was approved by the local ethics committee. Wave 
intensity analysis was carried out using the technique 
previously published to separate pressure originating from 
proximal and distal origins, and to identify the arterial 
waves which direct blood flow.   The timing and magnitude 

of the reflected waves were both quantified. The 
instantaneous increase of coronary flow occurring during 
the reflected wave was calculated.  

IV. RESULTS  

A reflected wave was observed in the proximal aorta 
approximately 159±12ms after the ECG-R-wave. and a 
forward travelling wave that corresponded closely with this  
reflected wave in the aorta was seen in the coronary arteries 
approximately 30ms later: left main stem (187±11 ms), left 
anterior descending (194 ±7 ms) and circumflex (189 ±7 
ms) all p<0.002 (Figure 1). The appearance of the forward-
travelling wave in the coronary artery that corresponds with  
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Fig. 1  Wave intensity analysis was calculated in the proximal aorta (upper panel) and left main stem coronary artery (middle panel).  The backward wave 
in the aorta following the initial compression wave is a reflected compression wave that decelerates the flow (unshaded, top panel). When it reaches the 
coronary artery it becomes a forward compression wave that accelerates coronary flow (shaded, middle panel). The effect of this wave on pressure and flow 
in the coronary artery can be seen in the bottom panel 
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the reflection in the aorta was associated with a significant 
increase in coronary flow velocity from 0.2±0.1 to 
0.28±0.1m/s , p< 0.002 (Table 2) or a 40% instantaneous 
increase in flow velocity.  The magnitude of this reflected 
wave was closely related to the increase in coronary blood 
flow velocity (r= 0.8, p<0.001). 

V. CONCLUSIONS 

Using wave intensity it was possible to observe waves 
travelling-back from distal reflection sites to the proximal 
aorta where they propagate into the coronary arteries as 
forward travelling waves that augment coronary blood flow.  

Although the absolute increase in coronary flow velocity 
appears small, its contribution should not be underestimated 
as it may have an important role in maintaining some 
coronary blood flow in systole.    
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new mathematical tools for classical and relativistic modeling  
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Abstract— The paper presents new mathematical tools for 
classical and relativistic modeling based on a quaternion for-
mulation of Clifford algebras which we shall call Grassmann-
Hamilton-Clifford algebras. These algebras allow to develop 
an associative exterior calculus for any metric and any dimen-
sion yielding probably the best representations of the covari-
ance groups. As applications, the paper develops these alge-
bras in euclidean three-space and pseudo-euclidean space-
time, and in particular the Frenet frame and the relativistic 
moving frame. 

Keywords— Quaternions, biquaternions, tetraquaternions, 
Grassmann-Hamilton-Clifford algebras, classical 
and relativistic modeling. 

 
I. INTRODUCTION 

In 1843, William Rowan Hamilton (1805-1865) discov-
ered the quaternions and, later on, was to introduce biqua-
ternions, defined below. About the same time, Hermann 
Günther Grassmann (1809-1877), whose 200th anniversary 
of his birth is celebrated this year, presented in his Aus-
dehnungslehre (1844) a new n-dimensional associative 
multivector calculus. William Kingdom Clifford (1845-
1879) was to demonstrate in 1878 that any Clifford algebra, 
is directly linked to quaternions. Though the use of Clifford 
algebras in physics and engineering has grown rapidly in 
recent years, most developments have priviledged a geomet-
ric approach, whereas the author uses an algebraic approach 
based on quaternions. The aim of this paper is to present the 
Grassmann-Hamilton-Clifford algebras in 1, 2, 3 and four 
dimensions and to show their potential for classical and 
relativistic modeling. 

II. QUATERNION GRASSMANN-HAMILTON-CLIFFORD 
ALGEBRAS 

1.  Quaternions, biquaternions and tetraquaternions 

 a. Quaternions H (1843) 
 A quaternion is a set of four real numbers 

 
( )

( )
0 1 2 3 0 1 2 3

0

, , ,

,

a a a i a j a k a a a a

a a

= + + + =

=
 

where i, j, k multiply according to the rules 

 2 2 2 1, , .i j k ijk ij ji k etc= = = = − = − =  

The product of two quaternions a and b is defined by 

 ( )0 0 0 0. ,ab a b a b a b b a a b= − + + ×  

with the usual expressions of the scalar and vector products 

1 1 2 2 3 3.a b a b a b a b= + +  

( ) ( ) ( )2 3 3 2 3 1 1 3 1 2 2 1 .a b a b a b i a b a b j a b a b k× = − + − + −
R, C, H are fields without zero divisors (i.e., 0ab = ⇒ a or 
b=0); there exist no others. The classical vector calculus 
was obtained at the end of the nineteenth century from the 

quaternion product by taking 0 0 0a b= =  and separating 

the dot and vector products. 

b. Biquaternions ⊗H C  
A biquaternion is a set of two quaternions 

 0 1 , iIα α α α= + ∈ H  

where I commutes with the small i, j, k of the iα  

( 2 1I = − ). 
c. Tetraquaternions ⊗H H  
A tetraquaternion is a quaternion having quaternions as 

coefficients  

 0 1 2 3 , iI J Kα α α α α α= + + + ∈ H  

where the small i, j, k of the iα  commute with the capital I, 

J, K. 
2. Grassmann-Clifford exterior algebra 
a. Definition 
Grassmann had the fundamental idea of an algebra com-

posed of n generators 1 2, ,..., ne e e multiplying according to 

the rule ( )i j j ie e e e i j= − ≠ ; Clifford was to add the 

requirement 2 1ie = ±  which completed the precise defini-

tion of the Grassmann-Clifford algebra nC . The 2n  ele-
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ments of the algebra are composed of the n generators, the 

various products , ,...i j i j ke e e e e and the unit element 1. 

C + is the subalgebra constituted by products of an even 

number of ie . 

b. Interior and exterior products 
 Once the product of two general elements of the algebra 
is defined, one can define interior and exterior products of 

two vectors 1 1 2 2 ... n na a e a e a e= + + +  (similarly for b) 

via the formulas 

( ) ( ) ( ) ( ). , .ab a b a b ba a b a bλ μ λ μ= + ∧ = − ∧  

where 1λ μ= = ±  are given coefficients and with the 

assumption that, by definition, . . ,a b b a a b b a= ∧ = − ∧ , 

one thus obtains 

 ( ) ( )1 12 . , 2 .a b ab ba a b ab baλ λ− −= + ∧ = −  

 A multivector (bivector, trivector, etc.) 

 ( )1 2 ... 2p pA a a a p n= ∧ ∧ ∧ ≤ ≤  

where pa  are vectors, is then defined by recurrence 

 
( )

( )

2 . 1

2 1 ;

pp
p p p

pp
p p p

a A aA A a

a A aA A a

λ

λ

−

−

⎡ ⎤= − −⎣ ⎦
⎡ ⎤∧ = + −⎣ ⎦

 

by definition, one takes  

 ( ) ( )1
. 1 . , 1 .

p p

p p p pA a a A A a a A
−= − ∧ = − ∧  

An important property of the exterior product is its associa-

tivity ( ) ( )a b c a b c∧ ∧ = ∧ ∧  where a, b, c are vectors. 

 Other interior and exterior products between multivec-
tors are defined by 

 ( )1 2 ... ;p q p qA B a a a B∧ = ∧ ∧ ∧ ∧  

and for p q≤ , 

 ( )1 1. ... . .p q p p qA B a a a B− ⎡ ⎤= ∧ ⎣ ⎦ ; 

by definition, one assumes ( ) ( 1)
. 1 .

p q

p q q pA B B A
+= − . 

The above formulas allow to define the various interior and 
exterior products in a Grassmann-Clifford algebra whatever 
the dimension of the space. 

3.  Clifford theorem (1878)  
a. Theorem 

 If n=2m (m integer), the Grassmann-Clifford algebra 

2mC  is the tensor product of m quaternion algebras. If 

n=2m-1, the Grassmann-Clifford algebra is the tensor prod-

uct of m-1 quaternion algebras and the algebra ( )1,ω  

where ω  is the product of the 2m generators 

( )1 2 2... me e eω = of the algebra 2mC . 

b. Examples 
Table 1: Examples 

 Grahamclif 
algebras 

Generators 

n=1 
1C = C  

complex num-
bers 

1e i=  
2

1 1e = −  

n=2 
2C = H  

quaternions 
1 2,e j e k= =  

2 2
1 2 1e e= = −  

n=3 
3C = ⊗H C

 biquaternions 
 

1 2 3, ,e iI e jI e kI= = =  

( 2 1I = − ) 
2 2 2

1 2 3 1e e e= = =  

n=4 
4C = ⊗H H

 tetraquater-
nions 
 

0

1

2

3

2 2 2 2
0 1 2 3

1 ,

, ( 1 )

,

1, 1

e j j

e k i kI I i

e k j kJ

e k k kK

e e e e

= ⊗ =
= ⊗ = = ⊗
= ⊗ =
= ⊗ =

= − = = =

 

 
Table 1 above proves the Clifford theorem for  n=1, 2, 3, 4. 
Any Grassmann-Clifford algebra being related to quater-
nions, it seems to us appropriate to call them Grassmann-
Hamilton-Clifford algebras (or Grahamclif algebras, for 
short). Furthermore, Table 1 shows that quaternions allow 
to construct an exterior calculus only for a two-dimensional 
space. Since the classical vector calculus was derived form 
quaternions at the end of the nineteenth century, one might 
perhaps realize that the former is not necessarily the most 
coherent calculus for 3-D classical physics. We shall pre-
sent below an exterior calculus in 3-D classical physics and 
then a relativistic one in 4-D. 

III. EUCLIDEAN 3-SPACE 

The metric is 2 2 2 2ds dx dy dz= + +  

1. Grahamclif algebra: ⊗H C (biquaternions) 
The algebra contains 8 elements: 3 for the vectors, 3 for 

bivectors (surfaces, torques, etc.), 1 for volumes and 1 for 
scalars. 
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1 
3 2i e e=  1 3j e e=  2 1k e e=  

1 2 3I e e e=  1iI e=  2jI e=  3kI e=  

 

with 2 2 2
1 2 3 1e e e= = = , 1 2 2 1, .e e e e etc= −  and 

2 1I = − . The general element A of the algebra is 

 ( ) ( )0 1 2 3 0 1 2 3 ;A a a i a j a k I b b i b j b k= + + + + + + +  

the conjugate of A is given by 

 ( ) ( )0 1 2 3 0 1 2 3cA a a i a j a k I b b i b j b k= − − − + − − −  

with ( ) ( ) ( )c c c
AB B A= . The dual of A is *A IA= . 

2. Vectors 

A vector is given by 1 1 2 2 3 3x x e x e x e= + +  

with 2 2 2 2
1 2 3x x x x= + +  yielding a scalar. A unit vector 

satisfies 2 1x = . 
3.    Interior and exterior products 
Given two vectors x, y one defines  

 ( )
( ) ( )

1 1 2 2 3 3

3 2 2 3

3 1 1 3 2 1 1 2

.
2

2

xy yx
x y x y x y x y

xy yx
x y x y x y i

x y x y j x y x y k

+= = + +

−∧ = = −

+ − + + −

 

The other products are defined according to the rules given  
in II. 2) with 1.λ μ= =  

4.    Orthogonal projection of a vector u on a vector a 

Writing p ou u u= +  (where p stands for parallel and o 

for orthogonal) one has 

 ( ) ( )1 1. ,p ou u a a u u a a− −= = ∧  

5. Orthogonal symmetry with respect to a hyperplane 
By definition, a hyperplane is a subspace of dimension 

(n-1). Taking a unit vector a ( 2 1a = ) perpendicular to the 
hyperplane (a plane in this case) going through the origin, 
one has for the symmetrical vector x’ of x, 'x axa= −  

6. Rotation 
Combining the orthogonal symmetries, one obtains for a 

conical rotation of the vector x by an angle θ around the unit 

vector Iu  ( 1 2 3u u i u j u k= + + , 2 2 2
1 2 3 1u u u+ + = ) the 

formula ' cx rxr= with cos sin
2 2

r u C
θ θ +⎛ ⎞= + ∈⎜ ⎟

⎝ ⎠
 

( 1crr = ). 

One verifies the conservation of the norm  ' 'c cx x xx= . 

The same formula holds for any element A of the algebra 

' .cA rAr=  

7. Frenet frame 

Consider the vector 1 2 3( ) ( ) ( )OM x t e y t e z t e= + +  

and 2 2 2 2ds dx dy dz= + + , 1m

dOM
u e

ds
= = . One has 

the Frenet relations 

 1 2 2 1 3 3 2, ,m m m m m m mde e de e e de e

ds R ds R T ds T
= = − + = −  

and 1

du
B u

ds
= ∧ , 1 1 2

1
cB B

R
= , 

2

1 2

du d u
T u

ds ds
= ∧ ∧ ,  1 1 4 2

1
cTT

R T
= −  yielding immedi-

ately the invariants R and T. Biquaternions thus allow a 
Grahamclif algebra modeling of the euclidean space in 3 
dimensions within classical physics. 

IV. PSEUDO-EUCLIDEAN 4-SPACE 

Since Einstein (1905), the metric of relativistic physics is 
no longer 3D-euclidean but 4-D pseudo-euclidean. The 

metric is 2 2 2 2 2 2ds c dt dx dy dz= − − − necessitating the 

use of another Grahmclifalgebra. 
1. Grahamclif algebra ⊗H H (tetraquaternions) 
This algebra having been presented extensively together 

with physical applications in the books by Girard [1-2], we 
shall only give a few elements. In four dimensions, the 

algebra contains 42 16=  elements: 4 elements for the 
vectors, 6 for the bivectors (surfaces, torques, electromag-
netic fields, etc.), 4 for trivectors (trivolumes, etc.), 1 for 
pseudo-scalars and 1 for scalars. 

 
1 

3 2I e e=  1 3J e e=  2 1K e e=  

i  
0 1iI e e=  0 2iJ e e=  0 3iK e e=  

0j e=  0 3 2jI e e e=  0 1 3jJ e e e=  0 2 1jK e e e=  

1 2 3k e e e=  1kI e=  2kJ e=  3kK e=  

 

with 2 2 2 2
0 1 2 31, 1e e e e= − = = = , 1 2 2 1, .e e e e etc= −  

The general element of the algebra A is 

 ( );A a ib jc kd m in jr ks= + + + + + +  
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wth 1 2 3 , .;m m I m J m K etc= + + the conjugate of A is 

 ( );cA a ib jc kd m in jr ks= + − + − − + −  

With ( ) ( )( )c cc
AB B A= . The dual of A is *A iA= . 

2. Vectors  

A vector is of the type 0 1 2 3
0 1 2 3x x e x e x e x e= + + +  

where 0x ct= and ( ) ( ) ( ) ( )2 2 2 20 1 2 3
cxx x x x x= − − − .  

A unit time like vector u satisfies 1cuu =  and a unit space 

like vector 1cuu = − . 

3.    Interior and exterior products  
Taking two vectors x, y one defines 

0 0 1 1 2 2 3 3.
2

.
2

xy yx
x y x y x y x y x y

xy yx
x y

+= − = − − −

−∧ = −
 

The other products are defined according to the formulas of 
II. 2) with 1.λ μ= = −  

4.    Lorentz group 
From the orthogonal symmetries with respect to hyper-

planes, one obtains for the orthochronous Lorentz group 

with x’, x being vectors, ' cx axa= , with 

1, , (caa a C a br+= ∈ =  or  rb )  , 

cos sin
2 2

r u C
θ θ +⎛ ⎞= + ∈⎜ ⎟

⎝ ⎠

2 2
b Cosh ivSinh C

ϕ ϕ +⎛ ⎞= + ∈⎜ ⎟
⎝ ⎠

  

1 2 3u u I u J u K= + + , ( ) ( ) ( )2 2 21 2 3 1u u u+ + =  and 

similarly for  v . The same formula holds for any element A 

of the algebra ' cA aAa= . 

5. Relativistic moving frame 

Let ( ) 1 2 3( ) ( ) ( )OM ct x e y e z eτ τ τ τ= + + + be a 

vector with 2 2 2 2 2 2ds c dt dx dy dz= − − −  and 

0m

dOM
u e

ds
= = . The relativistic moving frame is defined 

by the relations 

0 1 1 0 2

1 1 2

2 1 3 3 2

2

, ,

,

m m m m m

m m m m m

de e de e e

ds R ds R R

de e e de e

ds R T ds T

= = +

= − + = −
 

where 1 21 / 0,1/ 0R R〉 〉  are respectively the first and sec-

ond curvatures and 1 / T  the torsion. One has 

 1

du
B u

ds
= ∧ , 1 1 2

1

1
cB B

R
= − , 

 
2

1 2

du d u
T u

ds ds
= ∧ ∧  , 1 1 4 2

1 2

1
cTT

R R
=  , 

 
2 3

1 2 3 3 2
1 2

du d u d u i
P u

ds ds ds R R T
= ∧ ∧ ∧ =

1 1 6 4 2
1 2

1
cPP

R R T
= −  ; these relations yield immediately 

the relativistic invariants 1 2, ,R R T . Tetraquaternions thus 

allow a Grahamclif algebra modeling of relativistic physics. 

V. CONCLUSION 

The paper has presented the Grassmann-Hamilton-
Clifford algebras in general and applications in 3-D and 4-D 
in particular. We hope to have shown that these algebras 
constitute coherent mathematical tools for classical and 
relativistic modeling. 
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Abstract— A method for processing ultrasound signals 

for the estimation of fetal heart rate (FHR) using pulsed wave 
ultrasound with short bursts during the active stage of labor is 
presented.  The major advantage of this technique is that it 
enables the simultaneous calculation of FHR and the position of 
the fetal head along the birth canal. The algorithm was tested 
against commonly used fetal electrocardiogram, yielding excel-
lent results where 99% of the measurements were within a 
range of ±3 beats per minute.   

 
Keywords— Fetal heart rate monitoring, Doppler ultrasound, 

fetal head descent 

I. INTRODUCTION  

Fetal heart rate is the most significant indicator of fetal 
well-being during labor. The most important indicators of 
labor progress are cervix dilatation and fetal head descent. In 
a previous study, we reported on a device that measures fetal 
position during the active stage of labor [1]. The device is 
based on three abdominal transducers and three internal sen-
sors attached to the fetal head and to the two sides of the 
cervix. In that system, short ultrasound pulses are transmitted 
by the abdominal transducers and received by the three inter-
nal sensors. Position of the internal sensors in 3D is calcu-
lated by estimations of the time-of-arrival of the ultrasonic 
waves between the transducers and the internal sensors. Us-
ing a triangulation technique, the cervical dilatation and head 
position along the birth canal can be estimated. 

The major drawback of that system in the clinical settings 
is the necessity to use an additional device for monitoring the 
fetal hart rate (FHR). This may result in a cumbersome op-
eration. To enable one system to estimate head position, 
cervical dilatation and FHR, a new signal processing method 
was developed. In this work, the method for estimation of 
FHR using short ultrasonic bursts is presented.  

II. METHODS 

The measurement device: 

The measurement system (BirthTrack, Barnev Inc, An-
dover, MA, USA) consists of three external ultrasonic trans-
ducers that are placed on the maternal abdomen, one in the 
central lower part of the abdomen above the pubic bone and 
the other two at the sides adjacent to the Anterior Superior 
Iliac Spines, as shown in Fig. 1. These shaped PZT crystal 
abdominal transducers were designed to exhibit a broad ul-
trasonic beam to cover the path of the fetal heart inside the 
birth canal. The locations of the three transducers allow the 
detection of fetal heart rate during all phases of the active 
stage of labor and during fetal rotation and descent. 
 

 
 

Figure 1. Illustration of the ultrasonic measurement system. The three 
ultrasonic transducers are positioned on the maternal abdomen at the 
two sides of the Iliac Spines and above the pubic bone.  

 
 
The transmitted ultrasonic bursts consisted of ten periods 

of 1MHz sine wave with a PRF of 200Hz and amplitude of 
50V. The reflected signal was received by the three abdomi-

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 69–72, 2009. 



nal transducers, with one working in pulse-echo mode and 
the other two in receiving mode only. This yielded 200 trip-
lets of raw ultrasonic signals per second, designated as 
‘frames’. Recording of each frame started 40μs after the 
beginning of transmission, and lasted for 300μs. Assuming 
constant speed of sound c=1540 m/s, the depth-measurement 
range of each transducer was between 3.0 and 26.1 cm. The 
ultrasonic signals were amplified by a time-variable gain 
(TVG) of 0.15 dB/μs, filtered by 2nd order Butterworth band-
pass filter between 800 and 1200 kHz and digitized at a sam-
pling frequency of 8Ms/s.  

The algorithm: 

The algorithm consisted of two phases: estimation of fe-
tal heart rate and estimation of the signal quality index (SQI). 

Estimation of FHR: 

 A block diagram describing the main components of the 
algorithm is shown in Fig. 2. IQ demodulation was calcu-
lated for each frame. For the ith frame, the inphase Ii(n) and 
quadrature Qi(n) were calculated by multiplying the acoustic 
echo by a 1MHz sine and cosine functions, respectively. Ii(n) 
and Qi(n) were then filtered by a 4th order 1MHz LPF But-
terworth filter. To obtain an indication of local movement in 

a depth-slice of 
sf
cW × cm, the differences between two con-

secutive I and Q signals were summed along W=50 samples 
interval for each frame i according to Eqs 1 and 2 and desig-
nated as ),( inD I

P
 and ),( inDQ

P
, respectively. fs is the sam-

pling frequency. 

∑
+

−

−=

Wn

n

iiI
P nInIinD )()(),( 1 (1) 

∑
+

−

−=

Wn

n

iiQ
P nQnQinD )()(),( 1 (2) 

The total power of this local movement, )(nDP
, was calcu-

lated according to Eq 3. 
22 )]([)]([),( nDnDinD Q

P
I
PP += (3) 

Since the distance from the transducer to the heart was not 
known, this process was repeated for different possible posi-
tions of the heart relative to the abdominal transducers. De-
fault spatial resolution was 10 samples. 

DP(n,i) was calculated for 1000 consecutive frames 
(i=1:1000), representing five seconds of measurement. Thus, 
when observing DP(n,i) along the i-axis, we obtain a measure 
of local changes. The autocorrelation function of 
DP(n=n0,i=1:1000) was calculated and its main peaks were 
detected. Fetal heart rate was calculated as the mean time 
lags between these peaks. Representative signals of the in-
phase, quadrature, DP(n,i) and the autocorrelation function 
are shown in Fig. 3. The depth n along the signal that was 
associated with heart, n=nH ,was determined based on the 
SQI signal described in the following section. 

Estimation of signal quality index (SQI): 

For each n, a signal quality index (SQI) was calculated 
for 5s intervals (1000 frames). This index quantified the 
quality of the received signal. SQI was calculated as the 
mean value of the peaks of the autocorrelation function, as 
shown in Fig 3E. High values of SQI indicated periodic large 
changes in the DP(n,i) signal. We assumed that the largest 
changes originated from the fetal heart-wall movements. 
Thus, nH was determined as the n value where SQI values 
were high and stable. Low values in SQI may be caused by 
different reasons such as acoustic noise and echoes originat-
ing from the maternal heart.  

  
Figure 2. Block diagram of the algorithm developed for the calculation of FHR. A/D: analog to digital converter, W: window size, ΔF: difference be-
tween consecutive frames, ACOR: autocorrelation, SQI: signal quality index. Representative signals are shown at points of interest. 
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Figure 3. Representative signals of different stages of the algorithm 
signal processing. A- the raw ultrasonic signal, B-Inphase demodula-
tion, C-Quadrature demodulation, D-power change in combined quad-
rature demodulation (DP(x)), E- autocorrelation of DP(x).  Fundamental 
value of the autocorrelation signal (exhibiting minimal lag) is marked 
with rectangle. Secondary peak values are marked with circles.  

Figure 4. Algorithm results of fetal heart rate (FHR) and quality signal 
index (SQI) along one scan of the ultrasonic signal. BPM: beats per min-
ute, AU: arbitrary units. 

This procedure produced a set of FHR and SQI values 
related to different depths (n) of the ultrasonic signal. A 
representative example of FHR and SQI results of the ultra-
sonic signal is shown in Fig. 4. The chosen value of FHR 
was determined as the stable value closest to the transducer. 
A second criterion for the determination of heart rate was 
high SQI values in this zone (default value of the SQI 
threshold was set as 50). In the example presented in Fig. 4, 
FHR and SQI are calculated from n=250 (corresponding to 
5.0 cm depth) to n=1600 (corresponding to 18.5 cm depth). 
The depth in which the fetal heart was first found is marked 
(nH=800, depth=10.8 cm). In this zone FHR results are 
stable, and SQI shows high values. 

III. RESULTS 

 The data presented in this section were obtained by 
recording the ultrasonic signals during the active stage of a 
singleton vaginal labor of a 25 years old woman. The study 
was performed at the Holy Family Hospital (Nazareth, 
Israel). Data collected included simultaneous recording of 
the ultrasonic signals and direct ECG recording using a 
scalp electrode that was connected to a commercial monitor 
(Philips, Avalon FM30).  
 Fig. 5 shows the ultrasonic and ECG FHR during a five 
minute interval in which fetal heart rate varied between 125 
and 155 beats per minute. As seen in the figure, the ultra-
sonic-derived FHR followed the ECG accurately. A Bland 
and Altman plot [2] showing analysis-of-differences be-
tween the readings of the two techniques is presented in Fig. 
6. The left panel shows the ultrasonic FHR compared to the 
mean value of the ECG and ultrasonic FHR. Continuous 
data from one hour (3600 samples) of labor is presented. In 
more than 99% of the measurements the disagreement 
between the two techniques was lower than three beats per 
minute. Limits of agreement were -1.44 and +1.66 
beats/minute. The right panel of this figure shows the dis-
tribution of the differences presented as a histogram. Re-
sults show a Gaussian shape around a bias of 0.11 BPM 
with standard deviation of 0.77 BPM. 

IV. CONCLUSIONS  

 In this paper, a novel method for real-time extraction of 
fetal heart rate is presented. This method is based on the 
autocorrelation of the US quadrature signal. In contrast to 
previously proposed algorithms, this algorithm offers the 
possibility to estimate the spatial location of the fetal heart 
inside the birth canal.   
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Figure 5. Ultrasonic and ECG fetal heart monitoring. 

Figure 6. Left panel: Blean and Altman plot of the differences between 
the algorithm results and the commercial FHR monitor. Right panel: 
distribution of the differences as histogram. 

 FHR calculated by the presented algorithm was com-
pared to readings acquired by a commercial FHR monitor 
that used fetal ECG. Generally speaking, ECG FHR is-
considered more reliable than ultrasonic FHR since it 
usually suffers from lower noise. Results of the Bland-
Altman analysis presented in Figs 5-6 indicate that the 
new algorithm performs very well, with reliable tracking 
in a dynamic range of heart rates. 99% of the algorithm 
results were in the range of ±3 beats/min from the ECG 
monitor. Average bias between the two techniques was 
0.1 beat per second, with standard deviation of 0.7 beat 
per second. This may be considered as clinically valid 
results.  

 One aspect of the analysis of differences between the 
commercial monitor and algorithm results should be 
noted. In the commercial monitor, data were obtained 
after approximately 18 seconds of pure delay. We hy-
pothesize that this interval is used for data filtering and 
averaging in the commercial FHR monitor. This may be 
the reason for the smoothness in the ECG FHR, compared 
to the ultrasonic results.  
 Information on the position of the fetal heart may be 
useful in the evaluation of labor progress. In the clinical 
practice, labor progress is assessed by manual vaginal 
examination, measuring cervical dilatation and head de-
scent. In this study, we calculated the descent of the fetal 
heart inside the birth canal.  

To conclude, algorithm results indicate that pulsed ul-
trasound may be used for simultaneously monitoring of 
the fetal heart rate and head descent during the active 
stage in labor.    
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Abstract––Sleep disorders have adverse effects on the public 
health. We present here a new method for identifying 
individual respiratory cycle phases from tracheal sound signal 
during sleep. The method utilises Hilbert transform in 
breathing sound envelope extraction. It determines 
automatically a subject-specific amplitude threshold to be used 
in the detection of respiratory cycle phases. The method 
provided average sensitivity of 99.5% and average positive 
prediction value of 99.8% on the total of 419 respiratory cycles 
analysed from three different subjects. The developed method 
might facilitate analysis of breathing disorders and breathing 
function in general in sleep studies.    

Keywords––Tracheal sound, respiratory cycle, Hilbert 
transform, sleep disordered breathing, automated detection. 

I. INTRODUCTION 

Monitoring respiration is important in multiple clinical 
applications. Devices to monitor respiration are of, at least, 
three categories. Firstly, devices that monitor airflow (e.g. 
nasal pressure), secondly, devices monitoring breathing 
effort (e.g. impedance plethysmography), and thirdly, 
devices monitoring blood gas changes (e.g. oximetry) [1].  

The tracheal breathing sound signal originates from the 
vibrations of the tracheal wall and surrounding soft tissues, 
caused by pressure fluctuations in the trachea [2, 3]. These 
sounds are characterised by a broad frequency band, with 
main energy reported to extend up to 1000 Hz [3]. Tracheal 
sound analysis has been applied to some extent in 
estimation of respiration at breath cycle level. Bioacoustic 
analysis has been applied to find out the timing of the 
different phases of breathing cycle [4] and for monitoring of 
respiration [5]. However, in many studies the tracheal 
sounds were recorded only while the subjects were awake 
[4, 5].  

A breathing cycle can be divided into four sequential 
phases: inspiration, inspiratory pause, expiration, and 
expiratory pause [4]. The objective of the present work was 
to develop a new algorithm for tracheal sound analysis to 
detect different phases of respiratory cycle during sleep. The 

method is hoped to facilitate the analysis of sleep-
disordered breathing. 

II. MATERIALS AND METHODS 

A. Recordings  

In the present study, the data from polysomnographic 
recordings of three male subjects were analysed. The 
median age of the subjects was 46 years (range 26-53), the 
median body mass index (BMI) was 24.4 kg/m2 (range 23-
31). All the polysomnograms were recorded in the sleep 
laboratory of Tampere university hospital in the Pirkanmaa 
Hospital District and approved by the ethical committee. A 
digital polysomnographic recorder Embla N7000 and 
Somnologica studio software (Medcare®, Iceland) were 
used as the recording system. The polysomnographic 
recording montage was identical as in [6]. 

Tracheal sound recordings were performed with a small 
electret microphone, Panasonic WM-60A (Matsushita, 
Osaka, Japan). The microphone has a 3 mm deep conical air 
cavity of 25 mm in diameter. The sensitivity of the 
microphone is 10 mV/Pa and the frequency range is 20 Hz - 
20 kHz [7]. The microphone is attached to the skin in the 
suprasternal notch with an adhesive tape ring with 
additional taping on the top, as in [6]. The sampling rate of 
11025 Hz was used for the tracheal sound.   

The visual scorings of the present work were performed 
in consensus by two experienced clinical 
neurophysiologists. Breathing was explored in detail by 
analysing the flow shapes of the nasal pressure signal. Each 
inspiration was labeled either as a round (considered 
normal) or non-round (disturbed) flow signal shape [8, 9]. 
One ten-minute section of regular respiration, containing 
round flow shapes over 80% of all the inspiratory flow 
shapes, was included in the analysis from each subject, 
totaling 419 respiratory cycles. The data recorded from one 
subject was utilised in method development and the data 
from two subjects as independent test data. 
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B.  The Detection Algorithm 

An algorithm for the identification of inspiration and 
expiration phases in the tracheal breathing sound signal is 
developed in the present work. The developed algorithm 
consists of five Steps that are described in detail next. The 
data is analysed for the first time in the initial run, 
consisting of Steps 1-4, and in the detection run, Step 5, the 
data is re-analysed. 

Step 1. Filtering of the tracheal sound signal 

A 6001 tap finite impulse response (FIR) filter with a 
pass-band of 300-1000 Hz is used to filter the raw sound 
signal r(n), where n denotes the discrete time index. The 
resulting signal is denoted as b(n). The 3 dB cut-off 
frequencies of the FIR filter are set at 294 and 1006 Hz, 
whereas the attenuation in the stop-bands exceeds 85 dB. 
The band of 300-1000 Hz is known to be suitable for 
breathing sound analysis [10]. It preserves the main tracheal 
breathing sound signal components [3] while the effects of 
low frequency heart sounds [11] are diminished.   

 

Step 2. Envelope extraction 
 

The Hilbert transform for a continuous-time signal x(t) is 
defined as follows: 

{ } τ
τ
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Here, the Hilbert transform is used to extract the 
envelope of the filtered discrete sound signal b(n). The b(n) 
is divided into 3-s segments, denoted as bseg(n), advancing 
at 1-s steps. Each segment is Hilbert transformed resulting 
in a 3-s segment bH(n). The corresponding envelope 
segment is obtained as follows: 

22 )()()( nbnbnb segHe += .                 (2) 

The middle-most 1-s part of be(n) is stored at each step. 
This overlapping processing is done to ensure an accurate 
result of the Hilbert transform (and the envelope) also at the 
edges of the stored 1-s segment. An example of the 
resulting envelope signal be(n) is seen in Fig. 1. 

The be(n) is then smoothed and down-sampled with a 
centered moving average 0.1-s long window advancing at 
0.005 s steps. The resulting smoothed envelope signal is 
denoted as bs(m), where m is the time index after down-
sampling. The smoothing is an essential part of the present 
development. The length of 0.1-s was experimentally 
selected using the training data and it is in line with the 
time-scales of the respiratory cycle phases. The present 
down-sampling from 11025 to 200 Hz was done merely to 

conform to the reference method, the respiratory flow, 
sampled with 200 Hz. 
 

Step 3. Identification of respiratory pauses based on the 
local minimum signal 
 

First, a local minimum signal is extracted from the bs(m) 
using a moving 1.8-s long window centered at m at each 
step. The resulting signal is denoted as bmin(m). The most 
quiet points of inspiratory and expiratory pauses are then 
identified as points where bmin(m) equals bs(m). These are 
the valleys of the bs(m) (Fig. 1.a), which are typically rather 
small but never reach zero. 1.8-s was chosen for the moving 
window length based on the time-scales of the respiratory 
cycle phases and experiences on the training data. 
 

Step 4. Amplitude threshold determination 
 

First, the amplitude values bs(m) at all previously 
identified (Step 3) time instances where bmin(m) equals 
bs(m) are collected to a pool. The resulting pool describes 
the subject-specific amplitude levels during the respiratory 
pauses. An amplitude threshold, denoted as λA, is now 
determined as two times the value of 95% percentile of the 
pool of amplitudes. This routine was experimentally set 
using the training data, aiming for a robust implementation. 
 

Step 5. Detection of respiratory cycles  
 

The method is designed to detect the beginning and end 
of both inspiration and expiration phases, using the 
amplitude information. The method is thus designed to 
detect four events in each respiratory cycle. The detection of 
the beginning of inspiration (Bi) is done at the specific 
transition point where bs(m) starts to exceed the amplitude 
threshold λA and also the mean value of bs(m : m + 0.75 s) 
is higher than 2*λA. Formally, this can be presented so that 
Bi is detected at the time instance m if the following 
condition is fulfilled: bs(m) > λA and bs(m-1) ≤ λA and 
mean(bs(m : m + 0.75 s)) > 2*λA. Identical conditions are 
required for the detection of the beginning of expiration 
phase (Be). The detection of the end of inspiration (Ei) and 
expiration (Ee) is done at transition points when bs(m) goes 
below λA and also the mean value of bs(m - 0.75 s : m) is 
higher than 2*λA. Inside 0.75 s, a new detection of the same 
event is not allowed. Details are based on the time-scales of 
the respiratory cycle phases and on the experience gained 
from the training data.  

An example of detected time instances is illustrated in 
Fig. 1 a). Inspiration phase is defined from Bi to Ei, 
inspiratory pause from Ei to Be, expiration phase from Be to 
Ee, and expiratory pause from Ee to the next Bi.  

The values of λA, determined in Step 4, are subject-
specific (Table 1.). 
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Fig. 1 The developed computational determination of the respiratory 
phases from the tracheal sound. (a) Computed envelope curve bs(m) of the 
tracheal sound and the automatically detected time instances Bi, Ei, Be, and 
Ee providing the beginnings (Bi and Be) and ends (Ei and Ee) of inspiration 
and expiration phases, respectively, and the resulting respiratory cycle 
duration T. This example contains normal respiration. Dotted line indicates 
the computed inspiration phase of respiratory cycle. Dashed line indicates 
the computed expiratory phases of respiratory cycle. (b) Respiratory cycle 
duration D determined from the flow signal (the reference method). 
Vertical dotted lines indicate the zero-crossings of the flow signal. Please 
note the different vertical scaling in the two panels 

C. Performance Evaluation 

Reliability of the method developed was visually 
evaluated and false or missing detection were removed or 
added if necessary. True positives represent the cycles that a 
method identifies fully correctly (all phases). A false 
negative was calculated if the algorithm failed to detect any 
part of the visually verified respiratory cycle. False positive 
represents a false detection of any component of the 
respiratory cycle.  

In addition, the total durations T of the detected 
respiratory cycles were calculated as the interval between 
two consecutive beginnings of inspirations (Bi).  

As the reference method, the duration of each respiratory 
cycle was extracted from the nasal airflow signal as the 
duration D from the beginning of one cycle to the beginning 
of the following cycle. The beginning of the cycle was 
identified as the first point over zero level. These 
beginnings were visually verified. The duration of each 
respiratory cycle detected by the developed method and the 
reference method were determined and collected to separate 
pools. The median and 25% and 75% percentiles were 
extracted for evaluation. 

Table 1 Performance of the developed method. The number of respiratory 
cycles, the determined amplitude thresholds, as well as sensitivity and 
positive predictive values are seen 

Subject
(No) 

Number of 
respiratory 

cycles 

Amplitude 
threshold λA  

(au) 
Sensitivity

(%) 

Positive 
predictive 
value (%) 

1 142 3.04 100.0 100.0 
2 139 5.02 99.3 100.0 
3 138 3.94 99.3 99.3 

III. RESULTS 

An example of the detection of the phases of the 
respiratory cycle with the developed method and the 
reference method is seen in Fig 1. The developed method 
provides the locations of all the four phases in the 
respiratory cycles.   

The overall results of the method can be seen in Table 1. 
The developed method showed high reliability. The subject-
specific amplitude threshold λA, automatically derived in 
Step 4, varied from 3.04 to 5.02 arbitrary units (au). The 
results of determining the total respiratory cycle duration 
can be seen in Fig 2. The developed method compares 
favorably with the reference method. 

Reference method

(respiratory flow)

The developed tracheal

sound based method

 

Fig. 2 Total respiratory cycle durations derived from tracheal sound and 
reference method (respiratory flow). Median durations determined by the 
developed tracheal sound based method and the reference method are 
indicated with squares and circles, respectively, and the 25% and 75% 
percentiles with vertical lines. Median values of respiratory cycle durations 
range from 4.12 s to 4.25 s and from 4.13 s to 4.26 s, respectively. The 
developed tracheal sound based method provides a high concordance with 
the reference method. Data recorded from subject number one was used in 
method development and data from subjects two and three for testing the 
method 
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IV. DISCUSSION 

In the present work, a new tracheal sound based method 
for identifying the different phases of regular respiratory 
cycle during sleep was developed. Our developed method is 
designed to work considering individual differences in the 
recorded breathing sounds. Here we compared the 
developed detection method to the standard method of 
measuring airflow via nasal prongs [1, 12] and they proved 
to compare well. 

The method utilizes a subject-specific adaptation of the 
amplitude threshold. The results show that method was able 
to identify all the four different phases of respiration with 
high reliability. The correctness of the exact timing of each 
individual phase component is not known. However, the 
evaluation of the respiratory cycle durations showed high 
concordance with the reference method. To extend the 
analysis to cover whole night the threshold adaptation in 
Step 4 could be done for the whole night, or using a sliding 
window of similar duration or even shorter than applied 
here. 

Tracheal sounds can be used to monitor breathing 
function irrespective of the pathway so the breathing 
through both nose and mouth can be monitored at the same 
time, which is not the case with nasal prongs. However, 
tracheal sounds are more sensitive to external noises than 
many other techniques. Detection of abnormal respiratory 
events during sleep is essential in identifying sleep 
disordered breathing. The present method is aiming at 
identifying all the four phases of respiratory cycle during 
sleep. This is necessary to enable examining the detailed 
characteristics of breathing cycles. The method such as the 
present could provide a basis for developing new measures, 
which describe detailed sound information. Here we 
analysed specifically sections of regular respiration, but in 
the future we also aim to analyse sleep disordered breathing. 
The assessment of respiratory sounds at breath cycle level is 
hoped to provide additional information for assessing and 
classifying sleep disordered breathing in more detail. 

V. CONCLUSIONS 

The prevalence of sleep-disordered breathing is 
increasing and it is becoming a more and more complex 
public health problem [13, 14]. Due to the adaptive nature 
of the developed method presented here it could perhaps be 
applied to a larger clinical population in order to provide 
objective analysis tools to support the diagnosis and 
treatment of sleep disordered breathing. The analysis of 
tracheal breathing sounds offers an interesting modality for 
evaluating sleep disordered breathing. 
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Abstract— Stress shielding in bone tissue as a result of total 
hip arthroplasty (THA) as well as the subsequent bone remo-
deling may lead to aseptic loosening of the prosthesis causing 
serious problems to patients with artificial joint. 

The study presented here aims to determine the load change 
and the resulting bone remodeling in the periprosthetic femur 
using the finite element analysis (FEA).  

Therefore, a three-dimensional FE model of the femur was 
created from CT data of an average weight male patient. The 
hip implant considered in these numerical investigations is a 
cementless long-stem prosthesis. To simulate the physiological 
loading situation of the femur, the boundary conditions were 
defined according to Speirs et al. [1]. The bone adaptation law 
presented in our recent publication [2] was implemented in the 
FE solver MSC.MARC (MSC.SOFTWARE) in order to 
calculate the bone remodeling in the periprosthetic femur by 
quantifying the change in the apparent bone density.  

The results of the numerical investigations show a change in 
the physiological stress distribution encountered in the femur 
after THA. Consequently, the strain-adaptive bone remodeling 
has been calculated. Moreover, the FE calculations suggest 
that the postoperative bone remodeling occurs locally in the 
proximal and diaphyseal periprosthetic femur. In the distal 
part, no change in the distribution of the apparent bone 
density was numerically proven. Verification of the models 
built and validation of the FE calculations through clinical 
DEXA investigations are being in scope of our current 
research work. 

Keywords— FEA, THA, bone remodeling, load change, femur 

I. INTRODUCTION  

Total hip arthroplasty (THA) has been established for the 
treatment of advanced degenerative or traumatic damages of 
hip joints. However, aseptic loosening of the prosthesis still 
represents a serious problem to patients with artificial joint. 
This is caused, among other factors, by bone resorption due 
to stress shielding in the periprosthetic femur [3]. 

The study presented here aims to prove a load change 
after THA and to determine the resulting bone resorption in 
the periprosthetic femur by quantifying the change in the 
apparent bone density using the finite element analysis 
(FEA). 

The prosthesis used for these investigations was the 
cementless (anchored by press fit) long-stem prosthesis 
BICONTACT N (AESCULAP AG, Tuttlingen, Germany) 
(Fig. 1). In the Department of Orthopedics of the Hannover 
Medical School (MHH), this implant is commonly used for 
the treatment of degenerative osteoarthritis of the hip joint. 

 

Fig. 1 The cementless stem BICONTACT  N 

II. MATERIALS AND METHODS 

A. FE modeling 

For the numerical investigations presented here, a surface 
STL (Surface Triangulation Language) model of the left 
femur based on CT data of an average weight male patient 
was generated by means of the 3D medical image 
processing and editing software Mimics  (Materialize, 
Leuven, Belgium). A solid FE model was built based on 
ten-noded tetrahedral elements using the preprocessor 
HyperMesh  (Altair Engineering GmbH, Böblingen, 
Germany). 

The apparent bone density (ABD) distribution from the 
measured Hounsfield Unit (HU) values was first calculated 
according to Eq. 1 [4] and then exported into the FE model, 
also using Mimics . 

HU1091601140 3..   (1) 
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The ABD distribution in the frontal section of the intact 
femur is shown in Fig. 2 (left). To couple the elastic 
properties of the bone with the ABD, the Young’s modulus 
is described in dependance on the ABD according to Eq. 2 
[5]. 

33790E   (2) 

 

 

Fig. 2 Distribution of the ABD in the frontal section of the intact femur 
and the periprosthetic one  

The generated model of the femur-stem composite, as 
shown in Fig. 2 (right), was verified with the 
manufacturers’ operation manual and the available 
radiographs from the patient data of the Department of 
Orthopedics of the MHH. The CAD (computer aided 
design) data of the BICONTACT N stem was provided by 
the producer. This prosthesis is made of the titanium alloy 
TiAl6V4 and was modeled as a homogenous and isotropic 
material (E = 110,000N/mm2,  = 0.29). The surface at the 
proximal region of the stem is coated with pure titanium, 
which is considered in the FE modeling by different friction 
coefficients for the proximal and distal areas. 

To simulate the physiological loading situation of the 
femur, the following boundary conditions were chosen. 
According to Speirs et al. [1], the central node P1 in the 
distal condyle, was fixed using one thrust bearing, and four 
other nodes were constrained with floating bearings. 
Furthermore, the central node P0 in the femur head, where 
the hip contact force was applied, was constrained such that 
this node can only move along the z´-axis towards the 
center of the distal condyle (P1), as shown in Fig. 2. 

For the loading history, the whole gait cycle (the most 
frequent dynamic activity of a patient after THA [6]) was 
examined in order to regard all the different load cases of 
the cycle in the simulation. As shown in former numerical 
studies [7-8], which prove the influence of the muscle 
forces on the load distribution, a reduced muscle system 
according to Heller et al. [9] was used. It consists of 
abductors (M. gluteus minimus, M. gluteus maximus and 
M. gluteus medius), the M. tensor fascia latae, the M. vastus 
medialis and the M. vastus lateralis. The hip joint and the 
muscle forces are taken from the clinical investigations of 
Bergmann et al. [10] and Duda et al. [11]. 

 
B. Bone adaptation law 

The physiological load distribution in the intact femur 
under the considered loading history was computed in one 
cycle. For this single cycle, the strain energy density D (Eq. 
3) was calculated for the different load cases of the gait 
cycle. 

TD
2
1   (3) 

Where,  represents the strain vector and T  the 
transposed stress vector. From these vectors, the strain 
energy per unit of mass S is determined (Eq. 4). 

D
S   (4) 

These results serve as reference data to compute the 
strain-adaptive bone remodeling. After THA, some changes 
in the distribution of the physiological load in the 
periprosthetic femur were noticed [12]. The stimulus  for 
the bone remodeling is defined by the ratio of the strain 
energy per unit of mass in the periprosthetic femur 

proS  to 
that in the physiologically intact one 

refS  (Eq. 5). 
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Fig. 3 Bone adaptation law used [2] 

The changes in material properties (ABD and Young’s 
modulus) of the bone structure in the femur after THA were 
determined. This iterative simulation process is ended when 
the change in the bone mass converges.  

In order to calculate the bone remodeling in the 
periprosthetic femur by quantifying the change in the 
apparent bone density, the bone adaptation law (Fig. 3) 
presented in our recent publication [2] was implemented in 
the FE solver MSC.MARC (MSC.SOFTWARE). 

The value for the dead zone, where changes in the 
physiological load distribution do not cause bone 
remodeling, was defined in this study as z = 75 %. The 
chosen threshold level for severe overloading (  > y) 
causing necrosis in the bone structure was y = 400 %. 

III. RESULTS  

Fig. 4 shows a comparison of the ABD distribution in the 
periprosthetic femur at the initial and the final states. The 
initial state in the simulation corresponds to the medical 
situation directly after THA, and the final state represents 
the results of the simulation after reaching convergence. 
This stationary state corresponds to the clinical long-term 
situation. 

 For a better interpretation of the results, the 
periprosthetic femur was subdivided into three regions of 
interest (ROI): a proximal, a diaphyseal and a distal region, 
as shown in Fig. 3. Herein, the proximal ROI represents the 
upper part of the femur and covers the BICONTACT´s 
coated surface, the diaphyseal one covers the uncoated 
region of the stem, and the distal ROI describes the 
remaining bone. 

Bone remodeling can mostly be found in the proximal 
ROI because here the highest load transfer into the bone 
occurs due to the structure of the coating applied on the 
stem. In the diaphyseal zone, in spite of the absence of force 

transfer from the prosthesis into the bone, there also occurs 
bone remodeling. The less pronounced bone loss (7.6 %) is 
probably caused by the new equilibrium position due to the 
remodeling in the proximal ROI. In the distal region, no 
change in the ABD could be proven and thus no bone 
remodeling is estimated. 

 

Fig. 4 Distribution of the ABD in the periprosthetic femur 
and calculated bone loss in the different ROIs 

IV. DISCUSSION 

These FE calculations prove that, there is moderate bone 
mass loss in the proximal ROI and much less in the 
diaphyseal one. In the distal part, no change in the 
distribution of the apparent bone density was numerically 
calculated. This proves the proximal anchoring of the stem 
and the proximal load transfer from the prosthesis into the 
periprosthetic bone due to the local coating of the stem. 
These results correspond to diagnostic findings in several 
clinical studies using the same prosthesis [13]. FEA can be 
established as suitable computing method to simulate the 
change of the load distribution after THA could be. 

For a realistic simulation of the bone remodeling in the 
periprosthetic femur, there are several important factors that 
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have to be taken into account: the physiological boundary 
conditions, an appropriate bone adaptation law, realistic FE 
modeling of the composite and the mechanical properties of 
the bone. 

Concerning the load situation, we considered the whole 
gait cycle in the loading history. Other researchers [14-15] 
have considered two loading cases of the gait cycle and 
another one from stair-climbing for the simulation. 
According to Morlock [6], the frequency of walking is at 
10.7% of the patient activity, while the frequency of stair-
climbing is only at 0.7%. Therefore, walking is 15 times 
more frequent than stair-climbing, and accordingly bone 
remodeling is much more affected by walking than by stair-
climbing. 

Many researchers [14-17] also examined only the 
proximal half of the femur in their numerical investigations 
and did not consider the constraint of the femur head. 
According to Speirs et al. [1] this does not correspond to the 
physiological facts. Therefore, the whole femur was 
considered in our study, and these constraints were applied 
in order to reflect the physiological situation.  

Many investigations are done with homogeneous elastic 
properties for cancellous and cortical bone [1, 8, 16]. This 
does not correspond to reality because the ABD varies 
considerably, as shown in several clinical and experimental 
investigations [4-5]. In our study, we thus computed the 
elastic modulus depending on the ABD. 

V. CONCLUSIONS  

A FE model for calculating bone remodeling based on 
load changes after THA using the BICONTACT N stem is 
presented. The simulation considers elastic properties 
modification due to ABD changes. Verification of the built 
models and validation of the FE calculations through 
clinical DEXA investigations are being in scope of our 
current research work. 
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Fast detection of Atrial Fibrillation using wavelet transform 
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Aims. We describe a wavelet based algorithm, for detection of atrial fibrillation (AF) in an 
automated external defibrillator (AED) environment. 
Methods. The procedure proposed for the detection is based on: 1) a 
robust wavelet transformation with posterior selection of the optimum scale for  
detection, and 2) a period search in the selected robust wavelet transformation.  

included in a standard set of MIT-, and University of Hamburg Database. 
Conclusions. The wavelet based method is a robust AF detection algorithm, especially well suited 
for the analysis of small volumes of ECG. 
Keywords. Methods: data analysis - wavelets - AF detection 
 
1. Introduction 
Atrial fibrillation (AF) is the most common cardiac arrhythmia in which the rhythm in the atria is 
no longer set by the sinus node. AF causes the heart to beat irregularly, leading to inefficient 
pumping of blood and ultimately blood clots and strokes. The morbidity and mortality among 
patients with AF is high. During AF, irregular patterns of electrical activation are usually found in 
the atria.  
Deterministic techniques used to detect AF include ECG amplitude, period, where have not proved 
to be a reproducible marker for perfect detection of AF, because the AF phenomena is proved as a 
multiscaling, power-law, chaotical behavior and can possess different scaling levels.  
In this work we are engaged with robust wavelet transform analysis, which  is especially valuable 
because of its ability to elucidate simultaneously local spectral and temporal information from an 
ECG. 14 AF episodes from University of Hamburg-,  and MIT Database [1] were studied in 
conjunction with ECG recordings and spectral analysis. Sequential wavefronts that activated the 
ventricles in a spatially and temporally periodic fashion were identified. Fig.1. contains one of the 
analyzed signal with its scalogram (wavelet transform energy density plot) using wavelets. On the 
scalogram regions can be identified, where a robust operator is necessary to pick out multiple AF 
oscillations.  
 
2. Proposed algorithm 
The method is based on the search for multiscale periodicities and could be expected in two steps:  
1. Robust wavelet transform is used and the scale with the largest amplitudes is selected. 
2. Periodicities within the wavelet space are searched with the period-searching method previously 
described from Mallat [2].  

 
Fig. 1.left curves: 1000 Hz AF and shocked ECG signals. Right: Scalogram to upper AF signal 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 81–84, 2009. 



 
2.1. Pre-processing the data 
The ECG curves are sampled either 400 Hz (MIT Database) or 1000 Hz (Univ. Hamburg). First 
the ECGs have been filtered, where the machine noised part to be removed.  
Removing the noise, IIR Chebisev band reject filter on each ECG curve is performed, and its 
power spectrum calculated. The filter is only used to define of the band reject frequency f1 (50/60 
Hz) of the Chebisev filter-function.  
 
2.2. Implemented detection algorithm 
2.2.1. Robust wavelet transform 
Recently wavelets have been used for analyzing ECG signals and p-measures in the digital signal 
processing [5]. 
Let consider expressions of  

                                             )()( ,, xcxf kjkj                                               (1) 

where Zj  and Zk  and )()( 0, kxax j
kj the so called generic function (wavelet) 

and 0a  is some nonzero positive integer.  
The wavelet transform operates with the signal )(ts  to build into a function  
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where *  is the complex conjugate of , a is the frequency dilation factor and b the space 
translation parameter [2]. In this work detecting AF like sequences we used robust wavelets if 
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Unser and Blu [4] defined a set of spline wavelets derived from a B-spline scaling function 
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where the gamma function 
0

)1( dxexa xa , x  the one sided power function, a is the 

fractional finite difference operator, and the Hölder exponent should be 2/1a  in order to ensure 
square integrability.  
In this work fractional spline wavelets are used and the robust wavelet operator are constructed by 
bilinear combination of these functions. In the robust transformation the Hölder exponent controls 
a number of key fractional spline wavelet properties. The parametric form of the basis functions, 
their smoothness, their space-frequency localization, the order and multi-scale differentiability 
properties of the transform, and finally, the number of vanishing moments. 
The robust wavelet transform provides a useful tool to the detection of self-similarity or self-
affinity in AF series and to utilize it in the filtering process.  
In Fig.2.left. a MIT BIH ECG signal Nr 418 can be seen. The power spectral density (PSD) 
(Fig.2.right) shows that the applied robust wavelet transform follows the ECG PSD much better 
because now at low frequencies the robust wavelet transform behaves as a fractional differentiator 
of the Hölder exponent-order and so the AF searching procedure  

82 P. Bakucz, S. Willems, and B. Hoffmann

IFMBE Proceedings Vol. 25



50 100 150 200 250
40

60

80

100

120

140

160

180

sample #

ECG Signal (418) MIT BIH Arrhytmia Database

m
V

0.01  0.1  0.2  0.5
-10

-5

0

5

10

15

20

25

30

35

normalized frequency

F
o

u
ri

e
r 

a
m

p
lit

u
d

e
 (

d
B

)

Power Spectral Density

Robust wavelet decrease
Wavelet decrease

 
Fig.2. A part of MIT BIH ECG signal Nr 418 (left), and its power spectral density for robust and non-robust 

wavelet transform (right)  
 

2.2.2. Finding irregularly spaced peaks in ECG curves 
If the ECG curves contain AF arrhythmias, there will be a set of peaks irregularly spaced. This 
feature defines the signature of the AF. The starting point of finding method is the square of 
selected scale from the previous step, containing the equally spaced QRS peaks we intend to find. 
The next step is to obtain the robust wavelet space spectrum of this ECG signal. This spectrum 
now is a series of irregularly spaced peaks, where first peak is at zero frequency, independent of 
the epoch or phase of the AFs. 
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Fig.3. A: Univ. of Hamburg AF Signal; B: Robust wavelet decomposition level 3; C: Robust wavelet 

decomposition level 2; D: Reconstructed AF signal  
 

The distance between the QRS peaks could be determined if the first position is known. This 
distance could be determined iteratively. In our case the iteration goes from 300 ms to 2 sec in 
steps of 2.5 ms, which corresponds to the temporal resolution of MIT data. To evaluate the 
significance of the found peaks the searching algorithm is repeated 5 times on the selected wavelet 
scale. The coincidence of periods among QRS peaks found in the 5 trials is then registered. This 
period-searching method could find the multiples and submultiples of any periodicity present in 
the ECG data. The algorithm was applied to the 14 synthetic ECG curves of Univ. of Hamburg and 
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MIT Database, and Fig.3. shows typical results of the AF search. The figure shows very clear AF 
cycles, and the period found by the algorithm  is 0.84 secs with a level of coincidence of 94 %.  
 
 
3. Results  
We analyzed the algorithm on the 14 measured ECG curves with different combinations receiving 
similar results.  
For the period search, either a robust wavelet based selected scale, or a fixed scale corresponding 
to a AF duration of around 0.84 secs are used. The results for the filtering and scale-selection are 
compared, no important differences appear on detection rates, however, fewer false detections are 
obtained with the fixed scale, differently to events that do not have duration on the order of 0.65-
1.05 secs. There is a possibility to optimize the sensitivity to real AF detection is to limit the 
automatic scale-selection to AF-durations that may be expected from the combination of a ECG 

nonlinear parameters (Lyapunov Exponent, correlation dimension) and the  period 
that is being searched (e.g. different scale-selections may be used for different ranges of period-
searches).  
The algorithm is implemented in C integer environment on the corpuls3 AED and it takes around 
for processing 1024 points 137 msecs. It is quite complicated to compare the speed of our 
algorithm with any of the published detection time values, because this information is not given in 
the selected publications where different parameters are involved in each of them, many with 
strong impact on the speed of the algorithms. 
However, we have performed a more direct comparison between our algorithm and a standard 
method (Shouldice et al. [6]) using the 14 ECG curves analyzed in this paper. Using the same 
period range as our algorithm, between 1 and 4 secs, the Shouldice algorithm took 478 msecs. In 
those conditions, the standard algorithm was able to detect 17 AFs. However, increasing the beat 
classification blocks [6], Shouldice is able to detect the 18 AFs (as our algorithm did) using 960 
msecs of computational time (to be compared with 137 msecs spent by our algorithm). The 
processing time increases exponentially linearly with the number of data-points and runs faster if 
the scale on which the search is done is not selected on the robust wavelet space automatically but 
is fixed to a typical AF-length 0.84 secs. 
 
4. Conclusions 
In this work we presented an AF-period detection method and analyzed it for 14 ECG curves. The 
method based on the robust wavelet transform with fractional spline mother wavelet and provided 
a reliable recovery of AFs, determining the periods.  
The algorithm is developed for the corpuls3 AED fixed-point low-power environment and is well 
suited for a completely automatic AF detection. The robust wavelet method is being insensitive 
against small variations and the denoising of the ECG curve. Finally, the algorithm is significantly 
faster than the widely employed Shouldice algorithm, therefore we expect that it may be useful in 
the automatic detection of very short AF episodes, e.g. in ECG devices, 24 hour Holter ECG or 
pacemaker devices. 
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Abstract— Acoustic signals are able to modulate the 
human metabolic and central-nervous functions and evoke 
physiological effects. The anti-hypertensive effect of certain 
iterative sound patterns, as a possible intervention in essential 
hypertension, has been examined in particular in many recent 
studies and has also been part of our own research work. 
There is evidence that the acoustic sequences and sound 
clusters used for intervention can decrease blood pressure 
significantly. For therapy, however, it is necessary to identify 
the active musical ingredients of the sounds in the context of 
active pharmaceutical ingredients. This article discusses the 
systematic analysis of the musical features that are responsible 
for the anti-hypertensive effect. More than 400 features were 
extracted and investigated in terms of their relevance 
concerning their anti-hypertensive effect. The 17 most 
significant characteristics were used to develop a classifier 
based on the discriminant analysis that decides whether a 
sound pattern has a sedative or a stimulating effect. This will 
be clarified in acoustic demonstrations. With this tool, it is 
possible to filter the most suitable therapeutic sound patterns 
from a large selection of music sequences. We now have the 
foundation for providing individualized and personalized 
therapies while respecting the personal preferences of every 
individual user. 

 
Keywords—Hypertension, Acoustic Biofeedback Therapy, 

Feature Extraction, Classifier, Music 

I. INTRODUCTION 

Arterial hypertension is one of the major endemic 
diseases present in all western industrialized countries. 
Apart from the classical anti-hypertensive medication, 
listening to certain pieces of music may also have an 
influence on hypertension. Many patients can learn how to 
actively control their blood pressure in conjunction with the 
telemedical and sensor-enabled acoustic biofeedback 
therapy system we are currently developing at the Heinz 
Nixdorf-Lehrstuhl für Medizinische Elektronik in Munich. 

Aside from ergotropic music, which has a stimulating 
and emotionalizing effect on the body, trophotropic music 
has a stimulating effect on the parasympathetic nervous 
system. In many patients this produces a general sedative 
effect and also, among others, decreased blood pressure. 

In order to be able to offer effective biofeedback therapy, 
it is essential to be aware of the active potential of the 
pieces of music and even certain parts of such pieces. 
Various parameters that may – at least if they overlay – 
have a trophotropic effect were described by Decker-Voigt 
[1]. In our study, we used - based on these principles - 
feature extraction to find out about musical characteristics 
and effects and their suitability for anti-hypertensive 
therapy. The characteristic features thus identified were 
subsequently used to define a classifier in order to be able to 
select music for acoustic biofeedback therapy that is both 
effective and adapted to individual preferences. 

 

 
Fig. 1 The process of signal processing 

II. MATERIALS AND METHODS 

A. What kind of music was used? 

Within the almost endless range of commercially 
available music recordings, we focused exclusively on 
classical music, since it is this genre that is considered to 
have the best therapeutic effect [2]. We selected 34 
ergotropic and 34 trophotropic pieces from all musical eras 
from baroque to modernism.  

Pieces were selected either due to their proven anti-
hypertensive effects as described in literature [2, 3], or after 
it was shown in our own tests that they had such an effect. 
Examples for such pieces are J. Pachelbel’s Canon in D 
major, or J.S. Bach's “Air” from Orchestral Suite No. 3. 

One essential feature of this selection of music is its 
diversity: It covers all musical settings from solos and 
chamber music as far as full symphonic complement on the 
one hand, and a large spectrum of instrumental 
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arrangements on the other. In this way, we could decrease 
the risk of the classificator being influenced more by 
formal, stylistic musical features, than by the hypotensive or 
hypertensive effects. 

B. Feature Extraction 

In order to decrease the dimension of the input quantities 
for the subsequent classification, we used the feature 
extraction method known from pattern recognition. Instead 
of considering the amplitude and the spectrum over time, 
only a vector x  of features which is extracted from this 
information was used. A feature is a property that describes 
the characteristics of an object in a certain situation. In the 
present case, it is a musical parameter which characterizes 
the hypotensive or hypertensive effects of a piece. 

Many features found in literature in other areas, such as 
genre classification, were adapted for use in the 
classification of anti-hypertensive music. In cases in which 
no suitable method could be found, it was necessary to 
program special feature extraction algorithms. A total of 
almost 60 algorithms provide about 270 significant musical 
features that were tested with respect to their anti-
hypertensive effects. 

The quality level of feature separation, i.e. the ability of 
an individual signal to separate ergotropic and trophotropic 
pieces of music, is calculated using a univariant analysis of 
variance Wilks’ lambda . The better the separation 
potential of a feature, the smaller  will be. 

For the purpose of clear illustration, the features were 
grouped according to their musical significance (Fig. 2). 
There are groups including rhythmic, dynamic and 
harmonic features, and also a group of basic features. They 
include all features that are calculated directly from the 
spatial or spectral signal which cannot be attributed any 
clear musical significance.  

The groups and their respective major features are 
described below. 

 

Fig. 2 Overview of feature groups 

Psycho-acoustic basic features: This group comprises all 
features that can be calculated directly from psycho-acoustic 
models, such as loudness or acuity. The Mel Frequency 
Cepstral Coefficients (MFCC) frequently used in speech 
recognition represent a more complex model. 

However, none of these features showed much 
correlation with an anti-hypertensive effect. Accordingly, 
the results for Wilks’ lambda were high ( > 0.64). 

Basic features in the time domain: This group includes 
all features that can be calculated directly from the 
amplitude waveform. Examples are the zero-crossing rate, 
the auto-correlation coefficients, or the signal energy. With 

 > 0.71, these features also make little contribution to the 
classification of anti-hypertensive music. 

Basic features in the frequency domain: These features 
can be calculated directly from the spectrum of the piece of 
music and mainly describe the form of the frequencies 
contained in the signal. Examples are the spectral centroid, 
the bandwidth or the spectral decrease. While almost all of 
these features have no particular significance with respect to 
an anti-hypertensive effect, uniformity [4] reached a firm 
value of  = 0.52. 

Rhythm-based features: These features are used to 
analyze the basic beat of a piece, as well as the periodic 
accent patterns resulting from the different time values of 
the notes. Analyzed frequencies were in the range of 0.33 to 
5 Hz. There are primarily two types of extraction 
algorithms. Certain types are used to find periodicities in the 
signal and use them to deduct the rhythm, such as the Beat 
Histogram [5]. Other algorithms, such as the rhythm model 
by Zwicker and Fastl [6] try to detect the emphases in the 
time course of the piece which constitute the rhythm. 

The best results are achieved by using the Periodicity 
Histogram from Elias Pampalk’s MA Toolbox [7]. The 
periodicities present in the signal are calculated over forty 
resonators. The Center of Gravity of the Periodicity 
Histogram is the best feature in this category with  = 0.37. 
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Both with ergotropic and with trophotropic pieces of 
music, the basic beat is nearly always at 120 – 130 bpm 
(beats per minute), so it is not relevant as a differentiator. 

Dynamic features: This group includes all features 
related to changes in signal intensity over time and across 
the frequencies. In particular, we studied the dynamics of 
the signal energy, as well as of the psycho-acoustic 
parameter loudness within and between different frequency 
bands, namely the 24 bark channels. The best feature here 
reached a Wilks' Lambda of 0.45. 

An even better result of  = 0.43 was obtained with the 
Spectral Flux, i.e. the change in two subsequent time frames 
in the spectral range. 

Other dynamic features, such as change in the Mel 
Frequency Cepstral Coefficients ( MFCC) over time, are 
also suitable for differentiating between ergotropic and 
trophotropic pieces. 

Harmonic features: This group includes all features used 
for analyzing the harmony of the frequencies that are 
audible in the piece simultaneously. Many features in this 
group are suitable for differentiating anti-hypertensive 
music, demonstrating the importance of harmonics to an 
anti-hypertensive effect. Spectral Flatness [8] with a 
minimum Wilks' Lambda of0.27 in the mid-frequency 
bands is alone almost able to isolate the main unit. 

Table 1 shows the 50 best features and their respective 
groups. While none of the basic features (with one 
exception) are sufficient for classifying anti-hypertensive 
music, the significance of the rhythmic, dynamic and 
harmonic features is almost equivalent, confirming Decker-
Voigt's theories [1]. 

Table 1 The best features and their category 

 basic 
features 

dynamic 
features 

rhythmic 
features 

harmonic 
features 

Top 10 0 2 4 4 
Top 20 0 7 7 6 
Top 30 1 13 8 8 
Top 40 1 21 9 9 
Top 50 1 27 10 12 

 

C. Classification  

After feature extraction we developed a classificator, a 
set of rules which calculates the correct class (ergotropic or 
trophotropic) from the extracted features x . We opted for 
discriminant analysis and the Support Vector Machine from 
an abundance of possible methods, and compared them. 

Despite the fact that the Support Vector Machine is 
basically more efficient and is also able to perform non-
linear separation of objects, it was shown that for this 
application, equivalent results can be obtained with (linear) 
discriminant analysis, and that calculation proves to be 
much easier. In order to avoid overmatching, only 17 
features, i.e. a quarter of the main unit, were included in the 
discriminant function. On the one hand these were selected 
according to their ability for separation, and on the other 
hand according to factually logical aspects. 

With the selected features, we could calculate a 
discriminant function y( x ) which separates the centroids of 
the ergotropic and trophotropic pieces of music at a distance 
of 8.45 – with a standard deviation in each group from the 
centroid of  = 1 (see histogram in Fig. 3). The result of the 
cross classification with the leaving-one-out method given 
in Table 2 shows that overmatching is at least so small that 
every object of the main unit may even be classified 
correctly if it is not an element of the training sample. 

The distance of y( x ) of a piece of music to the zero 
point also indicates to what degree the analyzed piece fits 
into its group. If y( x ) is evaluated with time resolution, it is 
possible to calculate which parts of an anti-hypertensive 
piece of music particularly suit the other anti-hypertensive 
pieces; in this way it is possible to optimize the selection for 
the best possible therapeutic effect. 

 

Fig. 3 Distribution of the ergotropic (positive range) and trophotropic 
(negative range) pieces of music on the discriminant axis 

Table 2 Result of the Cross-Validation-Test  
with the Leaving-one-out-Method  

 original group  predicted group 

  ergotropic trophotropic total

number ergotropic 34 0 34
 trophotropic 0 34 34
percentage ergotropic 100 % 0 % 100 %
 trophotropic 0 % 100 % 100 %
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As an example, Fig. 4 shows the time course of the 
discriminant function of Pachelbel’s Canon in D major. It is 
indeed true that the parts at the beginning and the end of the 
piece have a higher anti-hypertensive potential than the 
parts in the middle which are more lively in character. 

In this way, it is possible to detect supra-optimum 
sequences and to arrange these to form acoustic intervention 
sequences for therapeutic use. 

Fig. 4 Discriminant function resolved per time unit for  
Pachelbel’s Canon in D major

III. CONCLUSIONS  

With the classificator we have developed, we are able - 
for the first time ever - to evaluate any piece of classical 
music the patient chooses with respect to its anti-
hypertensive effect. Moreover, by extracting particularly 
effective parts from a piece that overall has an indifferent 
effect, they can also be used for acoustic biofeedback 
therapy. This allows for optimum blood pressure 
modulation.  

Since not every patient responds to every piece of music 
in the same way, we recommend individual medical 
monitoring schemes for patients receiving acoustic 
biofeedback therapy. However, due to the fact that the 
patients can select their preferred music and can play an 
active role in this therapeutic concept, there is much better 

acceptance and compliance among the patients, which then 
results in a better therapeutic result.  

Our work can be considered as the basis for the 
development of innovative therapeutic strategies. We are 
now able to design and offer a completely individualized 
and personalized therapeutic concept by taking the patient’s 
personal preferences into account. 
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Abstract—Magnetic Resonance Imaging (MRI) often 
requires acquisition time reduction to measure dynamic 
processes changes. To this aim is necessary to reduce the 
number of measured data. This results in an undersampling 
problem and aliasing. In what follows, a simple constrained 
reconstruction algorithm for sparse k-space sampling is 
described, having the scope of reducing the undersampling 
artefacts. The proposed method can be applied to different k-
space trajectories. Its performance has been demonstrated on 
MRI data sampled numerically using different trajectories. 
The presented method has been also compared with other 
interpolation techniques and results are reported. 

Keywords— MRI, Sparse Imaging, k-space, Undersampling, 
Functional Imaging. 

I. INTRODUCTION  

In MRI, image reconstruction is the process of 
calculating an image from the raw data. Raw data are 
usually collected in the k-space. Raw data signals can 
represent radial projections, Cartesian k-space trajectories or 
spiral trajectories [1]. In order to reconstruct an image of a 
given resolution, a complete set of k-space samples is 
necessary. Some fast imaging applications, for instance 
functional MRI [2-3], require the collection of images of 
dynamic phenomena: for these applications the reduction of 
acquisition times is essential.  

Though the measurement time of a single trajectory 
can be made short, the acquisition of different trajectories 
necessitates waiting for a fixed time interval. Also, prior to 
initiating a trajectory, it is necessary to wait for the nuclear 
spins to return to thermal equilibrium; this is often governed 
by slow natural relaxation processes that are beyond the 
control of the scanner and impedes fast scanning. Therefore, 
the only way to reduce the scan time in MRI is to reduce the 
overall waiting time by using fewer trajectories with 
increased curvatures so that each one would individually 
cover more of the k-space. Although such trajectory 
omissions achieve the primary goal, i.e. more rapid 
measurements, they entail undersampling and violations of 
the Nyquist criterion thus leading to concomitant problems 

for image reconstruction. Rapid scanning by means of 
sparse sampling gives rise to two problems. The first is the 
selection of the optimal scanning scheme in k-space, that is, 
the problem of finding the shape of the sampling trajectories 
that cover the k-space more fully using  fewer trajectories. 
The second one is associated with image estimation from 
fewer samples in k-space; that is, the problem of omitting as 
many trajectories as possible without attaining inferior 
image reconstruction. Regarding the former issue, three 
alternative shapes of sampling trajectories have mainly been 
considered in the literature and are used in actual scanners, 
namely, Cartesian, radial, and spiral, each presenting 
different advantages and disadvantages [4]. Concerning the 
second issue, some applications, such as real time imaging, 
require  reduction of the acquisition time. In fact, the images 
would suffer from heavy artefacts, especially due to 
physiological movements of the explored samples, as for 
example in the cases of flow imaging, cardiac imaging or 
functional brain imaging. In these applications, it is very 
important to choose a trade off between the reduction of 
movement artefacts, by reducing the acquisition time, and 
the reduction of artefacts due to sparse sampling, by 
increasing the acquired samples. Sparse sampling can be 
very effective in reducing movement artefacts, but some 
problems remain due to the presence of incomplete 
sampling artefacts. The main result of the omission of scan 
trajectories is that there are fewer samples in k-space than 
the number needed to estimate all pixel intensities in image 
space. Therefore, there is an infinity of MRI images that 
satisfy the sparse k-space data and, thus, the reconstruction 
problem becomes ill-posed. Additionally, omissions usually 
cause violation of the Nyquist sampling condition. 

In the recent past, some accurate reconstruction 
algorithms have been presented [4-6] able to deal efficiently 
with particular acquisition methods. Moreover, some 
efficient adaptive acquisition techniques have also been 
presented [7] which are able to collect data from the most 
important image zones without any a-priori assumption 
about the sample shape. Nevertheless, though these adaptive 
acquisition methods can contribute to efficiently reducing 
the sparse sampling artefacts, they are also strictly 
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dependent upon a particular acquisition method, i.e., 
acquisition from projections.  

In what follows, a simple constrain for iterative 
reconstruction, able to deal with any sparse acquisition 
method, is presented. The methodology herein suggested is 
based on the attempt to fill in the missing complex values in 
k-space iteratively, making the assumption that the image 
has to be zero outside a compact support. This approach 
transforms the original problem into an interpolation 
problem in the complex domain. The novelty lies in the fact 
that it deals with iterative interpolation in k-space based on 
the elimination of the undersampling artefacts from an 
extended support of the reconstructed image. The results are 
based on experimental data, simulating different sparse 
acquisition strategies (Cartesian, radial, and spiral 
sampling).  

II. THE PROPOSED METHOD 

A. General notations 

The proposal is to reconstruct a MRI image using a 
sparse sampled set of its k-space coefficients using all of the 
described sampling methods. To this end, let I be the 
theoretical image reconstructed by using a complete set S of 
data coefficients, n*n, with the integral normalized to 1. The 
image I is zero outside a compact support (FOV) of a given 
dimension. We can thus extend the FOV of I by a factor r in 
each direction without loss of generality. This fact allows 
the set of k-space coefficients, S, to be oversampled by a 
factor r in each direction. Oversampling is necessary for 
two reasons: firstly, radial and spiral scanning can be 
efficiently simulated from the Cartesian starting coefficients 
and, secondly, an extension of the image compact where it 
must be zero can be constructed. This condition can be used 
by the algorithm to iterate until the reconstructed image has 
no more artefacts in the extension. Consideration is given to 
the problem of having an incomplete data set USS~  
where U is the sparse sampled matrix filled with 1 in those 
positions where the coefficients are collected and 0 
elsewhere and represents the product point by point. U 
has the same dimensions as the extended S, that is (r*n) * 
(r*n).  Let U be the logical not of U, of the same 
dimensions. Let 

cS~ be a matrix of coefficients obtained by 
completing S~  with the nearest neighbour interpolation 
method, (in the case of Cartesian sampling cS~ has to be 
obtained by zero filling, that is cS~ = S~ ). Moreover, let 

I
~ indicate the image reconstructed by using 

cS~ , tI
~  the 

image I
~  after the substitution with 0 of those pixels whose 

amplitude falls below a given threshold t, by the subtraction 
of t from the other pixels, and by normalizing the image 
integral to 1. The normalization is necessary to allow the 
initially measured coefficients to always have the same 
weight in the reconstructed image. The reconstruction of the 
image I

~ is performed by using a 2D-FT of the coefficients 
cSDFT ~2~

I . The absolute value is used because the image 

can be considered to represent a density. The inverse 
process is also possible, namely to reconstruct the 
coefficients matrix by means of a 2-dimensional inverse 
Fourier transform (2DIFT) of the reconstructed threshold 
image tI

~ ;  this process is indicated by tS~ 2DIFT( tI
~ ). 

 
B. Description of the algorithm 

The iterative constrained method, described below, is 
based on a post processing strategy which is applied to spin 
density images, namely absolute value images, in order to 
suppress phase-errors and to correct for spurious noisy 
negative pixels.  

Constrained  Reconstruction Algorithm  
1) Input:  Grid of measured, incomplete, data set S~ ; 
2) If not Cartesian sampling Calculate cS~  by using 

nearest neighbour  
 else cS~ = S~ ; 
3) Calculate I

~ = ) ~2DFT( cS ; 

4) Calculate the threshold t in I
~ ; 

5) Calculate the mean value and the standard 
deviation  of the  noise level in I

~ ;  
6) If 2t  go to step #11; 
7) Calculate tI

~ ; 
8) Calculate tS~ 2DIFT( tI

~ ); 
9) Assign USSS t

c
~~~ ; 

10) Go to step #3; 
11) FOV) (originalII

~~  
12) Return I

~ . 
 

The threshold t is assigned to be t=MAX(E) where E is 
the extension of the image support. This value of t measures 
the maximum oscillation in a zone where the image has to 
be zero (non zero values correspond to undersampling 
artefacts or noise effects). In this way, it is possible to 
ensure that the value of t will depend upon undersampling 
artefacts or on uncorrelated noise, but not on any image 
features.  
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The values of  and  are calculated as follows: 
m=Mean(N) and =STD(N), where N represents a 
peripheral zone (just affected by experimental noise) of the 
1DFT in a direction, extracted from cS~ , passing through the 
origin.  To indicate the presence of undersampling artifacts, 
if t>  +2 , then some artefacts will still occur and the 
process has to be repeated, otherwise the noise on the image 
is independent of the artefacts and the process is terminated. 
It is necessary to clarify some points about the optimal 
threshold value and the termination criteria. The threshold 
value is strictly dependent on the number of missing k-
space samples and on the image structure: the greater the 
number of missing k-space samples, the more enhanced are 
the truncation artefacts. Moreover, having fixed the number 
of missing k-space samples, the truncation artefacts of a 
simple shape image are lower than for a complex shape 
image. The calculation of the parameters t,  and  is made 
at each repetition of the algorithm to take into account the 
modifications to them by artefact reduction. This last point 
involves the termination criteria: it would be better to stop 
the algorithm when the threshold value falls below  +2 . 
This would allow direct control of the structure of the 
artefacts and avoidance of the necessity to calculate other, 
more difficult, heuristic functions such as the image entropy 
[8]. These improvements make the proposed threshold 
method robust. This fact will be clarified in the Results 
section. 

III. RESULTS 

In order to demonstrate its general usability, the proposed 
interpolation algorithm has been applied to the MRI 
acquisition sequences previously described, that is, spiral, 
radial and Cartesian scans. The MRI image, used as a test, 
was downloaded from the Internet from a large MRI image 
database, the Whole Brain Atlas (with permission) [10].  
We used an image, shown in Figure 1, having dimensions of 
256*256. This image has the characteristic to be extended 
until the inferior border of its support, thus creating the 
worst conditions for a reconstruction algorithm. The k-space 
data of this image were produced by applying the 2D FFT 
to it. 

 

Fig. 1 Training MRI image, (256*256), of a normal brain. 

For a complete scan of the 256*256 image k-space, 
a set of 256 Cartesian scans, each of 256 points, or a set of 
201 radial scans, each of 256 points, or a set of 128 spiral 
scans, each of 512 points, is necessary.  

The reason why the number of radial scans is lower 
than 256 is due to the fact that k-space samples are zero 
outside a circle 256 points in diameter. Spiral and radial 
trajectories were used to scan the resulting 2D complex 
array of k-space data. The original image was zero filled to 
1280*1280 before the 2D FFT. In this way an accurate 
estimate of the non linear trajectories was obtained. Sparse 
Cartesian, radial and spiral trajectories were used to 
reconstruct 256*256 images by using both simple 
interpolation (zero-filling or nearest neighbour) and the 
previously described constrained reconstruction algorithm 
(simple interpolation methods are used for comparison 
because specific, more complicate methods are 
computationally slow, application dependent and, often, 
their results are not so good to justify their adoption). In 
particular, 64 Cartesian scans, 60 radial scans, and  32 spiral 
scans were used. The sampling choice is due to the 
necessity of estimating the performance of iterative 
interpolation/reconstruction algorithm for different 
acquisition methods: obviously, the scanning times for 
different acquisition strategies are different (with the 
previous assumptions, a spiral scan would require about half 
the time spent by other acquisition strategies).  

Table 1  Table caption 

Sparse  
Scan type

Interpolation 
 method 

Measured 
 samples 

Iteration
 N. 

MSE 

Zero filling 16384 1 0.175
Cartesian Constrained 

 Algorithm 
16384 25 0.135

Nearest 
 neighbour 

15300 1 0.222

Radial 
Constrained 
 Algorithm 

15300 20 0.098

Nearest  
neighbour 

16384 1 0.378

Spiral 
Constrained 
 Algorithm 

16384 16 0.132

The number of scanned samples, the number of 
iterations and the mean square error value (MSE) for each 
reconstruction are shown in Table 1 so as to perform a 
numerical comparison of the resulting images. Figure 3 
shows the difference images between Figure 1 and the 
reconstructions obtained by sparse Cartesian (A and B), 
sparse radial (C and D) and sparse spiral (E and F) sampling 
respectively. In particular, the images on the left were 
obtained using the collected samples and zero filling 
interpolation method 
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Fig. 2 Images obtained by subtracting from Figure 1 the images whose 
data are reported in Table I, respectively. For more clarity, they are shown 

in inverted mode. 

(the first) or the simple nearest neighbour (the others), while 
images on the right were obtained using the collected 
samples and the proposed algorithm. Nearest neighbour 
interpolation was not used for Cartesian scans because it is 
not adapted to this acquisition strategy. In fact, missing 
coefficients are all from the peripheral zones of the image k-
space because both the first and last rows of the k-space are 
missing: nearest neighbour would always assign to these 
coefficients the values of the first and the last acquired 
rows. Both from a visual (Figure 2) and numerical 
comparison (Table I), it can be deduced that the proposed 
method performed better than other interpolation methods 
in all scanning strategies. It also performs better for spiral 
and radial scanning than for Cartesian. Moreover, the 
algorithm converged faster both for radial and spiral 
samplings than for sparse Cartesian sampling. For spiral 
scanning the proposed algorithm produced a greater 
improvement than the others. Spiral scanning represents 
also the method which requires the lowest number of 

iterations to ensure convergence: this is due to more 
uniformity between the measured samples than for other 
methods, in particular at high frequencies.   

IV. CONCLUSIONS  

In this paper, a simple constrained reconstruction 
algorithm has been presented which is able to greatly reduce 
blurring and artefacts due to sparse sampling in medical 
imaging thanks to the assumption that the image has to be 
zero outside a compact support. The maximum gain with 
respect to other reconstruction strategies is obtained when 
an image sampled with sparse spiral trajectories is 
reconstructed. This is probably due to the better sampling 
density of spiral scanning with respect to the others. The 
proposed k-space reconstruction method can also be used as 
a preliminary algorithm before the application of a more 
complex method  [7]. Nevertheless, though the number of 
used sampled k-space coefficients is reduced to one quarter, 
the quality of the reconstructed images is not so far from 
that of the completely sampled image. The further 
application of a complex algorithm method would produce 
very little improvement in image quality. 
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Abstract— The reservoir-wave approach, a wedding of 

Frank’s Windkessel and wave intensity analysis, represents 
a new alternative to the frequency-domain analysis of aortic 
input impedance. Re-interpretation of the classical 3-
element Windkessel circuit accounts for the diastolic de-
crease in pressure, obviating the concept of negative flow 
waves, and also allows estimation of micro-vascular com-
pliance.  Finally, it suggests that the minimum in the imped-
ance modulus might be simply due to the addition of reser-
voir and wave components. 
Keywords— Windkessel, impedance, characteristic imped-

ance, wave intensity analysis 

I. INTRODUCTION  

The primary claim of the reservoir-wave approach is that 
measured arterial pressure is the sum of two pressures, a 
Windkessel or reservoir pressure (Preservoir) that varies in 
direct proportion to the instantaneous changes in arterial 
reservoir volume and a wave-related pressure (Pwave) that is 
caused by the passage of forward- and/or backward-
traveling waves [1,2]. 

This concept of adding a volume-related and a wave-
related pressure can be understood intuitively on the basis 
of common experience at the seaside. If one imagines that a 

pressure sensor has been installed at the water’s edge at low 
tide, a “reservoir” pressure will increase as the tide comes 
in. At any level of Preservoir, if there are waves, Pwave will 
increase as the crest of the wave approaches and decrease at 
the approach of the subsequent trough. Thus, at any instant, 
the measured pressure will be the sum of Preservoir and Pwave. 
By analogy, we suggest that measured arterial pressure 
(Parterial) is the instantaneous sum of Preservoir and Pwave. 

For several years, we have used wave intensity analysis 
[3,4] to identify and to assess forward- and backward-
traveling waves in the vasculature and within the heart it-
self. Net wave intensity was originally expressed as ΔPΔU, 
the product of incremental (temporal) changes in pressure 
and velocity (U). However, it occurred to us that ΔP might 
need to be adjusted, in some sense, because some of the 
change in pressure could, in principle, be due to a change in 
the volume of an elastic vessel and therefore not strictly 
wave-related. Pursuing this insight led us to “re-invent” 
Frank’s Windkessel [5,6] and to conclude that measured 
Parterial is the instantaneous sum of Preservoir and Pwave. 

The secondary claim of the reservoir-wave approach is 
that Westerhof’s classic 3-element Windkessel circuit [7] 
should be re-interpreted — more literally, as it were (see 
Fig. 1). Those who employ the impedance approach resist 
time-domain interpretations of the characteristic impedance, 
which has units of resistance (i.e., pressure/flow) and ap-
pears as a resistor interposed between the left ventricle (LV) 
and the R-C filter (i.e., the Windkessel or reservoir); it has 
been called a “proximal load” [8] but they maintain that it is 
not a real hydraulic resistance but only a function of capaci-
tance and inductance, as defined in the frequency domain.  
We dissent from this view and claim that it is a simple hy-
draulic resistor. In clinical epidemiologic studies, it has 
been shown that changes in proximal aortic diameter corre-
spond to changes in characteristic impedance [9,10,11,12] 
and we have shown that our experimental values of proxi-
mal resistance (numerically equal to characteristic imped-
ance) imply that the canine reservoir is approximately 30 
cm from the LV, an anatomically plausible distance [12]. 

Those who use the impedance approach seldom specify 
the value of the pressure downstream from the R-C filter.  
We equate this to P∞, the pressure that arterial diastolic 
pressure approaches exponentially and asymptotically, and 
find that it is approximately 35 mmHg [13] in the anesthe-
tized dog — greater than zero, central venous pressure, or  

 

Fig. 1  
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Fig. 2  

even mean circulatory pressure. This behavior suggests a 
“waterfall phenomenon” [14] and such a value corresponds 
to the value of pressure determined in small arteries or arte-
rioles approximately 60 microns in diameter [15] where 
myogenic tone might be important and where critical-
closing-pressure behavior [16] might occur. 

The parameters of our model affect the arterial pressure 
waveform in independent ways [12]. An increase in P∞ 
simply displaces the waveform upward. At a constant stroke 
volume, an increase in R displaces the waveform upward 
also, as more blood accumulates in the reservoir. An in-
crease in C reduces the “reservoir pulse pressure” and an 
increase in the proximal resistance increases systolic pres-
sure selectively. In the future, this behavior might suggest 
improved strategies to treat hypertension. 

 

II. RESULTS AND DISCUSSION 

One of the dubious features of the impedance approach is 
that equal and opposite flow waves must be created during 
diastole to satisfy numerical constraints, flow waves for 
which no one has demonstrated a mechanism. As shown in 
Fig. 2, the reservoir-wave approach presents no such prob-
lem [1]. Subtracting Preservoir from Pmeasured eliminates the 
diastolic decrease in Pmeasured and the remaining pressure,  

Pwave, is proportional to aortic inflow in the absence of sig-
nificant backward-traveling waves. 

Wang et al. have applied an analogous logic to the analy-
sis of central venous pressure and flow as for the arterial 
circulation [13]. The result of the combined arterial and 
venous analysis is to divide systemic vascular resistance 
(SVR) into a series of resistances: the resistance of the large 
arteries, the arterial reservoir resistance, the microcircula-
tory resistance, the venous reservoir resistance, and the 
resistance of the large veins (see Fig. 3). The average values 
of these resistances correspond satisfactorily to the vascular 
pressures that Davis et al. [15] measured using the micro-
puncture technique. 

Fig. 3  

 The preceding analyses provided estimates of arterial 
and venous compliances but no one had estimated microcir-
culatory compliance (see Fig. 4). It had been assumed to be 
small but our model implies that it must be present, because 
the outflow from the arterial reservoir was not identical to 
the inflow of the venous reservoir. This is demonstrated in 
Fig. 5 [2]. Inflows (solid) and outflows (dashed) are shown 
in the left and net flow in the center panel. As shown in the 
right-hand panel, the variation in arterial reservoir volume 
was 85%, the variation in venous reservoir volume was 
35%, and the variation in microcirculatory reservoir volume 
was 10% of the stroke volume (20 mL in this example). 
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Fig. 4  

 

Fig. 5  

Finally, the reservoir-wave approach suggests that the in-
terpretation of the plots of modulus and phase versus fre-
quency may require re-examination. If Pmeasured is the sum of 
Preservoir and Pwave, each of the components can be subjected 
to Fourier analysis and the results compared to the analysis 
of Pmeasured. This was done [17] using data from a normal 
dog to whom sodium nitroprusside (NP; 0.3 mg/min iv; Fig. 
6A) and, later, methoxamine (Mtx; 5 mg bolus; Fig. 6B) 
was administered.  Fig. 6A shows the effect of a profoundly 
dilating dose of NP. The top panel shows that Preservoir was 
relatively small and the next panel, that Pwave was propor-

tional to aortic flow (Q). There was no initial decline to a 
minimum in the modulus, Pmeasured/Qao, which was identical 
to the modulus, Pwave/Qao. The phases of both Pmeasured/Qao 
and Pwave/Qao were constant and approximately zero.  The 
phase of Preservoir/Qao was constant and approximately π/2. 

The results of the analysis of the data after Mtx admini-
stration were markedly different. In the top panel, note that 
Preservoir is similar to Pmeasured. Impedance analysis showed 
that the modulus, Pmeasured/Qao declined sharply over the 
lower frequencies and reached a minimum at just less than 4 
Hz. However, note that the modulus, Preservoir/Qao, was iden-
tical to that of Pmeasured/Qao over this range. Again, as with 
nitroprusside, the modulus of Pwave/Qao was almost constant 
and independent of frequency. Also again, the phase of 
Pwave/Qao was constant and approximately zero and the 
phase of Preservoir/Qao, approximately π/2. 

 

Fig. 6A 
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These analyses suggest that the minimum in the imped-
ance modulus seen in Type A patients [18] may not be fun-
damentally related to wave reflection. Rather, it seems that 
this behavior is due to the addition of a constant Pwave/Qao 
modulus and a declining Pwave/Qao modulus. When the con-
tribution of the reservoir is substantial as in the Mtx data, its 
modulus declines and its phase is constant at a value ap-
proximating π/2, as would be expected, given that the reser-
voir is a hydraulic integrator. 

III. CONCLUSIONS 

 The reservoir-wave approach connotes that measured ar-
terial pressure is the instantaneous sum of volume- and 
wave-related pressures. The approach accounts for the dia-
stolic decline in pressure and provides new, alternative 
mechanisms to explain systemic resistance and compliance.  
It also suggests that the interpretation of impedance spectra 
be re-examined. 
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Abstract In this paper we present HemoSim, a software
tool based on a 1D approach to hemodynamics modeling. The
governing equations for blood flow and their associated nu-
merical methods are implemented as the core solver in the tool.
Dedicated user interfaces are designed to configure the boun-
dary conditions and visualize important flow parameters. The
tool is tightly coupled with an open source 3D visualization
software CMGUI, and delegates the pre and post processing
tasks to it. As a modeling exercise, we solve the blood flow in
an arterial tree of the human body which consists of 39 vessels
and 19 bifurcations. We also simulate the flow pattern varia-
tions when a catheter is inserted into the arterial tree.

Keywords Software tool, hemodynamics, blood, model.

I. INTRODUCTION  

The field of hemodynamics modeling has inspired phy-
sicists and mathematicians for centuries. As a few snap-
shots, in 1775 Euler introduced a 1D equation system for 
inviscid flow although he was not able to find a solution to 
it [1]. Poiseuille studied steady flow in a circular pipe and 
derived the famous Poiseui  in 1838. In 1899 Otto 
Frank proposed a Windkessel model to account for the 
arterial resistance and compliance faced by the left ven-
tricle. In 1955 Womersley found the analytical solution for 
flow in a rigid pipe with a pulsatile pressure gradient [2]. 

Since the mid 20th century, the computer has emerged as 
an indispensible tool for engineering and scientific compu-
tations.  Many computer models have been developed 
adapting to different scales of the cardiovascular system. 
For instance, Barnard et al introduced a theory of quasi-one-
dimensional flow in compliant tubes [3]; Hunter suggested 
an empirical wall constitutive equation and a bifurcation 
model [4]; Smith et al further developed a lumped parame-
ter model for microcirculation, and applied these models to 
the largest six generations of coronary arteries [5]. 

The mathematical model of [5] was originally imple-
mented as a 1D flow solver in a continuum mechanics envi-
ronment in CMISS  an environment that allows the appli-
cation of finite element analysis, boundary element analysis 
and collocation techniques to a variety of complex bioengi-
neering problems [6].  This solver requires the vascular 
geometry, material properties, initial and boundary condi-
tions to be configured via nine discrete files. This is an 
error-prone process with a steep learning curve. 

The aim of this work is to develop a standalone 1D flow 
solver with a user friendly interface while taking advantage 
of libraries and tools freely available. Furthermore, we use 

the tool to experiment with new numerical methods and 
different flow governing equation systems. 

II. METHODS 

A. The processing pipeline

In a typical blood flow simulation software, the processing 
pipeline includes three parts: (a) preprocessing; (b) flow 
analysis; and (c) post-processing. Preprocessing is used to 
prepare vascular geometry such as vessel size, spatial loca-
tions and connectivity for further processing. Flow analysis 
solves blood flow governing equations while taking boun-
dary conditions, blood and vessel wall properties into ac-
count. Post-processing is used to graphically render blood 
vessels with computed flow results.  The pipeline is de-
picted in Fig. 1. 

 
Fig. 1 Processing pipeline for blood flow simulation: (a) preprocessing; (b) 

flow analysis; and (c) post-processing 

In our treatment of the pipeline, Parts (a) and (c) are per-
formed by CMGUI. HemoSim, the software tool we present 
in this work, deals with Part (b) - i.e. mathematical model-
ing and flow data analysis. Moreover, this tool couples all 
three parts using various routines for data parsing and bind-
ing. Next we introduce the functional blocks of this tool. 

 
B. Flow Analysis

Governing equations: In large vessels, the relative size of 
red cell to vessel diameter is small and blood can be mod-
elled as an impressible, homogeneous, Newtonian fluid [1] 
[5]. We further assume that the flow in the circumferential 
direction is negligible, and the radial velocity is small com-
pared to axial velocity. Using a cylindrical coordinate sys-
tem the 3D Navier Stokes equation can be reduced to two 
1D equations. A third equation, a wall constitutive equation 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 97–100, 2009. 



is included to close the system. These equations constitute a 
basic 1D system to solve blood flow in a vessel segment. 
This system can be formulated in different ways adapting to 
various vasculatures. At current stage HemoSim has imple-
mentations for the pressure-velocity-radius (P-V-R) system 
applicable to arterial tree, and the pressure-velocity-cross-
section area (P-V-A) system applicable to venous tree. We 
refer the interested reader to literature [1-5] for more theo-
retical background of blood flow modeling. 

Numerical methods:  The hyperbolic system formulated 
above cannot be solved analytically. A two-step Lax-
Wendroff Method and a predictor-corrector MacCormack 
schemes are implemented in our solver.  Both schemes are 
second-order accurate in space and time [7].  

Bifurcation model: To model flow in a large vasculature, 
a bifurcation model is further incorporated. The model pre-
dicts flow parameters i.e. pressure gradient, velocity and 
flow distributions across vascular branches. We refer the 
reader to [4] and [5] for detailed mathematical analysis. 

Lumped parameter model: These models are used to 
represent invisible small vessels and capillary bed and act as 
the outflow boundary condition for the 1D model. 

C. Software design

The desired features of our software tool were:  

1. User-friendly Graphic User Interface (GUI) 
2. 2D drawing libraries  
3. Visualization tools  
4. Data analysis capabilities 
5. Make optimal use of existing libraries and tools 

On Windows operation system, items 1 and 2 are pro-
vided by its primitive drawing libraries, wrapped in drawing 
packages such as GDI+ and DirectX.  The ideal tool for 
item (3) is CMGUI, the open source visualization tool and 
frontend of CMISS. Data analysis is carried out by using 
spreadsheet applications. This indicates the need for more 
sophisticated and integrated tools. 

We chose Microsoft .NET as our development platform 
because (i) it contains a large number of pre-coded libraries; 
(ii) all .NET languages are compiled into a Common Inter-
mediate Language (CIL) which is then assembled into byte-
code, thereby providing high performance gains, and (iii) 
the .NET runtime (for tool usage) and development envi-
ronment (for any extension work) are freely available from 
Microsoft website. Further, .NET languages provide a rich 
set of graphical controls to facilitate faster GUI develop-
ment. Out of the many .NET languages, Visual Basic .NET 

. 

D. Portal, modules and consoles

The software starts with a portal which presents the user 
with different modules that have been implemented.  Each 
module has its own dedicated user interface(s). New mod-

ules can be added easily without altering the existing soft-
ware flow. The currently available modules include: 

 1D flow modelling  
 Lumped parameter modelling 
 Numerical experiments 
 CMGUI coupling 

A console is a control panel with a graphical user inter-
face (GUI) for a particular modeling task.  A typical console 
is shown in Fig. 2.  

 

Fig. 2 GUI design of a console window 
 

Various controls have been grouped together in the GUI 
for the easy configuration of flow parameters e.g. wall elas-
ticity, boundary pressure and so on. New simulations can be 
performed without leaving the solver environment. The 
drawing panels are used to visualize some important fluid 
dynamics results - pressure profile and velocity distribution, 
for example. 

 

 
Fig. 3 Function blocks 

E. System architecture

The overall architecture of our toolkit is shown in Fig. 3. 
The core computational analysis of flow modeling is per-
formed by the class FlowSolver (Fig. 3). This class exposes 
some essential methods such as LaxWendroff and Mac-
Cormack to the modeling consoles.  Some common tasks 
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e.g. 2D drawing and data analysis are encapsulated into the 
Common class to be shared across all modules. 

The geometry of vasculatures is passed in from CMGUI 
per Fig. 1. This raw data needs to be further processed in 
CMGUI coupling module to be used in the solver.  The 
coupling routines are implemented into a CMGUI class. 

Since the flow solver needs to know the connectivity of 
the vasculature, our current design is to have a configuration 
file (in ASCII text) to specify the bifurcations, inlets and 
outlets, as described in Table 1.  This configuration file is 
preloaded before the solver starts. 

Table 1 A Configuration file for a bifurcation 

Category Item Node ID 
Inlet 1 1001 
Outlet 1 2010 
 2 3010 
Segment 1 1001, 1010 
 2 2000, 2010 
 3 3000, 3010 
Bifurcation 1 1010, 2000, 3000 

 
 
 

III. RESULTS 

A. Blood flow in arterial tree

As a modeling exercise we simulate the blood flow in an 
arterial tree of the human body.  The arterial tree consists of 
39 vessel segments and 19 bifurcations ranging from the 
ascending aorta to the intracranial arteries (Circle of Willis) 
and large arteries in the upper and lower limbs. 

The governing system of equations takes approximately 
2 minutes to be solved on a laptop PC (1.73 GHz, Intel 
Pentium Dual Core with 3GB memory). The computation 
results contain pressure, velocity, wall shear stress (WSS) 
and flow rate for each node point in the vasculature.   Fig. 
4(a) shows the pressure distribution in the arterial tree at the 
ejection phase of a cardiac cycle.  

 
 

B. Simulation of endovascular intervention

During the last three decades, endovascular intervention 
has emerged as an effective procedure to treat vascular 
diseases. This procedure involves inserting a catheter sys-
tem into the arteries and delivering endo-devices (balloons, 
stents etc) to lesion sites [8]. Fig. 4(b) shows a catheterized 
arterial tree in such a procedure. 

 
The influence of catheter to blood flow pattern may be 

studied by investigating into some typical sites e.g. at the 
aorta (site A). In solving the governing equations, the effec-
tive diameters of the catheterized vessels are modified ac-
cordingly (minus the catheter diameter).  The boundary 
conditions are the same as that used in normal arteries. The 
results are shown in Fig. 5. 

 
From Fig. 5 we see that the pressure profile is almost un-

changed when a catheter is inserted into the arterial tree. 
The velocity profiles, however, show that blood flow is 
about 5%-10% slower at site A when the catheter is in 
place. This may be explained by the extra impedance to 
blood flow from the catheter. More clinical data needs to be 
collected to verify this computation result. 

 
 

IV. CONCLUSIONS 

In this work we introduced a software tool to model the 
hemodynamics in a large vascular tree. This software is 
implemented surrounding a core flow solver module, and 
coupled closely with a 3D visualization tool. The GUI de-
sign facilitates the parameter modification for various he-
modynamic scenarios. The numerical experiments have 
shown the efficiency of this solver.  
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Fig. 5 Pressure and velocity profiles at site A during a cardiac cycle, with 

and without a catheter in the arterial tree 

 
 As an application example we solved the blood flow in 

an arterial tree during a cardiac cycle, and simulated the 
endovascular intervention scenario when a catheter was 
inserted into the tree and predicted the induced pressure and 
profile variations.  

Further developments of the software would include add-
ing an interactive module for vasculature tree configuration, 
and customizing the flow solver to address various hemo-

dynamics problems such as occlusive diseases in peripheral 
arteries. 
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Abstract—Dissipative Particle Dynamics (DPD) is a 
powerful numerical method normally used to simulate 
compressible flows. Blood, however, is a multi-
component, multiphase incompressible fluid.  We inves-
tigate whether the DPD method can also be utilized to 
analyze incompressible flows using a benchmark flow 
system of a fluid moving inside a rotating cylinder. We 
observed that if the parameters controlling the DPD 
method are not judicially selected the Dissipative Parti-
cles (DP's) tend to accumulate at the boundary, leaving 
the cylinder’s core empty of DP’s, an obvious aphysical 
result. In the past it was suggested to strongly increase 
the conservative repulsive force between DP's. It re-
quired an associated diminution of the time step, which 
in turn, led to extremely long prohibitive computation 
time. We suggest a novel approach to circumvent this 
problem by adjusting the value of the cutoff radius 
(which determines the radius of influence of a DP parti-
cle) to twice the mean distance between adjacent DP's. 

 

Keywords— Dissipative Particle Dynamics, Incompressible 
Flows, Cutoff Radius 

I. INTRODUCTION  

There is a growing interest in simulating fluid flows in 
biological systems. Simulating blood flow in veins and 
arteries, or air laden particles flow in lungs is of great im-
portance in medical and biotechnological researches. How-
ever, it is almost impossible to simulate these flows using 
classical simulation techniques: the fluids are complex, may 
include many species (such as blood flow consisting of red 
and white blood cells platelets etc.) and bounded by intri-
cate boundaries (such as soft tissues).  These nano- and 
micro-flows need a simulation technique which can capture 
their hydrodynamic behavior, taking in consideration their 
nano- and micro-scale complexity.  

A "coarse-grained" method for simulating fluid flows 
was suggested by Hoogerbrugge and Koelman [1,2]. This 
method, known as Dissipative Particle Dynamics (or DPD), 
is used to model a fluid by a finite number of particles, each 
of which represents a large number of molecules. The hy-
drodynamic behavior is predicted through tracing these 

particles. This method is characterized by soft repulsive 
conservative forces between the particles and allows simu-
lation of mesoscopic length scales. The model also contains, 
as put by Hoogerbrugge and Koelman, a "thermostat" of 
dissipative and random forces. The dissipative term tends to 
"cool down" the system while the random term tends to 
"heat up" the system. The presence of both terms enables 
local momentum conservation and the prediction of hydro-
dynamic behavior in the macroscopic scale.  The DPD 
model was modified by Español et al. [3,4]. They derived 
the Fokker-Planck equation and connected the DPD Lange-
vin equations to statistical mechanics.    

Furthermore, in DPD, several no-slip boundary methods 
were employed [5,6,7]. Haber et al. [8] suggested a bench-
mark test of fluid flow between two rotating concentric 
cylinders. In their article, comparison was drawn between 
these methods and the bounce back reflection method (re-
flecting back the particles which pass the rigid boundary 
with an opposite velocity) was shown to yield the most 
accurate results.  

The two rotating concentric cylinders test was found to 
be a useful benchmark since this test case has an analytical 
solution and it represents a closed system where no periodic 
boundary conditions are needed. Haber et al. [8] noted that 
the DP number density at the boundary was somewhat 
higher than between the cylinders. Further research, that we 
had conducted, revealed that after enough time steps, the 
DP’s accumulate at the boundaries. At high cylinder rotat-
ing speeds, this happens after fewer time steps.  

In order to investigate and resolve this issue, we used a 
simpler 2D model: a fluid, originally at rest, inside a rotat-
ing cylinder. Our findings are represented here. We suggest 
a solution. The results are explained and a novel perspective 
of the DPD method is brought up.  

II. METHOD 

The Numerical Model 

The basic and most common postulated DPD scheme in-
troduced by Español et al. [3], takes the following form: 

i

i

i

d dt
m

p
r  (1) 
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ij
f  and the constants  and  are the coefficients 

of the dissipative and random forces respectively. The 

weight functions, 
D ij

r   and 
R ij

r , correspond to the 

soft matter interactions (all forces act up to a maximum 

distance range called cutoff radius rc and 
ij

dW is an inde-

pendent increment of the Weiner process for which Itô 
calculus rule implies: 

' ' ' ' ' 'ii jj ij i j ij i j
dW dW dt  (3) 

From the corresponding Fokker-Planck equation, one gets 
[3] : 

2 2, 2
R D B

r r k T  (4) 

where 
B

k  is the Boltzmann’s constant and T is the equi-

librium temperature. 
The conservative force commonly used is of the follow-

ing form: 
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r
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where aij is the maximum repulsion force constant. This 
latter parameter is taken to be uniform for all interparticle 
interactions and is simply replaced by a.  

The weight functions frequently used posses the follow-
ing form: 

2

2
1 / at

0 at

ij c ij c

R D

ij c

r r r r
r r

r r
 (6) 

The simulations were conducted using the bounce-back 
boundary condition.  

As the simulation proceeded, the DP’s molecules started 
to accumulate at the boundary (FIG. 1). This phenomenon 
occurred in case either the Euler or the Velocity Verlet [9] 
algorithms were used. It was also observed that the size of 
the time increment used had no effect on the DP accumula-
tion at the boundary (except for the total number of time 
steps taken for it to occur). 

 
 

FIG. 1. DP’s accumulation near the boundary (each asterisk stands for a 
DP): Out of the 900 DP’s only a few remain  inside the domain while the 
rest are at the boundary. 

 
 The DP’s which passed the boundary were brought back 

artificially by the bounce back boundary conditions. These 
DP’s are usually reintroduced into the domain at positions 
close to the boundary (this may explain the fact that higher 
densities are obtained near the boundaries). But, as the 
simulation proceeded more DP’s were driven towards the 
boundaries.  

There are two mechanisms which, theoretically, hinder 
the DP’s boundary accumulation: 

1. The fluctuating force which provides the DP with 
the random velocity and displacement which, by forcing the 
DP’s to intermingle randomly, could maintain a constant 
density over the whole domain. However, for simulations in 
which the rotational cylinder speed is much higher than the 

kinetic one, i.e. /
B

k T m , the random force is too small to 

achieve this balance. 
2. The repulsive conservative force could also pre-

vent the accumulation phenomenon. As noted earlier, since 
the DP number density at the boundary is higher than that in 
the rest of the domain, we would expect that the repulsive 
force exerted by the DP’s near the boundary would repel the 
particles back into the domain. This force is controlled by 
two parameters: cutoff radius and the force amplitude or a 
in Eq. (5). We tried first to adjust only the force amplitude. 
We found out that by increasing the conservative force 
amplitude, the accumulation phenomenon is just postponed, 
i.e. for the same magnitude of time increment, more time 
steps were needed to reach accumulation of DP’s near the 
wall. 

Apparently, only the adjustment of the cutoff radius and 
the magnitude of the conservative force could control the 
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DP number density. 
 
Numerical Implementation and Results 
 

The cutoff radius (coined cr ) designates the radius of in-

fluence, beyond which the DP cease to interact with other 
DP’s. This parameter is thought to be chosen arbitrarily. 
Different conclusions were drawn for the optimal cutoff 
radius, of which, the most acceptable, is that the cutoff 
radius has to define a spherical volume around the DP that 
contains at least three or more DP’s on average.  

It is worthy to note that setting the cutoff radius is of 
practical importance. For a given time increment, the 
smaller the cutoff radius, more time steps are needed to 
reach equilibrium.  

 

To our understanding, the cutoff radius also possesses a 
physical significance and not just a numerical one. The 
DP’s are, as noted earlier, lumps of molecules. Adjacent 
DP’s meddle. In the meddling zone, molecules bombard and 
momenta transfer. The weight function denotes that closer 
the DP’s, the larger is this zone and the greater is the resul-
tant interactive forces. Thus, the cutoff radius between two 
adjacent DP’s should equal the sum of their radii 

We shall limit our simulations here to constant density 
cases. The DP’s radii are uniform. Thus we expect that the 
cutoff radius is constant over the whole solution domain. 

We simulated a fluid in a cylinder of radius R=0.001 m 
that rotates with a speed of =1 rad/s. Each DP is of 
m=3.4907×10-12 kg mass (for water that means 1.16×1014 
molecules in each DP). The simulation is conducted for 
T=273K temperature and 900 DP’s. Although, a wide range 
of numerical values for the dissipation coefficient were 
used, we choose here to present the results achieved for 
/m=256.5 1/sec.  The conservative force amplitude used is 

a/m=25 m/sec2. 
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FIG. 2. DP’s inside the rotating cylinder after 100,000 time steps for rc 
= 0.0667mm (each asterisk stands for a DP). 

 
Since the model used here is a 2D one, the area which 

each DP possesses is simply the cross section area of the 
cylinder divided by the number of the DP’s. Assuming that 
the DP is circular, the cutoff radius would be equal to twice 
this radius (the factor of 2 is the optimum for achieving the 
desired results):   

52 6.67 10 m
c

R
r

N
 (7) 

Simulation was conducted for 100,000 time steps. FIG. 2 
illustrates the image of the DP’s at the end of the simula-
tion. As we can see the DP’s are uniformly distributed and 
the hydrodynamic behavior is that of rigid body rotation as 
expected. 

In comparison, we have conducted a simulation with cut-
off radius five times larger than that used in Eq. (7). The 
illustration of the DP’s locations after 100,000 time steps is 
presented in FIG. 3. As we can see the DP’s that were lo-
cated near the boundary started accumulating at the bound-
ary. As a result, unlike the uniform number density illus-
trated in FIG. 2,   the DP number density is higher at the 
boundary. As the simulation proceeds, more and more DP’s 
accumulate at the wall and finally reach the distribution 
shown in FIG. 1. 
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FIG. 4. DP’s inside the rotating cylinder after 100,000 time steps for rc 

= 0.4 mm (each asterisk stands for a DP). 

III. CONCLUSIONS  

The DPD method sets the DP mass a-priori, notwithstand-
ing, the volume which each DP occupies. Therefore, the 
density of the fluid may not be maintained. Most previous 
benchmark problems used to test the DPD method employ-
ing planar boundaries (i.e. Couette or Poiseuille flows) 
where the flow does not experience centrifugal forces. 
However, Haber et al. [8] suggested a benchmark system of 
a fluid bounded by a rotating cylinder. It was the first sys-
tem to include a curved surface for which the continuous 
solution exhibits the effects of centrifugal forces. A simula-
tion using Haber et al [8] benchmark system underlines the 
compressible nature of the DPD method. The DP number 
density could be much higher at the boundary and in some 
cases, a complete void at its center, an obvious a-physical 
solution.. In order to avoid such a numerical artifact, we 
suggest that the cutoff radius be a measure of the DP’s ex-
tent, namely, that it is twice the mean distance between 
adjacent DP's. In this case, the density of the fluid is almost 
uniform throughout the system and the DP's do not gather 

near the boundary. Thus, the DPD method can be employed 
to analyze complex incompressible biological flows.  

Future research would attempt to verify the relationship 
between the magnitude of the cutoff radius to the thermo-
dynamic parameters of compressible flows.  
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1. Introduction 
 
 

Medical Image fusion can be defined as the 
process by which several medical images or some of 
their features are combined together to form a single 
image for better diagnosis and thereby a better 
treatment planning. As the details from different 
modalities are brought into a single image, the new 
image forms a more comprehensive, more accurate, 
and  an more stable information.  
 

For medical diagnosis Computed 
Tomography (CT) uses X-Ray on its way through the 
body to reconstruct a two dimensional image of the 
absorption coefficient within an axial slice. CT shows 
highly detailed anatomical information on the 
distribution of the absorption coefficient with high 
contrast in bone but little in soft tissue. Magnetic 
Resonance Imaging (MRI) uses nuclear spin 
interaction with the magnetic field and resonance 
phenomena to generate an image of the tissue of the 
human body with finer soft tissue details. But MRI 
does not show the bony structures clearly. Positron 
Emission Tomography (PET) shows functional 
mapping of structures, but needs an anatomical 

 
 

In transform domain fusion, a transform is 
applied on the registered images to identify the vital 
details in the image. The technique is described in 
Figure1. Fusion rule is applied over the transform 
coefficients and fusion decision map is obtained. Inverse 
transform is applied over the decision map, yields the   
fused image. This fused image will have details of both 
the source images. 

 

 

 

 

Figure 1: Block diagram of transform domain image 
fusion  

 

Wavelets decomposes the image into low-high,high-
low,high-high spatial frequency bands at different scales 
and the low –low band at the coarsest scale contains 
average image information[4] . The diagonal subbands of 
wavelet decomposition are further distinguished in to 
orientations ±15°, ±45°, ±75° by complex wavelets [5], but 
it adds redundancy. Till date various newer wavelets [6] 
with improved geometric features have been used for 
fusion. 

 

Most widely and frequently used fusion rules [5, 7, 8] in 
transform domain fusion are selection and averaging rule. 

 

Selection rule includes choosing the salient features of 
the image inputs. Higher absolute values of coefficients 
correspond to features such as edges or singularities. 
Fl(x,y) = { A l(x,y)      ,if     |A l(x,y) |  > | Bl(x,y) |   

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 105–108, 2009. 

The fusion of multiple measurements can 
reduce noise and therefore eliminates their individual 
limitations. It is required that the fused image should 
preserve as closely as possible all relevant information 
obtained in the input images and  the fusion process 
should not introduce any artifacts or inconsistencies, 
which can distract or mislead the medical professional, 
thereby a wrong diagnosis. 

Abstract––In magnetic resonance imaging (MRI),  
there are  three bands of  images ("MRI  triplet") 
available, which  are T1,  T2  and  PD%weighted  
images. The  three  images  of  a  MRI  triplet  provide  
complementary  structure information and therefore it 
is useful for diagnosis and subsequent analysis to 
combine three%band images into one. We propose an 
Curvelet    transform  approach    for  three%band  
MRI  image  fusion and  Curvelet  transform  approach  
is  further optimized utilizing quantitative fusion  
metrics  such as the Entropy, Difference  Entropy, 
Standard Deviation, image quality index (IQI) and ratio 
spatial frequency error (rSFe). We fused and analyzed 
several MRI triplets datasets from the  Philips  
HealthCare,  Bangalore,  India.  We  have  also  
performed  fusion  of  the  MRI  triplets  dataset  with  
the  CT  image such that all the four images are fused to 
produce a multi%modality image.This fused images can 
significantly  benefit medical  diagnosis and  also the 
further image  processing such as, visualizati 
(colorization), segmentation,  classification and 
computer%aided diagnos (CAD). 

Keywords––Curvelet Transform, Wavelet Transform, 
ThreeBand MRI. 

modality provides images which have complementary 
information.  Hence if a local integration of the 
complementary information is done, it provides more 
information for accurate diagnosis. 

 

reference. Likewise each and every medical imaging 



                 Bl(x,y)       , else 
 
For levels    0<l<N-1 where N denotes the total number of 
coefficients. 
FN(x,y) = (A N(x,y) + B N(x,y))/2 ,for level  N which is for the 
approximation sub band  
 
Averaging rule includes  
Fl(x,y) = (A l(x,y) + B l(x,y))/2 , for l   0<l<N-1 
 
As used here, most of the transform based techniques 
utilizes the transform co efficients of the input images are 
alone taken as an activity measure  for the fusion rule 
criterion ,if priori knowledge of the source image is known, 
other characteristics of the image can also be included in 
the fusion rule. 
 

The aim of this work is to compare the fusion in wavelet 
and newly developed curvelet domain with the same 
existing fusion rules and to analyze how well the high 
frequency contents of the source images are represented 
in the fused result both visually and quantitatively. 
 

Candes and Donoho[9] justifies that ,though 
wavelet transform exhibits time frequency localization and 
yields acceptable fused output, the edges and 
singularities are not well represented .Also it suffers from 
limited directionality. The point singularity is better suited 
for wavelets in 1 dimensional signals ,but 2 dimensional 
signals like images have curve or line singularities where 
wavelets fails to approximate. Hence to process images of 
sparse nature, curvelets are recommended by the 
researchers. 
 
 

2. Discrete Curvelet transform 
 
 

The curvelet transform proposed by Donoho [9], 
is a multiscale transform like the wavelet transform, with 
frame elements indexed by scale and location 
parameters. Unlike the wavelet transform, it has improved 
directional parameters, and the curvelet pyramid contains 
elements with a very high degree of directional specificity. 
In addition, the curvelet transform is based on a certain 
anisotropic scaling principle which is quite different from 
the isotropic (Non parabolic) scaling of wavelets. 

 
In finer scales the curves can be approximated to 

straight edges, which are efficiently represented using 
ridgelets. The flow graph of curvelets is shown in Figure 2, 
where the curvelet transform opens the possibility to 
analyze an image with different block sizes, but with a 
single transform. The idea is to first decompose the image 
into set of wavelet bands and to analyze each band with 
an inbuilt ridgelet transform. The block size can be 
changed at each scale.  
 
 

2. 1 Curvelet Analysis 
 

 The procedural definition of the transform is as 
follows [10] 
 
 

1. Subband decomposition 
 

               The object f is filtered into subbands by a bank 
of filters P0(Δs,s>=0) 

              f   → (P0f, Δ1f, Δ2f,…..) 
              P0f = Φ0 * f ,  Δsf =Ψ2s * f  
              The different subband Δsf contains details about 

2-2s wide,which are bandpass filters. 
 
 

2. Smooth partitioning 
 

 WQ(x1,x2) is a smooth window function around 
dyadic squares with support 2-s X 2-s 

 

Windowing is applied to each 
subband,partitioning expands the number of 
coefficients. 

 

Δsf   → (WQΔsf )Q ε Qs,          Q=Q( s,k1,k2) where  
k1,k2  translation  is varying and scaling s is 
fixed. Multiplying  Δsf   with WQ, produces 
smooth dissection of function into squares, 
                   hQ = WQΔsf    

 

3. Renormalization    

      Each resulting square (WQΔsf )Q ε Qs,   is 
renormalized to center each dyadic square to 
unit square [0 ,1] X [1,0] . Each square is 
renormalized into gQ=TQ

-1hQ 
 

4. Ridgelet analysis 
 

 Ridgelet fragment    αμ = < gQ,ρλ> where gQ    is 
renormalized square and ρλ  ridgelet basis 
element. 

 
 

 

2.2 Ridgelet transform 
                                                  

The ridgelet coefficients of an object ‘f’ are given 
by analysis of radon transform via one dimensional 
wavelets given by, 

 
Rf (a, b, θ) = ∫ R f(θ,t) ψ(t-b)/a dt 
 

Subband decomposition is used to keep the number of 
ridgelets at multiple scales under control by the fact that 
ridgelets of a given scale live in a certain subband.  
Ringlets are orthonormal sets, which divides the 
frequency domain into radial coronae |ξ|∈[2s, 
2s+1].,where ξ is spatial frequency. When the ridgelet 
basis interacts with the sampling grid a wedge shaped 
fragment of ridgelet coefficients are obtained. 

 
 

2.3 Anisotropic scaling of curvelets : Curvelets 
obey a parabolic scaling law which say that at scale 2-j, 
each element has an envelope which is aligned along a 
‘ridge’ of length 2-j/2 and width 2-j. 

 
 
For the analysis of objects with discontinuities 

along curves, parabolic scaling law holds good where 
analysis of frame elements are supported in elongated 
regions of obeying the relation, width is proportional to 
square of length .Parabolic scaling ought to be extremely 
helpful in better resolving the edges. It gives better 
accuracy in the vicinity of edges while using fewer terms 
in an approximation ,when compared to non-parabolic 
scaling methods like Fourier and wavelets.  

 
As noted by Candes and Demanet [13], the 

curvelet basis is governed by triple factors scale, 
orientation (through radon transform) and translation. 
Parabolic scaling matrix Dj  
      
 
 
 
 
 
Rotation angle       θj   =     2π 2-jl  
 
 
where j=0,1,.,….. scale parameter, l=0,1,……. 2j 
orientation parameter. 
                          Orientation = 1/√ scale. 

 

Dj   = 
 

22j    0 
 
0      2j 
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For a given scale and orientation, curvelets are 
obtained by two dimensional translations, those form a 
Cartesian grid with a spacing proportional to the length in 
the direction θj and width in the normal direction.  
 
 
3. Proposed algorithm for Curvelet based image 
fusion  
 

The procedure for the proposed curvelet based image 
fusion is as follows, with the fusion of CT image and MRI 
image as an example to illustrate the method. 
 

1. The CT image and MRI image are registered 
geometrically using control points, and resized 
into 256 X 256 matrix dimension. 

 
 

2. The CT image and MRI image are decomposed 
separately into S1, S2, S3 subbands by applying 
atrous filtering algorithm through wavelet 
bandpass filtering using eqn(1)       

                                        J 
                              I = Cj Σ Wj                                            (1)    
                                       j=1 
 

Each decomposed image includes ‘Cj’(S1 
subband) which is the coarse or lowpass version 
of the image and WJ which represents the detail 
or highpass contents of the image. 

 
3. The detail contents in the bandpass filtered 

image   S2 and S3 are partitioned, by the grid of 
dyadic squares  as explained in section 2, Cj is 
kept as it is. 

4. Ridgelet transform is applied over each block of 
the partitioned images to get ridgelet    
coefficients for bands S2 and S3. 
 

5. Steps 2, 3 and 4 are done for MRI image 
separately to get the MRI ridgelet coefficients at 
subbands S2 and S3. 

 
6. Fusion rule is applied over the ridgelet transform 

coefficients. Two fusion rules are implemented in 
this work namely addition of coefficients and 
maximum absolute value of coefficients. 

 
7. The coefficient map formed with coefficient at S2 

and S3 subband namely MSRT_S2 and 
MSRT_S3 are applied inverse ridgelet transform 
and the result is inverse partitioned.                    

 
8. The inverse partitioned coefficients are wavelet 

bandpassed to reconstruct their corresponding  
               S2, S3 band reconstruction. 
 

 
9. Same fusion rules are applied on the 

approximation coefficient CJ of both CT and MRI 
obtained from step 2 to yield the lowpass 
reconstruction through wavelet bandpass 
filtering. 

 

 
10. Finally the reconstructed images of S1, S2, S3 

subbands are added to give the fused output showing 
the details of both the source images in a single 
image. 

4. Results and Discussion    
Wavelet and Curvelet transforms with above 

mentioned fusion rules are applied on two sets of medical 

images. The fusion of two images is done by considering 
one with lesser details as base image and the other base 
image pair with more details (MRI image - Figure 1 & 
2).The base image pair is fused with the base image.  
For comparison of outputs of curvelet fusion, wavelet 
fusion of images is done with two dimensional discrete 
wavelet transform using ‘db2’ wavelet. The fusion rules 
here are the same as that for curvelet transform. 
Maximum absolute value of wavelet coefficients from both 
CT and MRI are selected for decision map and inverse is 
taken to yield the fused image and the output is shown in 
Figure 6(a).Addition of CT wavelet coefficients 
(Approximation, Vertical, Horizontal and Diagonal) and 
MRI wavelet coefficients are selected for decision map 
and the inverse yields fused images shown in Figure 7(a). 

 
Curvelet transform is applied on the two base 

images and the mentioned fusion rules are used on the 
resulting coefficients. Taking the inverse transform 
following the steps 7 to 10 in the previous section gives 
the fused result as result of rule 1 as shown in figure 3 
and figure 4.  

 

 
 
(1)Axial  T1W, T2W, PD  MRI 
 

 
 

(2) CoronalDT  MRI 
 
 

 
 

  
(3) Fused Image using Curvelet Transform 

 
(4) Fused Image using Wavelet Transform 
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In order to compare the wavelet and curvelet based 
approaches; apart from visual appearance quantitative 
analysis is done over the fused images. 
 

For the visual evaluation, the following criterion is 
considered: natural appearance, brilliance contrast, 
presence of complementary features, enhancement of 
common features etc. 
5. Conclusion 

 
In many important imaging applications, images 

exhibit edges and discontinuities across curves. In 
biological imagery, this occurs whenever two organs or 
tissue structures meet. Especially in image fusion the 
edge preservation is important in obtaining the 
complementary details of the input images. As edge 
representation in Curvelet is better, Curvelet based image 
fusion is best suited for medical images.  
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Abstract— The aim of this study is to measure residual 
stress in bone tissue. Bone tissue is a composite material 
composed of mineral crystals and collagen fibers. Bone 
mineral is mostly composed of hydroxyapatite (HAp). The 
interplanar spacing of HAp crystals can be noninvasively 
measured using the X-ray diffraction method. The residual 
stress of bone tissue can be calculated from the interplanar 
spacing. In this work, the sin2  method of X-ray diffraction 
was applied to calculate the residual stresses in bone tissue. 
This method needs not the value of non-stressed state. In the 
experiment, distributions of residual stress for bone axial 
direction were measured around outer cortical regions in 
bovine femoral shaft. As a result, it was confirmed that the 
residual stress existed in the surface cortical region of bovine 
femur for bone axial direction. These stresses were tensile and 
distributed around the circumferential region. Moreover 
distributions of these stresses were different between proximal, 
medial and distal sections of the diaphysis. 

Keywords— Residual Stress, Cortical Bone, Bovine Femur, 
Hydroxyapatite, X-ray Diffraction 

I. INTRODUCTION  

It is well known that bone has the capability to adapt to 
mechanical environments and to functionally reconstruct its 
structure and geometry. This phenomenon is called 
“adaptive bone remodeling” or “Wolff’s Law”. One of the 
most important mechanical factors of remodeling is stress 
[1]. To generate the bone remodeling, some stress should be 
present in bone tissue to stimulate the osteocyte over a 
relatively long period. Thus stress may be a type of residual 
stress that satisfies a new equilibrium of force in bone tissue 
and plays a significant role in this reconstruction. To verify 
this assumption, it is necessary to measure the residual 
stress in intact bone tissue. Cortical bone is a composite 
material composed of hydroxyapatite (HAp) and collagen 
fiber. The interplanar spacing of HAp crystals can be 
nondestructively measured using X-ray diffraction. The 
residual stress of cortical bone can then be calculated from 
the interplanar spacing. 

Authors reported the relationship between bone tissue 
strain and lattice strain of HAp crystal in bovine femur [2], 
[3]. Also, residual stress in bovine femur [4] and in rabbit’s 
tibiofibula [5] was measured using the X-ray diffraction. In 

these measurements, the strain of HAp lattice plane was 
obtained as the difference from the initial lattice plane in 
non-strained specimen using bone powder. On the other 
hand, the sin2  method of X-ray diffraction needs not the 
value of non-stressed state. In this work, we measured the 
distribution of residual stress around outer cortical region in 
bovine femoral shaft using the sin2  method of X-ray 
diffraction. 

II. METHOD 

A. X-ray diffraction 

Bragg’s law as the fundamental equation of X-ray 
diffraction is expressed as Eq. (1).  

2d sin  =   (1) 

Using the characteristic X-ray with a unique wavelength , 
Eq. (1) relates the Brrag’s angle  to the interplanar spacing 
d at a specific lattice plane (hkl) as shown in Fig. 1. Because 
there are so many lattice planes of the same direc tions in a 
material, the value of  detected is related to the mean value 
of d. 
 
B. sin2  method of X-ray diffraction 

When a crystalline material deforms, interplanar spacing 
d at the lattice plane deforms. As shown in Fig. 2, when the 
value  is defined as the angle between normal direction of 
specimen surface and normal direction of diffraction planes, 
the values of  and  depend on the stress[6]. Therefore, the  

 
 

Fig. 1  Incident and diffraction path of X-ray in a lattice plane 

Diffracted X-ray

2  

d sin  

Lattice

Incident X-ray 

Interplanar

 

 
planes spacing d

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 109–112, 2009. 



bone axial stresses x is described by Eq. (2). 

2sin
)2(

xx K    (2) 

This method is called the sin2  method of X-ray diffraction. 
Cortical bone in bovine femur is an orthotropic material. 

Figure 3 shows coordinate system on a specimen surface. 
The x and y-axis correspond to the bone axial and 
circumferential direction, respectively.  

The stress constant Kx in Eq. (2) is expressed by the 
product of elastic modulus Ex and coefficient kx as Eq. (3). 

xxx kEK   (3) 

(2 )/ (sin2 ) in Eq. (2) can be calculated using Eq. (1). 
The coefficient kx was formulated as Eq. (4), and it was 
measured using the four-point bending test under X-ray 
radiation. In addition, elastic modulus Ex was measured 
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Fig. 2  Vector diagram of interplanar spacings d under tensile loading 
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Fig. 3  Coordinate system on specimen surface 

using the four-point bending test. 

2sin
)2(

xxk   (4) 

III. EXPERIMENT 

A. Specimens 

The diaphysis specimens to measure residual stress were 
cut out from distal, middle and proximal regions of a bovine 
femoral shaft (Holstein-Friesian, approximately 24 month-
old) (Fig. 4(a)). These specimens were cut at a length of 50 
mm in bone axial direction using the low speed diamond 
wheel saw (SBT650: South Bay Technology Co., USA). 
The bone marrow and the soft tissue around cortical region 
were removed. The specimens were air dried. In addition, 
the strip specimen (28×10×2mm) of bone axial direction to 
measure elastic modulus Ex and coefficient kx was taken 
from the internal cortical region of diaphysis. A strain gage 
(KFG-1-120-D16-11L3M3S: KYOWA Co., Japan) was 
bonded to the opposite surface of X-ray irradiation in the 
specimen. 
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(a) Diaphysis specimens from bovine femur 
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(b) Measurement regions of cortical surface 

 
Fig. 4  Diaphysis specimens and measurement regions 
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B. X-ray measurement 

X-ray diffractometer (RINT2200: Rigaku Co., Japan) 
was used to obtaine (2 )/ (sin2 ) in Eq. (2) (Fig. 5). The 
measurement regions of the each specimen were anterior 
(A), lateral (L), posterior (P), medial (M) at the sections of 
30 mm from the one end (Fig. 4(b)). The value of 
(2 )/ (sin2 ) at bone axial direction on these regions were 

calculated from five measurements. Table 1 shows the X-
ray measurement conditions. 

The diffracted angle 2  is the angle at peak position of 
X-ray diffraction profile. Fig. 6 shows an X-ray diffraction 
profile and the determination of the peak position. The peak 
position was determined by the Full Width at Two-Third 
Maximum method (FWTTM). The profile includes the 
(211), (112) and (300) lattice planes of HAp. 

In addition, coefficient kx was measured by applying 
tissue strain to the strip specimen in the four-point bending 
test. Coefficient kx was estimated from four measurements 
at each tissue strain conditions (0, 500 , 1000 , 1500 , 
2000 ). The same four-point bending test was carried out 
from five measurements to estimate elastic modulus Ex 
using material testing machine (Model 4411, Instron Co., 
USA). 
 

 

Fig. 5  X-ray diffraction system 

Table 1  X-ray measurement conditions 

Characteristic X-rays  Mo-K  
Filter  Zr 
Tube voltage [kV] 40 
Tube current [mA] 40 
Measurement angle 2  [deg] 13.0~16.0 
Scan speed [deg/min] 1.0 
Sampling width [deg] 0.004 
Inclination angle  [deg] 0, 10, 20, 30, 40 

IV. RESULTS AND DISCUSSION 

Table 2 shows the stress constant Kx, which is a product 
of coefficient kx and tissue elastic modulus Ex. Fig. 7 shows 
the distributions of residual stress for each section and 
cross-section shapes at the three regions (proximal, middle 
and distal regions of femoral diaphysis). 

Every residual stress x of bone axial direction were 
tensile and different according to outer circumference of the 
diaphysis. In this work, since bone specimen was air dried, 
measured stresses might have been affected by this. At the 
middle of diaphysis specimen, maximum residual stress was 
166 MPa in the lateral region. In the posterior and medial 
regions, residual stresses were about 80 MPa and less than 
lateral and anterior regions. At the proximal of diaphysis 
specimen, residual stress in posterior was 24 MPa. It was 
less than other regions (A, L, M) which were about 150 
MPa. Residual stresses in anterior and lateral regions at the 
proximal of diaphysis were consistent with same regions at 
the middle. At the distal of diaphysis, residual stresses in 
anterior and medial regions were about 150 MPa and 
consistent with same regions at the proximal. On the other 
hand, residual stress was not measured in lateral and 
posterior regions. Thus, it is confirmed that the distributions 
of residual stress were different between proximal, medial 
and distal sections of the bovine femoral diaphysis.  

Authors previously reported on residual stress measured 
at surface cortical region in a middle of bovine femoral 
diaphysis using polychromatic X-rays [4]. The values of 
residual stress measured in the current study were larger 
than those of the previous study. The difference may have 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  X-ray diffraction profile and peak position 

Table 2  Coefficients k, E and K 

kx ( /deg) Ex (GPa) Kx (MPa/deg) 

-309×102 21.4 ± 0.8 -660 ± 25 

X-ray generator 

Goniometer 

Scintillation counter 

Soller slit

Filter : Zr

Stage

Specimen 

Soller slit 

X-ray 

Background

I I
3
2

211+112+300 

Profile

by Mo-K  

IFMBE Proceedings Vol. 25

Residual Stress around Outer Cortical Region in Bovine Femoral Diaphysis 111



resulted from the shape of specimen, the measurement 
depth from the specimen surface and experimental 
condition (wet or dry). In the previous study, a diaphysis 
was divided into four parts (anterior, lateral, posterior and 
medial). The measurement depth of the current study was 
shallower compared to the previous study due to the 
penetration depth difference of X-rays used in experiments. 
Since measured residual stresses were tensile in this study, 
it would appear that residual stress in the diaphysis 
equilibrates for radial direction. Therefore the values of 
residual stress were dependent on the measurement depth. 
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   (c) Distal region of diaphysis 

Fig. 7  Distributions of bone axial residual stress and the cross-section 
shapes at three regions 

In addition, specimens were air dried in this experiment but 
in the previous study were preserved in physiological saline 
solution. 

In this study, measured residual stress was not a uniform 
state at the diaphysis. These different distributions for bone 
axial direction may be related to mechanical environment in 
vivo. Bovine femur has non-uniform stress state which is 
caused by compression and bending within the living body. 
It would appear that these residual stresses in bone tissue 
result from adaption to the stress state, which is the bone 
remodeling. 

V. CONCLUSIONS  

The residual stress in bone tissue can be measured by the 
sin2  method of X-ray diffraction without using non-
strained specimen. It was confirmed that the residual stress 
existed in the surface cortical region of bovine femur for 
bone axial direction. These stresses were tensile and 
distributed around the circumferential region. Moreover, the 
distributions of these stresses were different between 
proximal, medial and distal sections of the diaphysis.  
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Abstract— In order to contribute in the study of the HVMB, 
a computational model to simulate the behaviour of the myo-
cardial tissue, mainly based in the fibre, is presented in a com-
putational simplified model of the HVMB. The results ob-
tained are compared with others works in the literature to 
conclude that if the electro-mechanical activation sequence in 
the myocardium coincides with the path described by the 
HVMB the path and the delay observed in the shortening of 
the fibres are according with the expected and observed beha-
viour in real hearts. 

Keywords— electro-mechanical, myocardium, helical, ventricu-
lar, band. 

I. INTRODUCTION  

In 1975 the valencian cardiologist F. Torrent-Guasp de-
scribed the heart as a Helical Ventricular Myocardial Band 
(HVMB) in which “The ventricular myocardium is pre-
sented when it is unrolled under the form of a single big 
muscular band that, due to its special disposition, describes 
two cavities in the intact heart” [7]. It gives a different per-
spective of the morphology of the heart  than the current 
and it could explain better and most coherently the propaga-
tion of the electrical stimulus which activates the shortening 
of the fibres, the complex deformation movement of the 
heart and maybe an explanation about understanding the 
cardiac contraction [8].  

In order to contribute in the study of the HVMB, a com-
putational model to simulate the behaviour of the myocar-
dial tissue, mainly based in the fibre, is firstly presented and 
secondly defined and solved. The model should be able to 
describe the morphological particularities of the HVMB 
which are based in consider the path described by the band 
as the preferential path described by the fibres [3].  

Finally, the results are compared with others works in the 
literature to check which behaviour will be observed in the 
myocardium and in the fibres if an activation sequence in 
the shortening of the fibres is applied along the path defined 
by the HVMB, in order to observe if the electro-mechanical 
activation sequence of the myocardium follows the path 
described by the HVMB. 

Although the model is a coupled problem and the solu-
tion is obtained together for the same instant of time, the 
results are firstly studied for the propagation of u(t) along 
the path described by the band and, secondly, for the short-
ening in the fibres. 

 

Fig. 1 The HVMB described by Torrent-Guasp 

II. MATERIALS AND METHODS 

The model should be able to describe two aspects of the 
myocardial tissue: 

On one hand it describes an active part due to the fibres. 
There is an internal electrical stimulus that activates the 
contraction of the fibres on a continuum way based on the 
interaction of (a) the electrical model that is described using 
the Aliev and Panfilov equations [1] and (b) the mechanical 
model that is described using the rheological model of Hill-
Maxwell and is based in the Theory of Huxley of the sliding 
filaments and the Cross Bridge model proposed by J. Bestel, 
F. Clément and M. Sorine [2]. 

 

 
Fig. 2 Rheological model for the fibre 
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On the other hand, it describes a passive part due to the 
connective tissue that controls the deformation of the tissue 
and keeps the cardiac fibres all together and is modelled as 
a three-dimensional continuum element formulated with the 
Finite Element Method as an isoparametric hexahedrical 
element of 8 nodes [4]. 

The interaction of the Active Part and the Passive Part in 
the model generates the following governing equation: 

 

nny ap
;0                 (1) 

 
Where p is the passive stress of the connective tissue 

generated by the action potential u(t) and a is the active 
stress due to the contraction of the fibre. A mathematical 
model for the blood pressure based on the Windkessel 
model is included and the boundary conditions describing 
the behaviour of certain fixed points observed in real im-
ages are also included. 

The geometry of the HVMB is defined starting from 
medical images and graphic reconstruction techniques in 
order to obtain a model simplification of the band. 

 

 
Fig. 3 Silicon and computational model of the 

HVMB 

 

 
Fig.1 Propagation along one fibre of u(t) and  

 
The equations are solved in a simplified HVMB contin-

uum model meshed with 400 eight-node hexahedrical ele-
ments and 15 fibres inside meshed each with 50 two-node 
fibre elements (figure 3). Propagation along the fibres of 
u(t) is generated in the starting point of the right segment in 
order to force it to follow the path described by the band 
and finish in the ascendant segment. A deformation follow-
ing the same path of the stimulus, which in this case is 
along the fibre, is obtained (figure 4). In the geometrical 

model, the path described by the fibres coincides with the 
path described by the band, as some authors propose: the 
propagation along the HVMB can be studied as the propa-
gation along the fibres. 

III. RESULTS 

A mapping propagation of mechanical activation in the 
paced heart with MRI tagging was done by Wyman [9] in 
order to evaluate noninvasively the mechanical activation. 
The mapping was done in the ventricles whereas seven 
canine hearts were paced in situ from different sites: the 
base of the left ventricle free wall (LVb) and the right ven-
tricular apex (RVa) The propagation of this pacing along 
the myocardium was observed. According to the author, the 
mechanical activation of the fibres can be correlated linearly 
with the electrical and therefore, the results obtained in the 
MRI tagging can be compared with the propagation of the 
action potential. 

The procedure is reproduced with the same conditions 
and with the same pacing protocols in the computational 
model. The figures 5 and 6 shows that the activation time 
observed in the MRI described above coincide with the 
activation time in each part of the HVMB model. 

 

 
Fig. 2 LVb pacing in the simplified model of the myo-

cardial band 

 
Fig. 3 - RVa pacing in the simplified model of the myo-

cardial band 
 

The correlation of results could demonstrate that the path 
followed by the propagation of u(t) coincides with the same 
path described by the myocardial band. 

To observe the shortening of the fibres, firstly, in the 
simulation of the contraction of the fibres can be observed 
that the time spent by the band in doing the contraction and 
the relaxation is longer than the time spent by the propaga-
tion of u(t) (Figure 7). This phenomenon can be explained 
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taking into account that the activation time of the action 
potential does not coincide with the starting time of the 
contraction and, in addition, that the relaxation time caused 
by the contraction of the fibre is longer than the depolariza-
tion time of the activation of the fibre. It coincides with the 
observations done, for example, by Saunders studying the 
electric activity and mechanical contraction of frog sartorius 
muscle and frog cardiac muscle [5]. 

Secondly, in the same simulation of the contraction of 
the fibres is also observed that the different fibres are short-
ening in different instant of time depending on its position 
in the myocardium. In the case of the model it is due be-
cause the activation sequence is forced to follow the path 
described by the HVMB. The fibres analysed in the figure 7 
are situated in different points of the HVMB and, conse-
quently, their activation and contraction appear in different 
instants of time following the path of the band. 

 

 

 
Fig. 7 Delay between the action potential u(t) and the fi-

bre strain c in different fibres situated in different positions 
of the myocardium. 

 
 

 
Fig. 8 Time intervals required for shortening observed by 

Sengupta 

But if the shortening of the fibres is compared with an in-
tegrated overview of the left ventricular mechanical se-
quence, done by Sengupta [6] in which is investigated 
whether the onset and progression of regional left ventricu-
lar shortening and lengthening parallel the apex-to-base 
differences in depolarization and repolarisation, the same 
behaviour is observed in the shortening of the fibres and in 
the order of the activation sequence along the myocardial 
walls (figure 5).  

IV. DISCUSSION 

The main idea obtained in this work is that the path fol-
lowed by the propagation of the action potential could coin-
cide with the same path described by the myocardial band 
because the observations in the earlier studies coincide with 
the results obtained in the simulation of the simplified 
model of the HVMB. 

When the myocardium is electrically activated, the 
propagation of u(t) follows the path described by the pref-
erential fibre direction, which coincides with the path de-
scribed by the HVMB, as can be observed in the compari-
son of the results obtained with the observations of Wyman. 

When a shortening sequence is simulated, forcing the fi-
bres to follow the path described by the band, the generated 
deformation in each fibre describes a delay in the shortening 
of the fibres depending on its position in the band. This 
behaviour coincides with the observations done by Sen-
gupta about the mechanical sequence of the myocardium 
without consider the HVMB morphology. 

As a consequence, it can be understood that the results 
obtained in this simulation agree (in a qualitative way) with 
the expected results and the observations done in literature 
and it can be accepted that this simplified model of the 
HVMB is enough good in its first elastic and lineal ap-
proximation and the behaviour observed is enough close to 
the behaviour expected. 

Therefore, and according to the observations done in this 
work, it can be concluded that if the electro-mechanical 
activation sequence in the myocardium coincides with the 
path described by the Helical Ventricular Myocardial Band, 
the path and the delay observed in the shortening of the 
fibres is according with the expected and observed behav-
iour in real hearts. 
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Abstract— In this work an attempt to determine state of 
load in funnel chest after correction of deformation by stabiliz-
ing plate was made. From biomechanical point of view the 
knowledge of load value affecting the stabilizer is necessary to 
select optimal parameters of the plate. The force value affect-
ing the plate used for correction of deformation of the chest by 
Nuss’ method was evaluated on the base of funnel chest skele-
ton model formulated in ANSYS. Research works which aim 
was to select optimal thickness of the plate were carried out in 
next stage.  In this work a parametric model of the plate was 
formulated, where thickness, length, width and flexion size of 
the plate are parameters of the model. Calculations were con-
ducted for three alternative constraints.  

Keywords— funnel chest , Nuss’ metod, stabilizing plate 

I. INTRODUCTION  

The history of operational treatment of funnel chest in 
the world goes back to 1949 and there is an indication that 
lack of acceptance of chest appearance and a low self – 
esteem are sufficient enough to opt for operational treat-
ment. Funnel chest is a congenital deformation, result of 
rickets or family inheritance, where sternum is displaced to 
the back of chest. As a consequence the frontal – rear size is 
to a high degree  reduced and cause displacement of the 
heart with possibility of its compression. The respiration is 
limited and what follows the person quickly becomes tired 
with limited prospects of physical activity. Thus operational 
treatment of this affection with various technique becomes a 
requirement. Operational proceeding however is associated 
with quite extensive preparing within the precincts of front 
wall of the chest what as a consequence leads to existence 
of after operational scars. 

Proposed in 1987 by dr Donald Nuss method of correc-
tion of deformation [1] is less invasive and do not demand 
of resection of rib cartilages and extensive cutting of front 
wall of the chest. For that purpose a stabilizing plate is uti-
lized which task is to push out deformed sternum and then 
hold it in a right position for a period of 12 to 24 months 
[4]. 

Nevertheless many doctors pay attention to problems 
during the attendance of implant in human organism. Such 
complications in large measure are connected with dis-
placements, durable deformations or possible fracture of 
some type of implants in the consequence of fatigue. Dam-
aged implant can not only lead to reverse of chest deforma-
tion but also can cause real danger of human life. To avoid 
such problems, it is necessary to develop appropriate me-
thod of implant’s selection with regards to the state of load 
occurred in correction of deformation. Therefore in this 
work an attempt to determine optimal process of selection 
of the plate utilized in Nuss’ method was made. 

II. MODELLING OF FUNNEL CHEST 

To determine state of load in the chest after correction of 
funnel shape by Nuss’ method it is necessary to  formulate 
model of funnel chest. Such model but for specific clinical 
case was formulated in this work. To reflect shape of de-
formation of the chest on computer – assisted tomography 
pictures we had to measure most characteristic points i.e. 
most projecting points of deformation and most subsided 
places of the sternum. For examined clinical case the quan-
tity of deformation amounts to 5 cm. 

 
Following assumptions were accepted in modelling 

process: 

• Vertebrae, ribs, cartilage connections and sternum are 
treated as homogeneous body with isotropic properties 
reflect real geometry, 

• Discs, intervetrebral joints and joints connecting ribs 
with vertebraes of linear – elastic characteristic are tak-
en into consideration in the model, 

• Pressure inside the chest and influence of internal or-
gans was omitted, 

• Model was restrained and loaded in accordance with 
conditions of empirical research. 
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Isotropic and linear mechanical properties of structures 
of the modelled chest were accepted on the basis of litera-
ture data [2, 3] collected in Table 1, 

 

Table 1 Mechanical properties of structures of the chest [2, 3] 

Element Young’s Mod-
ulus [MPa] 

Poisson ratio 

Ribs 5000 0,3 

Cartilage ribs 200 0,4 

Sternum 11500 0,3 

Vertebrae 11500 0,3 

Intervertebral discs 110 0,4 

Cartilage elements 150 0,4 

 
With such selected geometric parameters  and material 

properties the model of funnel chest, shown at fig. 1, was 
formulated with application of MES in ANSYS environ-
ment. 

 
 

a)  b)  

Fig. 1 Model of funnel chest: a) before digitizing,  
b) after digitizing 

 
To analyse loads and strains in the chest after operational 

treatment a model of stabilizing plate complying with geo-
metry of the plate utilized in Nuss’ method were added to 
funnel chest model. 

Interaction of the plate and the chest (fig. 2) was mod-
elled by common nodes. Mesh of finite elements  forming 
with stabilizing plate the model consist of  11516 elements. 
In total 23900 of nodes were received, what finally result in 
71700 degrees of freedom.  

 

 
Fig. 2 Model of funnel chest with stabilizing plate 

 

III.  STATE OF LOAD IN THE CHEST 

To analyse loads and strains in the chest the deformation 
was corrected by stabilizing plate.  

A displacement of 5 cm was given in the plate’s nodes 
and deformed fragments of the chest were pushed out. Whe-
reas rear wall of the chest were supported by taking away 
all of degrees of freedom in vertebrae nodes. 

Below we present examples of following simulation re-
sults: displacement (fig. 3), strain (fig. 4) and stress (fig.  5). 
On its basis the analysis of influence of correction of de-
formation on chest’s properties was carried out. 

 

 

 

 
Fig. 3  Displacements obtained in the chest during correction of defor-

mation 
 

 

 

 
Fig. 4  Stress obtained in the chest during correction of deformation 

stabilizing 
plate 
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Fig. 5 Main strain ε1 obtained in the chest’s skeleton during correc-

tion of deformation 
 

The value of force required to correct the deformation 
was evaluated from numerical calculations. For analysed 
case the value  amounts to 296 N. 

IV. OPTIMIZATION OF GEOMETRIC CHARACTERISTIC OF 
STABILIZING PLATE 

Selection of optimal thickness of stabilizing plate begins 
from formulating parametric model of the plate. To this end 
a batch file for ANSYS in APDL language was developed. 
Numerical model complies with geometry of stabilizing 
plates produced by Mikromed and utilized in correction of 
deformation by Nuss’ method.  

In the model of stabilizing plate the following parametric 
datas were accepted: thickness, length, width and flexion 
size (fig. 6). Also variable of the load derived from the 
pressure of front wall of the chest after correction of funnel 
deformation was introduced. Thus, usage of given batch file 
makes formulating of optional model of the plate by mod-
ification of its parameters possible. 

 
Fig. 6 Numerical model of stabilizing plate 

 
Geometrical model of the plate was split into finite ele-

ments with the same parameters and the same type (SOLID 
95) as in the model of the chest. Then mechanical proper-
ties, shown in Table 2, were given to the plate. 
 

 
 

Table 2 Mechanical properties of stabilizing plate 
 

Grade of steel Young’s Modulus 
[MPa] 

Poisson ratio 

Cr-Ni-Mo 210 0,3 

 
In the research presented in this work we tried to select 

optimal thickness of the plate for specific clinical case in 
such a way that after implementation the plate is not influ-
enced by plastic strain. The following criteria were taken 
into consideration in optimal thickness selection process: 
• assurance of minimal  displacements of the plate,  
• assurance of proper strength conditions of the plate i.e. 

not exceeding a limit of plastic strain. 
 

In the selection process of optimal design feature of sta-
bilizing plate a module of optimization available in the 
ANSYS was utilized. Problem of optimization was formu-
lated as problem of minimization of the volume of stabiliz-
ing plate with constraints of: 
• thickness of the plate, 
• displacement of the plate along axis 0y, 
• stresses. 
 

Numerical calculations were conducted for three alterna-
tive constraints presented in the Table 3. 
 

Table 3 Values of accepted contraints 
 

 Variant I Variant II Variant III 
Displacement of 
the plate along 
axis 0y [m] 

0÷÷÷÷0,002 0÷÷÷÷0,005  0÷÷÷÷0,008  

Stresses 
[MPa] 0÷÷÷÷800  0÷÷÷÷800  0÷÷÷÷800  

Thickenss of the 
plate [m] 0,001÷÷÷÷0,01 0,001÷÷÷÷0,005 0,001÷÷÷÷0,005 

 
Displacements, stresses and strains of stabilizing plate re-

ceived for optimal value of the thickness of the plate were 
shown on pictures below.  

For the force required to correct the deformation of the 
chest the optimum was received in case of second analysed 
variant of calculations. 
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Fig. 7 Displacements for optimal thickness of the plate for second va-
riant of calculations 

 
 

Fig. 8 Reduced stresses for optimal thickness of the plate for second va-
riant of calculations 

 

 
 

Fig. 9 Strains for optimal thickness of the plate for second variant of 
calculations 

V. RESULTS ANALYSIS AND CONCLUSIONS 

Results of numerical calculations allowed to analyse 
loads and strains in chest after the funnel chest correction by 
Nuss’ method. Model also allowed to determine the value of 
force required to correct such type of deformation. Informa-
tion obtained was sufficient to specify influence of correc-
tion on stress and strain pattern and to determine areas 
where unexpected injuries may occur. 

For analysed case the loads are transmited uniformly in 
most by bone ribs and lower part of sternum. The force 
value required to correct the deformation amounts to 296 N. 

This value was used in further research for optimization of 
geometric parameters of the stabilizing plate thus for deter-
mining optimal conditions of treatment. 
 Utilizing formulated parametric model of stabilizing plate 
a selection of its optimal design feature taking into consid-
eration interaction of the skeleton system and the implant 
was carried out in this work.  

Searching an optimal thickness of the plate for analysed 
clinical case we must ask a question what is more beneficial 
for patient: implantation of the plate with minimal thickness 
but able to transmit smaller loads or implantation of thicker 
plate influenced by not large displacements but able to gen-
erate much bigger ignitable focus. 

Because of necessity of reoperation it seems that implan-
tation of the plate with optimal thickness would be more 
safe. In analysed clinical case the optimal thickness of the 
plate is that one received for second variant of calculations. 
The maximal stress of the plate that do not damage the plate 
at thickness of 0.0032 m amount to 299,87 MPa (fig. 8)  
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Analysis of neck muscles influence on cervical spine loading
conditions during daily activity

M. Gzik
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Abstract— Modeling and experimental researches carried
out in order to neck muscles forces identification during daily
activity are presented in this paper. 3 – dimensional model of
human cervical spine supported by MRI and EMG diagnostics
were used for analysis of correlation between neck muscles
activation and vertebrae loading conditions. Head flexion,
extension, side bending and rotation movements were
analyzed.  Numerical analysis proved that side head bending
generate the worst load, stimulating spine degeneration.

Keywords— Cervical spine, neck muscles, modeling.

I. INTRODUCTION

The spine is functionally one of the most important parts
of the human musculoskeletal structure, which plays the
leading role in the organism as a motion organ, spinal cord
protection and body support. Human cervical spine is
a delicate support of the head. Neck injury mechanism is
especially connected with a head motion and reaction of
neck muscles. Structure of neck muscles system is very
complicated. In spite of many researches relation between
head movement, neck muscles activity and internal forces
are still not complete recognize [1,3,5].

The general aim of the presented researches is finding
correlations between head movement and activity of neck
muscles with use of non-invasive technique MRI and EMG.

II. MODELING RESEARCH

This paper describes an attempt of increasing knowledge
about biomechanical properties of cervical spine based on
model and experimental studies. For this purpose nonlinear
three-dimensional model with 48 degrees of freedom has
been created, which was then used to evaluate responses in
neck under physiological loads. Modeling process was
preceded by studies on anatomy of human cervical spine,
properties of particular elements and kinds of living

organisms modelling.

A. Model assumptions

Model consists of (fig.1):
head, seven cervical vertebrae are treated as 6 degrees
of freedom rigid elements and immovable trunk,
movement of the elements is depended on muscles,
intervertebral discs, facet joints and ligaments activity,

Fig. 1 Ideological scheme of human cervical spine model: a) model with
marked local and global coordinate systems, b) Neck muscles taken under

consideration

muscles are divided in two main groups: first deep
muscles treated as non-linear spring dumper elements
and second group main muscles responsible for head
and vertebrae movement. Muscles of second group are
represented by forces calculating on the basis of
optimization methods, coefficients was determined on
the basis of experimental MRI and EMG methods
[2,3,4,5],
intervertebral disc is divided into isolated segments,
representing anulus fibrosus as nonlinear spring
element acting during extension and compression and

a)                                           b)
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nucleus pulposus as nonlinear spring - damper element
acting only during compression, stiffness of discs was
determined on the basis of experiments,
facet joints is treated as nonlinear spring – damper
element taking into consideration relative motion
possibility of connected vertebrae, additional resisting
moment appears when physiological relative motion
between neighbour vertebrae is exceeded,
ligaments are divided in parallel strips acting as forces
only during elongation, stiffness was determined on the
basis of experiments and literature data [1,2,6].

B. Mathematical model

Three–dimensional dynamical model of human cervical
spine  as  author  program  was  created  on  the  basis  of
multibody methodology with use of MATLAB software.
The equations of dynamic equilibrium of forces, including
the inertial forces and the sum Fi of external excitations and
forces in muscles, discs, ligaments and facet joints, acting
on the member, are considered in an absolute coordinate
system. The moment equations are written in a local system,
coupled with the member. The obtained equations for each
member have the Newton – Euler matrix form (1):
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i=1-8, number of rigid body (head -1, C7-8)
Voi - velocity of member
Joi - matrix of member inertia,
Fi – forces of members gravitation, muscles, discs, facet
joints and ligaments in global co-ordinate system,
Moi – moments of muscles, discs, facet joints and ligaments
into local co-ordinate system.

System of equations for every rigid bodies (2):

)V,(p,(V)V fhM
                       (2)

Ideological scheme of mathematical model of human
cervical spine is presented in figure 2.

Model of
skeletal
 system

Model of disc Model of ligament Model of facet joint

Model of
musce system

u(t)

Fext(t)

FM

VXoi,.. xi ,.. Xoi,...
i, i, i

FD FW FS

VXoi , VYoi, VZoi, Xoi, Yoi, Zoi

Anthropometric data,
material parameters

VXoi, VYoi, VZoi, Xoi, Yoi, Zoi

Fig. 2 Scheme of mathematical model
of skeletal-muscle system

C. Mathematical model of muscles system

Group of 19 couples of neck muscles acting parallel to
saggital plane were taken under consideration. The muscles
were divided into two group:

I. group of main neck muscles:
• trapezius
• sternocleidomastoid
• semispinalis capitis
• splenius capitis
• obliquus capitis inferior
• rectus capitis posterior major
• scalenus medius,

II. group of deep muscles:
• semispinalis cervicis
• splenius cervicis
• longissimus capitis
• longus capitis
• longissimus cervicis
• longus colii
• rectus capitis posterior minor
• obliquus capitis superior
• rectus capitis anterior
• rectus capitis lateralis
• scalenus anterior
• scalenus posterior.

Group of main neck muscles were treated as nonlinear
based on Hill’s type model. The mathematical description
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was taken under consideration passive and active
components (3). Moreover muscles activations a(t) were
determined on the basis of Rassch model and optimization
methods [2,4].

(3)

where

max max pcsaF A
max=75 [N/cm2]

Apcsa–physiological cross section area,
lM, z1, z2,fH, fL – parameters describing muscles features.

Physiological cross section area for each muscle was
determined on the basis of MRI diagnosis. Unique feature
of the research is that Apcsa was measured after framing the
muscle  in  the  space  (tab.1).  It  was  possible  thank  to
cooperation with medical doctors from Medical Diagnostic
Centre VOXEL. MRI was based on 3-DFiesta module
(fig.3).

Table 1 Examples of average physiological cross section area of male and
female neck muscles

MUSCLE FEMALE
[mm2]

MALE
[mm2]

695 1095Trapezius -       Right - R
                           Left - L 731 1106

275 364Sternocleidomastoid    R
                                     L 278 396

62 93Semispinalis capitis -   R
                                     L 64 94

77 94Splenius capitis -          R
                                     L 75 95

Fig. 3 MRI of Sternocleidomastoid
with sign physiological cross section area

Moreover mentioned above experiments needle EMG (of
Trapezius, Sternocleidomastoid, Splenius capitis) as well
functional radiography of cervical vertebra in middle
saggital plane were done.

III. EXPERIMENTAL RESEARCH

The model was verified on the basis of experimental
researches as comparison of spine stiffness (using cadaver
spines), vertebrae relative motion and action of muscles (on
the basis of noninvasive tests on patients during routine
medical diagnosis). Experimental researches were carried
out on tenth human cadaver spines (five of women and five
of man), age 55-65.

Fig. 4 Experimental research on human
anatomical spine

Necessary informations about material parameters were
obtained from tests on specimens of ligaments and discs
fig.5.

a)                        b)

Ligament

Pressure
holders

Fig. 5  a) Compression test of disc
b) Tensile test of anterior longitudinal ligament

IV. RESULTS AND DISCUSSION

Created three dimensional model allow to carry out
numerical simulation of forces in muscles and between
anatomical human parts. Forces in main muscles
responsible for analyzed movement are presented below.
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Fig. 6  Forces in right muscles for flexion head movement

Fig. 7  Forces in right muscles for extension head movement

Fig. 8  Forces in right muscles for right side head bending movement

Fig. 9  Forces in muscles for head rotation to right side

V. CONCLUSIONS

Results of numerical simulations revealed that upper
joints (connecting head and spine) and lower disks are the
mostly loaded during physiological activity. The worst head
movement according to spine degeneration proved side
bending. Head being situated long time in external side
position, which could be connected with professional
activity bad influence on physical conditions of human
cervical spine.

 Emotional conditions as stress influence on neck
muscle tension it leads to additional negative load of
anatomical structure of cervical spine.
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Abstract- To study the role of nitric oxide (NO) in 
regulating oxygen consumption by vessel walls, the 
oxygen consumption rate of arteriolar walls in rat 
cremaster muscle was measured during enhancement 
and inhibition of NO synthesis. The oxygen consumption 
rate of arteriolar walls was calculated based on the intra- 
and peri-vascular oxygen tension (PO2) measured by 
phosphorescence quenching microscopy. The inhibition 
of NO synthesis increased the oxygen consumption rate 
of the vessel walls by 42%, whereas enhancement of 
flow-induced NO release decreased it by 34%. These 
results suggest that NO plays an important role not only 
as a regulator of peripheral vascular tone, but also as a 
modulator of tissue oxygen consumption by reducing 
oxygen consumption by vessel walls. 

Key words- microcirculation, phosphorescence quenching, 
skeletal muscle, vasodilation, vasoconstriction

I. INTRODUCTION 

Nitric oxide is an important regulator of peripheral 
vascular tone. Hypoxia and physical stimuli increase NO 
release by endothelial cells, whereas flow-induced 
vasodilation in elderly humans and aged animals is reduced, 
largely as a result of impaired NO-dependent dilation (1).
NO production not only results in vasodilation but also 
regulate tissue oxygen consumption. Inhibitory effects of 
NO on cell respiration have been reported in various 
preparations, and it is widely accepted that NO reduces the 
activity of mitochondrial functions at the cellular level (2).
In vivo studies have also demonstrated that NO modulates 
tissue metabolism (3). Our recent study reported that 
oxygen consumption by arteriolar walls depends on 
vascular tone (4). The vascular smooth muscle relaxation
decreases vessel wall oxygen consumption. Since NO 
induces vasodilation by reducing the vascular tone, we 
hypothesized that endothelium- derived NO modulates 
arteriolar wall oxygen consumption. In this study, the 
arteriolar wall oxygen consumption rates in vivo were 
determine when increased NO release was induced by an 
increase in blood flow and when NO production was 
blocked with N -nitro-L-arginine methyl ester (L-NAME). 

II. MATERIALS AND METHODS 
Experiments were performed on 9 Wistar rats weighing 

150 to 200 g. Animals were anesthetized with urethane (1 
g/kg) intramuscularly, and the cremaster muscle was used 
to observe the microcirculation and to measure intra- and 
peri-vascular PO2. PO2 measurements were made with the 
oxygen-dependent quenching of phosphorescence decay 
technique (5). Pd-meso-tetra (4-carboxyphenyl) porphyrin 
(Pd-porphyrin) bound to bovine serum albumin was used as 
the phosphorescent probe for oxygen-dependent quenching. 
The phosphorescent probe was excited by epi-illumination 
with an N2/dye pulse laser with a 535 nm line at 20 Hz 
through the objective lens. The epi-illuminated tissue area 
was 10 m in diameter. The phosphorescent emissions 
were captured by a photomultiplier, and the 
phosphorescence signals were converted to 10-bit digital 
signals at intervals of 3 s. A total of 10 pulses were used 
to obtain a mean phosphorescence decay curve, and PO2

values were determined according to Stern-Volmer 
equation.  

The PO2 measurements were made at first order (1A) 
arterioles with an inner-wall diameter of approximately 
80-120 m branching from the central cremasteric artery. 
The intravascular PO2 measurements were carried out 30 
minutes after the injection of a Pd-porphyrin solution 
(approximately 25 mg/kg) into the cannulated jugular vein. 
The perivascular pO2 measurements were then performed 
immediately in the vicinity of the vascular walls of the 
same arterioles. After making the PO2 measurements under 
control conditions, intra- and peri-vascular PO2

measurements were made at the same sites during 
flow-induced dilation. The dilation was induced by the 
parallel arteriolar bifurcation occlusion method, in which 
mechanical occlusion of one branch causes an increase in 
blood flow in the unoccluded branch. After PO2

measurements during flow-induced dilation, the 
nonselective NOS inhibitor L-NAME was infused into the 
jugular vein (21 mg/kg), the PO2 measurements were made 
at the same sites.  

The changes in the arteriolar internal diameter, during 
flow-induced dilation and after L-NAME administration 
were analyzed in video images off-line. Changes in arterial 
blood pressure after L-NAME administration were also 
monitored. In some experiments, to check if arteriolar flow 
velocity increased during occlusion, relative changes in 
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arteriolar flow velocity were monitored by a Laser Doppler 
Flowmeter. 

The oxygen consumption rate of the arteriolar wall was 
determined by using a modified Krogh capillary-tissue 
model (6) for an arteriolar wall having cylindrical geometry. 
The arteriole has an outer radius and inner radius of Ro and
Ri, respectively, the oxygen consumption rate per unit tissue 
volume per unit of time in its wall (QO2) was expressed as: 

QO2 =
(PO2in– PO2peri) (4 tDt)/ [2Ro

2 ln(Ro / Ri) – (Ro
2 – Ri

2)] , 

where PO2peri and PO2in represent the PO2 values of the 
outer surface of the arteriolar wall and within the arteriole, 
respectively. t and Dt represent oxygen solubility and 
oxygen diffusivity, respectively, in the arteriolar wall, for 
which values of 3.0 x 10-5 ml/g/mmHg and 1.5 x 10-5 cm2/s,
respectively, were used. Therefore, the oxygen consumption 
rate of the arteriolar wall was determined by utilizing the 
measured intra- and peri-vascular PO2 values of the arteriole. 
Because of the uncertainty of the location of the outer 
boundary of the vessel wall, the outer radius was assumed 
to be 10% larger than the inner radius, which was measured 
on video-recorded images.  

III. RESULTS  

Systemic arterial PO2, PCO2 , and pH were measured 
with a blood analysis system in samples from the carotid 
arteries. Arterial PO2 averaged 89.7 ± 6.0 mmHg, and 
arterial PCO2 and pH averaged 48.8 ± 8.7 mmHg and 7.33 
± 0.05, respectively. The internal diameter of the 1A 
arterioles under control conditions, during occlusion, and 
after administration of L-NAME was 94 ± 12 m, 102 ± 9 

m, and 83 ± 11 m, respectively. These values were used 
to calculate the oxygen consumption rates of arteriolar 
walls under each of the experimental conditions.  

Changes in hemodynamics during parallel occlusion. 
The mean percent changes in internal diameter of arterioles 
and in blood flow velocity before and during occlusion are 
shown in Fig. 1. The parallel occlusion increased internal 
diameter 13%, and increased flow velocity 39% relative to 
the values before occlusion. They clearly demonstrated that 
the occlusion caused an increase in flow velocity in the 
unoccluded arteriole and induced flow-dependent 
vasodilation. The flow velocity and diameter values during 
occlusion were both significantly higher than before 
occlusion.

Changes in hemodynamics in response to 
administration of L-NAME. The change in internal diameter 
of arterioles and the change in mean arterial blood pressure 
before and after administration of L-NAME are shown in 
Fig. 2. Nonselective NOS inhibition by L-NAME caused a 
significant increase in mean arterial blood pressure, and 
L-NAME caused a significant decrease in internal diameter. 
NOS inhibition with L-NAME decreased arteriolar 
diameter by 15%, whereas enhancement of NO release by 
blood flow increased arteriolar diameter by 13%. 

Figure 1. The mean percent changes in blood flow velocity 
(top) and in internal diameter of arterioles (bottom) before 
and during flow-induced vasodilation (occluded). *P < 0.05 
significantly different from the control group (n = 4 rats for 
velocity measurements, and n = 9 rats for diameter 
measurements). 

Figure 2. The change in mean arterial blood pressure (top) 
and the mean percent change in internal diameter of 
arterioles (bottom) before and after administration of 
L-NAME. *P < 0.05, and **P < 0.01 significantly different 
from the control group (n = 9 rats). 
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Changes in intra- and peri-vascular PO2. The average 
values of intra- and peri-vascular PO2 of the arterioles 
before and during parallel occlusion-induced vasodilation, 
and after administration of L-NAME are shown in Fig. 3. 
The intravascular PO2 values of the arterioles under all 
conditions were significantly lower than the systemic 
arterial PO2 value (89.7 ± 6.0 mmHg). The peri-vascular 
PO2 values of the arterioles during vasodilation were 
significantly higher than before occlusion, although the 
intravascular PO2 values under both conditions were 
approximately the same. Administration of L-NAME 
significantly decreased both the intra- and peri-vascular PO2 

values of the arterioles, possibly as a result of the decrease 
in blood perfusion induced by L-NAME. 

Changes in oxygen consumption rates. The calculated 
oxygen consumption rates in arteriolar walls before 
occlusion and during occlusion-induced vasodilation, and 
after administration of L-NAME are shown in Fig. 4. The 
oxygen consumption rate of the arteriolar walls during 
vasodilation was significantly lower than before occlusion. 
The oxygen consumption rate of the arteriolar walls during 
L-NAME-induced vasoconstriction was significantly higher 
than before L-NAME administration. The oxygen 
consumption rates of the arteriolar walls such conditions 
were 100 - 1000 times higher than the oxygen consumption 
rates of endothelial cells and smooth muscle cells in 
suspension and of isolated vascular segments in vitro. The 
increase in NO release induced by blood flow decreased 
oxygen consumption by 34%, whereas NOS inhibition by 
L-NAME increased arteriolar wall oxygen consumption by 
42%. 
 

IV. DISCUSSION 
 

Although many in vitro and in vivo studies have reported 
that NO release by vessel endothelium may regulate tissue 
metabolism from the cellular to the systemic level the 
potential physiological relevance of NO to oxygen 
consumption remains to be established. The principal 
finding of the present in vivo study is that blood 
flow-induced vasodilation decreases oxygen consumption in 
arteriolar walls and that vasoconstriction induced by 
inhibition of NO synthesis increases arteriolar oxygen 
consumption.  

It is well known that endothelial NO regulates 
peripheral vascular tone and controls capillary perfusion. 
Our finding that inhibition of NO synthesis increases the 
oxygen consumption rate by vessel walls and that 
enhancement of flow-induced NO release decreases it 
suggests that NO plays an important role not only as a 
regulator of peripheral vascular tone, but, by reducing 
oxygen consumption in vessel walls, as a modulator of tissue 
oxygen consumption. Increasing NO release by 
microvascular endothelium, for example by exercise, may 
facilitate efficient oxygen supply to the surrounding tissue, 
whereas decreases in NO production in aged animals and 
elderly humans may become an additional risk factor for 
ischemia. Our results emphasize the physiological 
importance of NO as a modulator of peripheral tissue 

oxygenation.  
Recent microvascular studies have reported that oxygen 

consumption by arteriolar walls depends on the level of 
vascular tone (7). In our previous study (4) oxygen 
consumption by the arteriolar wall during vasodilation was 
reported. Papaverine-induced vasodilation increased the 
arteriolar diameter 17% and decreased the oxygen 
consumption rate 55% of the arteriolar wall. The 
flow-induced vasodilation in the present study, on the other 
hand, increased diameter 13% and decreased oxygen 
consumption by 34%. The variable ratio of vessel diameter 
to oxygen consumption rate ( D/ QO2) is 3.1 during 
papaverine-induced vasodilation and 3.8 during NO-induced 
vasodilation. These results strongly support a direct 
correlation between arteriolar wall oxygen consumption and 
vascular tone. Furthermore, it is considered that NO 
decreases vessel wall oxygen consumption by decreasing the 
workload of the vascular smooth muscle rather than by direct 
modulation of oxygen uptake by NO inhibition of 
mitochondrial cytochrome c oxidase. 
 
 

  
 
Figure 3. The average intra- and peri-vascular PO2 values 
of arterioles before and during parallel occlusion-induced 
vasodilation, and after administration of L-NAME. *P < 
0.05, and **P < 0.01 significant difference from the control 
group (n = 9 rats). 
 

  
 

Figure 4. The average values of oxygen consumption rates 
in the walls of arterioles before and during parallel 
occlusion- induced vasodilation, and after administration of 
L-NAME. *P < 0.05, and **P < 0.01 significantly different 
from control group (n = 9 rats). 
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Fewer studies have analyzed the relationship between 
NO and oxygen consumption by investigating the effects of 
flow-induced NO release than by inhibition of NO synthesis. 
In the present study the parallel arteriolar bifurcation 
occlusion method was used to induce flow-dependent 
vasodilation. Intravascular pressure of unoccluded arteriole 
may rise during occlusion, but the effect of the increase in 
pressure on vasodilation is small. Most of the vasodilation 
was induced by the increase in flow-dependent NO release, 
since arteriolar diameter increased only 2.5% during 
occlusion by L-NAME or L-NAME plus indomethacin (data 
not shown), whereas it increased 13% during occlusion. The 
2.5% increase in diameter may have been caused by 
intravascular pressure changes.  

In conclusion, NO plays an important role not only as a 
regulator of peripheral vascular tone, but also as a modulator 
of peripheral tissue oxygenation. The increase in NO release 
by vascular endothelium facilitates efficient oxygen supply 
to the surrounding tissue reducing oxygen consumption by 
the vessel walls as well as by increasing blood flow. 
Conversely, decreases in NO production in elderly humans 
or hypertension may be an additional risk factor for ischemia 
in peripheral tissue, in addition to being a risk factor for 
angiopathy. 
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Modern stereological methods for studying blood and lymphatic microvessels  
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Abstract— Stereological methods are frequently employed 
to define three-dimensional (3D) features of microvessels 
(MVs) on their images of lower dimension, usually two-
dimensional (2D) sectioning profiles. We review the stereologi-
cal methods designed and patented recently by our company 
for studying blood and lymphatic MVs. These methods in-
clude: (i) the method for determining 3D MVs' sizes, with 3D 
ellipticity of the MVs being taken into account for the first 
time, (ii) the method for estimating the MVs' angular distribu-
tions in 3D space, and (iii) the method for defining MVs' spa-
tial arrangement based on the pair correlation function, 
g'3D(r).  

The methods were applied in studying the rat thyroid MVs. 
The perifollicular blood capillaries were revealed to be ellipti-
cal (typical 3D axial ratio, X0/Y0, was equal to 1.6), with their 
angular distributions being isotropic. The capillaries were 
found to be clustered on their sizes, 72.7% of them having 
X0/Y0 1.6, 17.6%, X0/Y0 1.0, and 9.7%, X0/Y0 3.2. In hyper-
calcemia, the 3D axial ratio values were estimated as 
X0/Y0 1.3 for 79% and X0/Y0 2.7 for 21% of the capillaries, 
the isotropy conditions being used again for approximating 
their angular distributions. Spatial arrangement of the capil-
laries was assessed to be inhibitory, so that they tend to avoid 
each other in the thyroid volume. Though, the capillaries are 
located around follicles rather regularly and therefore g'3D(r) 
curves can demonstrate peaks sometimes.  

The designed set of the stereological methods is instrumen-
tal in precise modeling of microcirculatory network geometry 
for the aims of microanatomy-based studying of the networks 
physiology in organs and tissues. The presented methods con-
stitute the core of a novel technology of stereological recon-
struction of blood and lymphatic MVs developed by our com-
pany and scheduled for marketing in 2009-2010. 

Keywords— microcirculatory network, size distribution, angu-
lar distribution, spatial arrangement, statistical 
modeling. 

I. INTRODUCTION  

Blood and lymphatic microvessels (MVs), i.e., vessels 
with diameters of up to 200-250 m, supply organ cells by 
the needed substances and ensure removal of catabolic 
wastes into circulation. In endocrine glands, MVs are addi-
tionally involved in transfer of hormonal molecules to sys-
temic blood. Microcirculation is so important physiologi-
cally that MVs are certainly in scope of many modern 

investigations in the field of medical physics and biomedi-
cal engineering. 

Stereological methods are frequently used to define 
three-dimensional (3D) features of MVs (including number, 
sizes, densities, angular orientations, and spatial arrange-
ment) on their images of lower dimension, usually two-
dimensional (2D) sectioning profiles. Without these meth-
ods, much valuable information can be lost about correla-
tions between structure and function in organs and tissues, 
quantifications of these aspects being the essence of the 
Physiome project.  

In the present paper, we review stereological methods 
designed recently by our company for studying MVs. These 
methods include: (i) the method for determining 3D MVs' 
sizes, with 3D ellipticity of the MVs being taken into ac-
count for the first time, (ii) the method for estimating the 
MVs' angular distributions in 3D space, and (iii) the only 
method for defining MVs' spatial arrangement based on the 
most widely used second-order stereology parameter, pair 
correlation function.  

The methods in the set enrich each other in simultaneous 
use and make it possible to obtain a great deal of informa-
tion about MVs unachievable by any other methods. This 
set of the methods constitute the core of a novel technology 
of stereological reconstruction of blood and lymphatic MVs 
developed by our company and scheduled for marketing in 
2009-2010. All these methods meet to the requirements of 
novelty, inventive step, and industrial applicability as estab-
lished by the official examination: recently the methods of 
the technology became a subject of patent protection (pat-
ents on inventions  RU2211487, RU2218601, RU2219583, 
RU2291488, RU2326441).  

II. THE STEREOLOGICAL METHODS DESIGNED 

A. The method for defining 3D MVs' sizes, with ellipticity of 
the MVs being taken into account 

Cross-sectional sizes belong to the most useful character-
istics of blood and lymphatic MVs. Because MVs are ran-
domly orientated in a tissue volume, a majority of their 
profiles obtained by planar sectioning in any direction have 
the sizes, which differ substantially from the true, or 3D, 
sizes. To define MV sizes from measurements made on MV 
profiles found on 2D sections, an assumption must be made 
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about an MV shape, a circular cylinder being used tradition-
ally to approximate the latter on limited lengths.  

Meanwhile, general considerations suggest that MVs 
might be capable of acquiring an ellipticity in the regions of 
comparably low internal pressure, and the circular cylinder 
model is clearly irrelevant in this case. 

Taking this into account, we developed the elliptical cyl-
inder model, whose relationships between the sectioning 
profile (2D) and the true (3D) sizes (2D/3D-relationships) 
have been obtained for the first time, specifically, the rela-
tionships between the minor radius (Y), major radius (X), 
axial ratio (X/Y), area (S), and perimeter (P) on the one 
hand, and their 3D counterparts (Y0, X0, X0/Y0, S0, P0) on 
the other. The 2D/3D-relationships make it possible to de-
rive elliptical MV sizes from sectioning profile size distri-
butions. The method for defining 3D MVs' sizes and size 
distributions is thoroughly described in [1]. 

We applied the method in studying perifollicular blood 
capillaries in the normal rat thyroid. A factual axial ratio 
(X/Y) frequency histogram was constructed on the data of 
transmission electron microscopy. The histogram was fitted 
by theoretical X/Y probability density functions (PDFs) 
plotted for different sets of the capillary sizes. Typical 3D 
axial ratio of the capillaries was found to be equal to 1.6 
(X0/Y0=1.6). Besides, the thyroid capillaries were revealed 
to be clustered on their axial ratios, 72.7% of them having 
X0/Y0 1.6, 17.6%, X0/Y0 1.0, and 9.7%, X0/Y0 3.2 [1]. 

We estimated also the applicability of the method in the 
rats with experimental hypercalcemia produced by calcium 
gluconate (i.m., 10%, 0.7 ml/day, 3 days). In hypercalcemia, 
the 3D axial ratios were evaluated as X0/Y0 1.3 for 79% 
and X0/Y0 2.7 for 21% of the capillaries [2]. 

Our findings, taken together with scarce data of other re-
searchers on an ellipticity of MVs (the data were obtained 
only in heart and skeletal muscles by means of optical sec-
tioning of smaller MVs through thickness of a thick histo-
logical section [3], measuring corrosion casts of bigger 
MVs [3], and approximate calculations using the MVs' 
perimeters P0 assessed by model-based and model-free 
stereological methods, with the clearly ideal assumption 
being made that all MVs in the organ under study have the 
same X0/Y0 values [4]), lead to the conclusion that elliptic-
ity of MVs is not a single case. To all appearances, a vast 
majority of MVs, which have comparably low internal pres-
sure (blood capillaries, sinusoids, postcapillaries, venules, 
and microlymphatics), are elliptical in their perpendicular 
sections.  

Therefore, the elliptical cylinder as the shape model of 
these MVs should be used in modern research as well as our 
technique, which is the only method based on the approxi-
mation of MVs on their limited lengths in the vicinity of 
sectioning planes by elliptical cylinders. The defined 

2D/3D-functions underlie a novel approach to stereological 
reconstruction, making it possible to develop more precise 
models of microcirculatory networks. 

B. The method for estimating the MVs' angular distributions 
in 3D space 

In this section, an application of the elliptical cylinder 
model to anisotropically arranged MVs is discussed. This 
application is of substantial importance because MVs are 
clearly anisotropic in many organs and tissues (e.g., in 
skeletal muscles, myocardium, tubular bones, intestine, 
peritoneum, eye tunics, pleura, meninges, some regions of 
brain). For these MVs, employing three-dimensionally iso-
tropic sets of cylinders approximating MVs on their limited 
lengths can result in severe errors even provided the ade-
quate MV ellipticity is taken into account in modeling. 

The essence of the method for estimating the MVs' angu-
lar distributions in 3D space can be explained as follows. 
Based on the elliptical cylinder model, MVs' angular distri-
butions can be estimated, given MVs' size distributions and 
the 2D/3D-relationships. The task is to fit a factual histo-
gram of the sectioning profile sizes by the theoretical PDFs 
and to find then the best fit conditions iteratively. 

Following this approach, we first theoretically regard 
PDFs for axial ratios (X/Y) of sectioning profiles of ellipti-
cal MVs arranged with anisotropy in a tissue volume. For 
plotting the PDFs the anisotropy cases were taken with 
PDF( , ) given by pair combinations of the following dis-
tributions: (i) a uniform distribution of the angles  and/or 

, (ii) the angle  distribution with PDF =sin , (iii) Gaus-
sian distributions of  or , and (iv) Dimroth-Watson [5] 
distributions of the  or  values; here  and  are polar 
and planar angles respectively, which define mutual orienta-
tion of an elliptical MV and a sectioning plane. Although 
any other distributions can readily be used in MV modeling, 
these comparably simple and widely known distributions 
seem to be capable of dealing with a vast majority of real 
situations of anisotropy of blood and lymphatic MVs. Still, 
some specific situations of microarchitecture of MVs can be 
easily related to these anisotropy cases. 

For illustrative purposes, PDFX/Y curves were obtained 
for MVs with the fixed X0/Y0=2.0, and the anisotropy ef-
fects on the X/Y expected frequencies were explored theo-
retically. It was found that MVs' anisotropy leads to asym-
metry of the PDFX/Y curves, changes in a portion of MV 
sectioning profiles with X/Y values close to X0/Y0 (most of 
these profiles are yielded by nearly perpendicular MV sec-
tioning, and this portion relates to the specific modal effect 
in stereology we described for the first time), and additional 
modes on the PDF curves. These PDFX/Y curves are appli-
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cable in fitting X/Y empirical distributions with the help of 
the designed method based on the elliptical cylinder model. 
The PDF curves for any other sizes of elliptical MVs ar-
ranged with anisotropy can be plotted in a similar way. 

In the study of the perifollicular blood capillaries in the 
rat thyroid, the resultant structural model implied that the 
capillary angular distributions are approximated well 
enough with the conditions of isotropy, or zero anisotropy,  
i.e., PDF( , )=sin /  ([0, /2], [0, ]). 

It should be mentioned finally that the method for esti-
mating the MVs' angular distributions (and similarly the 
method for defining 3D sizes of MVs) relates to the field of 
the model-based stereology. Although model-based meth-
ods are usually perceived of diminished implementation 
nowadays, the shape model use for MVs is surely justified. 
This is because the existing design-based methods cannot 
give an idea of the orientational distributions of MVs as 
well as of the size distributions of MVs' perpendicular sec-
tioning profiles. 

C. The method for determining MVs' spatial arrangement  

Spatial arrangement of blood and lymphatic MVs defines 
their network construction and interrelations with organ 
cells. While both features are known to have considerable 
effects upon parameters of microcirculatory supply of or-
gans and tissues, this aspect is still to be explored. Specifi-
cally, correlations can be expected between the spatial ar-
rangement of MVs and their functional features related to 
oxygen supply, nutritive mass transfer, catabolite removal, 
and transport of hormonal molecules to systemic blood. 

Conventional methods for the analysis of the MVs' spa-
tial arrangement were mainly used for studying organs with 
longitudinally orientated MVs as myocardium and skeletal 
muscles (e.g., [6-9]). These methods can be classified as 
follows: (i) methods of spatial statistics for planar point 
patterns, (ii) methods based on determining MVs' spatial 
arrangement by concentration of MVs' profiles on a section-
ing plane, and (iii) direct measurements of the shortest dis-
tances between MVs in histological sections or in MVs' 
corrosion casts. The common drawback of all these methods 
is that they are not suitable for MVs without any clear pref-
erential orientation, as in many organs and tissues. Still, the 
conventional methods do not allow characterizing in a prob-
abilistic manner the variability of the mutual locations of 
MVs to each other in 3D space. 

The conventional use of stereological methods in mi-
croangiological studies means particularly the estimation of 
the length density LV, i.e., the mean length of MVs per unit 
volume, which is a first-order characteristic. Very often it is 
also needed to study the spatial variability of this structural 
concentration, that is to find how, given a mean value, the 

structural concentration of MVs oscillates in tissue space. 
For this aim, methods of second-order stereology can be 
employed. And one of the most useful of these methods is 
the estimation of the pair correlation function, g(r), which is 
a statistical measure of the spatial randomness of distances 
between the objects under study. 

Unfortunately, the standard second-order estimators [10] 
cannot be applied in microangiological studies. Indeed, 
MVs' lengths substantially exceed other size characteristics 
and therefore the spatial variability of structural concentra-
tion of MVs should be expressed in length-based terms, 
which is not the case for the standard estimators.  

Recently we could show that the pair correlation function 
of the system of all central points of 2D sectioning profiles 
of isotropic and nearly isotropic elongated objects, g2D(r), is 
a very good approximation of the objects' pair correlation 
function in 3D space, g'3D(r) [11], i.e.,  

g2D(r)=g'3D(r).                               (1) 
This simplicity derived from a conceptual modification of 
the pair correlation function, which is now used in a re-
duced sense and denoted by g'3D(r). This function, in con-
trast to the usual g3D(r), is not dependent on the object on 
which the reference point is located in the analysis (for 
details, see [10-12]). The concept of the reduced g'3D(r) is of 
especial benefit for studying short-range relationships be-
tween MVs.  

The distributional information given by a g'3D(r) curve 
can be explained as follows. If g'3D(r)=1, the MVs reflect at 
the distance r a behavior like in a completely random sys-
tem of elongated objects. Values of g'3D(r) exceeding 1 
indicate attraction of the MVs at the distance r, i.e., the 
inter-MV distance r is observed more often than in the case 
of randomness of spatial arrangement of the objects under 
study. In case g'3D(r)<1, the MVs show an inhibitory rela-
tionship at the distance r, i.e., the inter-MV distance r is less 
often than in the case of randomness. 

The g'3D(r) estimator was applied to perifollicular blood 
capillaries in the rat thyroid [12]. The studied capillaries 
demonstrated a clear inhibitory pattern of spatial arrange-
ment in the tissue, so that they tend to avoid each other in 
the thyroid volume. At r 9 m, the spatial inhibition was 
especially pronounced and the mean g'3D(r) was less than 
0.5. This is in close relation to the sizes of the capillaries 
under investigation. At the same time, the capillaries are 
located around follicles rather regularly. Due to this regular-
ity, the g'3D(r) curves sometimes demonstrate peaks with 
heights exceeding 1. The appropriate r values reflect dis-
tances on that the capillaries are arranged especially regu-
larly. Such regularity can provide an optimal distribution of 
oxygen and other needed substances in the tissue and opti-
mization of delivery of catabolites as well. 
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The g'3D(r) estimator was also applied effectively in the 
research of blood capillaries in angiomyolipoma [13], nor-
mal prostate [14], and prostate cancer [14]. 

We hope that the method for determining MVs' spatial 
arrangement based on the pair correlation function can be 
helpful in analyses of various organs and tissues, where 
microcirculatory networks meet the requirements of being 
stationary and isotropic. 

III. CONCLUSIONS  

The designed set of the stereological methods is instru-
mental in precise modeling of microcirculatory networks' 
geometry for the aims of microanatomy-based studying of 
the networks physiology in organs and tissues.  
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Abstract—The purpose of this study was to identify a
mechanomyogram (MMG) system with subspace-based state
space model identification (4SID), a black-box system iden-
tification method. The input data consisted of the electrical
stimulation of the common peroneal nerve, which made the
anterior tibial muscle contract. The output data consisted of the
evoked MMG. The system was well identified with the sixth-
to tenth-order models. The transfer function was factorized
to the second-order model describing the mechanical systems
consisting of mass, viscosity and elasticity. The coefficients of
the second-order model were evaluated, and the coefficients
reflecting the elastic properties were classified into two groups:
The group reflecting active muscle elements increased as
the contraction level increased, while that reflecting passive
elements such as skin or fat did not. These results suggest that
the mechanical properties of both active muscle and passive
tissue can be evaluated by the proposed method.

I. INTRODUCTION

The mechanical oscillation of skin overlying the muscle
is observable by the lateral expansion of a contracting
muscle. This vibration can be detected with a transducer
such as an accelerometer. A mechanomyogram (MMG) is
used to represent the properties and the mechanism of the
mechanical vibration of muscles.
In some studies, the MMG reflected the internal state of

a muscle more circumstantially than did an electromyogram
(EMG) [1]. Thus, the MMG is expected to become the
new index for evaluating muscle function. Although many
qualitative studies on the MMG have been published, few
quantitative ones have been done. A quantitative MMG
analysis would provide useful information on the active and
visco-elastic properties of muscle and other passive tissues
such as fat and skin.
In this study, we describe the MMG system in the low-

order transfer function model by using the 4SID method
[2]. We factorize the transfer function to the second-order
model, describing the mechanical system in terms of mass,
viscosity and elasticity. Finally, we analyze the elasticity at
various electrical stimulation levels.

II. METHODS

A. Measurements

Seven healthy male subjects participated in the exper-
iment. After the common peroneal nerve was stimulated
electrically, the evoked MMG of the anterior tibial muscle
was measured. The experimental setup is shown in Fig.
1. Electrical stimulation was carried out with an electrical
stimulator (SEN-3301, Nihon Koden), an isolator (SS-104J,
Nihon Koden) and disposable electrodes (Vitrode F, Nihon
Koden). First, each subject was asked to sit on a chair
with his right ankle fixed in order to prevent his body
from moving due to muscle contractions. Five monopolar
rectangular pulses were applied to the subject’s peroneal
nerve. The pulse width was 500 μs, and the inter-pulse
interval was 300 ms. The maximum amplitude of the MMG
had been measured prior to the experiment. The stimulation
strengths were tuned at 10, 25, 40, 50, 75 and 100 % of the
maximum amplitude of the MMG. The MMG was recorded
with an accelerometer (MPS 110-10-101, Medisense) at-
tached to the muscle belly of the anterior tibial muscle. The
obtained signal was amplified using a mechanomyograph
(MPS 110, Medisense) with a frequency range of 0 to 250
Hz and a sampling frequency of 2000 Hz. The stimulation
was repeated six times, and the recorded MMGs were
synchronously added.

B. State-space Model Estimation Using the 4SID Method

The 4SID method does not require any specific input such
as a step or impulse. Rather, it is a system identification
method used to estimate the state-space model through
general input waves [3]. The 4SID method can be used to
make highly accurate estimates without setting the order in
advance; the method of estimating the preferred order is
equal to that of the singular value decomposition method
[4]. By substituting input (u(k)) and output (y(k)) waves for
the state space, as shown in Eq. (1), and applying the 4SID
method, the order and the coefficients of the input-output
system can be estimated.
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Fig. 1. Schematic illustration of experimental setup

{
xxx(k+1) = AAAxxx(k)+bbbu(k)

y(k) = cccxxx(k)+du(k) (1)

The transfer function of the system is calculated using
Eq. (2) by applying the estimated coefficient values:

G(z) = cccT (zIII−AAA)−1bbb+d (2)

In the present study, the degree of identification accuracy
was measured by calculating the accidental error (Fitness;
F: Eq. (3)) between the actual experimental data and the
modeled data (ŷ(k)) estimated through the 4SID process.
ȳ(k) is the averaged data of y(k). Fitness is 100% when the
two waves make a complete match, but the value decreases
if there is an increase in accidental error.

F = 100×
⎧⎨
⎩1−

√
N
k=1(ŷ(k)− y(k))2√
N
k=1(ŷ(k)− ȳ)2

⎫⎬
⎭ (3)

C. Analysis

First, the time lag between the stimulation and the onset
of MMG was determined and removed from the MMG.
The standard deviation of the background signal (SD) was
calculated. We assumed that the MMG was observed when
it was over 3 SD. The stimulus pulse train made up the
input data, and the MMG made up output data. The N4SID
method was applied to the input-output data. The analysis
was carried out with MATLAB (MathWorks).
Next, the transfer function was calculated and factorized

to the second-order model. The discrete transfer function
was transfered to the continuous one, Gn(s) in Eq. (4),
which describes the mechanical system shown in Fig. 2,
and consists of mass (m), viscosity (h) and elasticity (k).

Gn(s) =
1
m

1
s2+(h/m)s+ k/m

(4)

k h

f (t)

x(t)

m

Fig. 2. Second-order mechanical model

We investigated the relationship between the coefficients
(h/m and k/m) and the contraction level (electrical stimu-
lation strength).

III. RESULTS

A. System Identification of MMG

Fig. 3 shows a typical example of the observed and
estimated MMGs (Subject A, 25% of the maximum stimula-
tion). The tenth-order of the model was used. The black solid
line denotes the stimulation pulses. The black dotted line and
red line denote the observed MMG and the estimated MMG,
respectively. The MMG was well estimated by the model.

Fig. 3. Typical example of observed and estimated MMGs. Subject A,
25% of the maximum stimulation, tenth-order model.

The relationship between the model order and the fitness
is shown in Fig. 4. The fitness of the tenth-order or higher
models was greater than 86%, but that of the ninth-model
was around 70%. The fitness decreased rapidly when the
model order was less than the tenth; therefore, we chose the
tenth-order for this system.
Other MMGs at various contraction levels were also well

estimated with the tenth-order model.
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Fig. 4. Relationship between model order and fitness. Subject A, 25% of
the maximum stimulation.

B. Elastic and Viscous Indices

Fig. 5 shows the relationship between the contraction
level and visco-elastic indices. The top panel (a) shows
the elastic indices, k/m. Three indices denoted with the
closed circles, open circles and closed squares increased
as the contraction level increased, but the other two ones
denoted with the open squares and closes triangles did not.
The former indices provided high natural frequencies of
100 Hz or more, indicating that these indices reflected the
muscle’s active elastic properties. The latter indices, which
provided low natural frequencies of 50 Hz or less, reflected
passive elastic properties depending on the skin and fat.
Other subjects showed similar properties.
The bottom panel (b) shows the viscous indices, h/m.

There were no significant tendencies in spite of the increase
in the contraction level. Other subjects showed similar
properties.

IV. DISCUSSION

A. Block Diagram of the MMG

Three of the elastic indices increased as the muscle con-
traction level increased, while the other two elastic indices
did not. The muscle elasticity was regulated by muscle
activation level. Therefore, we created a block diagram of
the system as shown in Fig. 6.
There are many combinations of the second-order model.

We supposed that three active and one passive components
were parallel, and they were connected to the one passive
component. When the common peroneal nerve was stimu-
lated, the muscle contracted, and the lateral force made the
parallel (three active and one passive) component expand.
Then the lateral force filtered by the parallel components
made the serial passive component expand.

Fig. 5. Relationship between contraction level and visco-elastic indices.
(a) elastic index, (b) viscous index. Subject A.

1
s2+h1/ms+ k1/m

1
s2+h2/ms+ k2/m

1
s2+h3/ms+ k3/m

1
s2+h4/ms+ k4/m

1
s2+h5/ms+ k5/m

k

Active component

Passive component

Passive component

Fig. 6. Block diagram of the system.

B. Viscous Index

Although the viscous indices were not well estimated, the
muscle viscosity was regulated by the muscle activity, which
indicated that the input to the system was not appropriate
for the identification of the viscous property. The input data,
which in this study was five-pulse train stimulation, did not
cause tetanus and eliminated nonlinear characteristics of the
fused contraction of the muscle. The output, however, was
an impulse response train.

V. CONCLUSION

The common peroneal nerve was stimulated and the
MMG recorded. The system was approximated with the
tenth-order model. The model was factorized to five sets of
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the second-order model consisting of elasticity, viscosity and
mass. Three of the elastic indices increased as the muscle
contracting level increased, but the other two indices did
not, indicating that the former corresponded to an active
component such as muscle and the latter to a passive one
such as fat or skin.
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Abstract— Flights with alternating ±Gz acceleration in a cock-
pit of agile aircraft with high maneuvering capabilities invoke 
a cardiovascular response of the organism named a Push-Pull 
effect. This phenomenon is characterized by the rapid and 
significant decrease of blood pressure accompanied by a 
slower return to the standard value as a result of compensation 
reaction. Particularly the slower return of blood pressure to 
the original value after its previous rapid decrease is a very 
dangerous factor during flights. The new LBNP (lower body 
negative pressure) examination method with the simulation of 
the Push-Pull effect is an important training stage preceding 
pilots’ centrifuge training. Blood pressure is a significant pa-
rameter reflecting the cardiovascular regulation level and it 
responds very sensitively to both a Gz acceleration and an 
LBNP exposure. 

Keywords— Pilot’s ±Gz tolerance, Push-Pull effect, LBNP 
examination, anti-g maneuvers. 

I. INTRODUCTION  

High values of the gravitational acceleration (Gz) affect 
pilots during flights in a cockpit of agile aircraft with high 
maneuvering capabilities. Flights with alternating plus and 
minus gravitational acceleration (±Gz) belong in the first 
place to most demanding flights. This alternating ±Gz ac-
celeration invokes a cardiovascular response of the organ-
ism named a Push-Pull (PP) effect [3]. This phenomenon is 
characterized especially in individuals with insufficient 
tolerance by the rapid and significant decrease of blood 
pressure (BP) accompanied by a slower return to their stan-
dard values as a result of compensation reaction. Particu-
larly the slower return of BP to the standard value after its 
previous rapid decrease is a very dangerous factor during 
flights. PP effect decreases in most of pilots the +Gz toler-
ance which becomes evident first of all in phase of +Gz 
action after previous impact of the negative acceleration. At 
this period pilot’s performance is reduced and an impair-
ment of the vision and G-LOC can occur. We tested pilots’ 
±Gz acceleration tolerance during real flights [1, 2]. Then 
we compared pilots’ physiological responses during flights 
with responses in a human centrifuge and during an LBNP 
examination. 

An LBNP examination technique is an examination in 
conditions of lower body negative pressure. It is an exami-

nation with the negative pressure action on the lower part of 
the body. An LBNP examination method is mainly used in 
conditions of the long-term microgravity. It means it is used 
during space flights or after space flights. In these cases low 
level of negative pressure up to minus 20 mmHg is applied 
but for long time. On the contrary in our case a pilot is ex-
posed to negative pressure high values, however for very 
short time. 

The original method of our LBNP examination was de-
veloped for the pre-selection of pilots with low +Gz toler-
ance. We have step by step managed to develop the new 
LBNP examination method with the PP effect simulation. 
Identical BP responses approve a correspondence of the PP 
effect during LBNP expositions with the PP effect in real 
flights. BP changes during LBNP exposition correspond 
very well to in-flight PP effect. 

II. MATERIALS AND METHODS 

A. Push-Pull effect during real flights 

We tested pilots’ Gz tolerance in conditions of alternat-
ing ±Gz acceleration during real flights and at the same time 
the influence of the flight altitude on responses of physio-
logical signals [2]. A group of six Czech Air Force pilots 
was examined during two sinusoidal flights using the L-39 
aircraft. The L-39 is Czech Air Force light training combat 
subsonic jet aircraft. Every flight was realized at two flight 
levels of the safe altitude of 7 000 ft and the low level of 
900 ft. The amplitude of Gz load reached values from –1.5 
to +3.5 Gz. Each pilot was exposed to 15 cycles of repeti-
tion with time duration of any cycle approx 15 – 20 seconds 
in every flight (Fig. 1). 

Continuous BP was measured by the Portapres device, 
heart rate (HR) and other physiological signals (ECG, respi-
ration volume) by the cockpit physiological system, devel-
oped at the Institute of Aviation Medicine, Prague. At same 
time with evaluation of the influence of the flight level on 
responses of physiological signals we examined emergences 
of the PP effect in mentioned conditions from view of BP 
and HR behaviors. We could find out in all flights very 
range of BP changes and BP decreases with their slower 
return to standard BP values. Same is true HR responses [2]. 
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Fig. 1 Creating of the gravitational acceleration profile during flights 

 

 

Fig. 2 Design drawing of the LBNP device with the examined pilot in the 
43° head down tilt position  

B. Push-Pull  effect during an  LBNP exposition 

LBNP examinations with a PP effect simulation consist 
of two stages following one by one. The first stage repre-
sents the PP simulation the second stage corresponds to the 
standard LBNP exposure. PP effect is simulated by means 
of tilting LBNP device backwards to the 43° HDT (head 

down tilt) position (Fig. 2). There is atmospheric pressure in 
the LBNP chamber. This first step corresponds to the pla-
teau of microgravity. Pilots remain in this position through-
out two minutes. Plus Gz load is created by the rapid LBNP 
exposition accompanied with a rapid return of the LBNP 
device to the vertical position. Negative pressure level has 
the value of 70 mmHg and this value is achieved in one 
second. The return of the device to the vertical position is 
accomplished also very rapidly, namely in two seconds. The 
exposition is finished at the end of the two minutes interval 
in case of sufficient tolerance. Otherwise, it is finished 
sooner, of course. The second stage is launched after a two 
minutes pause. The LBNP examination is accomplished 
again with one-step exposure to the negative pressure level 
of 70 mmHg with achievement of this value again in one 
second. Pilots are examined in the sitting position. As well 
as in the first stage the exposition is finished at the end of 
the two minute interval in case of sufficient tolerance. 

An LBNP exposition is also used as a method of drill in 
anti-g maneuvers [5]. Anti-g maneuvers mean the strain and 
breathing exercise. The strain maneuvers involve correct 
tension of the appropriate leg muscles and abdominal mus-
cular groups. For a breathing exercise is very important to 
cope with forced expiration technique after short vigorous 
inspiration and also it is important to deal with the correct 
respiration frequency. After both separate elements are 
mastered, a complex drill of the anti-g maneuvers technique 
follows which it means to cope with all elements during a 
combined exercise. The correct execution of the anti-g ma-
neuvers is accompanied with the instantaneous increase in 
BP and HR. A proper practical exercise of anti-g maneuvers 
is initiated before the end of exposure or upon an indication 
of cardiovascular system regulation insufficiency. 

This new LBNP examination method with the simulation 
of the PP effect is an important training stage before the 
demanding centrifuge training. Well-timed and correct 
usage of anti-g maneuvers towards an overloading in highly 
agile and powerful aircraft during flights is a fundamental 
assumption of the full exploitation of all aircraft properties. 

III. RESULTS 

A typical course of BP and HR at pilots with sufficient 
cardiovascular regulation during LBNP exposure with the 
PP simulation we can see in Fig. 3. The initial two-minute 
simulation of the -Gz load in the 43° HDT (head down tilt) 
position and the consecutive rapid shift evoke the enhance-
ment of the parasympathetic nervous system. The rapid 
changeover to the vertical position and contemporaneous 
LBNP effect are vigorous orthostatic stimuli. However, 
reflective orthostatic compensatory mechanisms are weak-
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ened and decelerated in the situation of the increased vago-
tonia. At the same time their effect is significantly reduced. 
This contributes during first ten seconds of the +Gz simula-
tion to the progressive BP decrease. HR rises up as the 
compensatory response. Then the BP increase is relatively 
slow and the achievement of the initial value is only after 
other more then 20 seconds. 

It results from Fig. 3 that +Gz tolerance of the examined 
subject was critically decreased at the beginning of this 
simulated +Gz load. It must be emphasized once again that 
the pilot’s performance is considerably reduced during 
flights in the event of the PP effect occurrence. 

On the contrary a typical course of BP and HR during the 
standard LBNP exposure at the individual with sufficient 
cardiovascular regulation demonstrates slower decrease in 
BP. Short-time systolic BP rapid decrease can sometimes 
occur but it has only short duration. The return of BP to 
initial values is faster than in case of PP effect. In this case 
the pilot’s +Gz tolerance is in no way reduced (Fig. 4). 

Rapid BP decrease immediately after an LBNP begin-
ning is typical just in case of the insufficient orthostatic 
tolerance. The worst situation arises when BP decrease is 
followed by rapid HR fall. Unless the LBNP exposure is 
finished the collapse state takes place immediately or very 
soon. 

Confirmation of different physiological responses under 
condition of the standard LBNP load and PP load was the 
essential goal of the statistical evaluation. For this purpose 
the following parameters (relative changes) were evaluated 
at 29 Czech Air Force pilots during both types of examina-
tions and compared at initial 50 seconds intervals in both 
examinations: 

 BPS0/BPs, BPD0/BPd, where 
 BPS0: systolic BP quiescent value just before an LBNP 

exposure beginning, 
 BPD0: diastolic BP quiescent value just before an 

LBNP exposure beginning, 
 BPs: minimal attained systolic BP value at the 50s 

interval, 
 BPd: minimal attained diastolic BP value at the 50s 

interval. 

The pairs of above listed data were compared for each pi-
lot. All calculated values should be greater in the set with 
PP effect. The statistical test was designed to objectively 
prove that this claim stands good. A method for two inde-
pendent stochastic selections was chosen, namely the Wil-
coxon – White test that confirmed statistical significance on 
the level p < 0.01. 
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Fig. 3 Typical course of BP and HR during LBNP exposure with PP 
simulation, where: BPS - systolic blood pressure, BPD - diastolic blood 
pressure, HR - heart rate, NP – negative pressure in the LBNP chamber 
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Fig. 4 Typical course of BP and HR during standard LBNP exposure 
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It must be emphasized that all examinations without ex-
ception showed a substantially greater BP decrease (BPs 
and BPd) with its slower recovery to primary values in the 
phase of PP simulation in comparison with the standard 
exposure. 

IV. DISCUSION 

In past we compared pilot's physiological responses to 
the LBNP, flight and centrifuge load [1]. Physiological 
responses from the blood pressure and heart rate point of 
view are in an LBNP examination similar to the +3.5Gz in a 
human centrifuge and mostly correspond to the gravitational 
acceleration +4.5Gz during flights in aircraft. We explain 
differences of Pilots’ tolerance to +Gz acceleration between 
aircraft and a human centrifuge that the aircraft environment 
is for the pilot less stressed than the his tolerance testing in a 
centrifuge. 

Flights in aircraft with ±Gz acceleration represent a heav-
ier load of the pilot’s organism in comparison with flights 
having only +Gz overloading. The same result we can see 
during an LBNP examination with the evoked PP effect. 
Tested pilots indicated feelings of sickness, dizziness and 
fuzzy vision. The comparison of BP and HR responses in 
real flights during ±Gz acceleration with BP and HR re-
sponses in the LBNP device during a simulation of the PP 
effect was made only visually. BP responses in LBNP ex-
aminations with the PP effect simulation completely agree 
to BP courses in cases of PP effect appearances during 
flights in aircraft. HR responses in LBNP examinations with 
the PP effect simulation do not have to be different from 
their responses during a standard LBNP exposition. 

BP measurement by the Portapres device [6] in condi-
tions of an LBNP and also during real flights in aircraft is 
characterized by a particularity and differences from a 
measurement in clinical experience. At this continuous 
measuring method finger pressure is not always close to 
arterial pressures measured more upstream, for example in 
the radial or brachial artery or in the aorta [4]. In younger 
normotensive subjects, the pulse pressure is usually en-
hanced [6], i.e. larger in the finger than in aorta or brachial 
artery. The more compliant the arteries of arm and hand are 
the larger is the pulse amplification effect. Consequently we 
don’t evaluate absolute values but we focus on the evalua-
tion of their relative finger BP changes related to the quies-

cent values just before an LBNP exposure beginning. In 
same way we evaluate BP during real flights in aircraft and 
in a human centrifuge. 

V. CONCLUSIONS 

The new developed LBNP examination method demon-
strates very well the impact of the PP effect on circulatory 
system efficiency. Negative influence of Gz acceleration 
on +Gz tolerance during the new examination method is 
evidently evincible. Results of all PP examinations of the 
group of Czech Air Force pilots prove the statistically more 
significant decrease of BP values in the phase of +Gz load. 
The recovery of BP in the compensatory stage is delayed, 
too and it endangers pilots of black-out (G-LOC). BP 
changes during an LBNP exposition with PP simulation 
correspond very well to in-flight PP effect. 
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Identifying fetal breathing movements on the basis of spectral analysis in fetal heart 
period time series  

P. Van Leeuwen, A. Voss, D. Geue, D. Grönemeyer
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Abstract— The initiation of fetal breathing movements in 
the second trimester of pregnancy is a sign of maturation and 
development. Fetal magnetocardiography permits the deter-
mination of high resolution fetal heart period time series. We 
have developed a procedure which exploits the effect of respi-
ratory sinus arrhythmia (RSA) on such time series and permits 
identification of periods of breathing movements. Magneto-
cardiograms were recorded in fetuses in the second and third 
trimester of pregnancy. Signal processing using templates and 
correlation analysis were applied in order to identify fetal R 
peaks (1 ms precision) and the corresponding RR interval time 
series were constructed. A program was developed which 
reads in fetal RR time series and displays them in both the 
time and frequency domain. The plot of the RR interval time 
series over time permits visual identification of possible fetal 
RSA. The display of the frequency spectrum of the complete 
time series between 0-2 Hz indicates whether dominant, persis-
tent breathing movements are present. As the episodes of 
breathing movements may be only a few seconds short, the 
frequency spectrum can be calculated for subseries within 
user-specified time windows. The spectra of the subseries can 
be viewed singly (2-D) and as a function of time (3-D). Fetal 
breathing movements may be presumed when the subseries 
spectra consistently demonstrate a peak at a specific frequency 
between 0.4 and 1.4 Hz over episodes with a duration > 5 s. We 
present a number of fetal RR interval time series acquired 
from different gestational ages in which episodes of fetal 
breathing movements can be identified persisting for various 
durations at different frequencies. Comparing these with data 
without such spectral characteristics indicate that this data 
analysis approach is suited for the identification of fetal brea-
thing movements by examining the frequency spectra of the 
heart period time series. 

Keywords— magnetocardiography, fetal breathing movements, 
respiratory sinus arrhythmia, spectral analysis. 

I. INTRODUCTION  

The development of prenatal human life is characterized 

by increasing neural integration. This is also reflected in 

integrated organ function: complex behavioral patterns 

involving trunk, limb or facial movement, swallowing, 

stretching and startles may be identified in the second and 

third trimester [1]. In the context of lung maturation, fetal 

breathing movements also appear. Consequently, diaphrag-

matic movements associated with fetal breathing have been 

observed prior to the 15th week of gestation and they in-

crease in frequency of occurrence and duration as preg-

nancy progresses [2]. Fetal breathing movements are gener-

ally detected using ultrasound measurements in which the 

rhythmic contraction of the diaphragm and displacement of 

stomach contents can be observed. However, due to mater-

nal respiration and other fetal body movements, fetal 

breathing remains difficult to detect [3]. 

The mechanics of the regular intake and expulsion of air 

in normal breathing in the postnatal condition lead to a 

modulation of heart rate, a phenomenon known as respira-

tory sinus arrhythmia (RSA). This implies that, if the respi-

ratory rate is constant, then the respiratory frequency can be 

identified by spectral analysis of the heart rate. In the case 

of the fetus, the inspiration and expiration of fluid is associ-

ated with the same mechanics and RSA has also been ob-

served prenatally [4]. 

Most studies that describe fetal breathing movements on 

the basis of spectral analysis of fetal heart period time series 

do so on the basis of electrocardiogram (FECG) recordings 

[5]. However, fetal cardiac activity can be registered more 

reliably and easily over the second and third trimester of 

pregnancy with magnetocardiography (FMCG). Because of 

this and due to its high temporal resolution, FMCG is very 

well suited for the detection of fetal breathing movements 

using spectral analysis [6]. 

As the identification of episodes of fetal breathing in 

heart period time series can be cumbersome because of the 

variation in episode duration, we aimed to develop a soft-

ware tool which facilitates the detection of fetal breathing 

movements. This approach enables the selection of variable 

time windows in which the frequency spectrum is calculated 

and displays these spectra over time. The consistent appear-

ance of spectral peaks at the appropriate frequencies will 

suggest corresponding fetal breathing movements and per-

mits their quantitative evaluation with comparative ease. 

II. MATERIALS AND METHODS  

The data used in the development of the software tool 

was drawn from our relatively large database of over 600 

FMCG recorded in the second and third trimester of preg-
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nancy. Data were acquired using a 37-channel (Siemens 

Krenikon, Erlangen, Germany) or a 61-channel (4D Neuro-

imaging, San Diego, USA) biomagnetometer. FMCG were 

recorded for 5-10 min at a sampling rate of 1 kHz with a 

bandpass of 1-200 Hz. In each data set, after the removal of 

the maternal cardiac artifact, all fetal beats were identified 

to a precision of 1 ms on the basis of correlations to fetal 

QRS signal templates (details in [7]). The identified fetal R 

peaks were used to construct the RR interval time series (= 

heart period time series) for that data set. 

A program was developed on a Labview™ platform 

which reads in fetal RR interval time series and displays 

them in both the time and frequency domain. The main 

functions of the program are the following: 

A RR interval time series selected from the database is 

plotted over time and permits the visual identification 

of possible fetal RSA, its timing and duration (Fig. 1A). 

The frequency power spectrum of a time series can 

indicate the respiratory frequency if the breathing 

movements are dominant. However, if they are too 

short or at different frequencies then the corresponding 

peaks will be washed out (cf. Figs. 1B, 3B). 

In order to examine shorter subseries of RR interval 

durations in which RSA modulation may be present, a 

window with a selected length can be placed at any part 

of the time series. The frequency spectrum for that win-

dow will be calculated and displayed (Fig. 1C). In this 

way, those epochs containing breathing movements can 

be identified with respect to their begin, end and fre-

quency. 

Alternatively, the change in spectral characteristics over 

time can be examined in a 3-D plot of the spectra of 

subseries with a selected window length (Fig. 2).  Time 

steps between individual spectra can be set from 1 s 

upwards. Physiologically relevant peaks (between 0.4 

and 1.4 Hz, corresponding to respiratory rates of 24 - 84 

cpm) which remain constant for five or more seconds 

may be associated with fetal breathing movements. 

Viability of the program was tested using analytical sig-

nals and fetal RR interval time series from the database. 

III. RESULTS 

In the following several examples will be given. A typi-

cal data set containing some episodes of fetal breathing 

movements is demonstrated in Figures 1 and 2. Figure 1A 

shows 5 min of RR interval data of a fetus in the 39th week 

of gestation. Up to about 160s, this data set is characterized  

Fig. 1 Data of a fetus (39th week) with intermittent RSA. A) 5 min RR 

interval time series; B) frequency spectrum of complete time series; C) 

frequency spectrum of subseries between 130-150 s (dashed cursors in A) 

by a relatively low heart rate (RR interval around 460 ms = 

130 bpm) and high short-term variability. This is followed 

by a change in fetal state characterized by a series of heart 

rate accelerations and a higher basal heart rate, most likely 

associated with fetal movement. In the first half of the data, 

one can see a recurring modulation of RR interval duration 

between 50-160 s which may result from RSA. The fre-

quency spectrum of the complete time series shows a slight 

increase in power between 0.5-0.8 Hz (Fig.1B) suggesting 

possible fetal breathing movements between 30-48 cpm. 

This activity obviously took place in the time epoch be-

tween 50-160 s. Examining 20 s subseries of RR intervals in 

this epoch showed clear peaks at 0.5 Hz as well as at 0.7 Hz 

(e.g. Fig. 1C). 

Plotting the frequency spectra of 20 s subseries with a 

time step of 5 s (Fig. 2) shows that two episodes of respira-

tory movements are present: the first for ca. 65 s starting at t 

= 50 s at a frequency of ca. 5.8 Hz (35 cpm), the second for 

40 s starting at t = 120 s at a frequency of 7 Hz (42 cpm). 

After 160s, no further episodes are evident. 

 

 

 

Fig. 2 Consecutive frequency spectra of the data in Fig.1. Subseries win-

dow length, 20 s; time step, 5 s 
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Fig. 3 Data of a fetus (39th week) with continuous RSA. A) 5 min RR 

interval time series; B) frequency spectrum of complete time series; C) 

frequency spectrum of subseries between 130-150 s (dashed cursors in A) 

 

 

Fig. 4 Consecutive frequency spectra of the data in Fig.3. Subseries win-

dow length, 20 s; time step, 5 s 

The second example shows the data of a fetus in the 39th 

week in which there is very little change in fetal state over 

5 min (Fig. 3A). The persistent modulation suggests that the 

fetus was performing breathing movements continuously. 

The constant rate of approximately 44 cpm is confirmed by 

the peak at 0.74 Hz both in the overall frequency spectrum 

(Fig. 3B) and in the spectrum of the 20 s time window 

(Fig. 3C). Figure 4 clearly and strikingly illustrates this 

constant rate of RSA.  

The third example shows data of a fetus in the 35th week 

with some occasional accelerations and decelerations 

around a basal heart rate of 140 bpm and low short-term 

variability (Fig. 5A). Neither the spectrum in Fig. 5B nor in 

Fig. 5C suggests the presence of fetal breathing movements. 

This is confirmed by the 3D data representation Fig. 6. 

We also examined one pregnancy with 25 acquisitions 

between the 21st - 42nd week of gestation. Each 5 min RR 

interval data set was examined and the number of episodes 

of breathing movements, their durations and their RSA 

frequencies were determined. The results show that the 

occurrence of breathing movements, as identified by RSA,  

Fig. 5 Data of a fetus in the 35th week without RSA. A) 5 min RR interval 

time series; B) frequency spectrum of complete time series; C) frequency 

spectrum of subseries between 130-150 s (dashed cursors in A) 

 

 

Fig. 6 Consecutive frequency spectra of the data in Fig.5. Subseries win-

dow length, 20 s; time step, 5 s 

increased with gestational age, both in the number of epi-

sodes found and in their duration (Table 1). Most of the 

activity was found in the third trimester after the 26th week 

at frequencies between 0.4 - 0.7 Hz, corresponding to 

respiratory rates of 24 - 42 cpm. 

IV. DISCUSSION 

Identifying episodes of fetal breathing movements on the 

basis of RSA in fetal heart period time series can be cum-

bersome because these movements occur only intermit-

tently, have varying cycle lengths and durations. The data 

processing tool we present here enables a simple reading-in 

of fetal RR interval time series and displays the data in 

various formats in the time and frequency domain. This 

permits the quick identification of possible RSA episodes. 

These can be confirmed or rejected by adjusting the scales 

of the windows of interest in order to detect the regular 

heart rate modulation within the range associated with fetal 

breathing movements. Fetal breathing movements may be 
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Table 1 Episodes of fetal breathing movements identified on the basis of 

respiratory sinus arrhythmia (RSA) in a single fetus between the 21
st
 and 

42
nd

 week of gestation including the RSA frequency and duration of the 

episodes 

week of 

gestation 

nr. 

episodes 

RSA frequencies 

(Hz) 

duration 

(s) 

duration 

(% acquisition)

21 none    

22 none    

23 1 0.60 12 4% 

24 none    

25 none    

26 none    

27 2 0.55 - 0.60 80 27% 

28 none    

29 2 0.40, 0.60 111 37% 

30 none    

30 none    

31 1 0.70 24 8% 

33 none    

34 none    

35 2 0.40 - 0.55 170 57% 

36 none    

36 none    

36 1 0.70 30 10% 

36 4 0.40 - 0.45 151 50% 

37 none    

38 none    

39 none    

40 1 0.40 - 0.55 238 79% 

41 1 0.60 35 12% 

42 3 0.40, 0.55, 0.60 86 29% 

As the appearance of fetal breathing movements is asso-

ciated with normal fetal development, being able to register 

and monitor them over pregnancy may be helpful in fetal 

surveillance. Suppression of fetal breathing has been pre-

sumed to be associated with pathological conditions [2]. As 

such, a profile of the normal occurrence of such movements 

in healthy pregnancies will be required to enable the de-

lineation of possible pathological manifestation.  

The data sets we presented were relatively short (5 min) 

but longer sets can also be imported and examined. In spite 

of the brevity of the data sets, we were often able to find 

episodes of fetal breathing movements, in particular in the 

third trimester. The spectra that are calculated may also be 

exported for further analysis. Also, first steps to an auto-

matic identification of episodes of fetal breathing move-

ments have been taken. This automatic identification ex-

ploits the consistent presence of plausible spectral peaks 

over time and will further enhance the efficiency of this data 

processing and analysis tool. 
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Realistic Simulation of Body Surface ECGs
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Abstract— The Purkinje network plays a major role for real-

istically simulating the activation sequence of the ventricles. In

this work, we describe a method to create an endocardial stim-

ulation profile that describes the location and time instant of

ventricular stimulation, thus mimicking the His-Purkinje con-

duction system. By adapting model parameters stimulation pro-

files can be generated for different ventricular anatomies with

minimal manual interaction. The stimulation profile parame-

ters are evaluated by analyzing the excitation propagation in

a three-dimensional, heterogeneous and anisotropic model of

the human ventricles which are embedded in an anatomically

detailed torso geometry. The calculated QRS complexes are in

good agreement with the corresponding clinical recordings on

the same proband.

Keywords— Purkinje network, conduction system, activation se-

quence, mathematical model, simulation study.

I. INTRODUCTION

The in-silico simulation of cardiac excitation has various
applications when it comes to characterizing both physiolog-
ical and pathological conditions. The ventricular activation
sequence is mainly determined by the specialized conduc-
tion system consisting of the so-called atrio-ventricular (AV)
node, the His bundle, Tawara branches and Purkinje fibers.
Within these specialized fibers, the depolarization propagates
at a much higher velocity. Thus, the conduction system coor-
dinates the homogeneous activation and ensures a physiolog-
ical contraction of the ventricles. It is clear, that any realistic
ventricular model needs a detailed description of where the
Purkinje fibers are located that electrically connect the con-
duction system to the myocardial tissue. An additional task is
to model the correct temporal sequence according to which
the Purkinje-muscle-junctions (PMJs) transmit an excitation
to the ventricles.

Unfortunately the specialized conduction system shows
strong inter-individual variations which necessitate adaptions
for each patient geometry. As the conduction system can
presently not be imaged using conventional non-invasive
imaging techniques like CT or MRI it is difficult to model its
anatomical structure perfectly. In the literature, there are two

common approaches regarding the placement of the PMJs: on
the one hand, PMJs are placed manually based on anatomical
atlases or the isochrone data from Durrer et al [1, 2, 3]. On
the other hand, the Purkinje network is automatically gen-
erated using simplified rules or a fractal tree [4, 5]. While
the manual approach often ensures realistic results it is very
time-consuming as it has to be repeated for each new dataset.
However, the simplified or automatically generated models
do not describe the distal Purkinje network in an anatomi-
cally realistic manner.

This project aims at creating realistic endocardial stimula-
tion profiles that characterize the location and time instant of
ventricular stimulation. The proposed semi-automatic proce-
dure can be easily transferred to different anatomical datasets
by adapting certain model parameters. Furthermore a param-
eter evaluation is performed in order to analyze the impor-
tance of the different parameters towards creating realistic
excitation sequences. Finally, body surface potential maps
(BSPM) are computed and the Einthoven leads are compared
to clinically acquired ECGs to further validate the stimulation
profile.

II. MATERIALS AND METHODS

The anatomical information describing the ventricular and
thoracic geometry was derived from the MR images of a
healthy 27-year-old proband. The ventricular dataset with an
original resolution of 1x1x1 mm3 was trilinearly interpolated
to a cubic voxel side length of 0.4 mm (352 x 246 x 275
elements) before segmentation. The final torso model (437
x 500 x 232 cubic elements with a side length of 1 mm)
contained varying tissue conductivities for the following or-
gans: lungs, liver, spleen, kidneys, skeletal muscle, heart mus-
cle and fat tissue. Corresponding tissue conductivities were
adopted from Gabriel et al. [6]. Both, ventricular as well as
thoracic dataset accounted for the anisotropic conduction ve-
locity in cardiac muscle fibers. Fiber orientation was mod-
eled based on the rules proposed by Streeter et al. [7] who
described a transmurally rotating helix angle and a constant
transverse angle. A comparison between Streeters data and
more recent DTMRI measurements showed only small dif-
ferences [8].
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70 ms

0 ms

Fig. 1: A: Sliced ventricular anatomy with projections of the manually
chosen root-points. B: Purkinje network generated by the modified Prim
algorithm. C: Stimulation profile: stimulation location is represented by

colored spheres; the sphere color reflects the time instant of the stimulation.

The ionic model used for describing the dynamic electro-
physiological properties of the ventricular tissue was devel-
oped by ten Tusscher et al. [9]. In order to include the hetero-
geneous ion channel properties [10], which are important for
a realistic repolarization sequence, the slowly delayed recti-
fier current IKs was modified in transmural and apico-basal
directions. Transmurally, three distinct tissue layers were
considered: endocardium 40%, midmyocardium 40% and
epicardium 20% [11]. Changes in tissue resistivity through
the ventricular walls according to [12] and [13] were mod-
eled by adapting the respective tissue conductivities. Apically
larger values of gKs (2x basal value) haven been reported [14]
and were incorporated into the model. The transition between
apex and base was implemented by linearly reducing gKs to-
wards the base comparable to a procedure used by Franzone
et al. [15]. Additionally the homogeneously distributed pa-
rameter gKr was increased by 50% in order to account for the
faster repolarization that has been observed in the clinically
acquired recordings. The electrophysiological modifications
were identical in both ventricles. Prior to the simulation of the
ventricular activation sequence all parameter configurations
of the electrophysiological model were pre-calculated in an
uncoupled environment for a duration of 60s with a basic cy-
cle length of 0.87s which matched the proband’s pulse during
the clinical recording. The monodomain equations were used
to describe the current flow during the ventricular excitation.
400 ms of simulated wave propagation took about 14h on 14
CPUs (2 GHz Apple Xserve PPCs).

The semi-automatic procedure that creates the endocardial
stimulation profile is based on previous work of Werner et al.
[16]. In a first step three root-points have to be chosen man-

ually. Often their initial location is chosen according to the
following anatomical structures: the apical point of the right
bundle branch as well as the apical point of both the ante-
rior and the posterior fascicle of the left bundle branch (see
Fig. 1 A). Now the algorithm automatically generates a user-
definable number of nodes at the endocardial surface. The
density of the nodes and the minimal distance of the nodes to
the atria can be altered by two parameters. Starting from the
manually placed root-points a modified version of Prim’s al-
gorithm is used to determine the three sub-spanning trees that
contain all endocardial nodes (see Fig. 1 B). End nodes that
only have predecessors are called Purkinje fiber endings or
PMJs. At each of these locations, a spherical area of variable
size is stimulated during the excitation simulations. In order
to derive the correct temporal sequence for the stimulation
profile the geometrical distance from each PMJ to its corre-
sponding root point is calculated. This distance, together with
an adjustable conduction velocity is used to compute the time
instant at which the PMJ has to be excited (see Fig. 1 C). Fur-
thermore it is possible to account for any delays that might
occur within the left or right bundle branch even though they
are not explicitly modeled. This is realized by allowing to
specify a time-offset for each of the three root-points. Finally
additional PMJs can be manually added to consider poten-
tially available clinical activation time data or isochrone mea-
surements from the literature [3]. A standard stimulation pro-
file setup (Fig. 2A) was generated from which all following
stimulation profiles (Fig. 2A-F) were derived by varying the
respective parameter that is under investigation. The standard
profile was created using the following parameters:

• Conduction velocity inside the excitation system (left and
right ventricle): v = 2000 mm/s

• Minimum distance between the nodes of the Purkinje
tree: left ventricle = 3 mm, right ventricle = 5 mm gener-
ating 744 PMJs.

• The basal part of the ventricles is not covered with Purk-
inje nodes: left ventricle (15% uncovered), right ventricle
(20% uncovered).

• Temporal offset between left and right root-points: due
to greater distance between AV node and left root-points
they are stimulated 8 ms after the right root-point.

• The left fascicle posterior was shifted to the basal
paraseptal wall to one site of early activation as recorded
by Durrer et al. [3].

• At each PMJ, a spherical area containing 60-115 voxels
is stimulated. The stimulation amplitude is maximal in
the center of the sphere and decays towards its borders
according to a gaussian envelope.

For the solution of the forward problem of electrocar-
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Fig. 2: A: Einthoven 2 lead simulated with the standard stimulation profile together with clinical measurement (normalized on R peak amplitude). B:
variation of the velocity in the excitation conduction system. C: variation of the endocardial surface that is covered with PMJs. D: variation of the node

density on the endocardial surface. E: variation of the temporal offset between left and right ventricle. F: variation of the manually placed root-points and
inclusion of additional stimulation points at the early activation sites reported by Durrer et al. [3].

diography a tetrahedron mesh of the thorax containing the
heart and organs was generated. The computed transmem-
brane voltages from the excitation conduction simulations
were interpolated onto a finite element mesh of the ventricles
and the bidomain theory was used to derive the correspond-
ing BSPMs [17]. The calculation of the BSPMs was finished
in approximately 2h on a single Xserve CPU. The clinically
acquired reference data was recorded with a 64 lead-system
from BioSemi (ActiveTwo) at rest. The electrode positions
were localized with an electromagnetic tracking system from
Polhemus (FASTRAK) and manually matched to the MRI
dataset. Baseline wander was removed using a wavelet-based
method [18] and denoising was performed by relocating the
reference point from the right iliac fossa to Wilson Central
Terminal [19]. The presented template heart beat was created
by averaging 340 consecutive heart beats on all channels.

III. RESULTS

Fig. 2 shows the impact of the most important stimula-
tion profile parameters on the Einthoven 2 lead. The ECG
that has been created using the standard configuration of the
stimulation profile can be seen in Fig. 2A. It showed a sim-
ilar R peak than the clinically acquired signal. However, the
S had a smaller amplitude and width compared to the mea-
surement. Fig. 2B illustrates the changes induced by an al-
tered conduction velocity within the Purkinje tree. Higher
velocities lead to a faster depolarization which is associated
with a leftward shifted, narrower R and S peak and an ear-

lier repolarization. The effects for a velocity reduction are
vice versa. Additionally, lower velocities decrease the R peak
amplitude and widen the T wave. The degree of endocardial
coverage with PMJs mainly affects the amplitude and width
of the S peak and T wave (see Fig. 2C). If 30% of the basal
surface is uncovered in both left and right ventricle, the S
peak and T wave are wider and have an increased amplitude.
Changes in PMJ density have mainly an effect on the ampli-
tude and slope of the R peak (see Fig. 2D). Stimulation pro-
files with a high PMJ density (1389 PMJs) generate a higher
and leftward-shifted R peak compared to the setup with low
density (327 PMJs). Altering the temporal offset between the
root-points of left and right ventricle influences the R and S
peak. If left and right ventricular root-points are stimulated si-
multaneously, only small changes can be observed in R peak
amplitude and S morphology (see Fig. 2E). However, if the
stimulation sequence is reversed and the left ventricular root-
points are activated first, the R peak is shifted to the left and
the S peak has a reduced amplitude and a widened morphol-
ogy. In Fig. 2F the influence of the root-point location can
be evaluated. In this case, the left ventricular root-points have
been shifted to the anterior and posterior papillary muscles.
The resulting R peak showed a reduced amplitude whereas
the S peak was wider and more pronounced. Furthermore the
T wave amplitude was elevated and the waveform widened.
Finally, the sites of early left ventricular activation as reported
by Durrer et al. [3] were added to the standard stimulation
profile (see Fig. 2F). The forward-calculated Einthoven 2 lead
displayed both a wider R peak of reduced amplitude that was
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shifted to the left and a deeper, wider S peak. Repolarization
occured faster and the T wave amplitude was higher.

IV. DISCUSSION AND CONCLUSION

It is well-known, that the excitation conduction system is
a major determinant for the correct sequence of ventricular
activation. However, modeling the excitation conduction sys-
tem is a challenging task due to contradicting anatomical de-
scriptions and scarce human activation-time data. Most ex-
isting models of the excitation conduction system are cus-
tomized to a special ventricular geometry and need con-
siderable manual adjustments to allow a transfer to a new
dataset. We present a method that allows the fast generation
of an endocardial stimulation profile that mimicks the spe-
cialized conduction system. Variable model parameters allow
the rapid customization of the stimulation profile to different
anatomies and the impact of the parameters on the Einthoven
2 lead has been evaluated. It is interesting to note that pa-
rameters that only impact on the height of R and S peak like
the density of the PMJs (Fig. 2D) or the time offset between
the root-points (Fig. 2E) show no changes concerning the T
wave morphology. Yet, changes regarding the width of R and
S peak as introduced by modifications of the conduction ve-
locity (Fig. 2B), endocardial coverage (Fig. 2C) or the manu-
ally placed root-points (Fig. 2F) impact directly on the width
and height of the T wave. Stimulating the left ventricular root-
points 8 ms after the one in the right ventricle produced more
realistic results (Fig. 2E). This contradicts findings by Durrer
et al. who reported the first ventricular activation to occur in
the left ventricle. In addition to that, the inclusion of Durrer’s
sites of early activation did not enhance the correlation to the
clinically acquired ECG (Fig. 2F). In a prospective study an
optimization framework will be designed that will automati-
cally optimize the parameters of the stimulation profile thus
further facilitating a fast customization.
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16. Werner CD, Sachse FB, Dössel OD. (2000) Electrical excitation
propagation in the human heart. Int J Bioelectromagnetism no.2 at
http://www.rgi.tut.fi/ijbem/volume2/number2/werner/paper ijbem.htm

17. Farina D. (2008) Forward and Inverse Problems of Electrocardiography:
Clinical Investigations. 4 of Karlsruhe Transactions on Biomedical En-
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Abstract—We propose a new surface electromygram (EMG) 
amplitude estimator, inspired by mechanical behavior of the 
muscle and characteristics of sEMG recordings. A morpholog-
ical feature extraction algorithm was implemented to detect 
motor unit action potentials (MUAPs) from sEMG, and the 
MUAPs were transformed into the impulse trains. The trains 
were convoluted with a mathematical function of the muscle 
twitch model, so that the resultant output represented the 
muscle activities. Signal to noise ratio (SNR) of the proposed 
estimator was compared to it of conventional estimation me-
thods such as MAV and RMS, and the proposed estimator 
provides better SNR in a range of acceptable time delays. This 
estimator might provide a better analysis tool for quantitative 
measurement of muscle activities in a large of research areas 
such as physiology, neuroscience, ergonomics, and biomedical 
engineering. 

Keywords—Electromyography (EMG) amplitude estimation; 
MUAP detection; Muscle twitch model. 

I. INTRODUCTION  

Surface electromyography (sEMG) has been used as a 
noninvasive tool for interpretation of neural control signals 
for physiological research, extraction of control commands 
in prostheses or exoskeletons, and bio-feedback to provide 
subjects with visual or auditory indications of muscle con-
traction. For these applications it is necessary to obtain the 
magnitude of muscle activation from recorded sEMG, 
which is stochastic in nature. If muscle contraction occurs 
under isometric and non-fatiguing conditions, the parame-
ters describing the muscle activation could be a function 
only of the muscle force [1]. 

To date, mean absolute value (MAV) and root mean 
square (RMS) have been considered as standard EMG sig-
nal processing methods to estimate muscle activation. Ho-
gan and Mann have theoretically shown that the RMS 
processing is a maximum likelihood estimator of EMG 
when EMG is modeled as a Gaussian random process [1]. 
Clancy and Hogan have shown that MAV processing is 
optimal when EMG is Laplacian distributed [2]. They found 
that EMG densities fell between the theoretic Gaussian and 
Laplacian densities, and that EMG amplitude estimates via 
either RMS or MAV processing are nearly indistinguishable. 
These processing methods have commonly used to detect 

muscle states, but the processed outcomes involves too 
much noise (called random fluctuation, this is a phenome-
non that even though a muscle contraction is isometric, of 
constant force, and non-fatiguing, its estimation is not con-
stant and its variance is high). 

We propose a new sEMG amplitude estimator, inspired 
from the mechanical behavior of the muscle and characteris-
tics of sEMG recordings. This estimator includes an algo-
rithm in detecting motor unit action potentials (MUAPs). 
When MUAPs are detected, the impulse trains are generated 
and convoluted with a mathematical function of muscle 
twitch model. To quantify the quality of the amplitude esti-
mate, we used signal to noise ratio (SNR) defined by Clan-
cy and Farina [3], and compared performance of our estima-
tor to performance of other conventional estimators such as 
MAV and RMS.  

II. BACKGROUND 

A motor unit consists of a single -motoneuron and all of 
the corresponding muscle fibers it innervates. The -
motoneuron is the final point of descending information in 
the form of rate modulated “action potentials.” The number 
of motor units per muscle are different: approximately 100 
for hand muscles and approximately 1000 for large limb 
muscles [4].  

 
(a)                                               (b)  

Fig. 1 (a) Twitch contraction, and (b) sEMG generation from superposition 
of motor unit recruitments. 

When an action potential arrives at muscle fibers, the 
smallest contractile response appears and this is called the 
“twitch.” The delay between the detection of the action 
potential and the first indication of contractile activity is 
referred to as the electromechanical delay (EMD). The 
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twitch can be characterized into two parameters as shown in 
Fig. 1 (a): peak force P, and contraction time T (i.e. the time 
elapsing between the start of the contraction and the mo-
ment of peak tension during an isometric twitch). 

Experimental works related to the twitch parameters of 
the magnitude, the peak force and the contraction time, have 
been conducted. In human muscles, some motor units have 
contraction times as short as 20 ms whereas other contrac-
tion times are as long as 140 ms [5]. Motor units with long 
contraction time are called slow motor units and motor units 
with short contraction time are called fast motor units. The 
twitch force of motor units in a muscle varies over a wide 
range, typically more than 100-fold [6]. On the basis of 
some experimental findings, the magnitude of twitch force 
in each motor unit inversely related to the contraction time 
[7]. 

When an action potential in a muscle fiber produce a 
twitch before the muscle has not completely relaxed, a 
second twitch was added on top of the fist twitch. If the 
muscle fiber is stimulated so rapidly that it does not have a 
chance to relax at all between stimuli, a smooth, sustained 
contraction of maximal strength knows as tetanus occurs. 
Such longer and greater contraction is possible because the 
duration of the action potential (1 to 2 msec) is much short-
er than the duration of the resultant twitch. When the num-
ber of muscle fibers that are stimulated by motor neurons 
increases, greater force is developed by contracting fibers. 
Therefore, a muscle force depends on two primary factors: 
the rate at which it receives action potentials by motor neu-
rons and the number of stimulated muscle fibers. 

These action potentials can be monitored using sEMG 
and Fig. 1 (b) shows an example of how sEMG is generated. 
For simplicity, only two motor units are described. Suppose 
a blue signal represents a MUAP from motor unit 1 and a 
green signal represents MUAP from motor unit 2, the red 
signal is a summation of the two MUAPs. When muscle 
activities are observed using sEMG, summation of the indi-
vidual MUAPs is recorded. When two MUAPs occur within 
close proximity very closely, they make a signal with longer 
duration and greater magnitude, and it resembles a larger, 
single MUAP. When one MUAP is triggered at a location 
slightly far from another one but they are overlapped in part, 
they create a distorted MUAP. 

III. MATERIALS AND METHODS  

A. Design of Amplitude Estimator 
We designed the amplitude estimator inspired from the 

mechanical behavior of the muscle as shown in Fig. 2. The 
impulse train is analogous to a series of action potentials 
which result in the muscle contraction. When an impulse 

with an amplitude P is fed into the estimator, it produces 
continuous signals which resemble the muscle twitch beha-
vior as shown in Fig. 1 (a). A motor unit twitch can be ap-
proximated as the impulse response of a critically damped, 
second-order system [8], and the force is given as an equa-
tion of time by f(t) as follows: 

T
t

etatf ,                                 (1) 

T
ePa

,                                       (2) 

where e, P, and T are the natural logarithm, peak force, and 
contraction time, respectively. The impulse magnitude P 
represents the number of muscle fibers which are contracted, 
so that the impulse with a high P value creates a large peak 
force in the equation (2). 

 
Fig. 2 Proposed amplitude estimator. 

When a signal impulse was applied, a single twitch force 
was developed. When another signal impulse was applied 
and the applied time before the force had completely re-
laxed from the first twitch, a second twitch force was added 
on top of the fist twitch. The resultant output can be ex-
pressed as a mathematical form of a convolution process.  

)(*)()( tftxty                                 (3) 

B. MUAP Event Detection 
The impulse train is analogous to a series of action poten-

tials and such impulses are created from sEMG by detecting 
MUAPs. We attempted to detect a morphological feature of 
MUAPs from sEMG. A MUAP includes sharp turning 
points where the gradient is zero, as shown in Fig. 3. In 
order to detect the turning point, we used the following 
detection criterion: 

121 iiii emgemgemgemg ,           (4) 

where emgi is the sEMG signal at the ith time. When the 
outcome of the equation (4) produces a negative value, the 
moment is the time to create an impulse signal. In Fig. 3, 
turning points with small amplitude of the signal are also 
shown in the inactivation region (where the force is zero 
and the muscle is not contracted). These turning points 
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result in MUAP misidentification which creates wrong 
impulses from not real MUAPs but noise. However, these 
amplitudes are too small compared to the amplitudes of the 
MUAPs as shown in Fig. 3, so we suppose the wrong im-
pulses would little affect the resultant estimation.  

 
Fig. 3 Recordings of sEMG and pinch force. 

As noted in section II, when many motor units are simul-
taneously recruited, the magnitude of the peak sEMG signal 
becomes large. Inversely, if the magnitude of the identified 
MUAP signal has a large value at a turning point, many 
motor units may be simultaneously activated. Therefore, 
large twitch force should be developed. We applied the peak 
value at the turning point into the parameter P in equation 
(2) to determine the magnitude of the peak force in the 
single twitch model. Contraction time was empirically de-
termined as 100 msec.  

C. Experimental System Setup 

The experimental setup was designed to validate our pro-
posed estimator and the task was to simultaneously measure 
a force representing muscle activation and sEMG. We de-
cided to measure the force produced via pinching by the 
thumb and index finger, because with the fingers a volition-
ally constant force could be controlled for the experiment. 
We measured sEMG from the first dorsal interosseous 
(FDI), which mainly contributes the force for the action. 

Two force sensors with a force resolution of 12.5 mN 
(Nano 17, ATI Industrial Automation, U.S.A.) were used to 
measure the force. The sensors were mounted on an alumi-
num post and covered with a cotton pad to prevent direct 
contact with the subject’s skin. We recorded and 1000x 
amplified the sEMG signals using bipolar noninvasive sur-
face electrodes (DE-2.1, Delsys, U.S.A.) with built-in am-
plifiers. The electrodes were connected to a data acquisition 
board (PCI 6034e, National InstrumentsTM, U.S.A.), which 
sampled at a rate of 2000 Hz. The sum value of measured 
forces was displayed to the subject on a monitor as a simple 
cross mark. Another mark displayed predetermined target 
force levels for subjects to produce the targeted forces. 

D. Tasks and Procedures 

One female and four male volunteers, with a mean age of 
27.8 years (SD 2.39), took part in the experiments. The 
KAIST Institutional Review Board approved the experi-
mental protocol and the publication of this study. All partic-
ipants reported no history of upper extremity or other mus-
culoskeletal complaints, and were fully informed of the 
details of the experimental procedure. The subjects were 
requested to sit comfortably on a chair with their forearm 
flexed. Their right wrist was fixed by a wrist brace onto an 
arm brace that was secured to an optical table. The subjects 
grasped two force sensors with the thumb and index finger 
tips positioned 50 mm apart. This position inherently opens 
the thumb and index finger from the neutral position, and 
passive muscle force may be generated [5]. In order to 
record sEMG and force signals during only the active mus-
cle state, after the subject grasped the force sensors without 
producing any volitional forces, the force sensors were 
calibrated to zero. 

For the sEMG and pinch force recordings, the subjects 
were instructed to exert the target force levels displayed on 
a monitor. The levels consisted of 0N and 5N and the dura-
tion of the hold levels for both was 5 sec. 

IV. RESULTS AND DISCUSSION 

 
Fig. 4 EMG amplitude estimation results. 

Data acquisition and computations were performed using 
Matlab (The MathWorks, U.S.A.). Fig. 4 shows the estima-
tion results; the green, blue, red, and gray lines represent the 
measured force, the estimated magnitude of the muscle 
activities, the MAV processed signals with a 100 msec 
window, and the raw sEMG signals. The estimation perfor-
mance was compared with standard signal processing tech-
niques: MAV and RMS (with 10, 25, 50, 100, 150, 200, 250, 
300, 400, 500 msec windows). 
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Clancy and Farina have mentioned objective assessment 
measures of amplitude estimator performance [3]. They 
defined signal to noise ratio (SNR) to quantify the quality of 
the amplitude estimate as the amplitude estimate mean, 
computed over a number of signal segments, divided by the 
standard deviation of the estimates. We modified this defi-
nition to consider a DC offset (yoffset) as shown in Fig. 4. 
This figure shows that even though the force is zero, sEMG 
magnitude estimation is not zero because of noise. To reject 
the offset, mean value of the sEMG estimation was calcu-
lated during the zero force, and this value was subtracted 
from a vector (Y) consisting of the sEMG estimation values 
in a period for isometric muscle contraction. The modified 
SNR definition is as follows: 

)(
)(

log20)dB( 10
offset

offset

ystd
ymean

SNR
Y
Y .           (5) 

Fig. 5 shows an experimental result of a subject. We 
could not include all plots of the results from five subjects 
because of the page limitations, but they also showed simi-
lar results as shown in Fig. 5. SNR of the proposed estima-
tor is significantly higher compared to it of RMS with all 
window lengths (10~500 msec) used in this study and it of 
MAV with 10~300 msec window lengths (P < 0.01). SNR 
of the proposed estimator is no different than that of MAV 
with 400~500 msec. 

 
Fig. 5 Comparison of performance between the proposed estimator and 
standard amplitude estimators (MAV and RMS). Significant differences 

from the proposed estimator are indicated as: *P < 0.01; NS: not significant. 

The observation, in which the estimation stabilities of the 
proposed estimator and MAV with large window lengths (> 
400 msec) are comparable, is an encouraging aspect we 
achieved. There is a trade-off between time delay and signal 
stability, and use of larger window length produces a signif-
icant delay leading to failure to detect rapid onset or offset 
(responsiveness) of muscle activities. In general, a 300 msec 
window length is regarded as a threshold of the delay that is 
perceivable by a subject [9]. The time delay of the proposed 

estimator is 100 msec (contraction time T) required to reach 
the peak value from an impulse. Therefore, we could con-
clude that the proposed estimator relatively introduces a 
short delay which is not perceivable by a subject, but pro-
duce good SNR estimation values of sEMG.  

Future works will progress on more experimental tests to 
prove the effectiveness of the proposed estimator. When the 
muscle force is changing, SNR is no longer meaningful. An 
alternative measure of performance is to display a real-time 
amplitude estimate to the subject as a form of biofeedback 
[3]. Target amplitude will be displayed on a monitor and a 
subject will be requested to track it. The tracking error 
serves as a performance measure, with better EMG ampli-
tude estimators presumably providing lower error. 

Successful use of sEMG for research in prostheses and 
exoskeleton systems, interpretation of neural control signals, 
and bio-feedback depends on the quality, immediacy, and 
stability of the magnitude estimation of the muscle activity. 
This work may prove useful in that it takes into account the 
aforementioned considerations and it may better indicate 
volitional muscle activation than standard signal processing 
techniques. 
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Abstract— Since Heart Rate Variability (HRV) is an impor-
tant indicator of patient’s health it is important to introduce 
HRV into the hybrid models of cardiorespiratory system.  We 
decided to use Elman’s neural networks to generate off-line 
HRV signals of physiological and pathological patients, and we 
are working on application of this method on-line in our hy-
brid model.  For analysis of the generated HRV and their 
comparison with input data we apply Higuchi’s Fractal Di-
mension method.  

Keywords— hybrid models, HRV, Elman’s neural network, 
fractal dimension, persistency/antipersistency  

I. INTRODUCTION  

Acquisition and analysis of Heart Rate Variability (HRV) 
signals becomes more and more important in medical diag-
nosis since new techniques like plethysmographic finger 
sensors linked to computerized signal processing system 
enable easy acquisition and analysis of HRV signal.   

In the hybrid model of cardio-respiratory system that we 
developed it was assumed that each cycle of changes of 
heart elastancy lasts equally long period (cf. [1]), i.e. one 
assumed that heart rate is constant, that there is no heart rate 
variability. Such assumptions applies only to persons in the 
state of clinical death. Further developing of our hybrid 
models needs introducing of HRV because it is an important 
indicator of the patient health.  

II. METHODS  

Our aim is to generate signals that have properties similar 
to HRV in norm and in different pathologies. It is contro-
versial how to evaluate if any generated signals is it suffi-
ciently good to model HRV. We do not want to generate a 
signal that shows minimal deviation from a given HRV 
signal measured by statistical indexes like normalized root 
mean square error.  We decided to use Higuchi’s fractal 
dimension, Df  ([2]-[4])  that we have already used for 
analysis of HRV signals – for sleep staging (cf. [4],[5]) and 
for stress evaluation (cf. [6],[7]).  Df   in time domain is a 
measure of signal’s complexity.  Df  = 1.5  for classical ran-

dom walk i.e. for a signal that in each step with equal prob-
abilities 0.5  either continues the previous trend or changes 
to the opposite trend; Df <1.5  for signals that show persis-
tency  i.e.  continue the previous trend with probability 
greater than 0.5;  Df >1.5  for signals that show antipersis-
tency  i.e.  continue the previous trend with probability 
smaller than 0.5;  Df =2.0  for pure noise i.e. for a signal that 
changes previous trend in each step with probability equal 
1. So, biosignals usually show Df  about 1.6-1.7 - they do not 
keep the trend for too long, neither growing and growing 
nor diminishing and diminishing, and they are not a pure 
noise either. 

We have tried different methods of generating HRV sig-
nals, such as autoregressive methods, that would be easy to 
adopt on-line into the hybrid model. But human heart is, of 
course, nonlinear system, so nonlinear methods should work 
much better. Recently in a PhD thesis from National Uni-
versity of Singapore the author made comparative analysis 
of different methods of modeling both HRV and EEG sig-
nals, as well as of different indexes of accuracy of the mod-
eling process [8]. After reviewing this thesis we decided to 
concentrate on application of Pipelined-Recurrent Neural 
Networks (PRNN) but very high degree of complication of 
PRNNs may cause that the program will be too slow for on-
line application, so we have chosen less complicated El-
man’s Neural Networks (ENN) (cf. diagram on Fig. 1). 

 

 
Fig. 1  Block schema of applied Elman’s neural network (ENN) 
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III. RESULTS  

For ENN programming we have used open-source Java 
Object Oriented Neural Engine (Joone) package [9]. For 
testing the proposed method we decided to use HRV signals 
from Physionet data base ([10]-[11]). 

We have tested several cases.  In each case we calculated 
Df  of the signal from Physionet data base that was used for 
training of our ENN and  Df  of the signal generated by the 
ENN. In each case these values are close to one another 
while being  significantly smaller than  2.0. Also the values 
for the pathological cases differ significantly from those for 
healthy physiological cases. Here we present two examples 
– a  healthy case (Fig. 2) and a case of post-ictal heart rate 
(HR) oscillations in partial epilepsy (Fig. 3)   

 

Fig. 2.   HRV of a healthy person  with normal sinus rhytm.  
ENN trained on data from Physionet [10] (blue curve), Df  = 1.52, 

HRV generated by ENN (red curve), Df  = 1.56 

 

 

Fig. 3.  HRV of a person  with post-ictal HR oscillations in partial epilepsy 
ENN trained on data from Physionet [11] (blue curve),  Df  = 1.70, 

HRV generated by ENN (red curve),  Df  = 1.74 

IV. CONCLUSIONS  

We conclude that ENN are really a promising method for 
generation of HRV-like time series and to be used on-line in 
our hybrid model to vary heart rate, giving a possibility to 
model both physiological conditions as well as different 
cardio-respiratory pathologies. Works on application of the 
presented method on-line in our hybrid model of cardiovas-
cular system are now in progress.  
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I. INTRODUCTION  

Blood flow induced shear stress, especially the low shear 
stress, is a crucial stressor for vascular remodeling during 
atherogenesis [1], which involved migration, proliferation 
and apoptosis of vascular smooth muscle cells (VSMCs) [2]. 
The researches on the molecular mechanisms of low shear 
stress induced vascular remodeling could contribute to 
finding a new target in the prevention and treatment of 
atherosclerosis. 

II. METHODS AND RESULTS 

Using typical comparative proteomic techniques, 
2-dimensional electrophoresis and MALDI-TOF mass 
spectrometry, the protein profiles of rat aorta cultured under 
low-shear-stress (5 dyn/cm2) and normal-shear-stress (15 
dyn/cm2) were compared. There were 43 protein spots 
differently expressed between normal- and low-shear-stress 
cultured vessels, in which 8 proteins were highly expressed 
in vessels cultured under normal-shear-stress and 35 proteins 
were highly expressed in low-shear-stress. All these proteins 
can be divided into 6 groups dependent on their functions by 
COG classification, including component or regulator of 
cytoskeleton, enzymes participates in metabolism, signal 
transduction molecules, proteins participates in DNA 
damage repair, secreting type proteins which are component 
of extracellular matrix or modulator of extracellular matrix 

production, and other proteins whose function cannot be 
classified into above categories or whose function is still 
unclear in vascular cells. The proteins which classified as 
component or regulator of cytoskeleton suggest that low 
shear stress disturbed the cytoskeleton balance of vascular 
cells and might change the differentiated state of VSMCs. 
And proteins classified as secreting type proteins revealed 
the disruption of extracellular matrix homeostasis. All these 
results agreed with the character of vascular remodeling and 
suggest that after exposed to the low shear stress in vessel 
cultured system in vitro for 24 hours, the vascular 
remodeling is occurred in cultured rat aorta. 

After imported these differently expressed proteins into 
Ingenuity software, the overlapping network suggested that 
transforming growth factor beta (TGF-beta) and lysyl 
oxidase (LOX) participated in low-shear-stress induced 
vascular remolding. Using VSMCs / endothelial cells (ECs) 
cocultured flow chamber system, we examined the protein 
expressions of TGF-beta and LOX in VSMCs and ECs under 
low-shear-stress and normal-shear-stress respectively. 
Compared with normal-shear-stress, low-shear-stress 
increased the expression of TGF-beta and LOX in VSMCs. 
Both TGF-beta and LOX were localized at extracellular 
matrix of VSMCs by using immunofluorescence. 
Furthermore, we detected the role of TGF-beta and LOX on 
VSMC migration and proliferation by using RNA 
interference and recombinant human TGF-beta protein. The 
results revealed that LOX could modulate the migration and 
proliferation of VSMCs induced by TGF-beta, which could 
be blocked by PD98059, the specific inhibitor of ERK1/2 
MAPK. 
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III. CONCLUSIONS 

Our results suggest that upregulation of LOX may 
participate in the low-shear-stress induced VSMC migration 
and proliferation, and its effect on VSMC migration and 
proliferation might via TGF-beta and ERK 1/2 pathways. 
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Abstract—The Modeling Markup Language (MML) 
Framework is a modular approach based on the Physiome 
project to describe temporal-spatial biological models. This 
framework introduces the ModelML specification to describe 
relational data and FML to describe field data. CellML is used 
to provide the mathematical model and using this setup, a 
temporal-spatial model can be created. Using the MML 
framework, we present a cardiac pacemaker simulation and 
document the behavior of the pacemaker with regards to dif-
ferent mathematical models used and alterations of conductivi-
ty values and underlying currents. 

Keywords—Physiome, CellML, Simulation, Cardiac  
pacemaker. 

I. INTRODUCTION  

During normal cardiac activation the heart beat originates 
in the sinoatrial node (SAN). A wave of electrical activity 
then travels through the atrial walls, then to the atrio-
ventricular node, through the purkinje systems, then finally 
along and through the ventricular walls. The SAN is com-
posed of central and peripheral cells and surrounded by the 
atrial muscles; it is not well known how the SAN is able to 
drive the much larger hyperpolarized atrial region without 
being suppressed. Nor is it widely accepted how different 
SAN cells with different intrinsic rates of firing are able to 
synchronize and propagate an action potential into the atria. 
There are also a number of underlying currents that plays a 
pivotal role in the characteristic of the SAN. 

In this paper, we will employ the Modeling Markup Lan-
guage (MML) framework to examine the behavior of the 
SAN structure and it’s interaction with the atria. We will 
also alter underlying ionic currents to see the effect on the 
interaction.  

The MML framework is based on the Physiome project, 
a project designated as a major research focus by the Inter-
national Union of Physiological Sciences (IUPS) in 2001, to 
provide a multi-scale computation framework from protein 
to organ level. Part of this initiative is to create a set of 
standardized exchange languages to describe different bio-
logical models over widely different spatial spans. A num-
ber of exchange languages were proposed in the initial plan 
including CellML, TissueML, FieldML and AnatML [1]. 
However, this linear hierarchical representation format was 
changed to ModelML to describe complex integrative sys-

tems with FieldML to represent field-related information 
and CellML to describe mathematical models [2]. Current-
ly, only CellML (www.cellml.org) has been released for 
public use with FieldML being actively developed by the 
Bioengineering Institute at the University of Auckland. 

The MML framework consists of two specifications, 
ModelML to describe relational information and FML to 
describe fields. CellML is used in conjunction with Mod-
elML and FML to construct a temporal-spatial model. This 
model configuration can then be exported to a commercially 
available finite element solver. Additionally, the MML 
framework consists of a set of applications that aids in the 
creation, editing and processing of MML models. These 
include authoring tools, utility and parser APIs written in 
Java using the Eclipse Framework [3]. The purpose of this 
framework is to utilize the existing CellML models from the 
CellML repository and quickly construct a temporal spatial 
model. This modular approach encourages greater module 
reuse and allows these documents to be stored in online 
databases to be catalogued, shared and retrieved for later 
use. 

II. MML OVERVIEW 

The MML framework consists of two specifications 
ModelML and FML. Both ModelML and FML are a com-
bination of XML and HDF5 based specifications and share 
a common subset of syntax. These common syntaxes in-
cludes metadata support which is closely related to the 
CellML metadata specification, import mechanisms control-
ling how MML documents import external documents and 
declaration syntax that allows MML documents to create 
mathematical objects such as variables, expressions, func-
tions and boundary conditions that can be used within the 
local namespace of the MML documents. 

A. ModelML 

ModelML is used to describe relational and mathematical 
system information of a multi-component biological model. 
In a typical model, ModelML will import one or more 
CellML models and one FML model. It will also configure 
the ODE systems to be solved by organizing the namespace 
of the CellML mathematical model and create relational 
information between fields and mathematics. 
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The general structure of the ModelML specification can 
be seen in figure 1. There are two main components within 
the ModelML XML structure, the <system> element which 
sets up the ODE systems and the grouping elements which 
includes <subdomain>, <boundary_group>, <edge_group> 
and <point_group> components. The <system> element is 
responsible for constructing the ordinary differential sys-
tems (ODE) to be solved. It maps the state variables found 
in imported CellML documents and provides a common 
variable identifier. This allows different CellML documents 
to be used together or to have only a subset of differential 
equations from a CellML model recognized in each ODE 
system. 

  
Fig. 1 Generalized ModelML XML Structure 

The grouping elements provide the relational facility to 
link mathematical models or objects and system groups to 
geometric domains. It also allows one to override or append 
additional mathematical content. Specifically it allows one 
to attach extra field information such as conductivity values 
or stimulus parameters to CellML ODE equations. 

B. FML 

 

Fig.  2 Generalized FML XML Structure 

The main objective of the FML specification is to pro-
vide a mean to encapsulate field-related data such as  
geometric models or attribute information. The general 
structure of the FML specification can be seen in figure 2. 
The core component of a FML document is the <frame> 
element. A <frame> element represents a frame of reference 
which describes the content of a spatial domain. This  

includes cell objects which are basic elements of FML, field 
attributes and geometric representation methods. Cells have 
a predefined topology or analytical function and a supplied 
list of parameters. The cell objects can be used for geome-
tric purposes or as a region of space to define field 
attributes. Cell objects are stored in the <cell_list> element 
and categorized according to their dimensional property. 

FML supports two types of geometrical model represen-
tation, mesh models and boundary representation models 
through surface modeling or solid modeling. These models 
are described within <mesh> or <b_rep> respectively within 
the <frame> element. FML also stores field attribute infor-
mation, these data may be scalar, vector or of matrix type. 
These attributes can then be referenced to a region of space 
using cell objects. 

FML attempts to provide a flexible specification that al-
lows the user to choose the appropriate geometric represen-
tation scheme. 

III. SINOATRIAL SIMULATION 

Overview 

It is not well understood how the much smaller SAN 
structure is able to drive the hyperpolarized atria without 
being suppressed [4]. It is suggested that there exists a spa-
tial gradient in tissue conductivity which helps protect the 
SAN rhythm from the atrial myocardium [5].  

Another related question is how the different SAN cells 
are able to interact with each other, entrain and successfully 
propagate an action potential into the atria. There are two 
theories on how this occurs. One theory is that one group of 
cells acts as the “dominant” pacemaker site which drives the 
other cells, the second theory suggests that the cells with 
different frequencies mutually interact with each other to 
achieve a consensus on when to fire [6]. 

There are a number of underlying currents that affect the 
behavior of the sinoatrial node, one of these is the hyperpo-
larizing-activated current ( ) The  is believed to affect the 
diastolic depolarization and pacing rate, it is also believed 
that more importantly the  plays a major role in protecting 
the SAN from the hyperpolarizing influence of the sur-
rounding atrium [7] and it is the only current activated dur-
ing membrane hyperpolarization.  

C. Setup 

In our simulations we will use the Lovell (LCCD) [8] 
and Fitzhugh Nagumo (FHN) [9] SAN models and Earm 
(EM) [10] and Roger Modified FHN (RM) [11] atria  
models. These models are described using the CellML 1.1 
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specification. The LCCD and EN models are biophysical 
models that contain the underlying currents, these models 
are more complex and computationally expensive compared 
to the much simpler polynomial based FHN and RM models 
which only focus on the important dynamics of the mem-
brane voltage. These mathematical models will be  
constructed over a 2D geometrical model, a realistic repre-
sentation of SAN [12] described using an FML boundary 
representation method. 

 
Fig. 3 Realistic 2D Geometric Model. (SAN and Atria) 

The atrial conductivity was chosen such that the action 
potential velocity is 0.5 m/s or at the next lowest velocity 
that ensured stable propagation. As such the EM model was 
set to 0.44e-4 S/m and RM set to 2.25e-4 S/m. The SAN 
model conductivity was than varied to observe any effect 
that conductivity had on the propagation and entrainment of 
the SAN cells. The conductivity values are attached at the 
ModelML document and referenced to the appropriate ODE 
equation found at CellML and geometric region at FML. 

For certain conductivity values for the LCCD model, we 
wished to observe the effect of the . This can be achieved 
by disabling the  by setting the conductance of the Sodium 
channel parameter (g_f_Na) to 0. The MML framework 
allows CellML document values and equations to be over-
ridden at the ModelML layer to facilitate the scenario de-
scribed above. 

In summary, for the SAN simulation, the ModelML doc-
ument serves as the master document. It imports the CellML 
and FML documents with overriding values if applicable, 
provides the relational information between the mathemati-
cal content and geometrical objects and appends or over-
rides any addition field or mathematical information such as 
conductivity values or stimulus information not found in 
CellML. This allows different scenarios to be created more 
quickly through reusing the same components. 

D. Results 

A summary of the results can be seen in table 1. The 
FHN SAN models were capable of entrainment and generat-
ing propagation into the atria using the default atrial con-
ductivity values for RM and EM models. However, the 
LCCD model was unable to generate propagation. The 
default atrial conductivities had to be lowered 3e-5 S/m for 
the RM model and 1e-5 S/m for the EM model.  

Table 1 Complex model simulation result summary. All results are in S/m. 
Column A) No activity observed, B) unstable propagation observed, C) 
entrainment and successful propagation observed 

Model Setup A B C 

FHN - RM 0 < 5e-6 > 5e-6 

FHN-EN NA < 2e-6 > 2e-6 

LCCD – RM* NA < 2e-5 < 5e-5 

LCCD – EN* > 4e-5 < 1e-6 < 3e-5 

 

 

Fig. 4 f- current functioning normally in a LCCD-RM setup 

 

Fig. 5 f- current disabled in the same setup as figure 4 



164 D. Chang, S. Dokos, and N.H. Lovell

 

 

IFMBE Proceedings Vol. 25

 
  

 

A separate set of simulations was performed on certain 
conductivity values to observe the effect of the . When the 
effect of the current was decreased, we can observe that the 
SAN activity is slowed and the action potential (AP) height 
decreased, and a decreased ability of the SAN to propagate 
into the atria as seen in figure 4 (  normal) and 5 (  dis-
abled) for a LCCD RM setup. 

E. Discussion 

 

Fig. 6 Complex (circular) activation pattern (LCCD EN) 

These simulations allowed us to observe the behavior of 
different SAN and atrial models and their interaction. There 
were four behaviors observed; SAN entrainment and  
successful propagation, SAN entrainment without any prop-
agation, no entrainment with or without propagation and 
suppression of the SAN with no activity shown. 

For the FHN SAN setups, we were unable to observe 
suppression of the SAN node and as we increased the con-
ductivity values, the central and peripheral waveforms 
merged more closely together and continued to propagate 
into the atria. The LCCD models were less able to drive the 
atria, the default conductivity values had to be lowered to 
observe any activity. For the LCCD model setup, we were 
able to observe all the four main behaviors. In situations 
where entrainment did not occur or propagation was weak, 
we were able to observe complex activation whereby activa-
tion propagated from the central SAN in distinct waveforms 
(figure 6).  

IV. CONCLUSIONS  

Our simulation setup demonstrated the modular approach 
of MML where components could be reused or retrieved 
from existing CellML repositories. The modular approach 
also provides a level of decoupling that allows ModelML to 

import and provide an interface to modify the content of 
CellML. 

The MML framework has several limitations that require 
further work. At present geometrical models can only be 
described using Bezier and BSpline curves and surfaces or 
Mesh models. While this allows the geometry to be ex-
ported directly into Comsol Multiphysics (COMSOL Multi-
physics v. 3.4, COMSOL AB, Palo Alto, CA.). This prob-
lem is tied to our choice of solving application. For a more 
robust implementation other solver applications should also 
be considered, such as CMISS (http://www.cmiss.org) or 
Continuity (http://www.continuity.ucsd.edu/continuity). 
Furthermore, only electrophysiological models existing in 
validated ODE-based CellML form have to date been tested 
on the framework. 
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Abstract— Pendulum test had been used for trial diagnoses 
of spastic human subjects. The angle θ of knee joint had been 
measured with a potentiometer and the first and second order 
derivatives of θ had been used for obtaining of angular veloc-
ity and angular acceleration, respectively. It was not easy 
however to hold the position of the potentiometer stable and 
even if the position slightly shifted, a large error might occur 
in the detected signal. Furthermore, the differential process 
trended to accompany a big noise. Then we developed a new 
method to measure the knee joint motions by the use of some 
accelerometer. The accelerometer could be attached to a lower 
leg easily and stably. If only one accelerometer was used how-
ever, both of knee joint angular velocity and knee joint angle 
calculated by integration might be accompanied with a large 
error, because it was under the influence of gravity. In order to 
overcome the difficulty, a measurement system for knee joint 
motions was constructed with a couple of accelerometers in 
this study.  The accurate angular acceleration could be calcu-
lated as the difference between two output values of the accel-
erometers. The angular accelerations, angular velocities and 
angles in knee joint motions of normal subjects and spastic 
subjects were measured by the use of this system and it was 
shown that the error originated to the gravity decreased dras-
tically comparing with the case of the only one accelerometer. 
This system would be useful for diagnosis of spastic patients by 
the use of pendulum test and for parameter decisions of the 
biomechanical and neural knee joint model. 

Keywords— Pendulum Test, Knee joint motion, Angular accel-
eration, Spastic subject. 

I. INTRODUCTION  

Pendulum test was proposed by Wartenberg in 1951[1]. It 
has been often used for trial diagnosis of spastic human 
subjects. Bajd et al.[2] and David et al.[3] measured knee 
joint angle θ using a potentiometer and calculated dθ/dt, 
d2θ/dt2 by differential operations for detailed analysis of 
spasticity. It was not easy however to apply the potentiome-
ter stably to the knee joint and if the position slightly shifted, 

a large error was produced in the detected angle. Moreover 
the differential process was accompanied with a big noise. 

Then in this study, a new method to measure the knee 
joint motion as angular acceleration is developed using two 
accelerometers in which the difference between the values 
of two output signals provides angular acceleration αa. Inte-
grating operations of αa result in angular velocity Va and 
angle θa with low noise level. The angular accelerations, 
angular velocities and angles in knee joints of normal sub-
jects and spastic subjects are measured by this system, and 
it is shown from the comparison with the results in the case 
of the one accelerometer that the errors in them are drasti-
cally decreased. 

II. PRINCIPLE OF ANGULAR ACCELERATION DETECTION 

The principle of angular acceleration detection is shown 
in Fig.1. The lower leg is equipped with a wooden bar on 
which two linear accelerometers are attached at a distance 
L0 apart. If the lower leg is fallen down from the lifted up 
position, it starts to swing as if a pendulum. It continues for 
a few seconds. Accelerometer 1 detects acceleration α1
along the tangential direction of the pendulum. In the same 
way, accelerometer 2 detects acceleration α2. The α1, α2 are 
given by the following equations 

θθα sin2

2

11 g
dt
dL += (1) 

θθα sin2

2

22 g
dt
dL += (2) 

where L1 and L2 represent distances from the knee joint to 
the accelerometer 1 and 2, respectively. 

The angular acceleration αa of knee joint in Fig.1 is given 
from eq.(1) and eq.(2) as follows: 
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Eq.(3) shows the angular acceleration is provided by the 
difference between the outputs of two linear accelerometers. 

In general, if a large magnitude of acceleration component 
perpendicular to the sensing direction exists, a linear accel-
erometer suffers from interference caused by it. In the situa-
tion shown in Fig.1, however, little acceleration component 
exists in the direction perpendicular to the plane of a knee 
joint rotation i.e. sagittal plane. On the other hand, there 
exists an acceleration component αn in the normal direction 
perpendicular to the sensing direction. It is given by the 
following equation. 

 
2

cos ⎟
⎠
⎞

⎜
⎝
⎛+=
dt
dLgn
θθα (4) 

where L is the distance L1 or L2. The first and the second 
terms in the right side correspond to the gravity component 
and the centrifugal component, respectively. The range of 
the knee joint angle in the pendulum test is −π/4 < θ< π/4 ,
and αn is estimated as follow: 

ggn 5.17.0=α (5) 

This value is thereabout 1g and the interference could be 
neglect. Angular velocity Va and angle θ are given by fol-
lowing eq.(6) and eq.(7), respectively.   

 ∫== dt
dt
dV aa αθ (6) 

 
0θαθ += ∫∫ dtdta

(7) 

where θ0 is the initial knee joint angle in pendulum test, 
normally, θ0 = π/4. Integrating operation would be accom-
panied with less noise compared to the differential operation. 

L0

mounting bar
Accelerometer 1

L1L2

Accelerometer 2

L0

mounting bar
Accelerometer 1

L1L2

Accelerometer 2

Fig. 1 Set up of acceleration sensors 

 

III. MEASUREMENT SYSTEM FOR KNEE JOINT MOTION 

In pendulum test, normally, the subject sits down in rest 
on a chair, an examiner lifts up the subject’s lower leg up-
ward to the position of  π/4 from a vertical line and then 
release it permitting to swing. The lower leg swings several 
times during a few seconds. 

In order to be able to utilize for daily clinical scene, the 
chair should be suitably manufactured for the pendulum test, 
and the measurement system should be designed compact 
and have the function of easy handling. Fig.2 shows the 
measurement system for knee joint motions designed under 
such considerations. It can carry out all the processes from 
the detection of two acceleration signals at knee joint to the 
calculations for the waveforms of α , Va, θa by one laptop 
computer. The detected acceleration signals are transferred 
through isolation amplifiers and A/D convertors to the com-
puter. The software is composed of (1) data acquisition part, 
(2) data processing part, (3) graphic display part. They are 
programmed in menu style for the purpose of both easy 
understanding and easy handling.  

 

Accelerometer 1
Accelerometer 2

Chair for pendulum test

A/D
convertor

Laptop
computer

Isolation
amp

Isolation
amp

Accelerometer 1
Accelerometer 2

Chair for pendulum test

A/D
convertor

Laptop
computer

Isolation
amp

Isolation
amp

A/D
convertor

Laptop
computer

Isolation
amp

Isolation
amp

Isolation
amp

Isolation
amp

Fig. 2  Measurement system for knee joint motion induced by pendulum test 
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IV. RESULTS AND DISCUSSIONS 

Fig.3 shows results obtained from a normal subject by the 
system in Fig.2. Fig.4 shows waveforms of the same subject 
in case of one accelerometer as a reference. Comparing the 
two waveforms of angular accelerations, they are similar in 
form, but the magnitude of the waveform in Fig.4 (a) is 
smaller than that in Fig.3 (a).  
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Fig.3   Sample waveforms measured by two sensor method 
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Fig.4  Sample waveforms measured by one sensor method as references 

 

The difference between them can be explained quantita-
tively by the second term in eq.(1). It is clear from the re-
sults, the measurement method by one accelerometer is 
suffered strongly from the influence of gravity acceleration. 
On the other hand, the measurement method by two accel-
erometers is free from gravity acceleration and can evaluate 
correctly an angular acceleration. It is also found from the 
comparison of both angular velocities and both angles, 
which were obtained by integration of angular acceleration, 
that the waveforms of Fig.4 (b),(c) in case of one accelera-
tion are unnatural, while the waveforms of Fig.3 (b),(c) in 
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case of two accelerations are rational. The results of middle 
level of a spastic subject show similar appearance to the 
case of normal subject. It is clear from above discussions 
that the proposed method is more excellent than the potenti-
ometer or one accelerometer one. 

 

V. CONCLUSIONS  

A new measurement system for knee joint motion at pen-
dulum test by the use of two linear accelerometers has pro-
posed as a place of the conventional one with potentiometer 
and applied for estimating the angular accelerations of knee 
joint in normal subjects and spastic subjects. It is confirmed 
that the detected signal is angular acceleration and angular 
velocity and angle can be accurately obtained by integration 
of the angular acceleration waveform. The system has fea-
tures of (1) easy fastening of sensor, (2) compact structure 
of processing system, (3) easy handling. Then it is useful for 
clinical use. Further, it could be used for detailed analysis of 

knee joint motions, if measured waveforms are related with 
results of simulation by means of the model [4]. 
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Abstract—Recent developments in aortic valve replacement 
include the truly stentless pericardial bioprostheses with Single 
Point Attached Commissures (SPAC). The leaflet geometry 
available for these valves can be a simple tubular or a complex 
three-dimensional molded structure resembling the natural 
valve. We compared mechanical performance of these two 
valve designs via dynamic simulation. Surface models repre-
senting a tubular valve and a molded valve incorporating the 
aortic root of 25 mm in diameter were created. An elastic 
modulus of 8 MPa and a density of 1,100 kg/m3 were assigned 
to the pericardial leaflet tissue. Time-varying physiological 
pressure loadings over a full cardiac cycle were applied on the 
upper and lower aortic root wall, and aorto-ventricular pres-
sure gradient applied on the valve leaflets. The maximum 
effective valve orifice area during systole is 400.6 and 633.5 
mm2 for the tubular and the molded valves, respectively. When 
fully closed, the free edges in the molded valve form S-shaped 
lines characterized by twisting at the valve center, a phenome-
non not apparent in the tubular valve. Consequently, the coap-
tation height in the former is nearly four times greater than in 
the latter, being 4.5 and 1.2 mm, respectively. Computed com-
pressive stress indicates that high magnitude in the tubular 
valve prevails at the commissure, along the inter-leaflet margin 
and the leaflet basal attachment line, while in the molded valve 
it occurs at the center of the free edge and on the leaflet belly. 
The highest stress magnitude in the tubular is 3.83 MPa versus 
1.80 MPa in the molded. The molded leaflet geometry resem-
bling the natural valve performs better than the simple tubular 
geometry for the SPAC valves, by producing greater effective 
orifice area, better coaptation properties, and lower magnitude 
in compressive stress, which should translate into enhanced 
valve efficacy and durability. 

Keywords—Stentless, Pericardial aortic valves, Single  
Point Attached Commissures, Leaflet geometry, Dynamic 
simulation. 

I. INTRODUCTION  

Stentless bioprosthetic aortic valves demonstrate superior 
outcomes to stented designs [1,2]. Stentless bioprosthesis, 
however, has been hampered by the technical complexity in 
implantation. The new-generation pericardial aortic biopros-
theses combining the Single Point Attached Commissures 

(SPAC) technique, greatly simplifies and expediates im-
plantation besides being truly stentless [3-6]. The pericar-
dial SPAC valves are implanted in such a way that the base 
of the valve is sutured to the aortic annulus in a circular line 
and the commissures attached to the aortic wall at the level 
of sinotubular junction at three single points. The technique 
has proved to be efficient and reliable in clinical settings 
[3,4,7].  

Leaflet geometry is believed to be important for the effi-
cacy and longevity of bioprosthetic aortic valves. Currently 
two leaflet geometrical designs can be identified for the 
stentless pericardial SPAC valves: a simple tubular structure 
[3,4] and a complex three-dimensional structure resembling 
the natural valve molded using specially-designed valve 
molds [5,6]. Our objective was to elucidate the influence of 
leaflet geometry on mechanical performance of pericardial 
aortic valves with SPAC. Critical valve performance pa-
rameters such as dynamic leaflet deformation, effective 
valve orifice area (EVOA), coaptation properties, and leaflet 
stress distributions were analyzed. 

II. METHODS 

A. Model Geometry 

The aortic root model was simplified to be a circular 
conduit of internal diameter 25 mm, characterized by three 
protruding sinuses of identical hemisphere. Surface models 
representing a tubular valve and a molded valve incorporat-
ing the aortic root were created (Fig. 1). The tubular valve 
has a leaflet geometry following the surface of one-third of 
a cylinder and the free edges are slightly scalloped. The 
general steps of fabricating the molded valve are described 
in Goetz et al. [6]. Briefly, a strip of pericardial tissue is 
sandwiched between the top and bottom molds, lightly 
treated with Glutaraldehyde and trimmed down to give the 
defined leaflet shape. The leaflet of the molded valve was 
designed to represent the configuration of a closed valve, 
referring to the descriptions of Thubrikar [8] for optimiza-
tion of leaflet geometry.  
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Fig. 1 Schematic representation of the tubular (left) and the molded (right) 
valve models. One-third of the aortic root is removed for visualization of 
the internal structure. Sutures indicate the leaflet attachment edge and small 
rectangular tabs indicate the commissural attachment points 

The surface models were meshed using 4-node, doubly 
curved quadrilateral shell elements with reduced integra-
tion. The aortic root shell model consists of 4,446 elements 
with a uniform thickness of 1.5 mm, while the valve models 
of 4,662–5,460 elements depending on difference in valve 
geometry with a uniform thickness of 0.4 mm. The Simp-
son's rule with 5 integration points through the shell thick-
ness was specified to calculate the cross-sectional behavior 
of the shell model. 

B. Properties of Material 

Isotropic and homogenous material behavior was as-
sumed for all models. Though the fresh pericardial tissue 
acts as an anistropic material, the fixation process before the 
valvular surgery eliminates this anisotropy [9]. An elastic 
modulus of 8 MPa and a density of 1,100 kg/m3 were as-
signed to the pericardial leaflet tissue. A poisson ratio of 
0.45 was used to account for the near-incompressible be-
havior of the soft tissue. 

C. Loadings and Solution Procedure 

For applying loadings, the aortic root model was divided 
into the upper (aortic) and lower (ventricular) walls at the 
level where the valve edge was tied. Prior to dynamic simu-
lation, diastolic pressures of 81.9, 10.3, and 71.6 mmHg, 
which correspond to the initial values of the dynamic pres-
sure waveforms (t = 0 s in Fig. 2), were gradually applied 
on the aortic wall, ventricular wall and valve leaflets, re-
spectively. Starting from this closed, diastolic, stressed 
configuration, time-varying, spatially uniform physiological 
pressure loadings over a full cardiac cycle of 0.9 s were 
applied (Fig. 2): aortic pressure waveform on the aortic 
wall, left ventricular pressure waveform on the ventricular 
wall, and aorto-ventricular pressure gradient on the valve 

leaflets. The fully nonlinear finite element code ABAQUS 
6.7 (ABAQUS, Inc., Pawtucket, RI) was used for all analy-
sis runs. 

 

Fig. 2 Time-varying pressure loadings over a full cardiac cycle 

III. RESULTS  

A. Dynamic Behavior 

The generic features in dynamic behavior for all three 
models include large deformation and extremely rapid mo-
tion of the valve leaflets during opening and closing, as well 
as the dynamic rocking motion of the aortic root throughout 
the cardiac cycle. As the leaflets coaptate against each other, 
the free-edges form S-shaped lines, with the central parts 
twisting counterclockwise, while the free-edge lines in the 
closed tubular valve are fairly straight. The time required 
for opening the valve is about 0.034 for the tubular valve, 
and 0.022 s for the molded valve. The fully-opened tubular 
valve exhibits a triangular orifice, the maximum EVOA 
being 400.6 mm2. For the molded valve reaching the fully-
opened position, the free edges move further apart forming 
a more circular orifice, the maximum EVOA being 630.8 
mm2. The maximum radial expansion of the commissures is 
1.84 and 2.61 mm from the initial stress-free position for the 
tubular and molded valves, respectively, corresponding to 
an expansibility of 7.4% and 10.4% in relation to the aortic 
root diameter. 

B. Coaptation Properties 

The maximum coaptation height in the molded valve is 
4.5 mm versus 1.2 mm in the tubular valve (Fig. 3). It ap-
pears that in the tubular valve, only the margins of the free 
edges participate in coaptation. The area participating in 
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coaptation for a single leaflet, varying over the cardiac cy-
cle, is plotted in Fig. 4 for both models. The coaptation area 
in the molded valve is generally greater than in the tubular 
valve during valve closing. The maximum coaptation area 
in the tubular and molded valve models is 238.5 and 386.1 
mm2, respectively. 

 

Fig. 3 Coaptation height of the leaflets for the tubular and molded valve 
models 

 

Fig. 4 Area participating in coaptation for a single leaflet varying over the 
cardiac cycle, for the tubular and the molded valve models 

C. Leaflet Stress Distributions 

Figure 5 shows the distribution of compressive stress (i.e. 
minimum principle stress) for both valves at the fully-closed 
position when the maximum stress magnitudes are found. 
Compressive stress occurs on the aortic surface of the leaf-
let. For the tubular valve, the highest magnitude in com-
pressive stress is found at the commissure, and the second 
highest along the inter-leaflet margin and the leaflet basal 
attachment line. For the molded valve, the localization of 
compressive stress is completely different, the highest mag-
nitude being near the center of the free edge and the second 
highest on the leaflet belly, showing only moderately ele-
vated values. The highest magnitude in the tubular valve is 
more than twice greater than that in the molded valve. 

 

 

Fig. 5 Distributions of compressive stress (i.e. minimum principle stress, 
MPa) for the tubular (a) and the molded (b) valve models 

IV. DISCUSSIONS  

Characteristics of a functioning aortic valve include the 
rapid motion of the leaflets during opening and closing, the 
non-obstructive maximized orifice of the open valve, as 
well as the firmly and completely sealed leaflets of the 
closed valve. This study shows that while both valves are 
able to provide normal functioning, distinct differences 
result from the difference in leaflet geometry. Firstly, sig-
nificantly less time is required for opening and closing the 
molded valve. The opening process takes about 0.022 s for 
the former versus 0.034 s for the latter. This observation 
suggests the leaflet mobility may be better with the molded 
leaflet design. Secondly, leaflet geometric configuration 
clearly affects characteristics of the open valve during sys-
tole. The maximum radial expansibility of the commissures 
is found to be 10.4% in the molded valve versus 7.4% in the 
tubular valve. Along with reduced commissural expansi-
bility in the tubular valve, the EVOA is substantially re-
duced. Thirdly, as the leaflets seal against each other at the 
fully-closed position, the free edges in the molded  
design form S-shaped lines, characterized by twisting at the 
valve center, while the tubular design shows straighter free-
edge lines. This observation can be explained that the more 
anatomically-correct geometry and longer free-edge length 
in the molded design ensure a better coaptation of the leaf-
lets and provide more safety for closure. Indeed, further 
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examining coaptation properties reveals that the coaptation 
height, a critical parameter for assessing valve competence, 
is measured to be 4.5 mm in the molded design, nearly four 
times greater than in the tubular design, suggesting the for-
mer to be more competent. 

Calcification and structural deterioration are the main 
causes of failure of bioprosthetic aortic valves. Thubrikar et 
al. demonstrated in vivo a close correlation between areas of 
high compressive stress and calcification in porcine bio-
prosthetic valves, and suggested that compressive stress 
may cause calcification by inducing fiber separation and 
opening of cavities of the local tissue [10]. Our results show 
significant differences in both localization and magnitude of 
compressive stress between the tubular and the molded 
leaflet designs. For the tubular valve, high compressive 
stress prevails at the commissure, along the inter-leaflet 
margin and along the leaflet basal attachment line, while for 
the molded valve, compressive stress is found near the cen-
ter of the free edge and on the leaflet belly. The highest 
stress magnitude in the tubular valve is more than twice 
greater than that in the molded valve. As compressive stress 
plays an important role in the pathogenesis of early struc-
tural valve deterioration [10], this study lets assume that 
calcification in the tubular valve would be markedly more 
severe than in the molded valve, and would develop in dif-
ferent regions.  

This study, so as to focus on leaflet geometry, used iden-
tical, idealized loading conditions and material properties 
for all models. The pressure loadings applied on the aortic 
root wall and the valve leaflets are time-varying, but spa-
tially uniform. Realistically, the pressure varies as local 
blood flow varies in different regions, particularly in the 
vicinity of the leaflets and Sinuses of Valsalva, which may 
exert influence on their deformation and stress distribution 
patterns. Simulation of this complicated regional variation 
of pressure requires the coupling of the motions of the aortic 
root wall and the leaflets to fluid dynamics, an interesting 
issue to explore in our future studies. In addition, our mod-
els were assumed to be homogeneous and isotropic with 
uniform thickness. These assumptions may be justified as 
previous studies have shown that the pericardial tissue after 
the fixation process seems to act more as a homogeneous 
isotropic material [9]. 

V. CONCLUSIONS  

Leaflet geometry profoundly alters mechanical perform-
ance of pericardial aortic valves with SPAC. The overall 
performance of the molded leaflet geometry resembling the 
natural valve is superior to that of the simple tubular leaflet 

geometry in terms of improved dynamic behavior, greater 
EVOA, substantially increased coaptation height and area, 
and reduced maximum compressive stress. Leaflet geomet-
ric designs closer to the natural valve should enhance the 
efficacy and durability of SPAC pericardial aortic valves. 
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Categorization of HE Stained Breast Tissue Samples at Low Magnification by 
Nuclear Aggregations  
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Abstract— A computer aided method for pathological diag-
nosis of breast tissues stained with hematoxylin and eosin (HE) 
is described. This method focuses on nuclear aggregations 
observed at low magnification. In digital pathology, tissues in a 
slide are captured as digital images. We extract nuclear aggre-
gations in an image using an isotropic blur-edge filter and then 
measure nuclear aggregation features such as density or aver-
age thickness. These features contain information for catego-
rizing images into pathological conditions. To measure the 
correlation of the features and the conditions, we cross-
validated test images and tissues into three conditions: nor-
mal/benign, precancerous, and cancerous. The results provide 
about a 66% true classification rate for the three conditions. 

Keywords— digital pathology, breast, HE, magnification. 

I. INTRODUCTION  

Histological samples stained with hematoxylin and eosin 
(HE) are examined through a microscope in conventional 
pathological diagnosis. Recent digital image scanners en-
able scanning a digital image containing a whole histologi-
cal tissue at high magnification (40X). An advantage of 
utilizing a scanner is that two-step diagnosis at both low and 
high magnification can be achieved. In conventional patho-
logical diagnosis through a microscope, a coarse-fine ap-
proach from low to high magnification is often used. 

Inspection at low magnification up to 10X is advanta-
geous for some pathological features such as tubular gland 
patterns and stroma patterns. However, detailed features 
such as individual nuclei should be inspected at high magni-
fication. The Bloom-Richardson grade [1] for breast cancer 
measures the grade of malignancy using three criteria: tubu-
lar gland formations, mitotic cell density, and nuclear pleo-
morphism. Tubular gland formations are often inspected at 
low magnification and the other two at high magnification. 
The Gleason score [2] for prostate cancer evaluates malig-
nancy in view of the overall tissue. Instructions for Gleason 
grading recommends analysis at low magnification. 

Computer-aided diagnosis [3,4] has been achieved by 
utilizing high-resolution scanners coupled with large storage 
devices. These approaches tend to focus on nuclei at high 
magnification because the nuclei size and shape are very 
different between normal/benign and cancerous conditions. 

Diagnosis at low magnification, however, is useful for 
“easy” cases that can be diagnosed without high-resolution 
inspection, resulting in more efficient diagnosis. The other 
case when diagnosing at low magnification is important is 
in clinical trials. Histological samples are clinically divided 
into three conditions: normal/benign, precancerous, and 
cancerous. Precancerous conditions, e.g., ductal carcinoma 
in situ (DCIS) in breast tissues, are mostly cancerous in 
nuclear pleomorphism but not fully cancerous because tis-
sue formations shown at low magnification are not broken 
[5]. Clinical doctors provide different treatments for these 
three conditions. Consequently, histological analysis at low 
magnifications is crucial in this context. 

We developed a method for inspecting nuclear aggrega-
tions in histological samples of breast tissues at low magni-
fication that divides the samples into the three conditions. 
The reason for restricting this study to breast tissues is that 
they commonly exhibit nuclear aggregation patterns at low 
magnification. Nuclear aggregation patterns, gland tubes 
and cysts, are shown as lines or blobs and are no longer 
individual nuclei at low magnifications. Their area size, 
density, length, thickness, etc. are different between nor-
mal/benign, precancerous and cancerous conditions. For 
example, gland tubes in some benign conditions are very 
atrophic, and we rarely see them in cancerous conditions. 
Gland tubes of DCIS may have prominent shapes. There-
fore, our method measures features of nuclear aggregations 
in breast tissue samples at low magnification, and then cate-
gorizes them into the three groups using a simple classifier. 

II. NUCLEAR AGGREGATION ANALYSIS 

Recent scanners for histological samples can now capture 
an entire tissue at high-resolution (40X) into a single large 
digital image file. For this study, we downsample these 
images down by a factor of 8 in each dimension to 5X. 
 
A. Nuclear Aggregation Extraction 

HE stained images, a mainstay in pathology, are double-
stained with hematoxylin (stains nuclei in blue) and eosin 
(stains cytoplasm in red) dies. Hue values of most stained 
pixels exist from blue to red via magenta. Therefore, a cyan 
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channel that is positive in nuclei pixels, and negative in 
cytoplasm pixels is effective for nuclei extraction (Fig. 1). 

  

Fig. 1 HE stained image (left). Its cyan channel monochrome image (right) 

Nuclear aggregation analysis at low magnification does 
not take into account borders between neighboring nuclei 
because it focuses neither on the size nor the shape of in-
dividual nuclei. These unclear borders become noise rather 
than extracted targets. One of the typical nuclear aggrega-
tions is a tubular nuclear alignment around a gland, called 
a gland tube. These aggregations often produce torus-
shape objects containing unclear nuclei borders. An image 
filter extracting such image objects as round objects that 
include small edge noises should have the following func-
tions: 

 Blurring is mandatory because small edges made from 
the unclear nuclei borders and isolated nuclei borders 
should be removed. 

 Isotropic edge extraction is required for extracting 
circular or elliptic edges of gland nuclear aggregations. 

 Multi-scaling is also necessary where different size 
glands are present. 

A Gabor-Wavelet (GW) filter, whose kernel is shown in 
(1), is equipped with these characteristics. 
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where is a scale and w  means a direction. 
Our nuclear aggregation filter is based on the GW filter 

and attuned to pixel patterns around glands. The filter first 
accumulates the pixel values of all scales and directions of 
high frequency points that are the results of a GW filter. The 
edges of nuclear aggregations are mainly highlighted in the 
accumulated image. However, the center parts of thick nu-
clear aggregations cannot be indistinctive in the image. For 
extracting the parts, we calculate the standard deviation 
(SD) of neighboring pixels for each pixel in the GW filtered 
image and then accumulate the SD values of all scales and 

directions. Finally, pixels satisfying thresholds in both the 
accumulated images are extracted as nuclear aggregations. 

 

Fig. 2 Extracted nuclear aggregations.  

B. Feature Amounts of Nuclear Aggregations 

Image objects indicating nuclear aggregations have a lot 
of pathological symptoms. For example, the density of the 
object pixels is an important symptom. A patient’s medical 
condition is getting worse if the density is increasing. Fur-
thermore, the condition has a high probability of malig-
nancy if the objects are irregularly large or if their shape is 
unusual. The number of pixels, length, and thickness of the 
objects reflect their size and shape. Therefore, we measure 
the following ten items for the image objects per unit area. 

(a) Density of object pixels 
(b) Maximum number of object pixels 
(c) Average number of object pixels 
(d) SD of number of object pixels 
(e) Maximum of object average length 
(f) Average of object average length 
(g) SD of object average length 
(h) Average of object average thickness 
(i) Average thickness of all objects 
(j) Histogram of SD of object thickness distribution 

In a pre-experiment, we found (i) and (j), to provide 
characteristic values in a major type of DCIS. The length of 
(e), (f), and (g) can be calculated by counting the pixels of 
objects having been morphologically thinned. Calculating 
the thickness of objects is computationally costly, a crucial 
problem in screening many images. Thus, we utilize an 
alternative method combining a thinning and distance trans-
formation (Fig. 3). This method makes a thinning image and 
a distance transformation image from a binary image of 
nuclear aggregation objects and then multiplies them. The 
double of the distance value of a thinning point reflects the 
thickness of an object. The value is not equal to the thick-
ness in a strict sense and the disparity is conspicuous espe-
cially when the thickness heavily changes between adjacent 
pixels. Nevertheless, this alternative calculation can effec-
tively be computed much faster than the conventional calcu-
lation of accurate thickness, which in any case is unneces-
sary in this context due to noise. 
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The histogram of the object thickness distribution of (j) 
measures the percentage of the alternative thickness. The 
SD of this histogram illustrates a characteristic of object 
patterns, i.e., the size and shape of nuclear aggregations. 

Original Binary Image

Distance Transformation (DT) 

Thinning 

Masking the DT Image 
Using the Thinning Image  

Half
Thickness

 

Fig. 3 Alternative thickness calculation 

The density of object pixels of (a) is the most important 
among the ten items. The probability of malignancy is much 
higher if the density is much larger than the average of 
benign tissues. However, if the density is much smaller, a 
tissue is normal/benign, or it is a malignancy that cannot be 
diagnosed by nuclear aggregation. 

C. Simple classifier for the  three conditions 

The purpose of this nuclear aggregation analysis at low 
magnification is to enable a rough categorization of patho-
logical states into one of the three conditions: nor-
mal/benign, precancerous and cancerous. We designed a 
simple classifier for this purpose. Of course, well known 
machine learning classifiers, e.g., neural networks and sup-
port vector machine (SVM), deliver good results. However, 
pathologists cannot find the reason for classifications from 
the results of these classifiers. We cannot make sure which 
feature items in subsection B are the most effective for the 
three conditions. 

Our classifier is based on probabilities )|( in sCP of condi-

tion n in feature i. Assuming the distribution of probabili-

ties )( nCP , these probabilities can be derived from Bayes’ 

theorem with probabilities )|( ni Csp  of feature i in condi-

tion n and probabilities )( isp  of feature i. Probabilities 

)|( ni Csp  and )( isp are calculated by dividing consecutive 

values into some ranges for practical use. 
Let )( nCI define the score amount, 

,))|(1log()(
i

inin sCPwCI  (2) 

where iw  is the weighed indexes depending on the patho-

logical importance. Condition n providing the largest score 
)( nCI  is selected as the appropriate condition. Note that 

)|(log in sCP  is an information amount. This means this 

score amount is a very simple index explaining the appro-
priate selection in all the conditions. The reason for utilizing 

))|(1log( in sCP  instead of )|(log in sCP  is to avoid 

comparing small values near 0 in a computer. 
The advantage of this score is its intuitiveness. The other 

advantages are its ease of calculation and implementation in 
adjusting the feature amounts with the weighed indexes. 
However, this score amount has misfit risks if the prior 
probabilities of the conditions are different from the real 
distributions. One problem is that the classification accuracy 
is inferior to that of the machine learning classifiers because 
the score amount disregards the correlation of the features. 

In practical diagnosis, some regions of interest (ROIs) 
are often detected, and then only the ROIs become the tar-
gets for diagnosis. The score amounts are independently 
calculated for the ROIs in this case. The categorization of a 
tissue introduces a majority vote of the maximum scores of 
all ROIs. The second largest scores are compared if the 
majority vote of the largest scores cannot decide the cate-
gory. 

III. EXPERIMENTAL RESULTS 

To check the relationship between the feature items and 
pathological conditions, we conducted an experiment with 
5-fold cross validation. This experiment involved the use of 
217 tissues annotated by pathologists. Up to 17 ROIs were 
extracted from each tissue at 10X magnification, and im-
ages of 2048 by 2048 pixels were cut out. The tissues in-
cluded normal/benign, precancerous, and cancerous condi-
tions. The details of the three conditions are as follows.  

 Normal/Benign condition 

We tested 75 tissues of this condition, including 505 im-
ages. The types of pathological conditions were normal, 
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fibroadenoma, sclerosing adenosis, columnar alteration, 
phyllodes, papilloma, and other benign conditions. About 
half of the tissues and images mainly contain atrophic 
glands. The others mainly contain distended glands. Both 
types of tissues look very different because the latter has a 
higher gland density. 

 Precancerous condition 

We tested 39 tissues of this condition, including 258 im-
ages. The pathological conditions were DCIS, atypical 
ductal hyperplasia (ADH), and atypical lobular hyperplasia 
(ALH). Samples of lobular carcinoma in situ (LCIS) were 
unavailable. Some of the DCIS tissues were low malignant, 
and the rest were high malignant. 

 Cancerous condition 

We tested 103 tissues of this condition, including 746 
images. Here, cancerous conditions included only invasive 
types, i.e., invasive ductal carcinoma (IDC) and invasive 
lobular carcinoma (ILC).  

For the score amount (2), we assumed the distribution of 
probabilities was uniform and that the weighed indexes 
were equal. Table 1 shows the results of a 5-fold cross vali-
dation using the ROI images. 

Table 1 Results of the ROI image tests 

(%) N/B(res) PreC(res) C(res) 

Normal/Benign 66.1 13.9 20.0 

(Atrophic) 81.9 14.0 4.1 

(Distended) 51.5 13.8 34.7 

Precancerous 27.5 53.5 19.0 

Cancerous 19.8 10.2 70.0 

 
True classification rates were between 50.0% and 70.0%. 

The rate of the precancerous condition was about 15% 
worse than that of the others because the condition was an 
interim status. False classification of the cancerous condi-
tions was mainly caused by fewer nuclear aggregations. The 
score amount (2) tended to give an advantage to the nor-
mal/benign condition over the other conditions. In the nor-
mal/benign condition, the false classification rate of the 
atrophic type was very different from that of the distended 
type. The atrophic type is rarely classified as being cancer-
ous, but the distended type is usually classified as such.  

The ROI images included in the same tissues have high 
correlations. Therefore, we conducted a tissue-based ex-
periment to the tissues (Table 2). In this test, an indetermi-
nate (ID) status occurs when categorization has an approxi-
mately equal score across conditions. The true classification 
rates are close to that of the image tests. The false classifica-

tion rates, however, are somewhat improved. The tissues of 
the indeterminate status should be inspected using the other 
methods. 

 Table 2 Results of the tissue tests 

(%) N/B(res) PreC(res) C(res) ID 

Normal/Benign 70.6 6.7  14.7  8.0 

Precancerous 25.6 48.7  7.7  18.0 

Cancerous 11.7 1.9  78.6  7.8 

The average processing time of the ROI images was about 
40 seconds using a Pentium 4 PC at 3.2 GHz. 

IV. CONCLUSIONS 

We found that categorization using nuclear aggregation 
features at low magnification is effective. Our cross-
validation experiments show error rates of whole tissue 
classification to be below 30% which is encouraging. The 
usage of the features is open-ended. In fact, the density of 
object pixels has much larger influence than the other fea-
tures. Unless the distribution of probabilities and the 
weighed indexes are properly assumed, the score amount 
may largely depend on specific features. 

Future work in this area will proceed in two directions. 
One is automated analysis. This means a combination of our 
approach with others, e.g., nuclei analysis at high magnifi-
cation. A machine learning classifier using both features is 
one solution. The other direction is a semi-automated user 
interface system for aiding conventional diagnosis. We 
intend to develop solution systems reflecting these concepts. 
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A Wavelet-Based ECG Delineation in Multilead ECG Signals: 
Evaluation on the CSE Database 
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Abstract— In this paper, we present simple and fast ap-
proach for electrocardiogram (ECG) delineation based on a 
continuous wavelet transform (CWT). First of all, QRS com-
plexes are detected. Then, QRS onset and end are found for 
each QRS complex. In the next step, the T wave is detected 
between the QRS end and the next QRS onset. The T wave end 
is found between the position of T wave and the next QRS 
onset. Finally, the P wave is detected between the T wave end 
and the next QRS onset. In the last step, the P wave onset and 
end are found. These significant points are found separately in 
each lead of the ECG signal. Global multilead positions were 
determined from singlelead positions by using special selection 
rule. The presented algorithm was evaluated on the standard 
CSE database, which contains reference global positions com-
mon for all leads. We obtained two sets of results, first for 
evaluation on 12 standard leads and second for evaluation on 
Frank leads. Calculated standard deviations for 12 standard 
leads were much smaller than given accepted tolerances for 
most of the characteristic points and standard deviations for 
Frank leads accomplished given tolerances for most of the 
characteristic points. The proposed algorithm did well in com-
parison with other algorithms, especially standard deviations 
for the T wave end are very interesting: s = 12.2 ms (12 stan-
dard leads), s = 19.7 ms (Frank leads). 

Keywords— ECG delineation, wavelet transform, multilead 
ECG. 

I. INTRODUCTION  

The correct and accurate detection of individual ECG 
waves and its boundaries is very important to a cardiac 
disease diagnosis. The automatic detection of ECG signifi-
cant points can save a lot of time needed to manually anno-
tate long recordings or ECG databases. 

The first and the most important part of common ECG 
delineation approaches is the correct detection of QRS com-
plexes. The QRS complex is a waveform easier to detect, 
than the P wave or the T wave, but on the other hand, the 
highest possible detection accuracy is needed. This is due to 
the fact, that successful detection of all other significant 
points is dependent on the correct detection of QRS com-
plexes. Once positions of all QRS complexes are found, 
detection of other significant points can follow. 

In this paper, we present the ECG delineation approach, 
which is very simple and fast. The algorithm was design to 

detect five main ECG significant points, which are QRS 
onset, QRS end, T wave end, P wave onset and P wave end. 

II. MATERIALS AND METHODS 

A. Used wavelet transform approach 

The designed approach is using the continuous form of 
wavelet transform. The wavelet transform at different scales 
describes the time characteristic of a signal in different 
frequency bands. While dyadic wavelet transform (DWT) is 
limited by scales, that are powers of two (used in [1], [2]), 
CWT can be evaluated in any real positive scale. Approach 
based on CWT provides us powerful tool for the ECG de-
lineation. We can minimize the influence of a noise, arti-
facts or baseline drift by selecting optimal scales. 

The CWT of a time-continuous signal x(t) is defined by 
the integral 

dt
a

bttx
a

abCWT *)(1, , (1) 

where (t) is the wavelet function (mother wavelet), a is the 
scale parameter and b is the translation parameter. 

Several prototype wavelets were tested to find the opti-
mal prototype wavelet for the ECG delineation. Mostly used 
prototype wavelets are the quadratic spline function [1], [2], 
or the derivative of the Gaussian smoothing function [3]. 
We also tested prototype wavelets from biorthogonal wave-
let family and achieved best results for the wavelet bior1.5. 

Another difference lies in the chosen scale approach. Au-
thors in [1], [2] used multiscale approach for finding simi-
larities across several scales. We chose to use only one 
optimal scale for each ECG waveform. The scale 15 was 
found as the optimal scale for the QRS onset and the QRS 
end detection. This scale is however not appropriate for 
detection of other three significant points, because the QRS 
complex has different spectral energy distribution, than 
other waveforms. The T wave and the P wave have similar 
spectral energy distribution, so we found optimal common 
scale for the T wave and the P wave delineation, which is 
the scale 41. In Figure 1 is shown wavelet bior1.5 at scales 
15 and 41. In Figure 2 are shown magnitude spectra of cor-
responding wavelet functions. 
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Fig. 1 Wavelet bior1.5 at scale 15 and 41 
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Fig. 2 Magnitude spectra of wavelet bior1.5 at scales 15 and 41 

B. Detection of QRS complex, QRS onset and QRS end 

In [4], nine QRS detection algorithms were compared. 
The best results accomplished algorithms based on ampli-
tude and slope thresholding or digital filtering. The algo-
rithm proposed in this paper is based on advantages of those 
algorithms. 

Regarding the selected prototype wavelet, zero-crossings 
of the CWT correspond to the local maxima of the signal 
modulus and the local maxima of the CWT modulus corre-
spond to maximum slopes in the signal. 

In the first step, the algorithm searches for pairs of modu-
lus maxima exceeding threshold QRS in the scale 15. The 
QRS position is detected as a zero-crossing between the pair 
maximum-minimum, or minimum-maximum. Then, the 

correction algorithm based on a sliding window length of 
200 ms eliminates false QRS positions. 

In the next step, the detector begins from the QRS posi-
tions and tests, whether the modulus maximum between two 
adjacent zero-crossings is larger than the threshold QRSon 
( QRSend). In the case, that is larger, the algorithm tests the 
modulus maximum between the previous (next) pair of 
zero-crossings. Once the modulus maximum does not ex-
ceeds the threshold QRSon ( QRSend), the QRS onset (end) is 
localized between the previously tested pair of zero-
crossings. The QRS onset (end) is marked as the first (last) 
sample exceeding the threshold QRSon ( QRSend). 

The example of QRS delineation is shown in Figure 3. 
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Fig. 3 Detection of QRS significant points 

C. Detection of T wave and T wave end 

Detection of the T wave end is probably the most com-
plicated part of the ECG delineation. First of all, the T wave 
itself must be detected. The T wave has several possible 
morphologies: positive, negative, biphasic, only upwards or 
only downwards. The proposed T wave detector is capable 
of detect any of mentioned morphologies. 

In the first step, the algorithm searches in the scale 41 in-
side the area between the QRS end and the position depend-
ent on RR interval length. The algorithm searches for pairs 
of modulus maxima exceeding the threshold T. The T wave 
is located as a zero-crossing between the pair maximum-
minimum, or minimum-maximum. 

The T wave end detector uses the same approach, as the 
QRS end detector, only the threshold Tend is different. 

The example of T wave and T wave end detection is 
shown in Figure 4. 
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Fig. 4 Detection of T wave significant points 

D. Detection of P wave, P wave onset and P wave end 

Proposed detector can detect positive, negative or bi-
phasic P wave. As well as the T wave detector, the P wave 
detector uses the scale 41 to determine the P wave position 
and its boundaries. 

In the first step, the algorithm searches inside the area be-
tween the T wave end and next QRS onset. The algorithm 
searches for pairs of modulus maxima exceeding the thresh-
old P. The P wave is located as a zero-crossing between the 
pair maximum-minimum, or minimum-maximum. 

The P wave onset and end detector uses the same ap-
proach, as the QRS onset and end detector, only the thresh-
old Pend is different. 

The example of P wave delineation is shown in Figure 5. 
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Fig. 5 Detection of P wave significant points 

III. RESULTS 

The proposed ECG delineator was evaluated on standard 
CSE multilead measurement database (CSEDB). Sampling 
frequency of ECG signals from this database is 500 Hz. The 
CSEDB contains of 125 ECG signals and each ECG signal 
includes 12 standard leads and 3 Frank orthogonal leads. 
Designed program was evaluated separately on 12 standard 
leads and on Frank leads, with the same set of program 
parameters. 

While database annotations are global values common 
for all 15 leads, our algorithm process each lead separately. 
The global value for comparison with CSEDB is gained as 
one of those individual positions by using special selection-
sorting algorithm. This algorithm is of course different for 
12 standard leads and for Frank leads. In the first step, posi-
tions are sorted by their value. In case of 12 standard leads, 
sliding window of length 7 is used for QRS onset and end 
and window of length 5 for T end, P onset and end. In each 
window, sum of differences is calculated. The global posi-
tion is gained as a border position from the window with the 
smallest calculated sum of differences. In case of Frank 
leads, median position or border position is taken as global, 
depending on calculated differences. The border position is 
the first position in case of onset and the last position in 
case of end. 

To assess proposed QRS, T and P wave detector, we cal-
culated the sensitivity Se given by the equation 

FNTP
TPSe ,  (2) 

where TP is the number of true positive detections and FN 
is the number of false negative detections. The QRS detec-
tor obtained a sensitivity Se = 99.19 % for 12 standard leads 
and Se = 99.13 % for Frank leads. The T wave detector 
obtained a sensitivity Se = 98.36 % for 12 standard leads 
and Se = 97.37 % for Frank leads. The P wave detector 
obtained a sensitivity Se = 98.17 % for 12 standard leads 
and Se = 97.09 % for Frank leads. 

Standard deviations s of differences between program re-
sults and database annotations were computed for all sig-
nificant points. The results are given in Table 1, 

Table 1  Evaluation results on the CSE database T

Significant 
point 

12 stand. leads 
m ± s (ms)

Frank leads 
m ± s (ms) 

Tolerances 
2sCSE (ms) 

QRS onset 0.4 ± 4.0 1.5 ± 4.4 6.5 
QRS end -0.2 ± 5.0 2.5 ± 6.7 11.6 
T end 0.5 ± 12.2 0.9 ± 19.7 30.6 
P onset 1.1 ± 5.9 -1.5 ± 10.4 10.2 
P end 2.0 ± 13.5 0.4 ± 16.9 12.7 
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where m is the mean deviation between program results and 
database annotations, s is the standard deviation and 2sCSE
are delineation error tolerances, given in [ ]. 5

First results for QRS onset and end detection, tested on 
12 standard leads, were presented in [ ]. 6

IV. DISCUSSION 

We considered the delineation error tolerances given by 
the CSE Working Party in [5] as a reference. The tolerances 
defined in [5] are given in a form of two standard devia-
tions. Some authors [2], [3] considered, that an algorithm 
should accomplish s < 2sCSE (the loose criterion), while 
some others considered, that s < sCSE  should be accom-
plished (the strict criterion). 

The proposed ECG delineator accomplished the loose 
criterion for QRS onset, QRS end, T end and P onset on 12 
standard leads and for QRS onset, QRS end and T end on 
Frank leads. The strict criterion was accomplished for QRS 
end and T end on 12 standard leads. In Table 2 are shown 
delineation results for several other methods on the CSEDB, 

Table 2  Delineation results of other methods on the CSE database T

Method QRSonset
m±s (ms) 

QRSend
m±s (ms) 

Tend 
m±s (ms) 

Ponset
m±s (ms) 

Pend
m±s (ms) 

Martínez 
et al [2] 1.3±6.3 5.8±10.9 1.3±21.8 -4.9±5.4 -1.0±6.4 

Laguna  
et al [7] -2.1±7.4 -0.2±3.6 2.6±10.5 1.0±7.9 -1.0±5.1 

De Chazal 
et al [8] 0.9±3.6 -0.6±7.1 N/A N/A N/A

Sahambi 
et al [3] N/R±2.0 N/R±4.0 N/R±20.0 N/R±4.0 N/R±6.0 

where N/R stands for Not Reported and N/A stands for Not 
Applicable. 

The algorithm proposed in this paper achieved compara-
ble or better results for QRS onset, QRS end and T end, 
than methods proposed in [2], [3], [7] and [8], but worse 
results for P onset and especially P end. The P wave end 
accurate detection is problematic due to the influence of 
adjacent QRS complex in used scale 41. Several solutions 
are tested to improve the detection of P onset and end. One 
of them is the elimination of QRS complexes, before the 
scale 41 is calculated, to avoid the influence. 

V. CONCLUSIONS 

The proposed ECG delineator did well in comparison 
with other delineation algorithms. The most significant 
improvement was found in the T wave end detection. The T 

wave end is the most difficult ECG point to detect and our 
algorithm accomplished the loose criterion for both sets of 
leads and the strict criterion for 12 standard leads. The prob-
lematic part of our algorithm is the P wave end detection, 
which need improvement. The designed ECG delineator is 
very fast and simple, because of the used singlescale ap-
proach and is capable to work with 12 standard leads, or 
Frank leads. The delineator appears to be robust and effec-
tive tool for fast and accurate delineation of ECG databases 
or long ECG recordings. 
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Abstract—Implantation of coronary artery bypass graft 
(CABG) is still one of frequent revascularization methods. 
Biomechanics of a CABG wall may significantly affect its 
successful function, nevertheless, papers which concern with a 
constitutive modeling of the CABG are lacking in literature. 
The purpose of this study is to describe a constitutive behavior 
of the CABG tissue. A sample of the CABG underwent three 
years of remodeling under arterial conditions. This sample was 
analyzed in an inflation–extension test (vertically aligned 
closed-end tube was loaded by an internal overpressure and by 
varying axial force). Displacements of the specimen were re-
corded by CCD cameras and subsequently evaluated by digital 
image cross-correlation. The experiment comprised precondi-
tioning cycles and measurement periods. Mechanical response 
of the CABG was studied using four different values of an 
axial force (weight). A pressure – circumferential stretch and 
an axial force – axial stretch data are presented. Presence of 
the so called inversion point in the pressure – axial stretch data 
was observed, manifested by an elongation of a pressurized 
tube under some critical value of axial stretch and by a short-
ening as soon as the axial stretch exceeds the critical value. 
This interesting phenomenon was previously reported for iliac 
arteries. Now we may confirm it for saphenous vein graft also. 
Selected data were used to fit a material model. The tissue was 
modeled as a one-layered composite reinforced by two families 
of helical fibers. The material was assumed to be locally 
orthotropic, nonlinear, incompressible and hyperelastic. Mate-
rial parameters were estimated for the strain energy function 
based on a limiting fiber extensibility assumption. Model pa-
rameters are fitted by optimization based on radial and axial 
equilibrium equation in the thick–walled tube. Material model 
fits selected data successfully. Further work will be aimed at 
extension of material model domain on all measured data. 

Keywords—anisotropy, constitutive model, CABG, limiting fi-
ber extensibility, saphenous vein. 

I. INTRODUCTION  

Coronary artery bypass graft (CABG) implantation is a 
standard treatment method for advanced coronary artery 
disease. Biomechanical research is mainly focused on inves-
tigation of hemodynamical conditions which are believed to 

play the most important role in CABG failure, e.g. [1], [2]. 
The venous graft implantation into an arterial system leads 
to its remodeling. The most obvious adaptation process in 
the CABG is intimal thickening related to the wall shear 
stress (WSS). Changes in wall tensile stresses are also stud-
ied [3]. Considerable attention is also paid to a technique of 
an anastomosis. Methods of computer fluid dynamics can 
help to decide if the end-to-side or side-to-side type of the 
junction is optimal with respect to the WSS [4]. But remod-
eling processes may be significantly affected by the stress 
state of wall. Finite element simulation of CABG surgery 
was reported in [5]. Such simulation can identify stress 
concentrations in the wall and may lead to improvement of 
a therapy.  

However, papers, dealing with constitutive modeling of a 
CABG tissue, are scarce in biomechanical literature. Au-
thors in [5] gained data for the CABG tissue from [6]. 
Hence, main goal of our study is to present constitutive 
behavior of the CABG.  

Experimental methods, an inflation-extension test, and 
data post processing, are described first. Special attention is 
paid to digital image correlation (DIC), which was used for 
evaluation of kinematical quantities. The paper continues 
with description of the material behavior, especially an 
inversion line in the pressure – axial stretch data is dis-
cussed. A choice of suitable material model for anisotropic 
nonlinear behavior follows. Finally, estimation of material 
parameters based on radial and axial equilibrium in a thick-
walled tube is presented. 

II. INFLATION-EXTENSION TEST 

The sample of CABG tissue was harvested within au-
topsy at the Institute of Forensic Medicine of the Faculty 
Hospital Kralovske Vinohrady in Prague. The sample was 
obtained from 66–year–old male donor who did not die in 
the link with cardiovascular diseases. After autopsy the 
sample was stored in the saline solution at temperature 4°C. 
The inflation-extension test was finished 65 hours after 
death. All measurements were performed under room tem-

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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perature. For the present study, use of autopsy material from 
human subjects was approved by the Ethics Committee of 
the Faculty Hospital Kralovske Vinohrady (Prague, Czech 
Republic). Experiments were performed 35 months after 
bypass surgery. 

The reference configuration of the CABG sample had 
approximately a tubular shape with the following dimen-
sions:  outer radius Ro = 2.31mm; thickness H = 0.25mm. 
Sizes were determined by an image analysis of photogra-
phy. The length was not measured directly, it was deter-
mined within data post processing by DIC. Residual strains 
were immeasurable by our standard equipment. The sample 
was dusted over by pepper and coffee powder to create an 
artificial surface layer with a stochastic pattern what is nec-
essary for a successful image correlation. Thereafter the 
sample was mounted into the experimental set up for the 
inflation–extension test. The experimental configuration 
was vertical and the tube had a closed end. The sample is 
shown in the Fig. 1. 

The tube was pressurized manually by a syringe. After 
several pre–cycles (approximately 2 minutes pressurization) 
measurement cycles were performed. Internal pressure was 
measured by a pressure probe (KTS 438, Cressto, Czech 
Rep.) and recorded into PC by an in-house software devel-
oped in LabView (National Instruments, USA). Kinematics 
of the inflation and extension was recorded by digital cam-
eras that are components of DIC system Q–450 (DANTEC 
Dynamics, Germany). 

Within the inflation-extension test the sample is loaded 
by internal pressure and axial force. The force is originated 
by the pressure which is applied to the end of the tube 
(closed tube configuration) and with an additional weight. 
The measurement cycles were recorded for 1 minute by 
DIC. The pressure range within the measurement was from 
0 up to 20kPa. Four recorded cycles span to 60 seconds.  

 
Fig. 1 The CABG sample mounted in the experimental set up 

III. DIGITAL IMAGE CORRELATION 

Kinematics of the experiment was recorded and evalu-
ated by digital image correlation. The DIC is an optical 
method for full-field, non-contact and three-dimensional 
measurement of deformations and displacements. Used 
system Q–450 includes two high speed CCD cameras and 
data postprocessisng unit Istra (Istra 4D v. 4.2.1, DANTEC 
Dynamics, Germany). Principles of displacements and 
strain evaluation by DIC are presented in [7]. Important 
asset of the DIC method is that it allows evaluation of local 
strain distributions. User can monitor particular part of a 
sample, especially areas where assumptions of analytical 
solutions should be satisfied exactly. This is crucial for a 
consecutive regression analysis where computational mod-
els are employed. In the present work it means that only 
deformations in middle part of the inflated tube were incor-
porated. To our knowledge, the use of DIC is not so usual in 
blood vessel mechanics. But its successful application has 
already been reported in [8].   

IV. MATERIAL BEHAVIOR 

Mechanical response of the sample is presented in the 
Fig. 2 – 4. Four measurement periods were performed with 
different value of axial weight. They are denoted A, B, C 
and D and corresponding values of weight were mA = 0g, mB 
= 25g, mC = 54g, mD = 128g, respectively. Fig. 2 shows a 
typical pressure – circumferential stretch relation of the 
blood vessel wall characterized by a strain-stiffening. In-
crease in the axial weight shifts curves to the left (diameter 
of extended tubes decreases as expected). More complicated 
behavior is presented in Fig. 3 where pressure – axial 
stretch responses are shown. Two different kinds of material 
response to internal overpressure were observed. When no 
axial weight was added, increasing pressure lead to inflation 
and elongation of the tube (curve A depicted by black dia-
monds). In this case the axial force is given only by an in-
ternal pressure which acts on the end of the tube. However, 
when an axial weight was added (in this case the total axial 
force is given as a sum of added weight and the force rising 
from internal pressure), the tube was shortened with the 
increasing pressure. This phenomenon was observed for 
measurement periods B, C and D. The shortening of the 
pressurized blood vessel was reported by several authors, 
e.g. [9] or [10]. The value of axial stretch when the depend-
ence of pressure on axial stretch changes from increasing to 
decreasing is called the inversion line [9]. The value of axial 
weight (and corresponding additional force) seems to be 
decisive for the axial behavior, even if it represents only 
about 30% of the total axial load. 
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Fig. 2 Pressure – circumferential stretch response of CABG tissue for 
different values of axial weight (mA = 0g, mB = 25g, mC = 54g, mD = 128g) 
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Fig. 3 Pressure – axial stretch response of CABG tissue for different values 
of axial weight (mA = 0g, mB = 25g, mC = 54g, mD = 128g). Axial behavior 
of the tube depends on the value of axial weight. Under no axial weight the 
tube inflates and elongates, but non-zero weight leads to inflation and axial 
shortening (with respect to axially loaded sample). It is important to note 
that the intersection of A and B curves is caused by projection (values of 
circumferential stretch are different). That is apparent in the Fig. 4 

The literature relates the value of axial stretch, where in-
version occurs, to the in vivo axial pre-strain [9], [10]. If we 
demonstrate it in the strains’ domain, it should be a line of 
constant axial strain. Fig. 3 and 4 shows that while the A, C 
and D curves monotonically increase or decrease, the B 
curve behaves non-monotonically. Possible explanation of 
this behavior may be in the sample twisting. The problem of 
superimposed twisting on an axially extended incompressi-
ble tube from a strain-stiffening material has been recently 
discussed in [11]. 
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Fig. 4 Strains’ domain of inflation – extension test. Plotted symbols corre-
spond to different values of axial weight (mA = 0g, mB = 25g, mC = 54g, mD 
= 128g).  Distinction between elongation and shortening is clear. Figure 
proves that A and B curve do not cross, they only overlap 

V. CONSTITUTIVE MODELING 

A computational model for the CABG tissue under infla-
tion and extension was based on the one-layered thick-
walled tube assuming incompressible, nonlinear and anisot-
ropic hyperelastic material. Residual and shear strains were 
not included. A presence of collagenous fibers is expected, 
thus the material is modeled as a fiber reinforced composite. 
Supposed structure contains two families of collagenous 
fibers arranged in two symmetrical helical coils with the 
same mechanical response. Thus the wall anisotropy could 
be regarded as a local orthotropy. Details of this approach 
can be found in [12]. We supposed the strain energy de-
pendence upon the two invariants I4 and I6 of the right 
Cauchy – Green strain tensor having the same form 

2 2 2 2
4 6 λ β λ β= = +t zI I cos sin .         (1) 

Here λt and λz denotes circumferential and axial stretch, 
respectively. β is helix angle (material parameter). Two 
particular forms of the strain energy density function were 
used for the material parameter estimation. The first was the 
exponential model proposed in [12].  

( ) ( )22 2 2 2
2 11

1
2

3 1λ β λ βψ + −⎛ ⎞= − + −⎜ ⎟
⎝ ⎠

t zkkc I
k

cos sine  , (2) 

where ψ denotes the strain energy density function, c and k1 
have meaning of stress-like material parameters and k2 is a 
dimensionless parameter. I1 denotes the first invariant of the 
right Cauchy–Green strain tensor. The second model is the 
so-called limiting fiber extensibility model originally pro-
posed in [13]. Slightly modified expression is used in (3). 
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Meaning of symbols is the same as in the previous exponen-
tial model except μ and Jm representing the mean shear 
modulus and the limiting fiber extensibility parameter. 

Table 1 Material parameters 

Model c [kPa] k1 [kPa] k2 [1] β [°] 
(2) 0 15.17 6.248 43.8 
(2) 2.858 15.17 6.962 45.11 

Model c [kPa] μ [kPa] Jm [1] β [°] 
(3) 0 24.41 0.7493 41.82 
(3) 2.5 24.41 0.7498 41.93 
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Fig. 5 Results of regression. Model predictions and experimentally meas-
ured values of internal pressure for cycle A (no axial weight) 

VI. RESULTS AND CONCLUSION 

Least square optimization based on radial and axial equi-
librium of the cylindrical thick-walled tube with closed end 
yields estimations of the material parameters in the models 
(2) and (3). The regression was performed for the A cycle 
only (zero axial load), results are shown in Fig. 5 and esti-
mated parameters are presented in Tab. 1. They slightly 
differ from data published previously in [14] because here a 
more accurate evaluation of the reference configuration was 
used. Both models fit selected cycle successfully. Model (2) 
fits slightly better than (3). The neo-Hook term is not im-
portant from the regression point of view. But it is included 
due to compatibility with linear theory, see paper [15]. 
Relative error of the axial force prediction never exceeded 
7.5%. The results suggest hypothesis that there exists no 
unique relationship between the deformation and the stress 
state.  
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Abstract—Abdominal aortic aneurysm (AAA) is a patholo-

gical change in lumen (inner diameter) of aorta, with synchro-

nous decrease of wall thickness, often in the whole part be-

tween renal arteries and aortic bifurcation. Whithout an 

adequate treatment the risk of aneurysm rupture increases in 

time so that an assessment of this risk is decisive for a surgical 

treatment. Stresses in AAA wall predict the risk of its rupture 

better than the mere maximum diameter of the aneurysm, 

used as a criterion for decision about its  operability in clinical 

practice. 

The paper presents creation of a 3D finite element model of 

AAA of an individual patient, based on its unloaded (reduced) 

geometry reconstructed from CT-scans. In most models pub-

lished till now, the geometry of CT-scans is supposed to be 

unloaded while, in fact, a blood pressure is always acting in the 

aneurysm. Recent computer tomographs enable us to record 

the individual scans in a defined phase of the cardiac cycle, i.e. 

under a known value of the blood pressure. The paper presents 

a relatively simple method of how to find the unloaded geome-

try that results in a shape corresponding to the CT scans when 

loaded by the original value of blood pressure. This process 

depends on the chosen constitutive model; isotropic hyperelas-

tic constitutive behaviour of the tissues is supposed here. 

The rupture risk assessment is based on the ratio of maxi-

mum first principal stresses in the walls of the AAA and of the 

intact aorta, rather than on the absolute stress value. 

Keywords— Aneurysm, abdominal aorta, finite element model, 

constitutive model, soft tissue. 

I. INTRODUCTION  

Arterial aneurysms are serious and rather frequent disea-

ses of cardiovascular system, endangering especially older 

people by their rupture. They are most frequent in some 

brain arteries and, mostly as fusiform, in the abdominal part 

of aorta. The study presented in [1] proved that maximum 

principal stresses in AAA wall (calculated using a 3D mo-

del) predict the risk of its rupture better than the mere ma-

ximum diameter of the aneurysm, used as a criterion for 

decisions about its  operability in the clinical practice. 

However, the geometry used in most models presented till 

now (obtained by CT scanning) is supposed to be unloaded, 

although it is loaded by the blood pressure in fact. Because 

of geometric and material nonlinearities, this difference can 

cause substantial deviations in resulting stresses and strains.  

Recent computer tomographs enable us to record the in-

dividual CT scans in a defined phase of the cardiac cycle, 

i.e. under a known value of the blood pressure. The paper 

presents an original method of how to find the unloaded 

(reduced) geometry that results in a shape corresponding to 

the CT scans when loaded by the real blood pressure value. 

This process depends on the chosen constitutive model and 

its accuracy; nonlinear hyperelastic constitutive behaviour 

of the tissues is supposed here. The computational model of 

AAA presented in this paper focuses on finding the reduced 

unloaded geometry of AAA and its application in finite 

element stress-strain analyses. 

II. APPROACHES AND METHODS - CREATION OF THE REDUCED 

GEOMETRY  

The AAA geometry obtained from CT-scans represents 

the deformed shape loaded by a given blood pressure (axial 

prestrain and residual stresses are rather low in atheroscle-

rotic human aortas and are not accounted for in this paper). 

If the FE model with this geometry is then loaded once 

more by the arterial blood pressure, the resulting displace-

ments can be overestimated substantially because the result-

ing shape is much larger, as well as the calculated stresses; 

the twofold load may even result in geometrical instability 

of the model in some cases. Another option is to load the 

model only by the difference between the maximal systolic 

pressure and the pressure value under which the CT scans 

were recorded. In this case, however, the model correspond-

ing to the geometry of CT scans is assumed to be stress-free 

in fact what is also quite non-realistic. 

This problem was solved using backward incremental 

method in [2]; however, this method is difficult to be ex-

ploited with commercial FE software. Therefore we solved 

this inverse problem, how to find the unloaded model ge-

ometry that (after being loaded) corresponds to the loaded 

geometry known from the CT scans (fig. 1) in another way. 

We used material data from [3] approximated by the expo-

nential isotropic constitutive model presented in [4], with 

strain energy density  W described by equation (1); here a, 

b, d are material parameters, I1 is the reduced first invariant 

of Green-Lagrange strain tensor, and J is the third invariant 

of deformation gradient tensor: 
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 (1) 

 

Our proposed method is based on the recalculation of the 

position of keypoints defining the geometry of the individ-

ual CT-scans. The radial coordinate of each keypoint is 

reduced in such a way that after loading by the blood pres-

sure the position of the keypoint corresponds with its initial 

position in the CT-scan. The method is iterative and consists 

of the following steps: 
 

 

Fig. 1 CT scans used for the geometrical model  

 

Fig. 2 Representation of the proposed method: 1 (red contours) – original 

geometry (of the CT scans),  2 - reduced (unloaded) geometry, 3 (blue) - 

loaded geometry  

1. Decomposition of each CT scan (No.1 in fig. 2) of 

aortic cross sections into 180 elements defined by some 

keypoints. 

2. Loading of each element by a negative pressure (acting 

outwards of the inner surface), opposite to real blood 

pressure but with the same absolute value in the first it-

erative step. 

3. Removing of stresses in the deformed model (No. 2 in 

figure 2) and its subsequent loading (inflation) by the 

real value of blood pressure. 

4. Comparison of the resulting radial coordinate of each 

keypoint with the initial one; in the case of an excessive 

difference, the steps  No. 2 and 3 are repeated with a 

modified value of negative pressure until an acceptable 

accordance is reached (for all keypoints). 

5. If the wall thickness can be assumed uniform, the re-

sults of the above iteration depend on radius only; the 

results can be approximated by regression curve to ob-

tain radial displacements as a function of radius. 

6. Creation of the “reduced” geometry (No.2 in fig. 2) by 

subtraction of the calculated radial displacements of 

keypoints from their initial radial coordinates.  

7. The reduced geometry is loaded by the real blood pres-

sure and the loaded geometry (No.3 in fig. 2). is ob-

tained, which is very close to that of the CT scans. 

All the iterations required to obtain the reduced geometry 

are done under plain strain conditions to correspond to the 

constrained axial displacements of the aorta. Both of the 

obtained 3D geometries of the AAA are presented in fig.3 

(original geometry) and fig. 4 (reduced geometry).  
The model is created of 3D finite elements (linear 

isoparametric bricks), using hyperelastic constitutive 
Delfino model [4]. In both terminal cross sections, all the 
displacements are constrained (i.e. zero axial prestrain is 
defined) and the model is loaded by the inner pressure of 13 
kPa (or it can be loaded by the extreme systolic pressure to 
obtain the extreme stresses in the AAA wall).  

III. RESULTS AND DISCUSSION  

The proposed method enables us to find the reduced 

(unloaded) geometry for any number of aortic wall layers 

with any constitutive models, with either constant or vary-

ing thickness of the layers. The radial coordinates are de-

fined in a cylindrical coordinate system having its origin in 

the centre of gravity of the cross section; its position does 

not change substantially under load. Example of an individ-

ual 3D aneurysm geometry is presented below, with homo-

geneous material properties of arterial wall (material pa-

rameters of the model according eq. (1) are a = 96.5 kPa;    

b = 2.08, d 0). The geometry was reconstructed from CT 
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scans in two variants (original and reduced geometry), both 

loaded by the blood pressure of 13 kPa.  

 

Fig. 3 The geometry of the AAA obtained directly from the CT scans 

 

Fig. 4 The reduced geometry of the AAA from fig.3 

 
 

Fig. 5 First principal stress [kPa] distribution in the 3D model of AAA 

with the reduced geometry 

The maximum principal stress distribution in a 3D model is 

presented in figs. 5 and 6. A comparison of radial displace-

ments for both geometric variants can be made on the base 

of figs. 7 and 8. Extreme values are summarized in table 1. 

 

 

Fig. 6 First principal stress [kPa] distribution in the 3D model of AAA 

with the original geometry 

Fig. 7 Radial displacements [mm] in the 3D model of AAA with the 

reduced geometry 

 
Fig. 8 Radial displacements [mm] in the 3D model of AAA with the 

original geometry 
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Table 1 Maximum values in the models  with the original (A) and reduced 

(B) geometries. 

Geome-

try 

Max. principal 

stress [kPa] 

Max.principal 

strain [-] 

Max. radial dis-

placement [mm] 

A 736 0.51 24.3 

B 340 0.41 12.5 

 

Results of several testing examples (e.g. those presented 

in fig. 2) show a good agreement between the deformed 

(loaded) mapping of the reduced 2D geometry and the ini-

tial geometry defined from the CT-scan. It is evident that 

the difference between the original and reduced (unloaded) 

geometry is rather substantial and the results are influenced 

substantially by this discrepancy in all models based on the 

assumption of the unloaded state of the geometry obtained 

by CT or MRI. 

The agreement of initial and loaded geometry is 

achieved, however, at the level of global dimensions only. 

Under inflation load, any local shape imperfections are 

reduced because the loaded model achieves a more circle-

close shape of the cross sections, which corresponds to the 

state with the minimal deformation energy. Consequently, 

the stress concentrations induced by local shape imperfec-

tions of the aortic wall are reduced substantially in the 

model. Another inaccuracy of the model is based on the fact 

that the presented method does not account for axial dis-

placements in the process of reduced geometry creation, 

only radial coordinates are modified. This facts can deterio-

rate the advantage achieved by this method and needs to be 

analyzed in near future. 

It is also evident from fig. 5 (the constrained ends with 

non-realistic stress values have been removed from the 

model) that the maximal stress values occur in a location 

with relatively small diameter and are given by the complex 

3D shape of the aneurysm; therefore this extreme stress 

cannot be evaluated using any 2D model.  

For assessment of AAA rupture risk the authors apply the 

method proposed in [5], based on the ratio of maximum 

value of the first principal stress in the aneurysm to its value 

in the intact aorta; it is less dependent on the particular 

features of the model than the maximum stress itself. In 

future also criterion based on maximum strain ratio should 

be tested, as well as some criteria accounting for the anisot-

ropy of the aortic wall. 

IV. CONCLUSIONS  

The paper presents the AAA computational model, with 

its geometry created from individual CT-scans and modified 

to the so called “reduced” geometry, which corresponds to 

the unloaded state of the AAA (without any blood pressure). 

The method is simple and can be applied with commercial 

FE software much easier than the backward incremental 

method [2]. The presented comparison of the models with 

original and reduced geometries confirm the importance of 

geometry reduction; the geometry created directly from the 

CT-scans (loaded by blood pressure in fact) overestimates 

all the output values of the stress-strain analyses under any 

blood pressure substantially. On the other hand, problems 

related to the geometry reduction and the possible disadvan-

tages of the method are presented as well and should be 

analyzed in detail in near future.  
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Abstract— The concept of observability is useful in solving 
the problem of reconstructing immeasurable or hardly meas-
urable state variables from (easily) measurable observations. 
Action potential is an observation which can be made easily 
from a cell while other state variables like ionic currents are 
difficult to measure. In this paper with the use of observability 
theory, we show that from dynamical systems point of view, 
Hodgkin_Huxly cell model is an observable system, i.e. if we 
consider action potential as an observable measurement, the 
other model's state variables; n,h,m may be estimated at least 
in theory.  

 

Keywords— observability, state variables, Hodgkin_Huxly cell 
model 

I. INTRODUCTION  

The state-variables of a system might not be able to be 
measured for some reasons like: 1. the location of the 
particular state variable might not be physically accessible, 
2. there are no appropriate instruments to measure the state 
variable or the measurment is very dificult, 3. the state-
variable might be measured in units for which there isn't any 
measurement device, 4. the state-variable is a derived 
"dummy" variable that has no physical meaning. 

Observability, in system theory, is a measure for how 
well internal states of a system can be inferred by 
knowledge of its external outputs.Formally, a system is said 
to be observable if; for any possible sequence of state and 
control vectors, the current state can be determined in finite 
time using only the output(s) . Less formally, this means 
that from the system's outputs it is possible to determine the 
behaviour of the entire system. If a system is not 
observable, this means the current values of some of its 
states cannot be determined through output [1]. 

The observability of the system is dependant only on the 
system states and the system output [1], so we can simplify 
our state equations to remove the input terms as: 

)2(

)1(

CXY

AXX  

In (1), X is 1p  states vector, A and C are pp  and 

pr  coeffeciant matrixes respectively and Y is 1r  

observation (out put) vector.We can show that the 
observability of the system is dependant only on the 
coefficient matrixes A and C. We can show precisely how 
to determine whether a system is observable or not using 
only these two matrixes[1].  
We construct the observability matrix Q as: 

 

)3(12 TpCACACACQ  

 
we can show that the system is observable if and only if 

the Q matrix has a rank of "p" where "p" is the number of 
states. Notice that the Q matrix has the dimensions ppr  

[1]. 
Cell is a complex dynamical system. In 1952, A.L. 

Hodgkin and A.F. Huxley presented the first cell model; 
Hodgkin_Huxly (HH) [2]. The HH model is the base for-
malism for all the electro physiologic models which have 
been presented until now [3, 4]. Electrophysiological mod-
els are experimental ones i.e. we first make several meas-
urements from a cell and then fit some equations to our 
measurements according to HH model formalism. Although 
making electrophysiological measurements from a cell is 
very hard and expensive, today's models contain a lot of 
electrophysiological details. 

 Action potential (AP) is a simple observation which can 
be made easily from a cell. It is a clear question that: 
whether AP contains enough information about hardly ob-
servable cell's state variables? Roughly speaking; is AP 
reversible? i.e. if we observe AP over a finite time interval, 
is it a help for estimating other state variables? In this paper 
we show that the answer is "yes" at least in theory for HH 
model. Since HH is a basic formalism for other electro-
physiological models, we expect that it'll be a general "yes" 
to other models. 
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II. METHOD 

Since HH model is the base formalism for today's cell 
models, we used it for investigating our idea. We used 
Hodgkin_huxley_squid_axon_model_1952_modified in-
stalled in COR [5] and made a set of 45 msec observations 
including AP,m,n,h. the sampling time was 0.05 msec. all 
signals were normalized. We considered HH model as a 
system like fig.1. 

 
 
 
 
 
 
 
 
 
We wrote equations like (1) and (2) to describe HH 

model as follows: 

Using Matlab and LSE algorithm, we estimated  as 

a linear combination of [n, h, m]. The estimation error's 
norm was less than 0.07. We abbreviate this error as E1. 
Using our previous work [6], we explained AP with a negli-
gible error (less than 0.06) as a linear combination of m, n, 
h. we abbreviate this error as E2. These led to two equations 
like (1) and (2) describing HH cell system as: 

mhn ,,
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Note that here we have; p=3 and r =1. 
Referring to equation (3) we constructed observability ma-
trix Q as: 

 

004.0

0041.0

3566.0

002.0

0176.0

3500.0

004.0

0193.0

8128.0

Q  

Using Matlab we found that the rank of Q was 3 which 
means the system described by equations (4) and (5) was 
observable. 

III. RESULTS 

In last section we showed that HH model is observable if 
we consider AP as an observation and n,h,m  as state vari-
ables. We applied our method to some other HH based cell 
models. These models have been presented by researchers 
from the first HH model to the latest up to now. In Table.1 
we listed and summarized part of results. As we see, our 
method's errors i.e., E1, E2 reduce when we involve more 
state variables for observability investigation. We could not 
reduce the errors to less than 0.05 any more. 

 

Table 1 investigating observability of cell models 

Model 
[5] 

Number of 
Considered 

State variables 

 
E1 E2 observability

HH 3 < 0.07 < 0.06 yes 

Noble_1998 3 < 0.2 < 0.3 No 

Noble_1998 8 < 0.08 < 0.09 yes 

Iyer_2004 12 < 0.05 < 0.05 yes 

Ten_Tusscher
2006_epi 

 

4 
 
 

< 0.3 
< 0.3 No 

Ten_Tusscher
2006_epi 

10 < 0.07 
< 0.07 yes 

 
 

IV. DISCUSSION 

Our finding says a general answer "yes" to the question 
of the observability of the HH and some other investigated 
models. It may lead to a novel method for estimating hardly 
measurable state variables from easily measurable AP. The 
other possible application of our finding is a mater of future 
researches. 

 In (4) and (5) we approximated HH model as a linear 
dynamic system. Although the error was negligible, to 
evaluate our finding more precisely, we should apply 
nonlinear systems observability theory in our next research. 

Estimating immeasurable or hardly measurable state 
variables from (easily) measurable observations with the 
use of estimation theories is a mater of further researches.

 

In put stimulus AP (observation)Cell 
States (n, h, m) 

Fig.1. cell from system point of view. AP as 
              an observation made from cell (HH model). 

IFMBE Proceedings Vol. 25

190 S.H. Sabzpoushan



REFERENCES  5.  COR(2009) at  http://cor.physiol.ox.ac.uk/ 
6. Sabzpoushan S.H, Noble P.J (2008) "A model for 

Simulating Action Potential in Ventricular Cell", 
Proceeding of second UKSim, European Conference 
on Modelling&Simulation, Liverpool.UK EMS2008, 
2008, pp 187-190 

1. Ogata K, (2002) Discrete–Time control systems, Pren-
tice-Hall International, Inc. 

2.  Hodgkin A L, Huxley A F, (1952) A quantitative    
description of membrane current and its application to 
conduction and excitation in nerve J. Physiol. 117 
500–44. 

 
 

3.  Noble D, (1960) Cardiac action and pacemaker po-
tentials based on the Hodgkin–Huxley equations Na-
ture 188 495–7. 

 
Author: S.H Sabzpoushan  
Institute: Iran University of Science and Technology (IUST) 
Street: Narmak 

4.  K Ten Tusscher, A Panfilov, (2006) "Cell model for 
efficient simulation of wave propagation in human 
ventricular tissue under normal and pathological condi-
tions", Phys, Med.Biol.51 6141-6156. 

City: Tehran 
Country: Iran 
Email: sabzposh@iust.ac.ir  

 
 

IFMBE Proceedings Vol. 25

On the Observability of Hodgkin_Huxly Based Cell Models 191



Brain Activity Movie functional MRI with ultra-high temporal resolution at 7 Tesla  
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Abstract — Increased signal changes in blood oxygen de-
pendant (BOLD) weighted functional magnetic resonance 
imaging (fMRI) data sets at ultra-high field strengths enable 
an increase in spatial and temporal resolution. Here we exam-
ine activation patterns in the human motor cortex on a 7 Tesla 
scanner employing temporal resolutions of 100ms, 200ms and 
300ms, respectively. Based on Finite-impulse response (FIR) 
analysis we generate Brain Activity Movies (BAMs) to allow 
for explorative assessment of activation topology. We find that 
time courses of activation in primary motor cortex (M1), sup-
plementary motor area (SMA) and pre-SMA are very similar 
across temporal resolutions despite considerable differences in 
signal-to-noise ratios. 

Keywords— functional magnetic resonance imaging, motor 
cortex, Brain Activity Movies, temporal resolu-
tion 

I. INTRODUCTION  

Functional MRI at ultra-high field strength has the poten-
tial benefit of greater signal changes enabling increased 
spatial and/or temporal resolution [1]. While several studies 
have demonstrated very high spatial resolution [2], little is 
known on the lower temporal limit of fMRI at 7T. Here we 
performed fMRI at 7 Tesla to assess activation in human 
motor cortex down to 100ms temporal resolution. Using 
finite-impulse-response (FIR) analysis [3] it was possible to 
obtain Brain Activation Movies (BAMs) [4] which allow 
for real-time assessment of activation topology over trial 
period without assumptions on haemodynamic response or 
stimulus timing except trial length. 

II. MATERIAL AND METHODS 

Nine young healthy subjects were examined on a 7T 
scanner (Siemens, Erlangen, Germany) using gradient-
recalled EPI with parallel acquisition (GRAPPA=3). Three 
runs were acquired: (1) 6 slices, TR=300ms, NR=1400; (2) 
4 slices, TR=200ms, NR=2100; (3) 2 slices, TR=100ms, 
NR=4096. Echo time (TE) for all acquisitions was 26ms. 
Excitation pulses were set to Ernst angle, assuming a grey 
matter T1 of 1900ms [4]. Twelve trial of 33s length were 
measured in each run. Within each trial subjects were re-

quired to attend to an auditory cue that counted down from 
“10” to “0” and back to “5” (1 count per second) and per-
form three brief button presses (index finger – middle finger 
– index finger) as soon as they hear “0”. A long intertrial 
period of 15s was used in order to assure a return of the 
haemodynamic response to baseline (see figure 1). This 
paradigm has been applied successfully in a number of 
studies examining motor preparation and execution [5, 6].  

 
 

 
Fig. 1: Stimulus paradigm. Each run consisted of twelve similar trials of 
33s length. Three seconds after trial onset an auditory cue started which 
counted down from ten to zero. Subjects performed finger movements as 

soon as they heard “0”. 

 
All data sets underwent preprocessing in SPM5 

(http://www.fil.ion.ucl.ac.uk/spm) including slice-timing 
correction, realignment, normalization to standard space and 
spatial smoothing with a Gaussian kernel of 6mm full-
width-at-half-maximum.  

FIR analysis is based on using a set of orthogonal basis 
functions which allow modelling of arbitrary time courses 
over trial period. The only assumption is reproducibility 
across trials. In this study we employed a set of boxcar 
functions which were identical but shifted versions of each 
other (see fig. 2). 
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In order to cover the 33s trial period, a set of 110, 165 or 
330 regressors was used for repetition times of 300ms, 
200ms and 100ms, respectively, corresponding to the num-
ber of time instances within a 33s trial. Accordingly, in each 
subject 110, 165 and 330 activation maps were obtained. 
Concatenating these maps and replaying them at a frame 
rate corresponding to the repetition time yields Brain Activ-
ity Movies (BAMs), i.e. real-time representations of the 
evolution of brain activation topology. FIR analysis was 
performed using the SPM5 framework. 

F-tests for effects-of-interests were performed and time 
courses from primary motor cortex (M1), supplementary 
motor area (SMA) and pre-SMA were extracted and aver-
aged over the 12 trials per subject. These intra-subject aver-
ages were normalized and averaged over the group of nine 
subjects. 

 
 

 
 Fig. 2: FIR analysis. A set of orthogonal basis functions is used to model 
arbitrary time courses over trial period. Note that regressors are identical 
but shifted versions. Each regressor is shifted by one time instance to its 

predecessor.  

III. RESULTS  

Activation in M1, SMA and pre-SMA was successfully 
obtained for all temporal resolutions in all subjects. Figure 3 
shows three activation maps from a single subject (#7). 
Maps are thresholded at t=4.5 corresponding to an FWE-
corrected p-value of 0.05. Each map reflects activation 20s 
after trial onset. Note that these maps represent single BAM 
frames, as 110, 165 and 330 activation maps were available 
for repetitions times of 300ms, 200ms and 100ms, respec-
tively. Green arrows indicate activation in M1, blue arrows 
point to activation in SMA. It can be seen that the neural 
substrate of motor execution is remarkably similar across all 

temporal resolutions, despite lower signal-to-noise ratios 
with higher temporal resolution.  

 
 

 
 

Fig. 3: Activation maps of a representative subject at 20s after trial onset 
for repetition times of 300ms (top), 200ms (center) and 100ms (bottom). 

Blue and green arrows indicate SMA and M1 activation clusters. Note the 
striking similarity across temporal resolutions. 

 
Time courses averaged across subjects (fig. 4) show that 

highest signal changes were obtained in M1, followed by 
SMA and pre-SMA. It is apparent that activation amplitude 
is similar over repetition times.  

 

IV. DISCUSSION  

Here we have shown that it is possible to obtain high-
quality activation maps down to temporal resolutions of 
100ms at field strengths of 7T. In addition, our results show 
that these activation maps are remarkably reproducible 
across repetition times. 

High temporal resolution may be of great benefit for all 
studies that target temporal features of fMRI signals. In 
particular, effective connectivity studies (Dynamic Causal 
Modelling DCM, Structural Equation Modelling SEM, 
Granger Causality GC) where the influence of neural sys-
tem over another is assessed, will benefit from higher sam-
pling rates [7, 8]. Based on the promising results of this 
study, it may be assumed that the concept of fMRI with 
ultra-high temporal resolution will be expanded to areas 
other than cortical motor cortex in future studies. Such, it 
may be possible to get better insight into the temporal se-
quence of activation across different stimulus categories. 
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Fig.4: Group-averaged time courses extracted from M1, SMA and pre-
SMA for 300ms (top), 200ms (center), 100ms (bottom). Note the remark-

able similarity across all temporal resolutions. 
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Abstract— Background: The fetal precursors of mental and 
cardiovascular disease in later age are an important issue of 
developmental medicine. We investigate the question whether 
key parameters of fetal development reflect self-organization 
principles. From the systems theoretical point of view self-
organization means the evolution of a previously less organized 
system into a higher organized form in the absence of external 
control. This process is characterized by a move from a large 
region of state space to a persistent smaller one, under the 
control of the system itself, and the development of correla-
tions over time or space for previously independent locally 
operating variables.  

Aim: The object of the present work is to describe associa-
tions between the development of fetal heart rate patterns and 
characteristics of self-organization. 

Study design: From 78 normal fetuses, gestational age 23-40 
weeks heart beat interval series, 30 min duration, 1 kHz sam-
pling rate were recorded by magnetocardiography. As indices 
of fetal development several indices which are typically associ-
ated with self-organization were analyzed. 

Results: With development the variability of heart rate in-
creased, the number of acceleration increased, and autonomic 
information flow increased over large time scales. These fea-
tures are associated with essential self-organization character-
istics, namely necessary variability, loss of degrees of freedom, 
and emergence of global order. 

Conclusion: Heart rate characteristics interpreted following 
the systems theoretic concept of self-organization may provide 
new insights into the fetal development with implications for 
more appropriate diagnosis and prenatal treatment. 

Keywords—Prenatal diagnosis, self-organization, autonomic 
information flow, heart rate variability, fetal development 

I. INTRODUCTION  

Developmental processes in nature and physiology are 
based on self-organization mechanisms of complex inter-
connected networks, which can be found on different scales 
such as between molecules, cells, tissues, and organs lead-
ing to a global adjustment of the organism [1-3]. Conse-
quently, those mechanisms may also apply in the fetal de-
velopmental process and its adjustment to pathological 
disturbances.  

Developmental disorders during the fetal period can be-
come permanently programmed and impact later children, 

adolescent, and adult health [4]. Respective mal-
adjustments of the hypothalamic-pituitary-adrenal axis and 
sympathoadrenal system are reflected in heart rate rhythms 
modulated by the autonomic nervous system (ANS), but so 
far they have not sufficiently been understood during the 
fetal developmental process. Heart rate recordings, obtained 
by magnetocardiographic (MCG) measurements, allow the 
monitoring of the development of the fetal autonomic con-
trol over the third trimester.  

Nonlinear heart rate dynamics over different time scales 
seem to provide information about self-organization related 
aspects of fetal development [5, 6]. Previously, it was found 
that nonlinear heart rate dynamics over different time scales, 
assessed by autonomic information flow (AIF) functions, 
reflect re-organization and risk in adult patients with car-
diovascular and multiple organ diseases [7-9].  

The objective of the present work is to highlight associa-
tions between the fetal development of heart rate patterns 
and essential systems theoretical features of self-
organization during the normal fetal development.  

II. FETAL DEVELOPMENT AND SELF-ORGANIZATION 

From the systems theoretical point of view self-
organization means the evolution of a previously less organ-
ized system into a higher organized form in the absence of 
external control. This kind of process is characterized by a 
move from a large region of state space to a persistent 
smaller one, under the control of the system itself, and the 
development of correlations over time or space for previ-
ously independent locally operating variables (e.g. [10-12]).  

Essential aspects of cardiovascular behavior are associ-
ated as follows: 
- Variability: A certain level of non-predictable variabil-

ity, such as of heart rate fluctuations, reflects sufficient 
capabilities of the organism in the search for optimal 
behaviour. Reduced heart rate variability (HRV) in adult 
heart failure patients is significantly correlated with 
lower survival rate [13]. Also in fetuses with develop-
mental disorders decreased HRV indicates their re-
stricted capabilities (e.g.[14]). 
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- Loss of degrees of freedom: The loss of random like 
behaviour in favour of structured pattern can be seen in 
the development of fetal behavioural states. Active and 
quiet behaviour already appear at the beginning of the 
third trimester, but completely developed behavioural 
states according to [15] do not appear  before 32 weeks 
gestational age (GA). The same holds for movement re-
lated heart rate accelerations (AC), which reflect syn-
chronized autonomic, cardiovascular, and motor activ-
ity.  

- Emergence of global order: Global adjustments require 
information transfer over longer distances and longer 
time scales. In adult heart failure patients the survival 
rate is significantly higher in those with increased long 
scale autonomic information flow (AIF), which may re-
flect a better self-stabilization in the autonomic-
cardiovascular system [16].  

 
In the present work these aspects will be considered by 

respective HRV characteristics, namely by variability 
(SDNN), loss of degrees of freedom (AC), and emergence 
of global order (long term AIF). 

III. METHODS 

A. Subjects 

Seventy eight normal fetuses (gestational age 23-40) in 
baseline condition without any developmental disorders 
were included in the study (details in ([5]).  The study was 
approved by the local ethics committee of the Friedrich 
Schiller University. All women signed a written, informed 
consent form. 

 
B. Data Aquisition 

All measurements were done by a vector-magnetograph 
ARGOS 200 in a magnetically shielded room in the Bio-
magnetic Center, Friedrich Schiller University, Jena. 

The pregnant women were positioned supine or with a 
slight twist to either side to prevent compression of the 
inferior vena cava by the pregnant uterus. The Dewar was 
positioned as close as possible to the fetal heart without 
contact over to the maternal abdomen.  

The MCG signal was recorded over a period of thirty 
minutes with a sampling rate of 1024 Hz. The fetal heart 
beats were detected like previously reported [21].  

Two examples of typical heart rate pattern are demon-
strated in Fig. 1. The early (28 weeks GA)  is characterized 
by short lasting heart rate deceleration (DC) like patterns. In 
contrast, the maturated case (34 weeks GA) shows longer 
lasting heart rate accelerations (AC).   

 

 
 
Fig. 1: Typical 30 min recordings of different gestational age. Example 

AC and DC are indicated by boxes, adapted from [5] 
 

C. Heart Rate Variability 

SDNN (standard deviation of normal-to-normal beat in-
tervals, ms): overall variability reflects sympathetic and 
vagal heart rate modulations (calculated according to [18]). 

 
D. Accelerations/Deceleration 

Heart rate accelerations (AC) and decelerations (DC) 
were evaluated for prominent durations according to results 
of [5]. Peaks of 50-89 consecutively increased heart rate 
values were considered as AC, peaks of 10-49 decreased 
values as DC. The increase/decrease had to exceed a thresh-
old of 10 bpm above/below a baseline (moving average 
over 401 beats). 

 
E.  Autonomic Information Flow 

Autonomic Information Flow (AIF) describes the com-
munication over temporal or spatial scales based on the 
transfer of information which can advantageously be as-
sessed by Shannon entropy. In the present work complex 
correlations over different time scales were assesses as AIF 
indices based on results from previous studies [7,19,20]. 
Computational details are reported elsewhere [20].  

AIF_NN: information flow over one heart beat (normal-
to-normal) interval (short term information transfer). 

AIF_fVLF: mean information flow over of the periods of 
the fetal very low frequency band fVLF (0.02-0.08 Hz), 
frequency boundaries according to [21], (long term informa-
tion transfer). 

 
F. Statistical analysis 

All indices were plotted versus weeks GA. The depend-
encies of the indices from GA were evaluated by regression 
lines. p < 0.05 suggest a significant linear relationship be-
tween GA and index.  

IFMBE Proceedings Vol. 25

196 D. Hoyer and U. Schneider



IV. RESULTS

Heart Rate Variability: SDNN increased and dispersed with 
GA (Fig. 2).  

GA (week)
40353025

60

50

40

30

20

10

SDNN

Figure 2: SDNN vs. gestational age (GA) (linear increase, p=0.021), 
adapted from [5] 

Acceleration and Deceleration: The number of AC in-
creased starting from about 30 weeks GA. In contrast, the 
number of DC disappeared with increasing GA (Fig. 3a,b).  

Fig. 3a: Number of Accelerations (length 50-89 successive interbeat in-
tervals) per 30 min vs GA.

Fig. 3b: Number of Decelerations (length 10-49 successive interbeat in-
tervals) per 30 min vs. GA.  

Autonomic Information Flow: Only long term AIF signifi-
cantly increased with GA, but short term AIF remained on 
the same level (Fig. 4 a,b).  
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Fig. 4a: Nonlinear short term correlations (AIF_fNN) vs. GA, (linear 
regression line, p=0.586), adapted from [5]
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Fig. 4b: Nonlinear long term correlations (AIF_fVLF) vs. GA, (signifi-

cant linear increase, p<0.001), adapted from [5] 

V. DISCUSSION

The present work aimed to evaluate associations between 
typical characteristics of self-organization and the fetal 
development of autonomic rhythms. 

The relationships between different scales such as the 
presentation of highly dimensional ANS networks by the 
low dimensional order parameter “autonomic heart rate 
modulations” is a generally valid characteristic of nonlinear 
dynamics and complex systems theory [11]. In the present 
work we found typical characteristics of fetal development 
related to self-organization, namely increasing variability 
(SDNN), increasing number of synchronized activations 
(AC), and increasing long scale communication (AIF), 
represented in heart rate patterns.   

HRV: The increasing amount and dispersion of the 
slower heart rate fluctuations reflect increasing capability of 
global systemic regulation. The positive prognostic value of 
SDNN is known from clinical survival studies of adult heart 
failure patients [13]. Its interpretation in the context of syn-
chronization and information flow may give new insights 
into both, adults cardiovascular reorganization, and fetal 
development. 
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out 2-3 AC of more than 15 bpm over at least 
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Abstract-— This work is focused on the study and 
interpretation of epileptic signals, based on the analysis of 
stereo electroencephalographic (SEEG) signals with signal 
processing method and multi-agent approach. The objective 
is to experiment this technical contribution in information 
extraction, representation and interpretation as well as the 
implemented control strategies in the various processes. Our 
approach deal with the information recorded during the 
intracerebral exploration and it exploits a dynamical 
selection of the interest’s information to optimize processes 
without truncating the information. We associated signal 
processing algorithms (spectrum analysis, causality measure 
between signals) approved in the analysis of the epileptic 
signal in a multi-agent system. Modelling by Petri’s Network 
associated with Multi agents systems give rise to more 
information about the identification of brain areas involved 
in epileptic activity 
 
Keywords: epilepsy, MAS, multi-agents, nonlinear 
regression. Classification, Petri Network 

 
I. INTRODUCTION 

 
Epilepsy is a chronic disease, and it’s a consequence of many 
and various causes. Each epilepsy suppose a particular case, 
according to its cause, the age at which appeared the seizure, 
their frequency, their intensity, their sensitivity to the 
treatment, or external events (luminous flash, noise) and their 
evolution. The investigation methods used in epilepsy make 
it possible to better include/understand the mechanisms 
which are around the initiation of the paroxysmal discharges 
in a subset given of cerebral structures and their propagation 
to other structures. The signals when they are recorded 
present sharp statistics variations on all or part of the 
channels illustrating the various cerebral activities (figure 1). 

 

 
 

Figure.1 Example of SEEG signals recorded  

The knowledge of these channels and the variations moments 
can allow the description of the interest’s propagations 
channels corresponding to the contamination of the others 
cerebral structures by the initiating paroxysmal seizure.  
 
Our objective is to bring out functional interactions between 
the cerebral areas during the seizures by feeding such 
systems with on the one hand, SEEG signals and on the other 
hand, the cerebral anatomy knowledge (localization of the 
SEEG sensors).  
 
The vectorial computation of epileptic signals on a great 
number of SEEG channels in order to produce a global 
behaviour of the seizure of a given patient was not always 
approached in the literature. Also the MAS from their 
innovative aspect and their non-traditional approach 
(behavioural approach) of the realization of distributed 
systems propose an original method of vectorial processing 
by associating existing signal processing scalar methods. 
With the MAS technical in the signal processing study we 
hope to compute the epileptic processes mechanism during 
the paroxysmal discharge propagation[1].  
 
The paragraph two describes our methodology, the interests 
and the motivations of the MAS in the epileptic signal 
analysis. In the paragraph three we describe the experimental 
cooperation by Petri network performed and clarify the 
analysis approach suggested. The fourth is devoted to the 
first experimental results and and last paragraph proposes a 
discussion about these first results towards SMA modelling  
 

II. METHODOLOGY 
 

The general approach is structured around 4 axes presented 
bellow. With regard to the SEEG information given by the 
clinician it is controlled, monitored and supervised by agents 
of control. An observation SEEG data is then processed in 4 
stages: 

I. The exploration: is the 
characterization of the spectral 
content (dominant frequency) for 
each SEEG sensor.  

II. The grouping similarity: here 
we partition all classes of 
channels in groups of signals 
with a similar spectral content. 

III.  The inter-agent influence: we 
formed in each class, groups 
"linearly related" channels whose 
activities present, pair by pair, a 
significant level of correlation, 
assessed by a function of 
consistency, and interpreted as a 
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functional link (direct or indirect, 
intermediate channels, registered 
or not, may be at stake).  

IV. The agent community 
evolution - research on addiction 
statistic Nonlinear possible 
(within the meaning of a 
coefficient of nonlinear 
regression). Between signals 
from sites belonging to groups 
linearly related distinct (search 
Interco relations spectral not 
expressed by the functions of 
consistency). 

   The method is faced with a problem of 
decision, organization and scheduling of a 
large number of signals in the SEEG 
epilepsy process.  
   That is why officers located, associated 
with the data (signal) is monitored and 
supervised by local specialists agents 
(agents structures). Officials of control, 
coordination and processing algorithms are 
spatially distributed in the various 
components of the system. Each structure 
(or SEEG signal) is associated with an 
agent, within which are implemented local 
treatment processes ("signals agents") and 
interpretation (structures agents)[2] 
 
 

The General architecture of the platform. is 
located in the development kit Madkit [3].  
Each "signal" agent has three bases detailed 
below: 

 B1 Base, it contains 
the "attractions" of the 
"signal" agent with 
whom he wants to 
form a homogeneous 
group, because the 
links are strong 
similarity.  

 B2 Base, she recorded 
"repulsions" "signal 
agent" with whom the 
ties of similarity are 
not possible (big 
differences).  

 B3 Base, it contains 
"uncertainties" with 
whom the ties of 
similarity are 
uncertain and 
therefore a decision by 
cooperation is needed 
(confrontation). 

The decision on the situations of uncertainty (B3) is taken 
following two cooperation rules as follow:  
Cooperation Rule 1: Accept the basis of the attractions (B1) 
a "signal" agent any officer with the same attraction to him if 
it does not comply with Rule 2 of cooperation.  
Cooperation Rule 2: Decline in the basis of attraction (B1) a 
"signal" agent any official dismissing one of its attractions or 
accepting one of its releases. 
 
 
 
 

. 
 

III. COOPERATION BY PETRI NETWOK 
 
The communication between agents is direct and is achieved 
through synchronous message exchanges. Officers signals 
possess skills related either to the interaction with other 
agents, or signal processing they perform. Figure 2 provides 
the Petri Network explication of the control officer "signal". 
It shows clearly that the four activities of the agent are 
carried out atomic. 
 

 
Figure 2:  Petri Network explaining the behaviour of signals 

agents  
 

The network directly connecting the states and the skills to 
execute because of the reactivity of the "signal" agent . The 
four states are: Exploration (I), (II) Grouping, Affinity (III) 

and (IV) Reattachment. 
 
The agent "signal" is not "multitasking", but the relationship 
with his "structure" appears very clearly through some 
transitions which predicates are expressed in terms of choice 
of "structure" agent (choice of leading by example). This 
relationship is also evident when the officer "observer" 
detects synchronization temporal changes of activity on 
several agents from several structures. The detection of this 
synchronization can lead to scheduling of a search affinity 
between "signals" agents.  
Exploration (the agent properties extraction), which is 
activated only if new data becomes available. It defines the 
state of activation of the  "signal" agent. The grouping is 
activated only when the agent is active and only applies to a 
homogeneous group of officers from the same brain area. 
The affinity activates when the officer "signal" was elected 
leader of the group. It looks for link between leaders; it can 
be expanded to other non agents selected on demand of the 
"observer" at a time synchronization detection of change. The 
attachment is activated on non-selected and belonging to a 
homogenous group (affiliated with a leader). It allows agents 
not selected to benefit from the collective properties of their 
leader. The grouping has been broken down into assembly 
and dissemination through Petri network [3][4] the meeting is 
based on cooperative local agents and uses the comparison of 
unique properties of agents. It governs the rules filling its 
bases of each "signal agent while dissemination control the 
spread of similar groups of agents by transmitting its bases 
agents registered in the database uncertainties. The officer 
distributes its bases B1 and B2 to its "uncertainties" and 
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updates them when it receives information from another 
agent following two rules of cooperation defined above.  
 
The meeting is gradually building local plans merger while 
the distribution extends the homogeneous groups of agents 
following the rules of attraction and repulsion.  
 
The structure agent  has three powers (Repeat, and 
Decimation Memorization cf. Figure 3). The rehearsal will 
remove some ambiguities in the choice of representatives of 
brain locations, the decimation makes this choice and 
memorization is responsible for safety features of the brain 
structure studied with a view to operating in interpretation. 
The agent believes a situation as ambiguous when it does not 
identify its representative for its structure or when it 
identifies more than two. In this situation, the representatives 
of the structure will be brought into line with those of the 
previous moment. The decimation reduces the number of 
mechanically by selecting a leader agent by homogeneous 
group; it allows agents to obtain the signals of interest. The 
choice of leader is prioritized predetermined individual 
properties on agents' signals'. Memorization is triggered 
when an officer "structure" detects the end of treatment of 
these agents "signals". This is a saving of the results of 
treatment of partial agents "signals" and the characteristics of 
the structure being explored. 
 
 

 

Figure 3: Petri Network explaining the behaviour of the 
"structure” agent.  
 

IV.RESULTS ON REAL SEEG DATA 
 
The data used in our study come from 6 patients (P1 to P6) 
all suffering from a temporal lobe epilepsy (partial seizures) 
and candidates for a surgical treatment.  
 
The SEEG signals are recorded by a BMSI-NICOLET 
system which allows a simultaneous acquisition of SEEG 
signals on 128 channels, at a sampling rate of 256Hz.  The 
studs of the electrodes are numbered from 1 to 15 from the 
internal end to the external end.[5]   

In order to reduce the measurements noises, we used the 

bipolar SEEG signals in the analysis, for each patient not less 

than a hundred bipolar channels were computed. Only Patient 

1 results are presented in this study 

Patient 1 is P1  

This patient presents temporal lobe epilepsy, according to the 
clinician; the brain’s structures involved in the initiation of 
its seizure are the internal temporal pole (TP), the former 
hippocampus (B), the posterior hippocampus (C) and the 
entorhinal cortex (TB). 

Figure.4 space –time and -spectral representation of P1 

 
Figure 4 shows the localization of various activities (ictal and 
normal) but also allow identifying for each SEEG sensor, the 
activity type. It also highlights about several initiating brain’s 
structures. We observed quite localized ictal activities and 
this clearly highlight again about the implication of a great 
number of SEEG channels in the propagation of the 
paroxysmal discharge during the computation time.  
 
   V.CONCLUSION 
 
The difficulty to interpret some of epileptic phenomena 
observed lies more in the understanding of the seizure 
propagation of the patient concerned than on the errors by the 
method suggested like one can suppose when observing these 
images. Analysis of these images in correlation with the 
clinical considerations can improve the understanding of 
these epileptic’s phenomena. The method suggested coupled 
with Petri Network modelling produces a representation 
which allow the information contained in Stereo EEG 
channels to be more accessible  
Our work formalization problems and an analysis made of 
each entity’s behaviour towards co-operation, association and 
competition which bring out these relevant images, can lead 
us to a better understand some epileptic observed 
phenomena. Difficulty to interpret some others phenomena 
come from the artefacts strongly present in the signals and a 
good management of these measurements noises can improve 
the results. 
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 A QCT Based Nonlinear Finite Element Method Proposed for Predicting Failure 
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Abstract— The aim of this study was to present an effective 
specimen-specific approach for predicting failure initiation 
load and location in cadaveric vertebrae with simulated osteo-
lytic defects. Nine thoraco-lumbar vertebrae excised from 
three cadavers were used as the samples in which the defects 
were simulated. The samples were then scanned using the 
QCT and their sectional images were segmentated and con-
verted into 3D voxel based finite element models. Then, a large 
deformation nonlinear analysis was carried out. The equiva-
lent plastic strain was then obtained and used to predict the 
load and locations of the failure initiation in each vertebra. 
Subsequently, all the samples were tested under the uniaxial 
compression condition and their experimental load-
displacement diagrams were also obtained. Results showed 
that in the samples with simulated osteolytic defects, the fail-
ure is initiated and occurred at the load levels well below the 
ultimate strength of the samples. The radiographic images 
showed that the failure initiation happens in the same portion 
of the vertebral bodies as predicted by the QCT voxel based 
FEM. The method developed and verified in this study can be 
regarded as a valuable tool for predicting vertebral failure 
load. However more experiments may be required to test the 
method for the vertebrae affected by real tumors. 

Keywords— QCT, FEM, Vertebrae, Osteolytic defect. 

I. INTRODUCTION  

Noninvasive prediction of strength in metastatic vertebral 
bodies can provide valuable information for the assessment 
of the risk of fracture in human vertebrae affected by tu-
mors. Recent studies [1-6] have led to strong correlations 
between predicted strengths and experimental results in 
osteoporotic vertebrae based on a combination of imaging 
methods, such as the QCT, and FEM. In these studies, the 
overall ultimate compressive strength is implicitly consi-
dered as the appropriate criterion for estimating the fracture 
risk. However, considering the ultimate compressive 
strength as the criterion is not acceptable because it is usual-
ly assumed that local failures can occur under the load le-
vels bellow the ultimate compressive strength. These local 
failures, especially in metastatic vertebrae, can lead to se-
rious neurological and skeletal disorders. For instance, a 
local fracture in the central part of the end-plate adjacent to 

the nucleus may force the nucleus material to enter in the 
vertebral body, pressurizing it further and squeezing the fat 
and marrow contents out of the cancellous bone. When the 
nucleus material enters the vertebral body faster than fat and 
the marrow is being expulsed, the vertebral body could 
burst through the anterior and posterior cortical shell. It 
should be noted that the failures which occur at the posterior 
portion of vertebral bodies can cause serious side effects 
because it is possible that bone and tumor fragments forced-
ly move into the spinal canal and cause serious clinical 
consequences like paralysis and neurological manifesta-
tions. Therefore, as an attempt to overcome the above com-
plications, the aim of this study was to present an effective 
specimen-specific approach for predicting failure initiation 
load and location in cadaveric vertebrae with simulated 
osteolytic defects using a quantitative computed tomogra-
phy (QCT) voxel-based finite element method (FEM). 

II. MATERIALS AND METHODS 

This study was carried out on nine thoraco-lumbar verte-
brae excised from three cadavers with an average age of 42 
years old. In order to simulate the presence of osteolytic 
defects in the vertebrae, an artificial spherical cavity was 
created within each sample using a computer numerical 
control (CNC) milling machine. The volume of the defects 
created in each sample was %12 of the whole vertebral body volume.
After creating the defects in the vertebral bodies of the sam-
ples, they were scanned using the QCT technique. Figure 1 
shows a transaxial CT image taken from the calibration 
phantom along with one of the samples embedded in the 
vertebral phantom which was specifically designed for this 
study. 

The samples were then scanned using a CT by applying an 
appropriate protocol and their QCT data were obtained. Then, 
the segmentation technique was performed on each sectional 
image of the samples obtained by the QCT. Finally, the 
segmented images were directly converted into voxel-based 
three dimensional finite element models. 
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Figure 1- The CT image of a vertebra with the central defect 

Because it is stated [7-9] that there is no difference be-
tween the mechanical properties of metastatic and osteopo-
rotic bone tissues, reported empirical relationships between 
the QCT derived BMD and the trabecular bone elastic mod-
ulus [10] were used for assigning required mechanical prop-
erties to each element of the models. A linearly elastic-
linearly plastic material model, which is more compatible 
with real mechanical behavior of trabecular bone, was im-
plemented. After applying appropriate boundary conditions, 
a large deformation analysis was performed based on the 
above material model (linearly elastic-linearly plastic) for 
every sample and its’ failure initiation load and location was 
predicted. The equivalent plastic strain was then obtained 
from the nonlinear analysis and was used to predict the load 
and locations of the failure initiation in each vertebra. Sub-
sequently, all the samples were tested under the uniaxial 
compression condition and their experimental load-
displacement diagrams were obtained. To check the accura-
cy of this prediction against the experiment, the samples 
were loaded up to the failure initiation load predicted by the 
FEM. A plane radiographic image of each sample was ob-
tained for determining its’ failure initiation location and 
comparing it with that predicted by the FEM. 

III. RESULTS 

Our results showed that in the samples with simulated os-
teolytic defects, the failure is initiated and occurred at the 
load levels well below the ultimate strength of the samples. 
Figure 2 shows the locus of the elements with nonzero 
equivalent plastic strain for one of the specimens at a load 
level of 1.72 kN. The Figure also depicts the plain radio-
graphic image of the same sample which was practically 
subjected to a uniaxial compression load equivalent to the 

failure initiation load predicted by the FEM. The radio-
graphic images showed that the failure initiation happens in 
the same portion of the vertebral bodies (burst fracture) as 
predicted by the QCT voxel based FEM. 

Figure2. Left: The predicted burst fracture at the posterior wall of one of 
the samples at a load level of 1.72 kN. The failed elements are indicated 
with an arrow. Right: The plain radiographic image of the same sample 
from lateral view. The equivalent failed region at the posterior wall is 

marked with an arrow. 

Similar to the FEM results, a sudden reduction was seen 
in the slope of the linear portion of the experimental load-
displacement diagrams which was named “the failure initia-
tion point” (Figure 3). 

Figure 3. Sudden reduction in the slope of the linear portion of the experi-
mental load-displacement diagram of one of the samples. 

It was noted that the load corresponding to this point is 
strongly correlated with that predicted by the non linear finite 
element analysis. Figure 4 shows the strong correlation 
(R2=0.8 ) observed between the load levels at the inflection 
points and the local fracture loads predicted by the FEM with 
that obtained from the experimental measurements for all of 
the samples. 
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Figure 4. The correlation between the burst fracture loads predicted by the 

QCT voxel-based nonlinear FEM and the experimental results. 

IV. CONCLUSIONS  

The prediction of local failures in vertebral bodies af-
fected by tumors is clinically important. Because of the 
incompressible properties of metastatic tissues and the de-
struction of trabecular bone, it is possible that the bone and 
tumor fragments forcedly move into the spinal canal 
through these locations and lead to neurological and skelet-
al manifestations. Our FEM simulations showed that the 
failure is practically occurred at the load levels well below 
the ultimate compressive strength of the vertebrae, while the 
overall behavior of the sample was still linear. Thus, the 
proposed method not only can predict the ultimate compres-
sive strength of vertebral bodies affected by tumors, but also 
provides valuable information regarding the failure initia-
tion in metastatic vertebrae. Hence, the method developed 
and verified through this study can be regarded as a valua-
ble tool for predicting failure initiation load and location in 
vertebrae affected by tumors. However, more experiments 
may be required to test the proposed method for the human 
vertebrae affected by real tumors. 
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Abstract—This paper describes Monte Carlo simulation of 
intrinsic count rate performance of a scintillation gamma 
camera. MCNP Monte Carlo code was employed to calculate 
pulse height spectrum and detector efficiency. A custom code 
written in FORTRAN language was then developed to simu-
late, by Monte Carlo method, the distortion in pulse height 
spectrum due to the pile-up effect for paralyzable and non-
paralyzable systems. The results of the simulations, compared 
with the experimental measurement of count rate perform-
ance, showed a good agreement between the two different 
approaches. 

Keywords—Count rate performance; Monte Carlo simula-
tion; Pile-up effect; MCNP code. 

I. INTRODUCTION  

A scintillation gamma camera is a medical equipment, 
therefore, it must be subjected to periodical reference tests. 
Intrinsic count rate is considered an important parameter to 
be measured during the acceptance test of the instrumenta-
tion and for periodical monitoring of the system.  

The National Electrical Manufacturers Association 
(NEMA) and the International Atomic Energy Agency 
(IAEA) have published protocols for Quality Controls of 
Nuclear Medicine instrumentations with a detailed descrip-
tion of the experimental methods for measurement of the 
intrinsic count rate performance [1, 2]. Based on the de-
tailed description of the measurement procedures, it is pos-
sible to simulate the experimental condition by Monte Carlo 
code analysis. 

In the present work, MCNP code is used to calculate the 
pulse height spectrum and gamma efficiency of single crys-
tal gamma camera. The simulated data so obtained are then 
processed by custom software to take into account the pile-
up effect, a phenomenon which, at high count rate, produces 
a distortion in the detector spectrum which cannot be ne-
glected. 

To evaluate the consistency of the simulation, we com-
pared experimental measurement of intrinsic count rate 
performance with the Monte Carlo result. 

 

II. BACKGROUND 

The fact that pulses from a radiation detector are ran-
domly spaced in time can lead to interfering effects between 
pulses which are more likely as the count rate increase. 
These effects are generally called pile-up [3]. It is known 
that in a scintillation detector the highest possible radiation 
counting rate is controlled by the pulse pile-up characteris-
tics of the detection system. In high true count rate (TCR) 
spectrometry, the pulse pile-up effect is considerable [4-6]. 

Pile-up phenomenon is well known; it can be divided 
into two general types, which have somewhat different 
effects on pulse height measurements. The first is known as 
peak pile-up: it occurs when two or more pulses are suffi-
ciently close together to be treated as a single pulse by  the 
analysis system. The pile-up of pulses has the effect of 
removing them from the proper position in the pulse height 
spectrum, and the area under the full-energy peak in the 
spectrum will no longer be a true measure of the total num-
ber of full-energy events. The second type of pile-up is 
called tail pile-up and involves the superposition of the tail 
of a pulse to the next one. The effect of tail pile-up on the 
measurement is to worsen the energy resolution by adding 
wings to the shape of the recorded peaks. Since tail pile-up 
does not change the location of acquired events within the 
energy spectrum, tail pile-up will not be considered in this 
work [7-9]. 

In the statistical analysis of pile-up, it is assumed that any 
inherent dead time of the detector and the preamplifier is 
small compared with the pile-up resolution time τ of the 
pulse-processing system. This time τ is defined as the 
minimum time that must separate two events to avoid 
pileup. Thus, the events which arrive at the amplifier with 
Poisson distribution are assumed to pile-up only if they 
occur within time spacing less than τ.  

Woldeselassie modeled scintillation camera systems. He 
presented good results for dead time and count rate curve 
for nonparalyzable and paralyzable counting system in his 
article [10]. In this work, both the nonparalyzable and the 
paralyzable formulations are used in pile-up simulation. 
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III. MATERIAL AND METHODS 

Intrinsic count rate test is an important measurement to 
evaluate the performance of a scintillation camera in terms 
of its response to an increase incident gamma radiation. Our 
measurement was carried out on a gamma camera Siemens 
e.Cam equipped with a 9.5mm thick NaI(Tl) single crystal 
detector. Following the mentioned protocols [1-2], we em-
ployed a 99mTc source contained in a small vial (about 10 
MBq) with 22 copper absorbers, each 2mm thick, placed 
over the source. The gamma camera was set with 20% win-
dow over the 140.5 keV peak. Window Observed Count 
Rates (WOCR) was collected for 1 min acquisitions, start-
ing with all the absorbers in place over the source and then 
removing the uppermost absorbers one by one. This proce-
dure increases the incident gamma radiation flux and the 
input count rate in inverse proportion to the attenuation 
factor of the absorber removed. Usually calibration of ab-
sorbers is calculated by measuring, in low count rate condi-
tion, the ratio between counts with the plate over the source 
and without it. In case of uniformity of the thickness of the 
copper plates, a mean attenuation factor  A  can be used [2]. 
For a number k of copper attenuation plates in place: 
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Where N(0) is the window true count rate (WTCR) cal-
culated for k=0 absorber plates, Ai the individual attenua-
tion factor, R(k) the window observed count rate (WOCR) 
for k number of plates. In our measurement we evaluate the 
slope of the straight line of ln(WOCR) against k (number of 
plates over the source) in low count rate range to determine 
the mean attenuation factor, A  [11]. 

Our Monte Carlo calculation includes two steps as de-
scribe in the diagram of Fig. 1. First, MCNP4C Monte Carlo 
code [12] was employed to calculate the pulse height spec-
trum and detetor efficiency. The pulse height spectrum and 
the efficiency of the NaI(Tl) in detecting 140.5 keV gamma 
ray was calculated for various number of copper plates re-
moved. In the second step, in order to obtain a more realistic 
simulation, we wrote a Monte Carlo code by FORTRAN 
PowerStaion 4.0 software language. First, the pulse height 
spectrum coming from the MCNP was convoluted by Gaus-
sian-spread function corresponding to the measured 11.2% 
gamma camera energy resolution. Then, to consider the pile-
up effect, for paralyzable and nonparalyzable systems, we 
implement a simulation based on Monte Carlo method. The 
following analytical function was applied for the pulse shape 
with t0 starting time and a0 amplitude: 
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Fig. 1 The diagram of Monte Carlo calculation algorithm 

We considered the degree of pile-up as the number of 
pulses np that made pile-up. For each TCR, corresponding to 
a determined number of copper plate removed, the degree of 
pile-up is determined by a random number (r) with uniform 
distribution in [0, 1] interval. After the determination of the 
number of pulses done pile-up, the starting time of each 
pulse was simulated by a new random number with uniform 
distribution in [0, τ] interval. Finally, the resulting pulse is 
obtained by linear superposition of the np pulses. We as-
sumed the absolute maximum of the resulting pulse as its 
amplitude and then we recorded it in the corresponding 
energy channel. 

IV. RESULTS 

Fig. 2 shows the Monte Carlo spectra without pile-up and 
with pile-up effect in paralyzable and nonparalyzable detec-
tion systems for three copper plates. We like to note that in 
high TCR, the rate of pulses that escape from the energy 
window due to the pile-up is higher than the WOCR. For 
example, in paralyzable system, with three copper plates, 
the number of pulses per second that, due to the pile-up, 
escape from energy window is 3.13 times WOCR. Also, the 
contribution in WOCR from the pile-up coming from pulses 
with energies lower than the window interval is negligible. 
In nonparalyzable system, in the same condition, the num-
ber of pulses per second that escape from energy window 
due to the pile-up is 2.51 times WOCR and the count rate in 
the energy window due to the pile-up of low-energy pulses 
is negligible. So, in high TCR, for both paralyzable and 
nonparalyzable systems, the effect of pulse escaping from 
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the window is more important than the increase of back-
ground due to the low-energy pulse pile-up. 

 
Fig. 2 The Monte Carlo pulse height spectrum for three copper plates with 
and without pile-up 

 
Fig. 3 Monte Carlo and experimental result of count rate performance 

Fig. 3 shows experimental and Monte Carlo simulation 
count rate curves which the time resolution set to 1 μs. As it 
is expected, in high true count rate WOCR decreased due to 
distortion of spectrum and increment of dead time [3, 13]. 

V. CONCLUSIONS  

The Monte Carlo simulation demonstrated that the 
gamma camera we tested behaves as paralyzable system in 
high true count rate better than nonparalyzable system. In 
low true count rate, paralyzable and nonparalyzable simula-
tion results are close to each other. The result obtained by 
simulation of pile-up with this approach showed a good 
agreement with experimental measurement. 

The Monte Carlo pile-up code that we developed can be 
used to correct pile-up distortion in gamma spectroscopy. 

The method can also be employed for other detectors and 
other counting systems, because it is easily customizable 
simply substituting some input parameters. In this work, we 
set the time resolution to 1 μs, although its value is free to 
be changed by users. 

The present work demonstrates a useful approach to 
Monte Carlo simulation method that can be applied in many 
others fields. 
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Abstract — Eyes and hands are continuously in move-
ment but the quantitative evaluation of the coordination 
between these motions is still unclear. This paper presents a 
new methodology to explain how these motions are executed 
in a common spatial coordinate system providing an accu-
rate diagnostic tool for motor control disorders. A robot, an 
eye-tracker and a movement analysis system were used to 
capture the upper extremity and eye motions. The joint 
angles were calculated using a biomechanical model and a 
global point of gaze was encountered in relation to the fo-
cused object.   

Keywords — point of gaze, biomechanical model, upper 
extremity motions. 

I. INTRODUCTION  

A movement is the result of the interaction of at least 
three factors: the central nervous system, the body and the 
environment. Kinetic and kinematic informations are 
being continuously exchanged between these factors [1]. 
In natural circumstances, the eyes, the head and the hands 
produce motion across multiple actions and need to re-
main synchronized in time with respect to a common 
spatial coordinate system [2]. Hand movements in rela-
tion to visual targets are controlled mainly through the 
vision and proprioception while the target position is 
determined by the vision. Evidences show that the central 
nervous system generates a motor plan which defines the 
amplitude and direction of the movements in relation to a 
global point of gaze [3]. The analysis of these evidences 
could provide an accurate diagnosis and treatment of 
many orthopaedic and neurological disorders. Nowadays, 
the available measurement procedures for such actions 
are based on constrained movement analysis due to the 
higher number of degrees of freedom used simultaneously 
by the motions of the eyes, the head and the hands or only 
by the intuitive analysis what is dependent of the physi-
cian’s experience.      

Therefore, the development of a model to measure 
hand, head and eyes movements preciously, simultane-
ously and with reproducibility is important due to the lack 
of standard protocols and adapted systems available 

which could describe the integration between such ac-
tions.  

 
II. MATERIALS AND METHODS 

 
A. Kinematic model 

The upper body was divided in ten rigid segments: the 
head, the thorax, the clavicles, the upper arms, the fore 
arms and the hands. The eyes were also included (figure 
1). Each segment was defined by three non-collinear 
reflective markers mounted on a common surface to 
avoid inter-marker movements. Consequently, the posi-
tion and orientation of each segment of the kinematic 
model can be quantitatively evaluated. No markers were 
attached to the clavicles segments due to the large skin 
movements.  

 
 

 
Fig. 1 Kinematic model 

 
 
Each rigid body is connected by ideal ball-socket 

joints in the wrist, elbow, shoulder, sternoclavicular and 
the neck. These joints posssess three rotational degrees of 
freedom which allows to measure the flexion/extension, 
the abduction/adduction and the pronation/supination of 
the segments.   

The subjects were seated around of six infrared cam-
eras of the movement analysis system - VICON 370. The 
kinematic analysis requires two calibration trials: a static 
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to the axis definition and a dynamic to find the shoulder 
center. The static measurement uses skin markers at the 
medial and lateral epicondyli of the elbow joint and at the 
radial and ulnar styloid of the wrist joint. With these 
markers it is possible to calculate the elbow (ce) and wrist 
joint (cw) center at the time (t) in relation to the segment 
markers (equations 1 and 2) (figure 2). Besides, it is nec-
essary that the subjects maintain during a few seconds the 
upper arm 90º flexioned and the fore arm adducted 90º 
towards the midline of the thorax with the hand following 
a straight line in relation to the elbow. For movement 
analysis in dynamic situations the joint markers can be 
removed. 
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Fig. 2 Coordinate systems 

 
In general, the shoulder center is assumed to be 7 cm 

inferior to the acromion but this point can be found 
through dynamic tests which involves the movement of 
the arm around at least two joint axes. So, the position of 
the arm is hanging at the side of the body. To perform the 
tests, the arm is abducted 90º out of the starting position, 
adducted to the middle of the body and returns along the 
same path to the starting position. This cycle must be 
done at least three times. So, the coordinate system to the 
shoulder is calculated using a cost function in relation to 
the thorax after the test. Both coordinate systems are 
essential to reconstruct the sternoclavicular joint which 
connects the humerus to the middle of the thorax. Other 
coordinate system in the neck is assumed to be 7 cm 
above and dislocated the half of the thorax’s width in 
relation to the coordinate system established on the tho-

rax. So, the head coordinate system rotates in relation to 
the neck joint coordinate system with three rotational 
degrees of freedom at the same time that the neck joint is 
dislocated in x, y and z axes.  

More detailed explanations about the development of 
the model can be found in [4] [5] [6].  

 
B. 3D Tracking 
 
A robot with five degrees of freedom was previously 

programmed to execute a 3D path using a reflective 
marker placed at the end effector as a visual reference. 
The subjects were instructed to follow this target with 
other maker attached to the finger. Therefore, the dis-
placements of the arm and head provided cyclical and 
reproducible movements. 

 
C. Eye movements and the point of gaze 
 
The movements of the eyes were analysed using an 

Eye-Tracker. This optical device captures the reflected 
light from the eyes using small video cameras positioned 
on the head.  The rotation of each eye was calculated in 
terms of changes in the corneal reflexions including the 
directions of the pupil center. These rotations provided 
non parallel lines of sight when the angles of the eyes 
were calculated. Therefore, a global point of gaze was 
calculated in relation to the distance between the subject 
and the focused object (figure 3). 

 

Robot (x,y,z)
Pointer (x,y,z)

Finger (x,y,z)

Gaze (x,y,z)

 
Fig. 3 3D movements with the robot and an eye-tracker 

   
 The positions to the point of gaze must be encoun-
tered and synchronized in the same 3D coordinate system 
where the upper extremity and the robot motions are 
done, respectively.  
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D. Modelling of the system 
 
The 3D reconstruction of the subjects and the motions 

were done using Simulink/SimMechanics in relation to 
the proposed kinematic model. The reconstruction was 
done using anthropometric parameters of each segment 
and the coordinate system of the shoulder. These parame-
ters and the locations of the coordinate systems to the 
elbow and wrist determined the total length of the arm. 
The reconstruction of the head and eyes is based on the 
coordinate system of the torso which established where 
the head was in the space (figure 4).      

Two different situations were presented to the model-
ling of the system. In the first one, the model received as 
inputs the movements of the robot, the pointer, the joint 
angles and the anthropometric data of each segment. The 
synchronized movements in time and space provided to 
evaluate the 3D points of gaze when the robot is focused 
in motion. In the second case, the movements of the 
pointer were unconsidered to the model. Such situation 
provided to evaluate where my finger was in the space 
considering the point of gaze, respectively.  

 
 

 
Fig. 4 3D Reconstruction   

 
III. RESULTS 

 
A. Evaluation to the point of gaze  
 

Ten subjects executed a triangular movement path fol-
lowing the robot with the hand and the eyes. Figures 5, 6 
and 7 show a comparison between the positions of the 
gaze, pointer and robot in x, y and z axes, respectively.   

 

 
Fig. 5 Gaze, Pointer and Robot in X axis 

 

 
Fig. 6 Gaze, Pointer and Robot in Y axis 

 

 
Fig. 7 Gaze, Pointer and Robot in Z axis 

B. Evaluation to the finger movements 

Figures 8, 9 and 10 show a comparison between the 
positions of the pointer and finger in x, y and z axes, 
respectively.  The finger positions are calculated by the 
model in this situation. 
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Fig. 8  Pointer and Finger in X axis 

 

 
Fig. 9  Pointer and Finger in Y axis 

 

 
Fig. 10  Pointer and Finger in Z axis 

 
IV. DISCUSSION 

 
The 3D reconstruction of the proposed kinematic 

model allows the evaluation of movements when the 
subjects follow a 3D robot path with the hand. The first 
situation demonstrated an evaluation to the points of gaze 
when the pointer motions were considered as an input to 
the 3D reconstructed model in Simulink / SimMechanics. 
In the second situation, the points of gaze were used as a 
visual feedback and the pointer movements were uncon-

sidered. So, the results in the figures 8, 9 and 10 showed 
that the finger positions were close of the pointer posi-
tions what it demonstrated the correct simulation of the 
movements by the model.   

 Therefore, an evaluation between the point of gaze 
and the real position of the finger when the hand follows 
the robot could establish a motor control to the arm 
movements.       

 
V. CONCLUSIONS 

 
A methodology as a practical and flexible tool to ana-

lyse details among hand, head and eyes movements is 
now available. The method to quantify the coordination 
between actions of each part of the body is useful and can 
provide solutions to the different problems in biomedical 
engineering. 
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Abstract—The lack of weight-bearing forces on the skeleton 
during space flight could induce decreased bone mass and 
altered bone geometry. Mechanical properties of bone are not 
only due to the structure and geometry, but the tissue proper-
ties of bone material itself as well. The effects of weightlessness 
on micromechanical properties of bone tissue were investi-
gated using rat tail-suspension model in this study. This 
ground model, which unloads the hind limbs, could approxi-
mate or mimic microgravity. Ten Sprague-Dawley rats were 
randomly divided into two groups, tail-suspension (TS) and 
control (CON). After 14d, three-point bending was used to test 
the mechanical properties of the whole femur and nanoinden-
tation to measure the micromechanical properties of bone 
materials. In three-point bending testing, stiffness, maximum 
load and energy absorption decreased significantly in TS 
group. As for nanoindentation, elastic modulus (E) didn’t show 
any significant difference between TS and CON while hard-
ness (H) significantly decreased and E/H significantly in-
creased in TS. Weightlessness does affect the intrinsic me-
chanical properties of bone at the level of bone material. And, 
it is necessary to further investigate the effect of unloading the 
bone matrix.  

Keywords—micromechanical property, bone, weightlessness, 
rat, nanoindentation  

I. INTRODUCTION  

Microgravity, or weightlessness, is one of the most im-
portant characteristics in space flight. Data on astronauts 
and bed-rest subjects suggest that decrements in bone min-
eral density (BMD) may be as high as 1%-2% per month. A 
significant loss of BMD will inevitably increase fracture 
risk in otherwise healthy astronauts [1,2]. Therefore, a high 
priority should be placed on determining how microgravity 
affects mechanical properties of bone, which may or may 
not correlate with decrements in BMD.  

The main constituents of bone are collagen type I and 
hydroxyapatite crystals. The mineral has been suggested to 
provide mechanical rigidity and load-bearing strength to the 
bone composite. The organic matrix, predominantly type I 
collagen, provides strength and flexibility to bone and also 
determines its structural organization. Therefore, the me-
chanical properties of bone are dependent upon the proper-
ties of these constituents [3]. However, opportunities to 
assess these changes in humans exposed to weightlessness 
are rare, and rely on calculating based on BMD and bone 
geometry [2].  

On the other hand, ground-based models play a signifi-
cant role in space exploration because they provide data 
critical for the design of spaceflight experiments. NASA-

designed tail suspension system in rodents is such a model, 
which was extensively used to simulate microgravity and 
then study in detail certain aspects of space flight [4]. 

In this study, nanoindentation was used to measure the 
intrinsic mechanical properties of tail-suspended rat bone in 
order to understand how microgravity affects skeleton.  

II. MATERIALS AND METHODS  

A. Experimental Animals and Animal Care  

Tten female 6-week-old Sprague Dawley (SD) rats were 
used in this experiment, the body weight ranged from 180 to 
200 g. The care and treatment of the animals were carried 
out according to Regulations for the Administration of Af-
fairs Concerning Experimental Animals promulgated by 
Decree No.2 of the State Science and Technology Commis-
sion of China, the Guiding Principles for the Care and Use 
of Animals approved by Beijing Government. And all pro-
tocols were approved by the Animal Care Committee of 
Beihang University. 

After several days for adaptation, the rats were randomly 
divided into two groups, tail-suspension (TS) and control 
(CON). Two groups were raised under same condition for 
14d except that TS Rats were suspended by tail to unload 
the hind limbs, thus approximating or mimicking weight-
lessness. After 14d tail suspension, the rats were sacrificed, 
then femurs were carefully excised and all surrounding skin, 
muscle, and other soft tissues were removed. The femurs 
were wrapped in a saline-soaked gauze bandage to prevent 
dehydration and stored at 20°C in small, sealed freezer 
bags. 

B. Three-Point Bending Testing of Rat Femur 

The femur was slowly thawed to room temperature and 
kept wrapped in the saline-soaked gauzes except during 
measurements. Three-point bending of rat femur in the 
mediolateral direction was carried out on Shimadzu AG-

S series testing machine as previously described [5] 
(Fig.1A). Before the actual testing, a small stabilizing pre-
load (10N) was applied on the medial surface of the femur 
at a rate of 0.1 mm/s. The bending load was applied at a rate 
of 0.2 mm/s until failure of the specimen. The breaking load 
(structural strength), stiffness and energy absorption of the 
femoral midshaft were determined from the load-
deformation curve (Fig. 1B). 
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C. Nanoindentation 

Following three-point bending, the bone sections were 
prepared for nanoindentation immediately as preciously 
described [6], with slight modification. Sections were dehy-
drated over the course of 4 days in a series of ethanol solu-
tions (70%, 80%, 90%, and 100% EtOH), increasing the 
ethanol concentration every 24h. After that, bones were 
fixed in 10% phosphate-buffered formalin, 4 , 24h. The 
bone was sectioned in the plane of proximal and distal fe-
mur using a water lubricated diamond wheel saw. They 
were then embedded in self-curing tooth acrylic (SDIF, 
China). After polymerization, the blocks were trimmed 
using a water lubricated diamond wheel saw to remove 
excess part. After polished the surface to be indented using 
abrasive silicon carbide papers of decreasing particle size 
(600,800 and 1200), a Nanoindenter XP (MTS, Oak Ridge, 
TN) was used to conduct the indentation tests. The indenter 
tip used was a diamond Berkovich tip with Elastic modulus 
Ei of 1140 GPa and Poisson ratio Vi of 0.07. 

For each sample, five indents were performed in trabecu-
lar bone. To eliminate the local effects, all the indents were 
conducted at the similar site based on the optical micros-
copy observation (Fig. 2A). The Oliver–Pharr method [7] 
was used to determine the elastic modulus and hardness 
from the nanoindentation data. The basic assumption in-
volved in this method is that the sample behaves purely 
elastically during unloading (Fig. 2B). 

D. Statistical analysis 

All statistical analyses were performed using the Micro-
soft Excel data analysis program for t-test analysis. The 
level of statistical significance was set at p<0.05. 

III. RESULTS

A. Three-Point Bending Testing of Rat Femur 

As table 1 shown, stiffness, breaking load and energy ab-
sorption decreased in TS group and there were significant 
differences between TS and CON (p<0.05). However, there 
was no significant difference of elastic modulus between 
two groups (p>0.05) though the value of TS was lower than 
that of CON. 

B. Nanoindentation 

As Fig.3 shown, the elastic modulus (E) of trabecular 
bone seemed decreased in TS rats. However, there was no 
significant difference compared with CON. One the other 
hand, the hardness (H) significantly decreased in TS rats. 
Furthermore, the ratio of E/H increased significantly 
(p<0.05) in TS rats compared with CON (Fig.4). 

Fig. 2 Indentation sites in trabecular bone. A:“+” indent 
location. B: a loading-unloading curve recorded during 

nanoindention of rat femur
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Table1 Descriptive data of three-point bending test

 Stiffness  
(N/mm) 

Maximum load 
(N)  

Energy absorption 
(mJ) 

TS 180.99±24.91* 67.28±1.91* 16.40±2.79* 

CON 232.01±10.65 87.04±1.11 22.15±1.40 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

IV. DISCUSSION 

It is clear that bone quality is greatly influenced by its 
tissue mechanical properties. Material properties can be 
selected as a direct measure of bone’s load-bearing capacity 
and may serve as an indicator of the likelihood for future 
fractures. Therefore, investigations into the etiology and 

enhanced detection of osteoporosis, or the efficacy of inter-
ventions, may require the assessment of bone’s mechanical 
properties at the level of the tissue [6, 8-10]. The same re-
quirement is also in the investigations into the mechanism 
and intervention of weightlessness-induced osteoporosis.  

In this study, the effect of tail-suspension on the biome-
chanical properties of rat femur was measured by three-
point bending testing. The result indicates weightlessness 
induces the decline of some mechanical properties in rat 
femur. However, this only reflects the effect of weightless-
ness on the whole bone which depended on not only the 
material but also the architecture of bone. The necessity of 
mechanical measurements at the level of material becomes 
further apparent when investigating how weightlessness 
affects the micromechanical properties of bone.   

Nanoindentation is a relatively new technique that is ca-
pable of evaluating bone’s mechanical properties, including 
hardness and elastic modulus, on extremely small volumes 
of tissue [11]. In this study, only trabecular bone’s micro-
mechanical properties was measured because: 1) it is diffi-
cult to indent on the cortical of rat proximal and distal fe-
mur; 2) some nanoindentation studies suggest that the 
elastic modulus of trabecular and cortical bone are indeed 
similar [12,13]. 

The result showed that tail-suspension induced both 
hardness (H) and elastic modulus (E) decrease. However, 
elastic modulus had no statistical significance between TS 
(9.18± 2.68) and CON (10.66 ± 3.49). Maybe this indicates 
that weightlessness affects mineral phase, which mainly 
contributes to hardness, much than organic component (col-
lagen).  

The E/H ratio is useful in describing material deforma-
tion during indentation. It is proportional to the stress frac-
ture toughness in an indentation fracture test and has been 
used to describe the brittleness of a material (ductile materi-
als with higher E/H value) [3]. On the other hand, the ratio 
of E/H is dependent on both elastic and plastic properties. 
Theoretically, this represents an overall performance (be-
havior) of bone during the indentation process which is 
related to fracture toughness [3]. Our result seemed to show 
that the femur of tail-suspension rat with a higher E/H value 
than the control would be tougher in fracture resistance. 
However, fracture resistance of whole bone not only de-
pends on the quality of trabecular plate or dot, but also the 
amount and the geometry of the bone. The higher E/H value 
of tail-suspension rat bone also indicates a result of the 
distorted bone matrix induced by weightlessness. Therefore, 
it is necessary to further research the effect of weightless-
ness on the bone matrix-- collagen.   
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Flow Induced Turbulent Stress Accumulation Study of the Differently Designed Bi-
leaflet Mitral valves using Dynamic PIV system
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Abstract— Long duration of high fluid stresses on the blood
component are considered influential to the cause of hemolysis,
thromboembolic complications, and platelet activation. This
experimental study was conducted to analyze the accumulated
turbulent stresses generated by the differently designed pros-
thetic heart valves using Dynamic PIV system. Four bi-leaflet
valves, the St. Jude Medical (SJM) and the On-X (OX) valves
with straight leaflets and the Jyros (JR) and the MIRA
(MIRA) valves with curved leaflets were used in the mitral
position under pulsatile-flow condition. Dynamic PIV system
was employed to trace the particular particle simulating blood
element and to analyze the accumulated turbulent stresses on
the particular particle by analyzing the time-resolved flow
fields affected by the leaflet shapes, valve designs.

Keywords— Dynamic PIV, Bi-leaflet valves, Stress accumu-
lation.

I. INTRODUCTION

Fluid stress accumulation on the blood component is
considered influential to the cause of hemolysis, throm-
boembolic complications, and platelet activation. Experi-
mental study was conducted to analyze the accumulated
turbulent stresses during the time period between the early
acceleration flow phase to the peak flow phase (duration of
0.216sec), where most of the strong stresses observed, gen-
erated by the differently designed prosthetic heart valves
using Dynamic PIV system.

II. MODELS AND METHOD

The study was carried out using a cardiac simulator [1] in
conjunction with a high-speed (1000 frames/s) and high
resolution (1024x1024) Dynamic PIV system for the map-
ping of the time resolved velocity and the turbulent stress
distribution inside the simulated ventricle (Fig.1). Operating
condition was simulating normal adult at resting condition:
120/80 mmHg at 72BPM. Saline solution was used as work-
ing fluid. Operating waveform was the sinusoidal waveform.
Four bi-leaflet valves (Fig.2), the St. Jude Medical (SJM)

and the On-X (OX) valves with straight leaflets and the
Jyros (JR) and the MIRA (MIRA) valves with curved leaf-

lets were tested in the mitral position under pulsatile-flow
condition. For the laser light sheet arrangement two major
vertical planes were selected for PIV measurement. One
measuring plane which passes through the centers of the
aortic and the mitral valves (A-A section). The other meas-
uring plane is normal to it and directly downstream of the
mitral valve (B-B section). Since the flow inside the ventri-
cle is three-dimensional in nature, additional 7 vertical
planes parallel to A-A section were also added (Fig.3).

Figure 1 Schematic diagram showing the test facility

Figure 2 Photographs showing the test valves: (1) the SJM valve, (2) the
JR valve, (3) the OX valve, and (4) the MIRA valve,

(1) SJM (2) JR

(3) OX (4) MIRA
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High-speed video image was used to trace the movement
of the fluid particle passing through the selected orifice
location and calculated the accumulated turbulent stresses.
Results were shown as averaged turbulent stresses over
seven selected timing during the time period between the
early acceleration flow phase to the peak flow phase (dura-
tion of 0.216sec). Figure 4 shows the typical trace lines used
to calculate the averaged stress values on the A-A and B-B
section.

III RESULTS AND DISCUSSION

All valves showed distinct sideway flows immediately
after the valve was opened, however, timing of the opening
and degree of flow deflection differed widely among differ-
ent designs. Straight leaflet of the OX valve (Fig.4) did not
deflect the flow when it fully opened, while curved leaflet
of the JR (not shown) and the MIRA (Fig.4) valves de-
flected the flow sideway even the valve was fully opened.
Table 1-5 show averaged stress values for the test valves at
each measuring sections during period between accelerating
to peak flow phase. The OX and the MIRA valves utilize
central orifice more effectively than older designs, but also
produce larger turbulent stresses. Because of the character-
istic differences, the JR and the MIRA valves with curved
leaflet tend to show higher accumulated stress at peripheral
area close to ventricle wall (Table 4, z=15mm, shown un-
derlined number), while the SJM and the OX valves with
straight leaflet tend to show higher accumulated stress at
more central area (on B-B section, not shown). Newer
valves also showed higher accumulated stress level.

IV. CONCLUSIONS

Newer designs open quickly and utilize central orifice
more effectively than older designs but also showed higher
accumulated stress level.
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Figure 3 Slit light sheet locations used for measuring velocity field

Figure 4 Figures showing the typical velocity and turbulent stress distribution at B-B section inside the simulated ventricle with the mitral
valves in the anti-anatomical position during the late acceleration flow phase: (1) the On-X valve, and (2) the MIRA valve (72BPM, Sinusoidal

waveform, Saline solution)

(1) OX (2) MIRA
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Table 1 Averaged stress values for the SJM, the JR, the OX, and the
MIRA valves: during period between accelerating to peak flow phase:

anti-anatomical orientation, A-A section, Z=0mm

Figure 5 Typical path lines corresponding to the Right flow, the Center
flow, and the Left flow used to calculate the averaged stress values for teach
valves: during period between accelerating to peak flow phase: Z=0mm

Figure 6 Typical path lines corresponding to the Right flow, the Center
flow, and the Left flow used to calculate the averaged stress values for teach
valves: during period between accelerating to peak flow phase: Z=10mm

Figure 4 Typical path lines corresponding to the Right flow, the Center flow, and the Left flow used to calculate the averaged stress values on
A-A and parallel sections and the Right flow, the Right middle flow, and the Right center flow on B-B section

Table 2 Averaged stress values for the SJM, the JR, the OX, and the
MIRA valves: during period between accelerating to peak flow phase:

anti-anatomical orientation, A-A section, Z=5mm

222 T. Akutsu and X.D. CAO

IFMBE Proceedings Vol. 25



Table 3 Averaged stress values for the SJM, the JR, the OX, and the
MIRA valves: during period between accelerating to peak flow phase:

anti-anatomical orientation, A-A section, Z=10mm

Table 4 Averaged stress values for the SJM, the JR, and the
MIRA valves: during period between accelerating to peak flow phase:

anti-anatomical orientation, A-A section, Z=15mm

Table 5 Averaged stress values for the SJM, the JR, and the
MIRA valves: during period between accelerating to peak flow phase:

anti-anatomical orientation, A-A section, Z=20mm

Figure 7 Typical path lines corresponding to the Right flow, the Center
flow, and the Left flow used to calculate the averaged stress values for teach
valves: during period between accelerating to peak flow phase: Z=10mm

Figure 8 Typical path lines corresponding to the Right flow, the Center
flow, and the Left flow used to calculate the averaged stress values for teach
valves: during period between accelerating to peak flow phase: Z=15mm

Figure 9 Typical path lines corresponding to the Right flow, the Center
flow, and the Left flow used to calculate the averaged stress values for teach
valves: during period between accelerating to peak flow phase: Z=20mm
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Abstract— Background: A stable fixation by osteosynthesis 
is essential to allow an early mobilization of patients with hip 
fractures. When stronger implants are employed to prevent 
potential complications, it is feared that stress-shielding oc-
curs. The hypothesis of this study was that a stronger intrame-
dullary nail becomes less stressed during loading. It was specif-
ically investigated if this would lead to more load on the bone 
and therefore reduce the likelihood of stress-shielding. Me-
thods: Two intramedullary nails were compared, a Gamma3 
long and a reinforced prototype with a larger diameter of the 
proximal shaft. The implants were analyzed by FEA in two 
fractures (AO 31A3.1/A3.3) and two load cases. To check the 
results by the FE models, analog experiments in human cadav-
er bones were carried out. Six pairs of human femurs (age 
67±7) were osteomized and fixated with the two implants in a 
paired cross-over design. The specimens were tested in a servo
electric testing machine to measure the construct stiffness and 
the strains on the nail by two strain gauges during maximum 
load. Results: The FE simulations resulted in 11-28% lower 
stresses on the nail. In the cadaver tests the stronger implant 
resulted in significant lower strains at the two strain gauges 
(p<0.001; p=0.016) and a comparable stiffness (p=0.446) Con-
clusion: The enhanced stability and stiffness of the implant by 
the reinforced proximal part of the nail shaft did not cause 
stress-shielding. The risk of fatigue failure was lower for the 
stronger implant because of the lower stresses and strains 
within the osteosynthesis. Thus, patients with expected delays 
of fracture healing may potentially benefit from the applica-
tion of stronger implants.

Keywords— gamma nail, finite element analysis, cadaver tests

I. INTRODUCTION 

A stable fixation by osteosynthesis is essential to allow 
an early mobilization of patients with hip fractures. Howev-
er, there are cases of implant failure. The reason for these 
failures can be amongst others pseudarthrosises or high 
bodyweights of the patients.

When these patients are supplied with stronger implants 
to improve the fracture stability, it is feared that stress-
shielding occurs. Stress-shielding is the effect when the load 
on the bone decreases and the load on the implant increases, 
because of the high stiffness of the implant. Especially rein-
forced intramedullary nails bear the risk of a shift of the 

failure mode from the nail to the lag screw in the case of 
overloading.

Therefore, the purpose of this study was to compare the 
biomechanical performance of two cephalocondylic intra-
medullary nails with diverse proximal diameters fixating 
two different subtrochanteric fractures in a previous vali-
dated finite element model and in a cadaver model of the 
human femur. The hypothesis of this study was that the 
stronger intramedullary nail becomes less stressed during 
loading. It was specifically investigated if this would lead to 
more load on the bone and therefore reduce the likelihood 
of stress-shielding. In addition, it was hypothesized that the 
load on the implant increases with a decrease in fracture 
stability. As primary outcome measure for the load on the 
implant the strains and stresses within the implant were 
obtained.

II. MATERIALS AND METHODS

Two intramedullary nails were compared, a Gamma3 
long and a reinforced prototype with a larger diameter of the 
proximal shaft.

Fig. 1 FE Models with Gamma3 long nails fixating a 31A3.1 fracture (left) 
and a 31A3.3 fracture (right)
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Initially the von Mises stress distribution on the implants 
was calculated by finite element (FE) models. These models 
simulated the implant in the standardized femur [2] and 
were validated by strain measurements on the nail in a pre-
vious study. The implants were analyzed in two fractures 
(AO 31A3.1/A3.3) and two load cases. The two load cases 
simulated the maximum hip joint force with and without an 
additional muscle force, which acted on the lateral side of 
the femur. The forces were calculated based on the findings 
of Bergmann et al [1].

To check the results by the FE models, analog experi-
ments in human cadaver bones were carried out. Six pairs of 
human femurs (age 67±7) were osteomized and fixated with 
the two implants in a paired cross-over design. The speci-
mens were tested in a servo electric testing machine to 
measure the construct stiffness and the strains on the nail by 
two strain gauges during maximum load.

Fig. 2 Cadaver test of a 31A3.1 fracture fixated by the Gamma3 prototype. 
The cables derive from the strain gauges.

An unpaired t-test was used to determine statistical sig-
nificant differences between the two implants (p<0.05). A 
paired t-test was used to determine statistical significant 
differences between the two fracture types (p<0.05).

III. RESULTS

The finite element simulations resulted in 11-28% lower 
stresses on the nail, 22-71% lower stresses on the lag screw 
and a similar construct stiffness (-7-12% difference) for the 
stronger implant in both fractures and load cases.

Fig. 3 Von Mises stress distribution within a Gamma3 long fixating a 
31A3.1 fracture. The red area marks the region of highest stress.

In the cadaver tests the stronger implant resulted in sig-
nificant lower strains at the two strain gauges (p<0.001; 
p=0.016) and a comparable stiffness (p=0.446) albeit the 
fracture type and the load case.
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Fig. 4 Results of the cadaver tests.

IV. CONCLUSIONS 

The enhanced stability and stiffness of the implant by the 
reinforced proximal part of the nail shaft did not cause 

stress-shielding. The risk of fatigue failure was lower for the 
stronger implant because of the lower stresses and strains 
within the osteosynthesis. This was true for the nail shaft 
and the lag screw. Thus, obese patients or patients with 
expected delays of fracture healing may potentially benefit 
from the application of stronger implants.
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Abstract— To design a semi-automatic laser scalpel for 
tissue resection in the area of neck masses it was necessary to 
examine the biomechanic behavour of these tissues. The aim 
was to identify if and to what extent (amplitude and velocity) 
the tissues shift due to respiration and circulation. This is 
important since these movements have to be followed by the 
laser scalpel. At defined points on the neck surface one-
dimensional (1-D) time related Optical Coherence 
Tomography OCT measurements were recorded. Tissue 
shifting in the direction of the OCT-sightaxis was quantified. 
The preliminary results of these basic experiments shown here 
will be used for acquisition and definition of data sets which 
have to be provided by a laser therapy system to guarantee 
both precision and safety. 

Keywords— OCT, surgery assistance system, visualisation, 
shift of soft tissue. 

INTRODUCTION 

It is known that Optical Coherence Tomography (OCT) 
is a relatively new technology that provides an atraumatic 
“optical biopsy” providing both anatomical and, to some 
extent, histopathologic results [1]. OCT was first applied in 
ophthalmology, where it was used mainly for transparent 
tissues of the eye. Since then, OCT has grown to include 
macular disease, retinal pathology and corneal abnormali-
ties [2, 3]. Once OCT established itself in imaging fine tis-
sues, the further expansion of its tools to include solid or-
gans was justified. Through various technological modifica-
tions, “optical biopsies” of organs including gastrointestinal, 
cardiovascular, respiratory, skin, nervous system, and male 
and female reproductive organs have been performed [4–8]. 
In oncologic surgery critical situations may arise which 
make it necessary to separate complex tissue formations 
with a high degree of accuracy, for example when vascular 
walls or neural structures are infiltrated by tumour strands. 
Often structures that can principally be preserved have to be 
sacrificed in favour of safety of radical resections. The aim 
of our project is the implementation of a controlled sensor-

actor-system, which will make a maximal preservation of 
functional structures in terms of minimal-invasive surgery 
possible. By Optical Coherence Tomography a micro-
anatomic imaging of the target area will be generated which 
is able to map the tumour borders. Based on this informa-
tion, the surgeon plans the incision, which will then be done 
under intermittent OCT-control with an athermic femto sec-
ond laser. It is important to consider, that during soft tissue 
operations the site is continuously moving (breathing, 
transmitted pulsation of larger arterial or venous vessels) 
under physiologic conditions. To maintain the required inci-
sion accuracy, a partially automated assistance system has 
to register the movements and readjust in real-time. This 
work describes the performance of selective 1D-OCT-
measurements in the cervical area in healthy subjects as 
well as intraoperatively. 

METHODS 

The OCT equipment used was a system manufactured by 
LightLab Imaging Ltd, USA and provided by Carl Zeiss 
Surgical, Germany. An interference superluminescent diode 
with a central wavelength of c = 1278 nm and a spectral 
width of  = 39.45 nm was used as a light source. The 
power of the light source was 6 mW. The interferometer in 
an OCT scanner splits a broadband source field into a refer-
ence field and sample field. The sample field focuses 
through the scanning optics and objective lens to some point 
below the surface of the tissue. After scattering back from 
the tissue, the modified sample field mixes with the refer-
ence field on the surface of the photodetector [9]. After 
passing through an optical circulator, the light is branch 
split equally into a reference beam and a sample beam. The 
beams of light reflected by the sample and the reference 
mirror are superimposed on passing through a fibre coupler, 
thus generating a /2 phase-delayed interference signal. 
Both signals are electronically subducted, this process is 
known as dual-balanced detection. The OCT unit was com-
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bined with a surgical microscope (type S21) manufactured 
by Carl Zeiss Surgical, Germany. The OCT scanner, lenses 
and tube, into which the light-conducting fibre led, were 
accommodated in a separate case located directly beneath 
the surgical microscope. The scanner was deactivated, so 
that we just used the OCT beam in a stationary way; so this 
is the reason why the method is called 1-D. An aiming beam 
indicated the treatment site of the OCT scanner, which was 
correlated with the surgical microscope’s field of view. Ad-
ditionally, the foci of the OCT beam and the surgical micro-
scope were mutually adjusted so that they matched, since, 
otherwise, simultaneous and comparative monitoring based 
on both the microscopic image and OCT can not be suffi-
ciently achieved. 

For easier detection of the correct working distance of 
the OCT / microscope unit to the measurement points, two 
laserpointers were fixed next to the OCT and adjusted so 
that both laser spots superpose in the application level (see 
fig. 1). 

 

 

Fig. 1: Experimental set-up; microscope head with downstream OCT and 
laser focussing adjustment. 

This functional assembly recorded not only the vital 
signs of respiration and pulse, but also singular disturbances 
such as coughing which may occur due to insufficient an-
aesthesia. 

For 7 test subjects, 1-D-OCT time related measurements 
were recorded to document movements in the direction of 
the measurement axis which means the line of sight. Meas-
urements were taken during both respiration and respiration 
breaks. In addition, measurement points were recorded di-
rectly above the arterial and venous vessels or in varying 
distances laterally from them. 

The data were then analysed using a proprietary algo-
rithm (LabVIEW 8.2, National Instruments) by extrapola-

tion of the tissue surface from the OCT-signal, elimination 
of artefacts, and evaluation of the curve form which ex-
presses the relative physiologic movements according to 
amplitude and velocity. 
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Fig. 2: Diagrams of physiologic movements of cervical soft tissue parts. 
Beside the carotid artery the typical double-pulse was registered. The dou-
ble-pulse curve was also superposed with the larger amplitude breathing 
curve. 

 
CONCLUSIONS 

The OCT generates with standard application using a 1-
D-scanner and two dimensional image data, which are char-
acterised by a bad signal-noise-ratio. Since in the present 
study only an A-scan was recorded, i.e. the scanner was not 
activated. The acquired OCT-images showed a one-
dimensional record of the time related depth (distance in 
sight respective to z-axis), (comparable to an “M(otion)-
Mode” in echocardiography). After elimination of artefacts 
(compensation of outliers, i.e. isolated pixels with maxima 
of greyscale), refining by local averaging, and identifying of 
the skin surface by level based segmentation, measurement 
curves were generated. This is shown exemplarily in Fig. 2 
for a healthy subject. The aquired data showed a middle 
amplitude of 0.22 mm and a maximal velocity (i.e. gradient 
of the curve) of 2.13 mm/s even in the rest mode (no respi-
ration, measurement points in large distance to vessels). A 
two-peak pulse curve was observed, which is known from 
intra-arterial pressure measurements. If a point directly 

above the bifurcation of the carotid arteria was selected for 
measurement, the amplitude stayed nearly constant with 
0.21 mm and a significantly higher mean velocity of 5.54 
mm/s. A much larger amplitude resulted from the measure-
ment of respiratory movements (breathing excursion of the 
chest, which carries over to the cervical soft tissue). An 
amplitude of 1.71 mm at a maximal velocity of 3.45 mm/s 
was measured. 

The display area of the OCT was exceeded during cough-
ing. In spite of this, we are able to approximate the gradient 
or pulse rate of the function. 

By consecutive scanning of the cervical soft tissue, a 
mapping of the cervical surface was created which relates 
the characteristics of movement to the underlying anatomy. 
Larger breathing excursions can be found near the chest and 
in the caudal cervical area, single pulsation maxima above 
the common, internal and external carotid arteries (see Fig. 
3). 

Nevertheless there were only 7 measurement subjects 
and we have to acquire more data due to the fact that the 
reference points at the mastoid and above the mandible re-
gion gave quite often gave unreliable signals. That meant, 
for the operator of the LabVIEW analysis program, he has 
to work with small sections out of the complete measure-
ment curve. 

Fig. 3: Surface mapping of the cervical soft tissue parts under usage of the 
above characterised measurement set up; the colour coded diagram shows a 
higher amplitude during respiration related movements with simultaneous 
lower movement velocity. 

CONCLUSIONS 

The aim of our project is to implement a functional 
model for real time controlled tumour resection in high risk 
areas. We have found that, using ultra short pulsed laser 
systems, precise incision instruments can be created permit-
ting the resection of pathologic tissue in direct vicinity to 
sensitive anatomical structures, such as nerves and blood 
vessels. This procedure is not currently possible even with 
the use of a surgical microscope. Here we used OCT image 
data to control a femtosecond laser unit. OCT has been pre-
viously established in medicine mainly for use in the area of 
ophthalmology [10, 11]. Currently, in the area of otorhi-
nolaryngology there are only few reports of application tri-
als specially with intention of identifying benign and malig-
nant tumours [12-14]. However, since in the living organ-
ism soft tissue parts are in permanent motion we believe 
such a surgery assistance system must adjust its perform-
ance area to the moving body surface. Initially, it was nec-
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essary to measure these soft tissue movements with high 
resolution to acquire reference values. 

Physiological motion patterns of soft tissue parts due to 
respiration and pulse can be demonstrated with adequate 
precision using the OCT. 

Based on these data, essential performance parameters 
(working space, tracking velocity of the laser focus in z-
direction) can be defined for the above mentioned surgical 
systems. 

If necessary, the periodicity of these movements could be 
mathematically modelled and the laser controlled and 
tracked accordingly (prospectively). Alternatively the EKG 
or AF could be used to control the path and position of the 
laser focus. 

Furthermore, the introduced measurement method is used 
for the identification of non-periodic effects (e.g. coughing) 
which – if they cannot be compensated in real time with 
sufficient safety – have to lead to an interruption of the 
autonomous surgical procedure. 

The recorded data will be qualitatively and particularly 
quantitatively implemented in a penalty – function. With 
these functions interruption criteria can be defined, which 
stop the surgery immediately in the case of irregularities or 
other disorders and disturbances. They can be implemented 
in scope of a surgery applied analysis for a risk management 
concept. 

Further evaluation of the aquired data is of major rele-
vance, because it can be estimated if the striking points 
within the surgery site are affine or non – affine. In case of a 
non – affine deformation of the situs, a clearly more com-
plex mathematical view of the signals and, hence, the moni-
toring of the operation site follows. 
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Abstract—Acetabular cup loosening is one of the major 

failure models of total hip replacement (THR), which is mostly 
due to insufficient initial stability of the cup. Previous studies 
have demonstrated that cup stability is affected by the quality 
of the host bone and the surgical skill when inserting screws. 
The purpose of this study was to determine the effects on the 
initial stability of the acetabular cup of eccentric screwing in 
bone of different qualities. In this study, hemispherical cups 
were fixed into bone specimens constructed from artificial 
foam with three elastic moduli using one to three screws. The 
effects of two types of screw eccentricity (offset and angular) 
on the cup stability of the acetabular cup were also evaluated. 
The experimental results indicate that in the presence of ideal 
screwing, the cup was stable in bone specimens constructed 
from foam with the highest elastic modulus. In addition, 
increasing the number of ideal screws enhanced the cup 
stability, especially in bone specimens constructed from soft 
foam. Moreover, the cup stability was most affected by offset 
eccentric screw(s) in the hard-foam bone specimens and by 
angular eccentric screw(s) in the soft-foam bone specimens. 
The reported results indicate that the presence of screw 
eccentricity affects the initial stability of the acetabular cup. 
Surgeons should keep this in mind when performing screw 
insertions in THR. However, care is necessary when 
translating these results to the intraoperative situation due to 
the experiments being conducted under laboratory conditions, 
and hence future studies should attempt to replicate the results 
reported here in vivo.   

Keywords—Acetabular cup; bone quality; elastic modulus; 
initial stability; screw fixation, eccentricity 

I. INTRODUCTION  

Total hip replacement (THR) is a common surgical 
procedure in orthopedics. One of the common failure modes 
of the cementless acetabular cup is loosening of the metal 
cup, which is mostly due to insufficient initial stability after 
implanting the cup into the acetabulum. Pilliar et al. [1] 
reported that initial implant movement relative to the host 
bone results in the attachment of a fibrous tissue layer. They 
reported that bone ingrowth could occur in the presence of 
micromotion up to only 28 µm, while very large 
micromotion (greater than 150 mm) can result in fibrous 

tissue ingrowth. Furthermore, the strength of the ingrowing 
fibrous tissue layer was only one-third that of the new bony 
ingrowth layer. Solid osseointegration can thus only be 
achieved if movements between the acetabular cup and host 
bone are minimized.   

The hemispherical acetabular cup fixed with multiple 
screws is currently one of the most popular approaches in 
THR, with many studies finding that bone screws greatly 
improve cup fixation. However, most of these studies have 
focused on how the initial stability of the acetabular cup is 
affected by the number of screws or their locations, and not 
by the surgical technique used to insert screws. However, 
eccentric screwing sometimes occurs due to the small 
surgical view restricting the surgical approach, and 
eccentric screws can result in movement of a well-fitted cup 
and thereby reduce the initial stability of the acetabular cup 
[2,3]. Our previous study demonstrated that eccentric 
screws, especially offset and angular eccentric screws with 
larger discrepancies from ideal alignments, significantly 
impair the fixation of the acetabular cup [2]. 

Previous studies have found that the quality of bone 
depends on various factors, including age and disease [4,5]. 
Ding et al. [4] reported that the elastic modulus of 
cancellous bone is highest between the ages of 40 and 50 
years, and reduces by around 40% between the ages of 50 
and 80 years. Yang et al. found that the rheumatoid bone is 
47.5% less stiff than normal bone [5]. We have previously 
demonstrated that the initial stability of the acetabular cup is 
significantly affected by the quality of pelvic bone [6]. In 
addition, the bone quality is often poor in candidates for 
THR, and hence it is important to know how screw 
eccentricity affects cup stability in patients with poor bone 
quality. 

Our previous studies have demonstrated that the initial 
stability of the cup is affected by screw eccentricity [2] and 
pelvic bone quality [6]. However, how the stability of the 
cup is affected by the presence of eccentric screws and poor 
bone quality is still unclear. Therefore, the objective of this 
study was to determine the effects of screw eccentricity in 
bone of different qualities on the initial stability of the 
acetabular cup. 

Different Qualities  
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II. MATERIALS AND METHODS 

Specimen preparation 
It is difficult to obtain an adequate number of real 

specimens with identical bone quality, and so we used 
bones constructed from artificial foam with different elastic 
moduli—hard (759 MPa), medium (210 MPa), and soft (58 
MPa) (Sawbones, Vashon, WA, USA)—to mimic 
cancellous bone of different quality. Blocks of foam bone 
with dimensions of 140 mm  100 mm  76 mm were 
prepared, and a surgical reamer attached to a drill press was 
used to ream the foam bone to a diameter of 58 mm. 

 
Eccentric screw configurations 

The experimental setups were similar to those used in our 
previous study (23). A commercial hemispherical acetabular 
cup (with an outer diameter of 58 mm) with 12 screw holes 
(PinnacleTM, Depuy, Warsaw, IN, USA) was used. Three 
of the screw holes were selected as the target screw holes 
(labeled A, B, and C in Fig. 1), and screw eccentricity was 
classified as 1-mm-offset eccentricity (Fig. 2a) or 25o-
angular eccentricity (Fig. 2b). The bone screws (6.5-mm 
inner diameter and 25-mm long) were tightened to torques 
of 1.5, 2.5, and 5 Nm for the soft-, medium-, and hard-foam 
bone specimens, respectively. 

 
Fig 1. The acetabular cup (a) and screw type (b) used in 
this study. The screw holes used are labeled in panel. 

 

 

Fig 2(a). 1-mm-offset eccentric screwing. 

 

 

Fig 2(b). 25o-angular eccentric screwing. 
 

Experimental setup and statistic analysis 
The acetabular cup was placed into the cavity of the foam 

bone specimen and one to three screws were inserted prior 
to mechanical testing. Linear loads of 0 to 600 N were 
applied at a constant speed of 3 mm/min (23) to the flat rim 
of the acetabular cup located at the opposite side of the 
screw region using a material testing system (JSV-H1000, 
Japan Instrumentation System, Nara, Japan) (Fig. 3). The 
motion of the cup at the opposite side of the rim was 
monitored using a laser displacement sensor (LDS 80/10, 
LMI Technologies, Delta, British Columbia, Canada). Each 
configuration was measured three times. The measurement 
data were analyzed using two-way analysis of variance plus 
Duncan’s multiple-range test to ascertain the pairwise effect 
of screw eccentricity in foam bone specimens of different 
qualities on the initial stability of the acetabular cup. The p-
value was set to 0.05 to detect the level of significance. 

 
Fig 3. Schematic cross-section of the experimental setup. 

III. RESULTS 

Effects of ideal screws on the cup stability 
For the ideal screw configurations, the cup 

displacement was lower (i.e., the cup was more stable) in 
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bone specimens constructed from stiffer foam. Using ideal 
screwing fixation with a single screw in the soft-foam bone 
specimens as the baseline, the cup displacement was 53.5% 
and 81.7% lower in the medium- and hard-foam bone 
specimens, respectively (Fig. 4). Using ideal screwing 
fixation with three screws in the soft-foam bone specimens 
as the baseline, the cup displacement was 33.8% and 73.1% 
lower in the medium- and hard-foam bone specimens, 
respectively (Fig. 4).  

 
Fig 4. Displacement of the acetabular cup for ideal screw 
fixation in foam bone specimens with different elastic 

moduli. Data are mean and standard deviation (SD) values. 
 

Increasing the number of ideal screws significantly 
enhanced the cup stability in the all foam bone groups. 
Using fixation with one ideal screw as the baseline, adding 
one and two ideal screws decreased the cup displacement by 
16.6% and 23.1%, respectively, in the hard-foam bone 
group, and by 34.5% and 47.8% in the soft-foam bone 
group (Fig. 4). Thus, the fixation ability was improved more 
when adding ideal screws in the soft-foam bone specimens 
than in the hard-foam bone specimens. 

 
Effects of eccentric screws on the cup stability 

With the exception of the group with a single offset 
eccentric screw configuration, the cup stability was 
significantly lower in the presence of offset and angular 
eccentricity than in the ideal screw configuration. In the 
soft-foam bone group, the largest increases in cup 
displacement for eccentric screwing relative to ideal 
screwing with one, two, and three ideal screws were 9.8%, 
23.6%, and 26.2% in the A(angular), A-B(angular), and A-
B(angular)-C(angular) groups, respectively (Fig. 5). 
Therefore, in the soft-foam bone group, the cup stability 
was more affected by the presence of angular eccentric 
screws than by the presence of offset eccentric screws.  

 
Fig 5. Displacement of the acetabular cup for different 

screw configurations in the soft-foam bone groups. Data are 
mean and SD values. 

 
In the hard-foam bone group, the largest increases in cup 

displacement for eccentric screwing relative to ideal 
screwing with one, two, and three ideal screws were 17.0%, 
24.6%, and 23.1% in the A(angular), A-B(offset), and A-
B(offset)-C(offset) groups, respectively (Fig. 6). With the 
exception of all the groups with a single fixation screw, the 
cup stability in the hard-foam bone group was more affected 
by the presence of offset eccentric screws than by the 
presence of angular eccentric screws. Therefore, cup 
stability was reduced the most by angular eccentric 
screwing in soft-foam bone specimens and by offset 
eccentric screwing in hard-foam bone specimens. 

 
Fig 6. Displacement of the acetabular cup for different 

screw configurations in the hard-foam bone groups. Data 
are mean and SD values. 

IV. DISCUSSION 

The results for ideal screw configurations 
demonstrated that cup stability would be enhanced by 
increasing the numbers of screw in all foam bone specimens, 
especially in the soft-foam bone group (Fig. 4). The 
orthopedic surgeon is likely to be able to insert extra 
screw(s) to enhance the initial stability of the acetabular cup 
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in patients with poor bone quality. However, the effect of 
inserted ideal screws on cup stability varies with the bone 
quality. Therefore, the experimental results obtained here 
indicate that except for eccentric screwing [2], there is no 
significant difference between using one and three fixation 
screws.  

With a single offset eccentric screw configuration [group 
A(offset)], the cup might be slightly rotated to a new 
position when the screw head and screw hole of the cup are 
aligned. With single ideal screw fixation as the baseline, the 
presence of a single offset eccentric screw increased the cup 
displacement only by 0.22%, –0.55%, and 5.1% in the soft-, 
medium-, and hard-foam bone groups, respectively, 
whereas the presence of a single angular eccentric screw 
increased the cup displacement by 9.8%, 10.9%, and 17.0%. 

The experimental results indicate that when using a 
single ideal screw combined with one or two eccentric 
screws in the soft-foam bone group, the cup stability is 
more affected by the presence of an angular eccentric screw 
than by the presence of an offset eccentric screw on (Fig. 5). 
This suggests that the offset eccentric screw plays a role like 
that of a knife to carve the soft-foam bone specimen, 
resulting in a good fit between the screw head and the screw 
hole of the cup. We previously reported that a screw head 
with a “fisheye” design can only tolerate a small degree of 
angular eccentricity [2]. The 25o of angular eccentricity 
used in the present study would not produce a good fit in the 
screw hole of the cup. Thus, in the soft-foam bone group, 
the cup stability was affected more by the offset eccentric 
screw configurations than by the angular eccentric screw 
configurations. However, in the hard-foam bone group, the 
offset eccentric screws cannot carve the specimen due to the 
foam being stiffer, which results in the screw head not 
fitting into the screw hole of the cup as well, and moreover 
this case was worse than with the angular eccentric screw. 
Therefore, the effect of angular eccentric screw(s) was less 
than that of the offset eccentric screw(s) in the hard-foam 
bone group (Fig. 6). 

When inserting eccentric screws into the soft-foam bone 
specimens, the screws easily insert into the screw hole of 
the cup. However, metal fragments were evident between 
the screw head and screw hole of the cup in the eccentric 
screw configurations in the hard-foam bone specimens. 
Moreover, in these specimens we also observed that the 
screw head was slightly deformed (after removing the 
screws) in the offset eccentric screw configurations. There 
have been some reports that metal debris can induce bone 
osteolysis [5,7]]. Therefore, when screws are difficult to 
insert due to restricted surgical approaches, we suggest 
changing to another position in order to avoid eccentric 
screwing. This would avoid both reducing the cup stability 

and osteolysis due to the presence of metal fragments from 
the screws or the cup. 

 

V. CONCLUSIONS  

Based on the experimental results, it could be concluded 
that: (1) the acetabular cup will be more stable in hard bone 
than in soft bone, (2) increasing the numbers of screws with 
the ideal screw configuration enhances cup stability, 
especially in softer bone, and (3) cup stability is affected 
most by offset eccentric screwing in hard bone and by 
angular eccentric screwing in soft bone. However, since our 
experiments were carried out under optimized laboratory 
conditions, care must be taken to overinterpreting the 
experimental results reported here.. 
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Abstract— One of the major limitations of Doppler systems 

consists in the difficulty of estimating the blood flow direction 
with respect to the ultrasound (US) beam, as needed to convert 
the measured Doppler frequency to velocity. The problem can 
be solved through an original dual-beam method, in which one 
of the beams is dedicated to estimate the flow direction. This 
goal is achieved by recognizing the beam orientation which 
produces symmetrical spectra, as happens uniquely at trans-
verse Doppler angles. Although the technique has been thor-
oughly validated in vitro, for its practical in vivo application 
the needed transverse beam-flow angle should be automati-
cally achieved.  

In this paper, we present an automatic angle tracking 
method and its implementation in a prototype Dop-
pler/imaging system. In vitro and in vivo examples of applica-
tion of the method are described showing that accurate and 
repeatable velocity measurements can be made. 

Keywords— Vector Doppler, transverse Doppler, velocity 
magnitude measurement 

I. INTRODUCTION  

Quantitative blood velocity measurements can be made 
only after resolving the Doppler angle ambiguity [1].  Ac-
cording to the Doppler effect, a flow with velocity magni-
tude v impinged by a planar US wave with centre frequency 
fo, generates echoes characterized by a frequency shift: 

 
         (1)    
 

where c is the velocity of US and   is the beam-to-flow 
angle. By measuring the frequency fd, the axial component, 
v·cos , of the velocity magnitude is estimated. However, 
unless   is known, it is not possible to estimate v. 

The standard approach to obtain angle-independent blood 
velocity estimates is based on the combination of Doppler 
measurements taken along multiple US beams intersecting 
in the region of interest [2, 3]. The same sample volume 
(SV) is insonified by two (or more) probes whose beam 
axes are oriented along directions describing a known inter-
beam angle. The Doppler equations related to the frequen-
cies obtained by the different probes, are then trigonometri-
cally combined to provide an estimate of both the velocity 
magnitude and the flow direction. 

A method employing the classic dual-beam configuration 
in an original way has been recently introduced [4]. Here, 
the two probes are devoted to perform distinct tasks: the 
‘reference’ probe is used to determine the flow direction 
only, while the other performs a classic Doppler frequency 
measurement.  

Although the technique has been thoroughly validated in 
vitro, for its practical in vivo application it is useful that the 
needed transverse beam-flow angle is automatically 
achieved. In this paper, we present an automatic angle track-
ing method, based on the real-time computation of suitable 
Doppler spectral parameters. The method has been imple-
mented in the programmable ULtrasound Advanced Open 
Platform (ULA-OP), an experimental system connected to a 
linear array probe, which was recently developed in our lab 
[5]. In vitro and in vivo examples of application of the 
method are described 

II. METHOD 

Let us consider two US beams, hereinafter referred to as 
‘reference’ and ‘measuring’ beams, respectively, inspecting 
the same SV with different beam-flow angles. The reference 
direction can be fixed at 90° with respect to the flow. In that 
particular direction, in fact, the Doppler spectrum of the 
backscattered echo is expected to be symmetrical around the 
zero frequency [6].  

The extent at which the spectrum is actually symmetrical 
is evaluated through a Spectral Symmetry Index defined as: 

 

100;(%)
P
P

P
PminSSI

    (2) 

where P+  and P- represent the spectral power estimated over 
the positive and negative Doppler sub-bands, respectively. 
It has been shown that it is sufficient to have, e.g., SSI  
80% to guarantee that the flow is oriented with  maximum 
1° deviation from the desired transverse angle [4]. Accord-
ingly, the reference beam direction should be modified until 
such a large SSI is achieved, i.e. until the flow direction can 
be assumed perpendicular to the current reference direction.  

cos2 0 v
c
ff d
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Once the reference beam-flow angle is identified, also 
the measuring beam-flow angle becomes available, pro-
vided the inter-beam angle is known. The spectral data from 
the measuring beam can thus be converted to velocity mag-
nitude through the Doppler equation (1). 

The tracking procedure has been implemented in a proto-
type Doppler/imaging system (ULA-OP) using a linear 
array probe [5]. Here, two Doppler M-lines can be simulta-
neously controlled in duplex mode. As, explained in detail 
in the next section, their steering angles can be automati-
cally modified so that the reference line is forced to a trans-
verse orientation to the flow, while the measuring line is 
oriented along a direction suitable to perform a standard 
Doppler measurement.  

 

III. EXPERIMENTS 

The automatic tracking method has been tested in vitro 
with both steady and pulsatile flow trends for assessing the 
repeatability in a controlled environment. The performance 
has also been preliminary assessed through in vivo experi-
ments.    

The set-up for the in-vitro test was constituted by a flow 
phantom based on a Plexiglas tank filled with water crossed 
by a straight plastic tube with 8 mm internal diameter (see 
Fig.1). A  programmable pump forced a blood mimicking 
fluid to flow into the tube, with either steadily or pulsatile 
trend. The linear array probe of our prototype instrument 
was fixed near the tube so that the centre of the tube was 
contained in the longitudinal scan plane. The probe could be 
rotated in such a plane to assume different initial positions 
to test the tracking method.  

 
 

 
 

Fig. 1 The experimental in-vitro set up (right) and resulting B-mode image 
(left) with superimposed   reference and measuring lines  

The in-vitro experiments have been carried out through 
the following procedure. First, the pump was programmed 
according to the desired flow trend. The SV was positioned 

in the middle of the tube through the help of B-mode imag-
ing, as in standard duplex mode. As soon as the hydraulic 
circuit was stable, the automatic tracking procedure was 
started, with the reference M-line crossing the SV with 
arbitrary initial orientation. The same SV was simultane-
ously intercepted by the measuring M-line, fixed to work 
with the maximum steering angle possible for the linear 
array probe (18°). The Doppler spectra obtained from the 
intercepted SV were continuously processed to calculate the 
SSI and the mean frequency, fd. The system automatically 
regulated the steering to increase the SSI and decrease fd, 
until the beam-flow angle was estimated sufficiently close 
to 90°, i.e. until the SSI became steadily larger than 80% 
Once the reference line had reached its final orientation, its 
real time spectrogram assumed a stable symmetrical behav-
iour, and the mean Doppler frequency obtained from the 
measuring line could be converted to velocity according to 
eq.(1).   

The entire procedure was repeated several times, for a 
given flow trend, by changing each time the initial probe 
orientation. 

 
Fig. 2 Velocity measurements obtained from the same pulsatile flow trend. 
For each measurement the probe had a different orientation with respect to 

the vessel 

Three volume flow values were considered in steady 
flow conditions (150, 180, 240 mL/min). The repeatability 
of the method was assessed by calculating, for each in vitro 
volume flow, the coefficient of variation (CV), i.e. the ratio 
between the measured standard deviation (SD) and mean 
velocity. Over 20 measurements made in steady flow condi-
tions produced CVs between 1.4 % and 2.3% . 

Four groups of measurements, each corresponding to a 
different velocity profile, were considered in pulsatile flow 
conditions. The volume flow was between 150 mL/min and 
240 mL/min in each measurement. The velocity curves 
obtained from the acquisitions corresponding to the same 
pulsatile flow profile were compared to each other. As an 

236 P. Tortoli et al.

IFMBE Proceedings Vol. 25



example, Fig. 2 reports 8 velocity curves measured for a 
same pump flow profile. It clearly shows that the velocity 
magnitude is estimated, whichever the initial probe-to-
vessel angle was. 

In the preliminary in vivo measurements 11 presumed-
healthy volunteers (age range 22-31 years) were recruited. 
During each measurement the volunteer was sitting in a 
comfortable position. The operator placed the probe like in 
a standard scanning session, trying to initially set the SV in 
the center of the right common carotid artery, at least 2 cm 
from the bifurcation. For each subject 3 acquisitions were 
made, each including at least 3 cardiac cycles. The peak 
systolic velocities measured in each acquisition were aver-
aged to generate a mean value. The mean values obtained 
from different measurements on the same volunteer were 
compared to each other.  The measured velocities and the 
resulting CVs  ranged between 0.7 - 1.0 m/s and 1 - 13%, 
respectively. The mean CV was  6.6%. 

 

IV. CONCLUSION  

The lack of knowledge of the Doppler angle, , involves 
poor repeatability of velocity measurements. This can con-
siderably limit the clinical application of Doppler methods. 
For example, some authors have proposed a threshold value 
for the internal carotid artery (ICA) peak systolic velocity to 
decide whether or not endarterectomy is necessary [7]. 
However, the actual derivation of such velocity is not reli-
able when   is unknown. 

 
 

In this paper an automatic procedure for tracking the 
blood flow velocity independently of the probe position was 
presented. The in vitro tests have shown this procedure 
suitable to obtain accurate velocity measurements, while the 
in-vivo preliminary experiments confirm its suitability for 
practical applications. The proposed automatic tracking 
procedure represents a feasible method to help sonographers 
to finally make quantitative blood flow measurements. 
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Abstract—Small caliber vessel grafts are one of the major 
challenges of vascular tissue engineering. A variety of proc-
esses have been developed to create vascular grafts from scaf-
folds and donor cells in bioreactors. In order to optimize such 
processes, this study focused on monitoring vessel metabolism 
under conditions typically used in perfusion protocols. Bovine 
veins were perfused in a bioreactor for four days. Group 1 
vessels served as controls and were perfused with standard 
medium. Medium of group 2 was adjusted to the viscosity of 
blood. Group 3 vessels were additionally challenged with ele-
vated luminal pressure. Contractile function was assessed in an 
organ bath. Tissue viability was determined by tetrazolium dye 
reduction. Oxygen gradients, dextrose consumption, and lac-
tate production were monitored using a blood gas analyzer. 
KCl induced contractions did not differ between days 0 and 4. 
Norepinephrine dose-response curves of group 3 vessels 
achieved a higher maximum contraction on day 4, with no 
changes of  EC50. Tissue viability was not altered by any of the 
perfusion conditions. Oxygen gradients across the vessels did 
not change with time but were elevated in group 2, with no 
signs of oxygen depletion. Dextrose consumption and lactate 
formation of group 1 and 2 vessels appeared to be stoichiomet-
ric. In contrast, group 3 vessels produced more lactate than 
dextrose could supply.    These results indicate that conven-
tional oxygenation of culture media is sufficient to meet the 
oxygen consumption of a functional vessel. Elevated shear 
forces increased the oxygen demand without affecting dextrose 
consumption. Elevated shear forces and luminal pressure 
caused the utilization of alternative energy sources. Thus 
online monitoring of key metabolic parameters appears to be a 
desirable feature of perfusion bioreactors for vascular tissue 
engineering. 

Keywords—tissue engineering, vascular function, perfusion 
bioreactor, metabolism. 

I. INTRODUCTION  

Coronary artery disease is a common condition in West-
ern countries. Many patients eventually have to undergo 
coronary artery bypass grafting to restore blood flow in the 
affected areas of the heart. Autologous vessels like 
saphenous vein and mammary artery are used as grafts with 
excellent results. However, an increasing number of patients 
cannot be treated adequately due to a lack of suitable ves-
sels, usually as a consequence of prior removal, accidents, 
or diseases which affect the vessel function. 

Synthetic polymers turned out to be unsuitable to build 
small caliber vessel grafts due to their limitations in terms 
of compliance and surface properties [1]. Instead, various 
approaches have been suggested to create vessel grafts from 
natural or biocompatible scaffolds seeded with vascular 
cells [2]. These tissue engineering procedures usually in-
volve incubations in perfusion bioreactors which provide 
suitable conditions for graft development. Increased shear 
forces and/or luminal pressure are often applied in order to 
adapt the grafts to the conditions of the coronary circulation. 
To the best of our knowledge, no systematic investigation of 
the vessel wall metabolism under these conditions has been 
published so far. 

This study presents initial results from a series of ex-
periments designed to describe the vessel wall metabolism 
in a perfusion bioreactor using bovine veins as a model. 
Key parameters of the metabolism such as oxygen gradi-
ents, dextrose consumption, and lactate production were 
monitored in order to determine the influences of shear 
forces and luminal pressure. 

II. MATERIALS AND METHODS 

A. Bovine Vein Harvesting 

Bovine lateral saphenous veins were harvested from the 
hindlegs of freshly sacrificed animals and stored in Krebs-
Henseleit buffer [3]. Veins were dissected free from sur-
rounding tissue in a sterile fashion and side branches were 
ligated. Samples were taken for measuring tissue viability 
and vasoconstriction. Segments of 8 cm length were 
mounted in vessel chambers. 

B. Perfusion Bioreactor 

Vessel chambers were attached to custom-built perfusion 
bioreactors operated at 37°C. Each circulation consisted of 
medium reservoir, hollow fiber oxygenator (20% O2, 5% 
CO2), perfusion and superfusion circuit pump hoses, com-
pliance chambers, pressure probes, and Starling resistors. 
All circulations shared one perfusion and one superfusion 
peristaltic pump. Ports upstream and downstream of the 
vessel chambers allowed to retrieve medium samples in a 
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sterile fashion. Perfusion and superfusion pumps were cali-
brated to deliver 40 ml/min and 20 ml/min, respectively. 

C. Perfusion Conditions 

The perfusion medium was M199 with Earle's salts sup-
plemented with 20% fetal calf serum, penicillin, streptomy-
cin, amphotericin B, and gentamicin. The viscosity was 
increased to that of blood in some experiments. To this end, 
12% (w/v) dextran (average molecular weight 40000) were 
added to the default medium. The viscosity was verified in a 
rotational rheometer. The duration of the perfusion experi-
ments was 4 days, with one medium change. The perfusion 
conditions used in this study are summarized in Table 1. 

Table 1 Perfusion conditions 

group 1 2 3 
Number  of  animals 16 5 8 
dextran none none 12% (w/v) 
pressure none none Luminal 43 mm Hg
flow laminar laminar pulsatile 

D. Determination and Analysis of Key Metabolic 
Parameters 

Medium samples were retrieved daily upstream and 
downstream of the vessel chambers and analyzed in a blood 
gas machine. The differences in oxygen partial pressures 
upstream and downstream of the vessels were assumed to 
be proportional to the oxygen consumption. Dextrose con-
sumption and lactate production were compared under the 
assumption of a stoichiometric conversion (anaerobic glyco-
lysis). To test this hypothesis,  the glycolytic index was cal-
culated according to equation 1: 

 

Values close to unity indicate stoichiometric conversion 
of dextrose to lactate. Lower values indicate oxidative 
phosphorylation, whereas higher values indicate the usage 
of other energy sources. 

E. Contractile Properties 

Contractile functions of vessels were determined isomet-
rically in an organ bath as described previously [3]. Maxi-
mum contractions caused by depolarization were  
determined by adding 150 mM KCl to the baths.  

Receptor-dependent responses to noradrenaline were evalu-
ated by constructing cumulative dose-response curves. 

F. Determination of Tissue Viability 

Tissue viability was assessed by measuring the capacity 
to reduce the tetrazolium compound 3-(4,5-dimethylthiazol-
2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-
tetrazolium (MTS) to a coloured formazan [4]. Vessel  
segments were opened longitudinally and inserted into cus-
tom-built chambers which expose 0.30 cm2 of the luminal 
surface to the reagent. The dye conversion was then deter-
mined according to the manufacturer's instructions. 

III. RESULTS 

A. Shear Stress 

Shear stress in human veins in vivo is in the range of 1 to 
6 dyn/cm2 [5]. The internal diameter of the veins used in 
this study was approx. 5 mm. Addition of dextran increased 
the viscosity of the medium from 75±1 mPa·s to 270±4 
mPa·s. The resulting wall shear stresses were computed as 
0.4 dyn/cm2 and 1.5 dyn/cm2, respectively, which puts the 
adjusted medium in the lower physiological range. 

B. Influence of Perfusion on Contractile Function and on 
Tissue Viability 

The maximum contractions induced by depolarization 
with KCl did not differ between days 0 and 4 (Table 2). 

Table 2 KCl induced contractions (mN) 

group 1 2 3 
day 0 35.9±19.8 24.6±17.1 33.0±22.4 
day 4 32.2±17.3 35.4±15.6 45.1±17.5 
 p=0.572 p=0.556 p=0.332 

Noradrenaline dose-response curves did not differ sig-
nificantly between days 0 and 4 in groups 1 (p=0.655), 2 
(p=0.370), and 3 (p=0.283, ANOVA, Fig. 1). However, 
group 3 vessels responded significantly stronger to 
noradrenaline compared to the other groups on day 4 
(p<0.001). EC50 values did not differ between groups 
(p=0.208, ANOVA). 

The viability of the luminal faces of the vessels as deter-
mined by their ability to reduce MTS was not influenced by 
the perfusion conditions (Table 3). 
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Fig. 1 Noradrenaline dose-response curves of bovine saphenous veins 
perfused for 4 days. Group 3 vessels contracted significantly stronger com-
pared to the other groups (p<0.001, ANOVA) 

Table 3 Tetrazolium dye reduction (OD430) 

group 1 2 3 
day 0 0.80±0.25 0.73±0.25 0.97±0.20 
day 4 0.99±0.22 1.09±0.14 0.98±0.21 
 p=0.068 p=0.333 p=0.946 

 

Fig. 2 Oxygen partial pressure (pO2) gradient between inletand outlet of 
he vessel chamber. The gradient was significantly higher in group 2 
(p<0.001, ANOVA) but there wereno significant changes over time 

C. Changes of Oxygen Partial Pressures 

The average oxygen partial pressures at the vessel cham-
ber inlets was 147.4±2.4 mm Hg. There was no correlation 
with perfusion conditions or time. The oxygen gradients 
between vessel chamber inlets and outlets were different 
between perfusion groups (Fig. 2, p<0.001, ANOVA), indi-
cating an increased oxygen consumption in group 2. 

D. Changes of Lactate and Dextrose Concentrations 

There was a linear decrease of dextrose concentrations 
and a linear increase of lactate concentrations over time in 
all perfusion groups (Table 4). Vessels of group 3 showed a 
glycolytic index significantly higher than unity. 

Table 4 Dextrose consumption and lactate production 

group 1 2 3 
dextrose consump-
tion (mM/d) 0.51 0.68 0.43 

lactate production 
(mM/d) 1.18 1.38 1.36 

glycolytic index 1.16 1.01 1.58*** 
 n.s. n.s. ***p<0.001 

IV. DISCUSSION 

This study used bovine veins in order to determine 
whether standard culture media and hollow fiber oxygena-
tors are capable of sustaining the function and viability of 
vessels under flow and pressure conditions resembling those 
used in vascular tissue engineering protocols.  

M199 contains dextrose at 5.6 mmol/l as the major en-
ergy source. Most cells prefer to utilize external dextrose 
over using intracellular sources like glycogen. [6]. The 
analysis of cumulative dextrose consumption and lactate 
formation rates in our study clearly indicate a prevalence of 
lactate fermentation in the absence of luminal pressure. One 
mol of dextrose yields two mol of lactate, with a concomi-
tant formation of 2 adenosine triphosphate (ATP) units. 
These data confirm earlier findings obtained in vascular 
tissue slices or organ bath preparations [7]. This is in stark 
contrast to skeletal muscle which uses this type of lactic 
acid fermentation only under hypoxia. Given a sufficient 
oxygen supply, oxidative phosphorylation in the mitochon-
dria of skeletal muscle cells provides approx. another 30 
ATP. The results of this study indicate that circumferential 
stress, most of which is compensated by smooth muscle 
contraction, does not induce oxidative phosphorylation in 
vascular smooth muscle cells (VSMC), although the latter 
were reported to have a normal mitochondrial mass and 
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function [7]. This highly economical muscle function ap-
pears to be a specific feature of slow, tonic smooth muscle 
cells as opposed to fast and spontaneously contracting 
smooth muscles. Under circumferential stress, other sub-
strates besides dextrose seem to be utilized. Several alterna-
tive energy sources are available in the culture medium, e.g. 
L-glutamine, L-leucine, and L-valine, all of which can be 
utilized for energy production by VSMC [8;9]. Rabbit ar-
tery VSMC increased glucose and glutamine uptake as well 
as lactate production after electrical stimulation [10]. It may 
be prudent to monitor the concentrations of alternative sub-
strates in the medium and replenish them if required. 

As a consequence of the lack of oxidative phosphoryla-
tion during dextrose breakdown, oxygen partial pressure 
was obviously not limiting vessel function. This is clearly 
shown by the oxygen partial pressure of the vessel efflux 
which does not even come close to hypoxia. Therefore, 
standard methods like gassing the media with 20% oxygen 
are sufficient to maintain vessel function. 

The contractile function of the vessels remained intact in 
our perfusion system for at least 4 days. Contractions in-
duced by KCl were identical in all groups before and after 
perfusion. However, vessels of group 3 responded stronger 
to noradrenaline after perfusion compared to the other 
groups, demonstrating a benefit of circumferential stress in 
a perfusion bioreactor. The amount of tetrazolium dye re-
duction as an indicator of tissue viability [11] did not 
change within 4 days, indicating that the nutrition and the 
perfusion conditions are suitable. 

Some limitations need to be addressed in future studies. 
The consumption of other energy sources should be moni-
tored by analyzing the spent medium to further identify the 
major sources of energy under load. Four days are arguably 
too short to provide data comparable to tissue-engineering 
protocols which often take several weeks to complete. Fi-
nally, only equivalent experiments using seeded scaffolds to 
test the oxygen and nutrient consumption of growing cells 
will provide more specific information in order to optimize 
vascular tissue engineering processes. 

In conclusion, the results of the present study indicate 
that metabolism should be monitored closely in all vascular 
tissue engineering projects as it reflects the perfusion condi-
tions under which the vessel graft is developed. Vessel wall 
metabolism is apparently not limited by the oxygen supply 
provided by aqueous media at 20% oxygen which permits 
application of partial pressures which best stimulate growth 
of varous vascular cell types. As dextrose is apparently not 
the only energy source of vessels under load, tissue culture 
media may have to be adapted to supply sufficient amounts 
of alternative substrates and to decrease lactate production 

in order to avoid costly media changes during the produc-
tion of tissue-engineered vessel grafts. 
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Abstract—Fast and accurate segmentation of deep gray 
matter structures is important for clinical applications such as 
for example surgery planning for the placement of deep brain 
stimulation implants. We implemented a segmentation method 
that is solely based on local diffusion information and did 
evaluate it on a group of 53 healthy volunteers to investigate 
the reproducibility and thereby the usability of this method. 
We were able to show that the segmentation produces 
subdivisions which are reproducible for a large population. We 
could also show that not only the three previously reported 
large clusters were reproducible but also four smaller clusters 
could be found in the same position in more than 60% of the 
subjects. 

Keywords—Thalamus, Segmentation, DTI 

INTRODUCTION  

The segmentation of deep gray matter structures, for ex-
ample the thalamus is not possible on standard T1 or T2 
weighted MR images, because these regions have homoge-
neous signal intensity in these anatomical images. In con-
trast, diffusion tensor MR-imaging (DTI) data provides 
strong variations, especially within the thalamus. These 
variations can be used for segmentation of different tha-
lamic sub-structures. The methods proposed by Wiegell et 
al [1] and Behrens et al [2] require considerable prior 
knowledge, processing time, and/or manual segmentation. 
The method proposed by Unrath et al [3] relies solely on the 
evaluation of the principal diffusion direction. Even though 
this last method is very simple in comparison with the other 
two approaches the segmentation results can clearly identify 
several thalamic sub-structures. We evaluated this diffusion 
direction based method in a group study on 53 healthy vol-
unteers to show the quality and reproducibility of the results 
of this simple and fast segmentation method. 

METHODS 

Segmentation  

The segmentation method uses the principal diffusion 
direction, which is the principal eigenvector of the local 
diffusion tensor, to classify each voxel independently. A set 

of 21 geometrically distributed reference directions is used 
for the classification. Each direction is described by vector 
with x-, y- and z-components {x,y,z} In correspondence 
with these reference directions, a color sphere with 9 differ-
ent colors is defined (see Fig. 1). The center of each of the 
shown color patches matches a reference direction.  

 

Figure 1: 

A voxel is assigned the identification number and color-
ing of the class whose reference direction is closest to the 
reconstructed principal diffusion direction. The color coding 
does not distinguish between the direction and its inverse, 
which is adequate since only the axis of the principal diffu-
sion direction is reconstructible not the actual directionality. 
In addition the diagonal directions are coded non-uniquely 
to be able to show inter-hemispheric symmetry. The main 
diagonals in cyan, magenta and yellow combine two cases 
(for example {1,0,1} and {-1,0,1}). The classes in the center 
of the octants in dark green, brown and violet each combine 
four cases (for example { ,  ,1}, {- , ,1}, { ,- ,1} and 
{ , ,-1} with  =2/3).  

  
 The color sphere used to determine 
the color for the segmentation classes. 
The coloring is repeated for each octant 
of the sphere. 

The thalamus is bordered by fiber tracts with high FA 
values and CSF with low FA. To exclude these known 
structures, the segmentation results in the thalamus are 
highlighted by applying an upper and lower threshold to the 
mean fractional anisotropy (FA) values over all subjects. 
This is shown in Fig. 2(c-d) where regions with FA value 
below the valid range are colored black and regions with FA 
value above this range are indicated in gray. A valid FA 
value in the here presented evaluation was higher than 0.1 
and lower than 0.5. Applying this threshold to the results 
did allow us to exclude for example the capsula interna and 
the ventricles from the segmentation.  
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Data 

 DTI data and T1 weighted images were acquired on a 
1.5T MR-Scanner (Sonata, Siemens, Erlangen, Germany). 
We did investigate a group of 53 healthy volunteers (27 
male and 26 female) between 20 and 43 years old (mean 
26.49 years +/- 5.36; females: mean 25.31 years +/- 4.47) 
after written informed consent. Each DTI data set did con-
sist of twelve diffusion weighted images with a b-value of 
800s/mm2 and an unweighted image. The in-plane resolu-
tion of the DTI data was 2x2mm, the slice thickness 2.5mm. 
The original data was interpolated to an isotropic resolution 
of 1mm³.  

Group Study 

The reliability of the segmentation of the lateral, frontal 
and parietal thalamic groups proposed by Unrath et al [3] 
was evaluated automatically. For each voxel a histogram 
over all subjects was generated to determine the reliability 
of the segmentation results. Each voxel was asigned the 
segmentation class that was most often selected over all 53 
subjects. This value is stored in a map of dominant segmen-
tation classes. A second map contains the number of sub-
jects with the dominant classification class for each voxel. 
To investigate the reliability of the segmentation over all 
subjects in the group a threshold is applied to the number of 
subjects that classify a voxel with the dominant segmenta-
tion class. With this threshold the reliability of the segmen-
tation of individual voxels can be evaluated. The correspon-
dence between the here reconstructed groups and the ones 
presented in [3] was evaluated by visual inspection. 

RESULTS 

The segmentation algorithm was evaluated for all 53 
subjects in this study. For each voxel the dominant segmen-
tation class was determined. To investigate the reliability 
we applied a threshold regarding the number of subjects that 
showed the dominant segmentation class in each voxel to 
these results. Parts of the larger clusters of dominant seg-
mentation classes in the thalamus are distinguishable in over 
80% of the subjects (see Fig. 2(g-h)). These cluster centers 
have a very high reliability. If the threshold is lowered to 
require only 60% of the subjects to classify a voxel simi-
larly (see Fig. 2(e-f)) the classification is clear and shows all 
large clusters that are observable in the image without 
threshold (Fig. 2(c-d)). A voxelwise agreement of over 60% 
of the evaluated subjects still indicates at the high repro-
ducibility and stability of the segmentation.  

The position and shape of the lateral cluster (red), the 
frontal cluster (green) and the parietal cluster (magenta) in 

The segmentation results are shown for two slices in the data set. In a) 
and b) the position of the detailed segmentation images further on the right is
given. In c) and d) the complete segmentation results are shown. A threshold
is applied to these results in e) and f) so that only the results that are repro-
ducible in more than 60 % of the evaluated data sets are overlaid in color on
the mean FA map over all evaluated subjects. In g) and h) the threshold is set 
to show only voxels which are common to more than 80% of the subjects. 

Figure 2: 
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Fig. 2c-d are similar to the ones of the groups presented by 
Unrath et al [3]. The clusters shrink in size with an increase 
in the threshold for the number of subjects with equal classi-
fication as shown in Fig. 2. With a threshold of 60% the 
position still matches well to the ones reported in [3] and 
even for the high threshold of 80% all three clusters are 
shown.  

The results without threshold in Fig. 2(c-d) show not 
only the three clusters reported by Unrath et al but also a 
large number of well-defined and symmetrically placed 
smaller clusters coloured in cyan, violet, brown, dark green 
and yellow. Even after applying a threshold to the results so 
that only those voxels commonly classified for at least 60% 
of the subjects are shown (Fig. 2(e-f)) these new clusters are 
still distinguishable. 

A comparison of our results with the Thalamic Connec-
tivity Atlas [4] did indicate that the light green region in Fig. 
2 is most likely connected to the pre-frontal cortex. The 
region in magenta is with high probability connected to the 
posterior parietal cortex and the pre-motor cortex. The red 
cluster is most likely connected to the occipital and tempo-
ral cortex. 

DISCUSSION 

Our data are acquired and evaluated on a coarser grid 
than the data presented by Unrath et al [3]. We did use 
twice as many diffusion weighted images and no averaging. 
Our measurement time is therefore more than three times 
faster than the one used by Unrath et al [3]. It is to be ex-
pected that our reconstructed principal diffusion directions 
are more accurate because we use 12 instead of only 6 gra-
dient encoding directions [5]. 

Three large thalamic clusters (lateral in red, frontal in 
light green and parietal in magenta) could be reliably seg-
mented as shown in Fig. 2. Their position corresponds to the 
results presented by Unrath et al [3]. In addition to these 
three clusters we could also reconstruct four (smaller) clus-
ters (in cyan, violet, brown, dark green and yellow) in more 
than 60% of the subjects (see Fig. 2).  

All clusters were reliably segmented in a study on 53 
healthy subjects. The reliability was automatically com-
puted on normalized data sets and not only assessed by vis-
ual inspection of a small number of subjects. The anatomi-
cal relevance of the groups needs to be determined in detail 
in future investigations.  

The comparison with the results in the Thalamic Con-
nectivity Atlas [4] indicates that our segmented clusters cor-
respond to anatomically separate regions of the thalamus. A 

more detailed validation of the segmentation results is the 
subject of ongoing investigations. 

The method needs no interaction with the investigator 
and should therefore produce easily comparable results in 
studies with multiple investigators or centers. 

The segmentation based on the principal diffusion direc-
tion will not only work on the thalamus but on any fibrous 
structure. The method could therefore also be applied to 
investigate other regions of the brain that have a well de-
fined fiber structure like the subthalamus or the cerebellum. 
The segmentation of other brain regions might require an 
adjustment of the reference directions. 

CONCLUSIONS  

 Our preliminary results show that it is possible to 
segment major thalamic sub-structures accurately using 
only the local dominant diffusion direction in a large 
population of subjects.  
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Abstract—Bone stress and interfacial sliding at the bone–
implant interface (BII) were analyzed for an immediately 
loaded dental implant with various designs and surface 
roughnesses. 18 finite element models with 4 implant de-
signs and 3 surface roughnesses were created to compare 
the bone stresses and the sliding at the BII. The material 
properties of bone model were anisotropic, and a vertical or 
lateral force of 130 N was applied individually in all models. 
During lateral loading, the stresses were highly concentrated 
at one site of the bone. The bone stress and sliding at the BII 
were highest in the cylindrical implants. The peak stresses 
in trabecular bone and sliding at the BII were 17–25% and 
16–48% lower for the rectangular thread than for the v- 
thread, respectively. The stress in trabecular bone was 15–
25% higher for a tapered body design than for a straight 
body implant. Increasing the surface roughness increased 
the bone stresses in nonthreaded implants but clearly de-
creased sliding in both threaded and nonthreaded implants. 
The conclusions of this study show that  using an immedi-
ately loaded mandibular implant can induce large bone 
stresses during lateral loading. Bone stress and sliding at the 
BII of an immediately loaded implant are heavily dependent 
on the implant design and surface roughness. For improving 
the initial interfacial interlocking it suggests that using a 
threaded implant has a higher priority than using cylindrical 
designs with a rough surface for an immediately loaded 
implant. 
Keywords— immediately loaded implant, implant design, sur-

face roughness, bone stress, sliding between im-
plant and bone. 

I. INTRODUCTION  

Dental implant has been more and more popular in the 
clinics for the patients suffered from edentulous situation. 
For the treatment of the dental implant, the delay loaded 
implant, which is covered by soft tissues and not subjected 
to loading for 4 to 6 months, has been used as the standard 
procedure of implant treatment. Dr. Brånemark [1] claimed 
that the “4-6 months healing” provided a stabilized bone-
implant interface, called osseointegration that achieves high 
clinical success. However, this delay-load concept has been 

challenged lately. The immediate loading (without the wait-
ing period of healing time) has been proposed in contempo-
rary dentistry to reduce the cost and time of the implant 
treatment. 

An important requirement of the immediately loaded im-
plant is to minimize micromovement at the bone–implant 
interface (BII) during occlusion with the opposing dentition 
[2]. Therefore, both the implant geometry design and sur-
face texture plays an important role in BII mobility. Some 
researcher has been claimed that shape of the dental implant 
could improve the outcome of the implant treatment. The 
use of threaded implants provided more engaging interface 
between implant and bone and improved the implant stabil-
ity[3]. In addition, with roughening of the surface is benefi-
cial to increasing the area of the BII [4] and the resistance to 
shear forces [5] due to the increased surface friction.  

Although the usefulness of a threaded designs and rough 
surface texture in implants for immediate loading proce-
dures has been suggested, a deeper understanding is re-
quired of the effects of changing the geometry and surface 
texture of immediately loaded implants on micromotion at 
the BII and the stress distribution in bone. Therefore, the 
aim of this study is to investigate the biomechanical effects 
of immediately loaded implants with various designs of 
implant shapes and designs of surface textures with differ-
ent roughnesses in the edentulous mandible. 

II. MATERIALS AND METHODS 

A serial of computer tomography (CT) images were se-
lected from the premolar site to the 2nd molar site of a dry 
human mandible (Fig 1a). From each CT image, material 
boundaries were delineated by an in-house imaging pro-
gram “CTTOOLS”. This program employs various thresh-
olds in CT number and searches for maximum gradient 
values of the CT number, which can be used to detect the 
boundary pixels between different materials (Fig 1b). A 
depth first search algorithm was then used to find the near-
est boundary pixels and created the coordinates of points on 
the contour of each material. These coordinates were then 
input into the computer-aided design (CAD) software of 
SolidWroks (SolidWorks, SolidWorks Corp., Concord, MA, 
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USA) to generate a 3D solid model of the posterior mandi-
ble. 

An implant-retained crown made of resin was duplicated 
from the first molar to create a serious of CT images. These 
CT images were then used to produce a 3D solid model of a 
crown by the same procedure mentioned above. Four im-
plant models (3.75  13 mm) comprising cylindrical, v-
thread, rectangular threaded, and tapered body of threaded 
implants were constructed by CAD software of SolidWorks 
(Fig. 2). All models were combined using Boolean opera-
tions, and the IGES format of the solid model was then 
imported into ANSYS Workbench (Swanson Analysis, 
Huston, PA, USA) to generate the FE model (Fig. 3) using 
10-node tetrahedral h-elements (ANSYS SOLID187 ele-
ments) 

Four conditions of surface textures of the BII were simu-
lated. In accordance with Grant et al. [6], titanium-based 
surface configurations of polished, Al2O3-blasted, plasma-
sprayed, and beaded porous surfaces were analyzed. The 
frictional coefficients ( ) between human trabecular bone 
and those four implant surface textures were approximately 
0.4, 0.68, 1.0, and 1.0, respectively. These values were then 
specified for the nonlinear surface-to-surface contact ele-
ments (ANSYS CONTA174 and TARGE170 elements) to 
simulate the sliding and sticking of frictional contact behav-
ior. 

Anisotropic material properties of cortical and trabecular 
bone were adopted in the FE models [7], whereas the mate-
rials of the implant and the prosthetic crown were assumed 
to be isotropic and linearly elastic [8] (Table 2). Two types 
of loading conditions were simulated: (1) a vertical force 
applied to the central fossa (Fig. 3a) and (2) a lingual 
oblique force applied at 45 degrees to the long axis of the 
implant on the buccal cusp (Fig. 3b). In both cases the ap-
plied load was 130 N. The inferior surfaces of the mandibu-
lar bone were constrained to zero displacement in the x, y, 
and z directions as the boundary condition (Fig. 3).  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2. Solid models of the (a) cylindrical, (b) v-thread, 
(c) rectangular threaded, and (d) tapered body of 
threaded implants. 

Fig. 3. (a) Vertical loading and lateral loading modes were 
analyzed in FE models. The boundary condition involved 
fixing the inferior surface of the mandible (arrowheads). 
(c) Isometric and (d) sectional views (in the mesial-distal 
direction) of the validation FE model. 

Table 1. Material properties used in the finite element 
models 

(a) (b) 

Fig. 1. (a) The CT image of mandible and crown (b) 
The contours of crown, cortical bone and trabecular 
bone. 
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III. RESULTS  

The stresses in cortical bone (144.9 MPa) and trabecular 
bone (13.3 MPa) were highest in the cylindrical and stepped 
implants, respectively (Table 3). In general, bone stresses 
were lower in threaded implants than in cylindrical and 
stepped implants (Table 3, Fig. 7). The stress in trabecular 
bone and the sliding at the BII were 17–25% and 16–48% 
lower in the rectangular threaded implant than in the v-
thread implant, respectively (Table 3, Fig. 7b). The stress in 
cortical bone did not appear to differ between the tapered 
body and the straight body of threaded implants (with same 
rectangular thread). However, the stress in trabecular bone 
was 15–25% higher in the tapered body of threaded implant 
than in the straight body of threaded implant (Table 3, Fig. 
8a). In addition, during vertical loading the stress in cortical 
bone in the tapered body of threaded implant increased (by 
less than 15%) but decreased (by less 10%) during lateral 
loading except in the models with =0.4 (Table 3, Fig. 7) 

Sliding at the BII in cylindrical implant (Fig. 10b) was at 
least 20% lower for the Al2O3-blasted implant surface 
( =0.68) and 35% lower for the plasma sprayed ( =1.0) and 
beaded porous ( =1.0) implant surfaces as compared to that 
of polished implant surface ( =0.4) (Table 3, Fig. 10b). 
Threading the implant surface obviously reduced the inter-
facial sliding at the BII (Table 3, Fig. 10a) during both ver-
tical and lateral loading. Increasing  from 0.4 to 0.68 and 
from 0.4 to 1.0 decreased sliding at the BII in threaded 
implants by 10 28% and 16 45%, respectively.  

IV. DISCUSION 

The stress distribution of bone in immediately loaded 
implants is significantly affected by their macrodesign. 
Although good clinical outcomes have been reported for 
cylindrical implant in delay loading treatment [9], however 
for immediate loading applications neither of these designs 
might provide an appropriate biomechanical environment. 

Adding threads to the immediately loaded implant de-
creased the peak bone stress and BII sliding as well as pro-
vided a favorite bone stress distribution relative to cylindri-
cal implant. The stress reduction in the immediately loaded 
threaded implant might be due to the increased contact 
surface at the BII. Furthermore, the mechanical interlocking 
of threaded implants in the surrounding bone decreases 
sliding at the BII. This might improve the initial implant 
stability, which is essential for successful immediate load-
ing treatment.  

Increasing the roughness of the implant surface reduces 
sliding at the BII in both vertical and lateral loading modes, 
which might improve the initial implant stability and facili-

tate osseointegration. However, the increased frictional 
coefficient of the surface of an immediately loaded implant 
having a high roughness also increases the stresses in crestal 
cortical bone around the implant, which might increase the 
risk of peri-implant bone loss. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table2. Maximum von-Mises stresses (EQV) of bone and maximum 
sliding distances at BII on 4 implants with 3 frictional coefficient of 
surface roughness 

Fig. 4. von-Mises stress distributions in (a) cortical bone and (b) trabe-
cular bone in models with =0.4 at the BII. 
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Fig. 5. Distributions of sliding at the BII (a) in all models with =0.4 
and in cylindrical implants with =0.4, 0.68, and 1.0 (left to right, 
respectively) under (b) vertical loading and (c) lateral loading.

 
   
 
 

V. CONCLUSIONS 

Bone stress and sliding at the BII of an immediately 
loaded implant are heavily dependent on the implant design 
and surface roughness. Considering both the reduction in 
sliding at the BII in applications of a threaded macrodesign 
and surface roughness microdesign suggests that using a 
threaded implant to improve the initial mechanical inter-
locking has a higher priority than using cylindrical or step 
designs with a rough surface for the immediately loaded 
implant. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 ACKNOWLEDGMENT  
 This research was supported by National Science Council 

(NSC 97-2221-E-039-001), Taiwan.  
 
 

REFERENCES   
 

1. Brånemark PI, Hansson BO, Adell R et al. (1977) Osseointegrated 
implants in the treatment of the edentulous jaw. Experience from a 
10-year period. Scand J Plast Reconstr Surg Suppl. 16S:131-32. 

 
 

2. Gapski R, Wang HL, Mascarenhas P et al. (2003) Critical review of 
immediate implant loading, Clin Oral Implants Res 14:515-527. 

 
 

248 H.-L. Huang et al.

IFMBE Proceedings Vol. 25
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Abstract— Magnetic Particle Imaging (MPI) is a new tomo-

graphic imaging technique based on magnetization of ferromag-

netic nano-particles. Magnetic fields of different strengths and

frequencies generate and move a field free point (FFP) over

the field of view, inducing a signal of the magnetic particles, if

present. The magnetic fields induce current densities of high am-

plitude in the patient’s body and deposit an amount of power

that might lead to painful warming in the patient’s periphery.

Based on the specifications of the MPI system, an optimized coil

configuration is suggested here, reducing high peak values of

current densities and specific absorption rate (SAR), by running

the field generating coils of different radius with optimized cur-

rents. The results presented here are based on numerical field

calculations with a simple cylindrical model, used for the opti-

mization procedure, and the Visible Man data-set, for evaluating

the optimization results.

Keywords— Magnetic particle imaging, Specific Absorption

Rate, induced current density, magnetic fields

I. INTRODUCTION

A. Magnetic Particle Imaging (MPI)

In 2005, Gleich and Weizenecker introduced a new tomo-
graphic imaging technique, based on magnetization of ferro-
magnetic nanoparticles [1]. The method uses the nonlinear
response of the magnetic particles. By exposing the field of
view to a strong magnetic field gradient, a field free point
(FFP) is generated in the center of the field generating coils.
A second, oscillating field, called the drive field, moves the
field free point over the field of view, inducing a signal of
the magnetic particles, if present. The technique leads to a
fast and high-resolution imaging method [2]. The drive-field
generating coils are driven at a frequency of 25.25 kHz and
25.51 kHz, respectively, forcing the FFP to move within a
Lissajous trajectory. The center amplitude of the magnetic
flux density is 20 mT. In the low kHz frequency range, stim-
ulating peripheral nerves and muscles might be an issue. The
induced current densities and specific absorption rates (SAR)
exceed the restrictions published by the Commission on Non-
Ionizing Radiation Protection (ICNIRP) [3, 4], referring to
earlier simulations on this subject [5]. Therefore, a reduction

of the SAR is necessary.

B. Effects of time-varying magnetic fields

Time-varying magnetic fields induce a circulating electric
field according to Faraday’s law:

rot �E = −�̇B (1)

In case of sinusoidally oscillating B-fields, the relationship
is:

E(t) = πr f B0 cos(2π f t), (2)

where E is the induced electric field in the direction along the
circumference of the loop of radius r, and B is assumed to be
perpendicular to the area of the loop and constant within the
closed path.

In body tissues, the induced electric field may cause an
electric current, the formation of electric dipoles or the re-
orientation of present dipoles, depending on the strength of
the magnetic field, the frequency and the properties of the
body tissue, i.e. electrical conductivity and permittivity. Both
electrical conductivity σ and permittivity εr vary with the fre-
quency of the applied field. The induced current density J is
proportional to the radius of the circular loop r, the rate of
change of the magnetic flux density B and the conductivity
of the tissue. Low frequency electric fields are able to stimu-
late skeletal muscle. Because of the capacitive characteristic
of the cell membrane, the stimulating effect decreases with
rising frequency. Furthermore, very short impulses (� 1 ms)
cannot open the Na-ion channels as effective as longer ones.
In contrast, energy absorption becomes an issue. Exposure
to electro-magnetic fields of frequencies above 100 kHz can
lead to significant local temperature increases. The amount of
absorbed energy is expressed by the specific absorption rate
(SAR), which is referred to as whole body average SAR and
local SAR. The SAR is computed at every point of the tissue
by averaging the values enclosed in a region R with a mass M
in a finite volume V as given in eq. 3.

SAR(R) =
1
M

∫
R

σ(r) ‖ E(r)2 ‖ dv, (3)
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The Commission on Non-Ionizing Radiation Protection
(ICNIRP) provides restrictions for human exposure to time-
varying electromagnetic fields, covering the frequency-range
from 0 Hz to 300 GHz for the general public and occupational
exposure [3] and for magnetic resonance imaging (MRI) [4].

II. MATERIALS AND METHODS

A. Simulation models

Two models were used for the simulations: a cylindrical
model with a homogeneous conductivity and permitivity of
saline solution for the optimization process, and the Visi-
ble Human data-set, from the Visible Human Project, seg-
mented and classified at the Institute of Biomedical Engineer-
ing, Universität Karlsruhe (TH), Germany, for evaluating the
optimization results. Both models are displayed in fig. 1. For
computational reasons, only the torso of the human model
has been used. The torso model contains 17 different body
tissues, all of which were assigned the electrophysiological
properties published by Gabriel et al. [6]. The coil system,
generating a two dimensional drive-field, consists of 10 con-
centric coil pairs, arranged parallel to the x-y-plane. Their
diameters range from 30 mm to 300 mm, while the distance
amounts to 350 mm.

x

y

z

a) b)

Fig. 1: Simulation models: a) cylindrical model filled with saline solution,
b) Visible Human torso model, fully segmented and classified. Both models

were penetrated by the magnetic field of ten concentric coil pairs.

B. Numeric field calculations

All simulations have been carried out using the numerical
field calculation software SEMCAD X from Schmid & Part-
ners Engineering AG (Speag) in Zürich, Switzerland [7]. The
software provides a frequency domain solver, based on the
finite elements method.

The quantities of target for the MPI drive-field coils are
the magnetic flux density amplitude BAmp in the center of the

geometry and the frequency f of the oscillating field. Let-
ting only one coil pair with r = 300 mm produce a mag-
netic flux density of BAmp = 10 mT (which is half the ac-
tual MPI drive-field magnetic flux density) at a frequency
f = 25.25 kHz leads to a maximum averaged SARmax = 8.78
W/kg in the torso model and a maximum electric field am-
plitude |E|max = 1607 V/m. As expected, the peak values oc-
cur in regions close to the field generating coils, leading to
high energy absorption in regions with high conductivities,
according to eq. 3, hence in skeletal muscles.

C. Optimization procedure

0 0.1 0.2 0.3 0.4 0.5
0

0.05

0.1

0.15

0.2

0.25

x [m]

|E
(x

)|
 [

V
/m

]

Region of interest

Fig. 2: E-field values of each coil pair. along half the x-axis. The red
crosses mark the positions of the coils. The total field is drawn in red. The

window displays the region in which the optimization function was applied.

The aim of this work was to reduce peak SAR values, us-
ing coil pairs of different radius in order to gather a flattened
SAR distribution. Thus the input quantities for the optimiza-
tion procedure were the electric field values generated in the
cylindrical model by each coil pair that all were run with a
current amplitude of 1 A. Since the superposition principle is
valid for electric fields, and the SAR is proportional to |E|2,
the minimizing function can be written as

std
10

∑
i=1

|Ei|2 != min, (4)

on condition that the generated B-field adds up to a center
amplitude of 10 mT. This constrained nonlinear optimiza-
tion was solved using the sequential quadratic programming
method provided by MATLAB, giving the amplitudes of the
currents necessary to fulfill these conditions. The resulting
current values were assigned to the respective coils in the
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simulation environment in order to gather optimized field dis-
tributions. Fig. 2 displays the value of E along the x-axis
through the cylindrical model, after running all coil pairs with
1 A coil current.

III. RESULTS

A. Optimization

Optimization took 100 iterations to find the minimum of
eq. 4. The adapted coil currents now generate a flattened to-
tal E-field profile. Fig. 3 shows the generated E-field values
of each coil pair and the resulting total E-field, respecively.
Due to the chosen window size (see fig. 2) the outermost
coils carry the largest currents. The selected slice (along the
z-axis) is one close to the model surface, where the highest
heating effects are to be expected. The total E-field now is
more homogeneously distributed, which will lead to reduced
SAR peaks and thus reduced thermal heating.

0 0.1 0.2 0.3 0.4 0.5
0

50

100

150
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(x

)|
 [

V
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Fig. 3: E-fields produced by the single coil pairs (compare fig. 2) after
optimization

B. Validating optimization results

Next, the optimized coil currents have been taken as input
currents for the simulations on both the cylindrical model,
which is taken as reference, and the human torso model.
Fig. 4 shows the SAR values of the cylindrical model before
and after optimization. The peak value is reduced by 65 %
compared to the maximum SAR that is generated with only
one coil pair.

Fig. 5 shows the result of the simulation with the torso
model, also compared to the effects of running only one coil
pair (r = 300 mm). The highest SAR of 8.78 W/kg has been

measured in the skeletal muscle and therefore that slice was
displayed as an example here. After optimization, the maxi-
mum SAR in this region only is 3.3 W/kg. Table 1 provides
more statistical data, showing the improvement of the opti-
mization in the human torso model.

Fig. 4: Maximum SAR generated in the cylindrical model. The red and
purple line denote SARs generated by single coil pairs (r1 = 210 mm and

r2 = 300 mm). The blue line displays the result after optimization.

Fig. 5: Comparison of averaged SAR - one coil pair versus ten coil pairs: a)
torso model denoting the slice along which the model is cut in fig. b) and c).
b) Plain of the highest local SAR measured after running only one coil pair

(r = 300 mm). c) local SAR after running the coils according to the
optimization results. Bcenter = 10 mT.

Table 1: Statistical values of the SAR distribution in the torso model before
and after optimization of the coil currents (Bcenter = 10 mT, f = 25.25 kHz)

Coils max SAR Total loss Max avg SAR
W/kg W W/kg (10g)

r210 45.5 33.2 6.19
r300 55.29 54.0 8.7
all 34.4 23.0 4.42
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IV. CONCLUSION

The induced current densities and specific absorption rates
are two quantities that have to be concerned when exposing
patients to fast changing magnetic fields. In MPI, both quan-
tities exceed existing restrictions of the ICNIRP. Hence, so-
lutions must be found in order to reduce patient discomfort
or harm as good as possible. Optimizing the field generat-
ing coil currents is one way to act in this matter. This work
shows that it is possible to reduce SAR peaks by distribut-
ing the generated E-field more homogeneously in the field of
view in the patient, while still fulfilling the specifications of
the imaging technique. This work is only the beginning of an
extended study of suggestions for reducing the risks for the
patient. Further simulations might lead to even more effective
risk reduction and patient comfort.
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Abstract— In this study we developed and tested a proce-
dure designed to choose optimum hemodynamic response 
function (HRF) models for identifying changes in cerebral 
hemodynamics after delivery of median-nerve electrical stimu-
lation in patients with acute stroke. Seventeen acute stroke 
patients underwent functional magnetic resonance imaging 
(fMRI) to investigate hemodynamic responses in the contralat-
eral and ipsilateral primary somatosensory area (SI) after 
median-nerve electrical stimulation. fMRI activation images 
were acquired with a 3 T MR scanner.  

When the optimal model was applied after electrical stimu-
lation, hemodynamic responses in the contralateral SI cortex 
differed in the 17 patients and showed wide intersubject vari-
ability. We analyzed the fMRI data by a novel software 
SOHIA (Selection of Optimal HRF and Image Analysis) devel-
oped in our laboratory and implemented in Matlab. Our re-
sults indicate some heterogeneity in the optimal HRF of our 17 
acute stroke patients. Therefore the use of the same model in 
all subjects is inappropriate, and may results in bias in local-
ization and/or extension of the activation map. Based on 
Akaike information criterion (AIC) for each subject SOHIA 
allows us to select the best HRF among available HRFs of 
Brain Voyager QX (BVQX) and Statistical Parametric Map-
ping 5 (SPM5) software. 
 

Keywords— Acute stroke, fMRI, Hemodynamic Response 
Function, Akaike information criterion, Median-
nerve stimulation. 

I. INTRODUCTION  

FMRI allows to acquire images of the changes in blood 
oxygenation-level-dependent (BOLD) signal, which reflects 
neuronal activation, albeit indirectly. Thanks to this feature, 
fMRI is widely used to detect and delineate regions of the 
brain that change their level of activation in response to 
specific stimuli and tasks such as electrical median nerve 
stimulation which is the most common tool to investigate 
the hand area of the primary somatosensory cortex (SI) and 
secondary somatosensory cortex (SII) because of synchro-
nous activation of numerous cortical neurones. The brain 
regions activated by a specific task can be recognized by 
using the General Linear Model (GLM) approach [1] and 
assuming a model to describe the hemodynamic response 

function (HRF) that is the expected shape of the BOLD 
response due to stimulus presentation. Several studies ex-
amining the variability in BOLD response have suggested 
that a single HRF model may be suboptimal, since HRF 
differs from person to person and from scan to scan [2]. 

The purpose of the present study is to develop a proce-
dure to select the best HRF model for each individual of a 
cohort of acute stroke patients, following the stimulation of 
median nerve, in order to improve the identification of acti-
vated area. 

II. MATERIALS AND METHODS 

A. Subjects 

Seventeen patients with acute stroke (9 men and 8 
women; ranging in age from 39 to 85 years and with a mean 
age of 62.5±13.3 years) have been recruited from the stroke 
unit Neurology OCM Verona Hospital. Patients underwent 
a clinical neurological evaluation at the time of fMRI re-
cording, a few days after stroke (t0); one month after stroke 
(t1); and four-five months after stroke (t2). We tested neuro-
logical status with the NIH (National Institute of Health 
scale) and assessed disability with the Barthel Index (Table 
1).       

B. Data acquisition 

MRI data were acquired on a 3T MR scanner 
(MAGNETOM Allegra, Siemens, Erlangen, Germany) 
equipped with echo planar imaging (EPI) capability, a stan-
dard transient/receive head coil and foam cushions to mini-
mize head movement. For each subject a T1-weighted ana-
tomical scan was acquired (160 slices, repetition time 
(TR)=2300 ms, time echo (TE)=3 ms; scanning matrix 
256×256, field of view [FOV]= 192×192; slice thickness of 
1 mm; sagittal slice orientation). Functional images were 
acquired with a T2-weighted spin echo-planar imaging 
(EPI) sequence (36 slices, TR=2600ms, TE=30ms, 64×64 
matrix, FOV= 192×192, slice thickness of 3 mm; voxel 
size= 3×3×3 mm, axial slice orientation).  
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Table 1 Clinical profiles. F=female; M=male, L=left; R=right; 
AH=affected hemisphere; total anterior circulation infarcts (TACI), partial 
anterior circulation infarcts (PACI), posterior circulation infarcts (POCI), 
lacunar anterior circulation infarcts (LACI); NIH=National Institute of 
Healt: functional recovery (t0: stroke scale at the time of fMRI recording; 
t1: one month after stroke; t2: four-five months after stroke). 

 

Patient Sex Age AH lesion NIH Barthel Index 

     t0 t1 t2 t0 t1 t2 

P1 S.F. M 55 L LACI 1 0 0 100 100 100 

P2 Z.N. F 40 L TACI 7 4 0 30 90 100 

P3 P.S. M 39 R POCI 9 0 0 40 100 100 

P4 M.L. F 58 R - 7 2 - 40 80 - 

P5 B.R. M 65 L LACI 3 1 0 100 100 100 

P6 C.A. M 61 L TACI 18 15 10 0 15 40 

P7 T.D. M 57 R LACI 5 2 - 40 80 - 

P8 V.I. F 85 L PACI 2 1 1 75 100 100 

P9 G.M. M 58 L TACI 14 13 - 0 10 - 

P10 M.N. F 71 L TACI 19 19 - 0 25 - 

P11 P.M. F 59 L LACI 6 3 1 0 45 100 

P12 P.A.T. F 78 L TACI 0 0 0 100 100 100 

P13 R.E. M 46 - - 1 0 0 100 100 100 

P14 R.S. M 69 L POCI 12 5 3 5 30 60 

P15 G.R. M 77 L PACI 13 4 2 30 85 90 

P16 Z.B. F 79 R POCI 4 2 0 100 100 100 

P17 M.W. F 65 R LACI 14 14 - 0 5 - 

 

C. Protocol 

Patients were examined using fMRI to investigate re-
sponses in the contralateral and ipsilateral primary somato-
sensory cortex (SI) following electrical stimulation of me-
dian nerve. Stimulus intensity was adjusted to just below the 
motor threshold. We selected the electrical stimulus as con-
stant-voltage rectangular waves delivered at rate of 3 Hz 
with a pulse duration of 0.1 ms. Current stimulation during 
fMRI recording was done in an alternating sequence. In a 
block design a 26 s period with no stimulus (reference) was 
followed by a 26 s period of stimulation. A total 110 vol-
umes were acquired alternating 5 stimulation and 6 control 
cycles (rest), resulting in about 5 min EPI recording. Each 
block lasted about 2.6 s.  

D. Image processing and analysis 

GLM allows to describe a fMRI time course as:  
εββ +⋅Χ++⋅Χ=Υ NNK11                        (1) 

where Y is a N×1 vector representing the fMRI signal from 
a voxel, N is the number of time samples, X=[X1X2…XN] is 
the design matrix containing the predicted BOLD response 
obtained by the convolution between the external stimulus 
and the HRF model, βs are unknown parameters grouped 
into a vector which represents the different conditions in the 
applied task, and ε(t) is the error assumed to be a normally 
distributed with null mean and a variance\covariance matrix 
described by using an autoregressive model of order 1 [3] 
taking into account for the temporal correlation compo-
nents.  

The most common HRF models used in Statistical Para-
metric Mapping (SPM) [4] and BrainVoyager QX 1.2 [5] 
software were evaluated: the canonical two gamma function 
(GF), the two gamma with temporal derivative (GFT), the 
two gamma with temporal and dispersion derivatives 
(GFTD), and the Boynton (single-gamma) (B).  

βs estimates have been obtained by using linear weighted 
least squares. 

To make a parsimonious choice among the four paramet-
ric HRF models, we used the Akaike information criterion 
(AIC). More than two models can be compared and the 
model which has the smallest AIC value is assumed to be 
the best. Under weighted least squares with uncorrelated, 
Gaussian errors, the criteria is:  

MWRSSNAIC 2ln +=           (2) 
where N is the volume number and M is the number of 
parameters and WRSS is the weighted residual sum of 
squares. Thus AIC not only rewards goodness of fit, but 
also includes a penalty that is an increasing function of the 
number of estimated parameters and discourages overfitting 
[6].  

Finally, based on estimate βs, activation maps were cal-
culated, by using the voxel-wise student’s t-test and Bon-
ferroni correction to identify activated voxels corrected p-
value≤0.05. For Bonferroni correction the number of voxels 
related to the brain volume was considered.  

The analysis was performed by using a in-house software 
implemented in Matlab environment and called SOHIA 
(Selection of Optimal HRF and Image Analysis). The de-
veloped software routine includes five major components:  
1. Building the design matrix: the matrix X is obtained by 
convolving an HRF with the stimulus function discretized 
on the same HFR grid.  
2. Building the weight matrix: W matrix is obtained by 
estimating GLM parameters without weights and, after, by 
identifying the autoregressive model (AR) of noise on the 
unweighted residuals.  
3. Parameter estimation: βs are estimated by linear least 
squares.  
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4. Statistical analysis: activation maps are obtained by t-test 
with Bonferroni correction. 
5. Akaike coefficient and selection of the optimal HRF 
model: for each subject, steps 1-4 are automatically repeated 
for all voxels and AIC was calculated for the four HRF 
models. Average AIC value was obtained from the active 
voxels, and the lowest value identifies the optimal model, 
i.e. the most parsimonious choice among the four HRF 
models. 

III. RESULT  

A. Optimal  HRF selection 

The use of different HRF models influences localization 
and extension of active areas. Since it is not possible to infer 
which is the best HRF model by looking at the activation 
maps, we developed the software SOHIA to assess and 
compare the performance of several HRF possible models, 
in order to select the optimal one. 

B model provided the most parsimonious fit in 1 patient, 
GF in 5 patients, GFT in 3 and GFTD in 7. Since the num-
ber of model parameters does not differ in the four models, 
AIC only depends on the goodness of the fit, which is opti-
mized when HRF with the lowest AIC is assumed. For 
instance, Fig.1 shows the BOLD signal in one active voxel 
for patient #11 together with the fit provided by the model 
having the lowest AIC (GF left panel) and the highest 
(GFTD right panel). As expected, localization and/or exten-
sion of the activation map depend on the used HRF model. 
For instance, in Fig.2 the activation map obtained for pa-
tient #3 using either GFTD, i.e the HRF with the highest 
AIC for this subject, (left figure) or GFT, i.e the HRF with 
the lowest AIC, (right figure) are shown; indicating that 
SMI activated areas are different in the two situations. In 
particular the use of GFT but not of GFTD allows to detect 
an SMI activation, as expected from a patient with a mild-to 
moderate cerebral stroke. Thus, the left image of Fig.2 can 
be considered as a false negative.  

Differences in the localization and/or extension of the ac-
tive areas due to the use of different HRF models were 
evaluated by calculating the percentage of common active 
voxels for the four HRFs, using the optimal HRF one as 
reference. Representative results are shown in Fig.3 (patient 
#3 and patient #11) where true positives (TP) indicate the 
percentage of common active voxels between the subopti-
mal and optimal HRFs (GFT for patient #3 and GF for pa-
tient #8) while false positives (FP) indicate the percentage 
of voxels which are inactive with the optimal HRF model 
but active with the suboptimal ones. Fig.3 reveals that there 
is not any special trend but the use of suboptimal HRF can 

result in differences both in  localization and/or extension of 
the active areas.  

Different HRF models also reflect different hemody-
namic responses and, consequently, different level of pa-
thology.  

 

 

Fig. 1 Slice 30, voxel (44,42) in patient #11. Real signal time course in 
gray, model fit in black for two gamma functions (GF), the best case 
according to Akaike AIC=1112,5 (left panel) and two gamma functions 
with temporal and dispersion derivatives (GFTD), the worst case according 
to Akaike AIC=1141,3 (right panel). 

 

Fig. 2 Corrected p-value was visualized as a Matlab image, displayed in an 
axial plane with the front (anterior) of the head on the left: the matrix 
columns were plotted in x direction from left to right, instead the rows of 
matrix in y direction from up to down in which the patient’s right hemi-
sphere corresponded to the upper part of image. 2D Selection of Optimal 
HRF and Image Analysis (SOHIA) showing activation in the SI area of the 
right hemisphere during median-nerve electrical stimulation (contralateral 
response) in patient #3. For slice 28 the worst case (WC) according to 
Akaike, GFTD, (left) and the best case (BC), GFT, (right) HRFs.  

 

 

Fig. 3 Patient #3 (left panel) and patient #8 (right panel). True positives 
(TPs) indicate the percentage of common active voxels between the subop-
timal HRFs using the optimal HRF (GFT for patient #3 and GF for patient 
#8) as the reference. False positives (FPs) indicate the percentage of active 
voxels of the image related to suboptimal HRFs but inactive in the image 
with the optimal HRF. 
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B. Activation maps in acute stroke patients 

When we electrically stimulated the median nerve of the 
left or right hand and selected the optimal HRF model on 
the basis of AIC value, fMRI invariably showed BOLD 
activation in the contralateral hemisphere as it is expected 
from physiology. Regardless of the choice of HRF model, 
activation clusters in the activated contralateral sensorimo-
tor area were smaller in acute stroke patients than in healthy 
subjects, but the damaged cortical areas in patients with 
stroke differed in extent and degree of activation, according 
to the choice of optimal or suboptimal HRF. 

When we divided the fMRI data sets into two groups ac-
cording to the severity of stroke, in patients with moderate 
cerebral stroke (patients #1, 3, 4, 8, 11, 16), our GLM 
analysis, with the optimal HRF, showed wide activation in 
SI and MI in the affected hemisphere. The severe cerebral 
stroke group consists of  patients #2, 5, 6, 7, 9, 10, 12, 13, 
14, 15 and 17. Patient #17 had a severe cerebral stroke, GFT 
(suboptimal) showed a false positive wide activation in SMI 
area, whereas GFTD (optimal) reduced the activation area 
in agreement with his clinical history. 

IV. DISCUSSION 

In this fMRI study we investigated changes in the shape 
of the HRF induced by median-nerve stimulation in patients 
with acute stroke. We also investigated the impact of a 
subject-specific HRF to describe the differences in hemo-
dynamic response functions across patients versus the use of 
a fixed HRF model for the whole fMRI data set. For this 
purpose, we developed a novel software SOHIA and im-
plemented a procedure to optimize in each patient the 
choice of HRF model from a set of fours. Our results sug-
gest that the selection of the optimal model best able to 
describe the hemodynamic response is a critical step in 
generation of activation maps by GLM.  

Selection of the optimal HRF model is based on AIC cri-
terion, which allows to identify the most parsimonious de-
scription of the BOLD signal.  

Through AIC, SOHIA software assesses, compares and 
selects the optimal HRF for each subject.  

Our findings also show that a subject-specific parametric 
HRF model takes into account intersubject variability in the 
hemodynamic response and helps to reduce false-positive 
and false-negative fMRI-BOLD responses in patients with 
acute stroke.  

In addition, our results show that both spatial localization 
and the degree of fMRI-BOLD activation depend closely on 

the neurovascular damage in patients with stroke: hemody-
namic changes related to variations in oxygenation cause a 
change in the BOLD signal. In patients with severe cerebral 
stroke fMRI detected and modelled a distorted BOLD signal 
because median nerve stimulation elicited an evocated 
atypical BOLD response in the ischemic area. In this par-
ticular case, the choice of hemodynamic response is a cru-
cially important in obtaining clinically reliable information.  

V. CONCLUSIONS  

In conclusion, the data analysis strategy we developed to 
select the best HRF model effectively and parsimoniously 
describes the fMRI time course and provides reliable BOLD 
activation maps. Future work will focus on developing an 
automatic tool to increase our software’s flexibility in order 
to develop an ad-hoc HRF model for every subject. A sim-
ple sensorimotor activation paradigm is sensitive in detect-
ing alterations in hemodynamic response in acute stroke 
patients, but using a suboptimal HRF to model the BOLD 
response may result in a over or under estimated activation. 
An individually chosen HRF is a prerequisite for obtaining 
adequate fMRI-BOLD activation maps and the methods 
used in this study could contribute to medical decision for 
clinical treatment. 
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Abstract— PET image quality is affected by partial volume 
effect (PVE). Moreover, PVE can lead to inaccurate estimate 
of radiotracer concentration in each voxel of the reconstructed 
PET volume. Several methods could be used to correct PET 
images for PVE and can be mainly grouped into two catego-
ries: pre- and post-reconstruction approaches. The paper 
presents a novel post-reconstruction partial volume correction 
(PVC) method for PET images based on an iterative deconvo-
lution algorithm (Van Cittert method, VC) including anatomi-
cal priors (VC-MAP). The proposed method was tested on 
simulated and real PET acquisition. Preliminary results from 
simulated images show that the VC-MAP provide better re-
covery of the true image with respect to the classical VC de-
convolution scheme. Moreover, the VC-MAP method provides 
images with a better edge definition that appear also less nois-
ier than the VC ones. The proposed method was validated 
using a real PET image of the NEMA IEC Body Phantom. 
Also in this case the VC-MAP method provides PVC images of 
good quality. Thus, the proposed method allows at the same 
time to improve the spatial resolution and to reduce the noise 
in the image.  

Keywords— Partial Volume Correction, deconvolution, Van 
Cittert, anatomical priors, PET. 

I. INTRODUCTION  

Positron emission tomography (PET) images provide 
important functional information, however the poor spatial 
resolution with respect to other imaging techniques such as 
Computed Tomography (CT) and Magnetic Resonance 
(MR) images lead to partial volume effect. The net result of 
PVE is an incorrect measurement of the true radiotracer 
concentration. As outlined by Aston et al. [1] PVE can be 
divided into two effects: tissue-fraction and point-spread 
effect. The tissue fraction effect arises from tissue heteroge-
neity because the region of interest (ROI) used to determine 
radiotracer concentration contains signals from different 
tissues. The point-spread effect arises from the finite resolu-
tion of PET scanner. The spatial resolution of a clinical PET 
tomograph is about 4-5 mm, while for example the resolu-
tion of CT, MR images is about 1-2 mm.  

Correction for PVE is of great importance for both semi 
quantitative and quantitative measurements. Typically semi-
quantitative measurements involve the estimation of the 
Standard Uptake Value (SUV) or the tissue to background 
ratio (TBR). In both cases a ROI is drawn on the lesion and 
the mean value of the radiotracer concentration is measured. 
PVE typically reduces the value of the measured tracer 
concentration. Quantitative and more advanced approaches 
such as compartmental analysis are applied to measure the 
exchange of substances between several compartments 
within the human. PVE can lead to large errors in the esti-
mated kinetic rate constants.  

Several approaches can be used to correct PET images 
for PVE. See for example Bouvat et al. for a review [2]. 
PVC methods in PET imaging can be mainly grouped into 
two categories: pre- and post-reconstruction approaches. 

In this paper a novel PVE correction method based on an 
iterative deconvolution scheme combined with an anatomi-
cal prior is proposed. 

II. MATERIALS AND METHODS 

A. Deconvolution algorithms 

In this section the theory of two deconvolution algorithm 
used to recover the spatial resolution of PET images are 
presented: a standard Van Cittert method and a modified 
VC method including an anatomical prior. 

If we assume a space invariant imaging system a simple 
approach to model image formation is given by the follow-
ing equation: 

∫ −== τττ dfxKxAfxg )()()()(                                      (1)
where g(x) and f(x) are respectively the measured and true 
object image.  
 The main goal of any deconvolution algorithm is to 
obtained the true object image f(x) starting from the meas-
ured image g(x). This is a well known ill posed problem and 
several approaches to solve such problem can be found in 
the literature.  
 In this paper attention is focused on a variation of the 
Van Cittert (VC) deconvolution method. More precisely, an 
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anatomical prior was added to the iterative deconvolution 
scheme in order to obtain quantitative information. As sug-
gested by Bertero and Boccacci [3] a simple way to intro-
duce the VC method is by defining the operator: 

)()( AfgffT −+= λ                                                        (2) 
where λ is a relaxation parameter. The solution of the equa-
tion 2 can be obtained using the method of successive ap-
proximation resulting in the following iterative scheme: 

)(1 kk fTf =+                                                                     (3) 
This is the original scheme proposed by Van Cittert [4]. 
PET images reconstructed using iterative reconstruction 
algorithms (like for example the maximum likelihood) as-
sume a positivity constraint for each pixel value. A similar 
constraint can be applied to the VC method and, thus, equa-
tion 3 can be rewritten as follow [5]: 

)(1 kkk pAfgpff −+=+ λ                                                (4) 
where p=1 if fk ≥ 0 and p=0 when fk < 0. 

Combined PET and CT scanner are becoming extremely 
popular in nuclear medicine departments because it is pos-
sible to obtain at the same time both anatomical and func-
tional information. CT images can also be used to improve 
the resolution of PET for example by using the wavelet 
transform.  

In this work CT images were used as anatomical prior in 
order to improve the deconvolution scheme described by 
equation 4. More precisely the deconvolved image is ob-
tained using the following equation: 

)ln()(1
k

kkk

f
cppAfgpff βλ +−+=+                          (5) 

where c is the CT images and controls the relative weight of 
the prior given by the cross-entropy term ln(c/fk). As will be 
shown in the next section the main property of the prior in 
equation 5 is to reduce the Gibbs artifact closed to image 
discontinues. 

B. Simulation and phantom studies 

In order to compare the standard VC and the VC-MAP 
methods, simulated and real PET images were used. 

Image of an hot sphere was simulated. The sphere to 
background ratio was set equal to 10. Poisson noise was 
added to the image and, thus, the image was smoothed using 
a Gaussian function having a full with half maximum 
(FWHM)  equal to the sphere radius. 

The standard VC method and the VC-MAP method were 
applied in order to obtain a resolution recovery. The number 
of iteration for each iterative deconvolution algorithm is 
equal to 400. The FWHM used to deconvolve the blurred 
image was the same used to smooth the true image in the 
simulation step. We performed several tests in order to 

choose the better values for λ and β. We found that λ= 0.2 
and  β=0.05  was a good choice and we used these values 
also for simulated heart and real PET images. Line profiles 
were drawn across the four images of the sphere: the true 
image without noise and smoothing, the blurred image, the 
VC image and the VC-MAP one. 

Image of a human heart was simulated using the 
NURBS-based Cardiac-Torso (NCAT) phantom [6]. The 
myocardium to left ventricle ratio was set equal to 10. Also 
in this case Poisson noise was added to the image and, thus, 
the image was smoothed pixel by pixel accordingly to the 
typical system PSF.  

Partial Volume correction of the blurred image was per-
formed using VC and VC-MAP deconvolution scheme. In 
order to perform a qualitative analysis of the corrected im-
ages, line profiles were drawn across the myocardium and 
left ventricle. Line profiles across the true and the smoothed 
images were also drawn.  

A PET/CT image of the NEMA IEC Body Phantom was 
acquired. The phantom was filled with a solution of 18F-
FDG. The spheres to background ratio was set equal to 5. 
The PET image was corrected for PVE using VC and VC-
MAP algorithms. The FWHM used in the deconvolution 
scheme was chosen accordingly to the system PSF. The CT 
image was used as prior. 

Line profiles were drawn across the 10 mm and 13 mm 
hot spheres and a comparison between the two corrected 
images and the original PET image was performed. 

III. RESULTS 

In this section some preliminary results obtained using 
the deconvolution scheme described in section II are pre-
sented.  

In order to validate the performance of the VC-MAP de-
convolution method with respect to the original VC ap-
proach, a comparison using simulated images was per-
formed. In figure 1 a comparison between simulated PET 
image, VC deconvolved image and VC-MAP deconvolved 
image is presented. In figure 2 line profiles drawn across the 
images of the hot sphere of figure 1 and across the true 
image of the sphere are plotted. 

In order to further test the VC-MAP deconvolution 
method a simulated image of a human heart was used. Fig-
ure 3 shows a comparison between simulated PET image, 
VC deconvolved image and VC-MAP deconvolved image 
of the heart of NCAT phantom. Figure 4 shows line profiles 
drawn across the myocardium and left ventricle of four 
images: the true image, the blurred image, the standard VC 
deconvolved image and the VC-MAP deconvolved image. 
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In order to evaluate the performance of the proposed 
method with respect to the standard VC method on real PET 
images, the NEMA IEC Body Phantom was used. In figure 
5 real PET image, VC deconvolved image and VC-MAP 
image are shown. Line profiles across the  10 mm and 13 
mm hot spheres of the phantom were drawn on each image 
shown in figure 5 and are plotted in figure 6. 

 

 
            (a)                                    (b)                                     (c) 

Fig. 1 The figure shows a comparison between simulated PET image (a), 
VC deconvolved image (b) and VC-MAP deconvolved image (c) of an hot 
sphere. The sphere was blurred using a Gaussian function having a FWHM 

equal to the sphere radius. 

 
Fig. 2 Line profiles drawn on true image (dotted line),  blurred image 
(dashed line), VC deconvolved image (dot-dashed line) and VC-MAP 

deconvolved image (continuous line) of a simulated hot sphere. 

 
            (a)                                    (b)                                     (c) 

Fig. 3 The figure shows a comparison between simulated PET image, 
standard VC deconvolved image and VC-MAP deconvolved image of the 

heart of a human phantom. 

Fig. 4 Line profiles drawn across the true image (dotted line),  blurred 
image (dashed line), VC deconvolved image (dot-dashed line) and VC-

MAP deconvolved image (continuous line) of the heart of a human phan-
tom.  

                  (a)                                    (b)                                     (c) 

Fig. 5 The figure shows a comparison between real PET image (a), VC de-
convolved image (b) and VC-MAP deconvolved image (c) of the NEMA 

IEC Body Phantom. The FWHM used to deconvolve the images was 
chosen accordingly to the system PSF. 

 

 

Fig. 6 Line profiles drawn on the original PET image (continuous line), 
VC deconvolved image (dotted line) and VC-MAP deconvolved image 

(dashed line) of  the NEMA IEC Body Phantom. 
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IV. DISCUSSION 

The post-reconstruction PVC based on iterative deconvo-
lution scheme is a useful PVC method because it can be 
used when a reconstruction algorithm including PSF model-
ing is not available. 

In the previous section we showed simulated and real 
PET images corrected for PVE using the standard VC 
method and the modified VC method including an anatomi-
cal prior.  

Simulated images corrected using the standard VC 
method show very clearly Gibbs artifacts. Moreover, the 
artifacts are much more visible from the plotted profiles. As 
one can see by looking at the line profiles, the deconvolu-
tion based on anatomical prior provide a better estimate of 
the true image and, at the same time, the Gibbs artifacts are 
almost negligible. 

Moreover, the images corrected using the VC-MAP 
method seems to be less noisier than those corrected using 
the standard VC method.  

The VC-MAP algorithm was validated using real PET 
images. PVC images and the relative line profiles show the 
difference in noise and  in the edge definition. 

V. CONCLUSIONS  

A novel image deconvolution method based on an ana-
tomical prior was introduced.  

Preliminary results from simulation studies show that the 
proposed method provide better recovery of the true image 
with respect to VC method reducing at the same time the 
typical Gibbs artifacts.  

The VC-MAP method was validated using real PET im-
age. It provides images of good quality and without  Gibbs 
artifacts, as for the simulated images. 

ACKNOWLEDGMENT 

The authors would like to acknowledge the Fondazione 
del Monte di Bologna for the financial support. 

REFERENCES  

1. Aston JAD, Cunningham VJ, Asselin MC, Hammers A, Evans AC, 
Gunn RN (2002) Positron Emission Tomography Partial Volume Cor-
rection: Estimation and Algorithms. J. Cereb. Blood Flow Metab. 22: 
1019-1034  

2. Soret M, Bacharach SL and Buvat I (2007) Partial-Volume effect in 
PET tumor imaging. J. Nucl. Med. 48:932-945 

3. Bertero M, Boccacci P (1998) Introduction to Inverse Problems in 
Imaging. IOP. 

4. Van Cittert PH (1931) The effect of slit width on the intensity distri-
bution of spectral lines II [in German]. Z Phys A. 69:298-308. 

5. Crilly PB (1991) A quantitative evaluation of various iterative devon-
volution algorithms. IEEE Trans Instrum Meas. 40:558-562. 

6. Segars WP, Tsui BM, Lalush DS et al. (2001) Development and 
application of the new dynamic NURBS-based Cardiac-Torso 
(NCAT) phantom. J Nucl Med 42 (5). 
 
 
Author: Daniela D’Ambrosio 
Institute: S.Orsola-Malpighi Hospital, Department of Medical Physics 
Street: Via Massarenti, 9 
City: Bologna, 40138 
Country: Italy 
Email: daniela.dambrosio@aosp.bo.it 

 
 

260 D. D’Ambrosio et al.

IFMBE Proceedings Vol. 25



Functional correlates of fractal behavior of HRV in COPD patients  

G. 1, A. Accardo2, G. Corbi3, N. Ferrara1, F. Rengo1, 

1 S. Maugeri Foundation, IRCCS, Rehabilitation Institute of Telese, Italy 
2 DEEI, University of Trieste, Italy 

3 Dpt of Health Sciences, University of Molise, Italy 

Abstract  Although ECG monitoring demonstrating heart 
rate abnormalities and sudden death is common in chronic 
obstructive pulmonary disease (COPD), autonomic imbalance 
(AI) is occasionally assessed in these patients. Heart rate va-
riability (HRV) is a well-recognized tool in AI investigation. It 
has been suggested that nonlinear HRV analysis might provide 
more valuable information than traditional time-domain in-
dexes (TDI). Fractal (F) analysis is an emerging nonlinear 
technique and this is one of the first studies on HRV F-features 
in COPD. Aim of the study was to evaluate if HRV F-behavior 
reflects COPD severity better than TDI. We studied 40 COPD 
patients and 10 normal subjects. All underwent 24h-Holter 
ECG, measuring TDI (SD, PNN50, MSSD). F-analysis was 
calculated: 1)by the F-dimension (FD) extracted from beat-to-

s algorithm; 2)by the slope (beta) 
of the RR power spectral density. Both FD and SD showed a 
significant (p<0.0001) difference between N and COPD pts (FD 
= 1.35±0.06 and 1.70±0.12; SD = 57±10 and 37±10 respective-
ly), while beta (N=-1.02±0.14; COPD=-1.05± 0.21), PNN50 
(N=9.2±6.5; COPD=6.5±7.1) and MSSD (N=1089±738; 
COPD=824±700) did not detect significant difference. About 
the main clinical parameters, only FD exhibited a significant 
negative correlation both with FVC (p=0.01, r=-0.39) and 
FEV1 (p=0.02, r=-0.36), interestingly reflecting the disease 
severity. Between the two F-algorithms, only FD appears more 
sensitive to AI changes. Results suggest that HRV F-features 
can be candidates as relevant measure of the overall physiolog-
ic and functional status in COPD. Decreased FD-detected HRV 
could help improving risk stratification, treatment evaluation 

s AI understanding. 

Keywords  HRV, COPD, Fractal analysis 

I. INTRODUCTION  

Although ECG monitoring demonstrating heart rate ab-
normalities and sudden death is common in chronic obstruc-
tive pulmonary disease (COPD), autonomic imbalance is 
occasionally assessed in these patients. Respiratory ar-
rhythmia, which is the cyclical decrease and increase in 
heart period synchronous with breathing and disappearing 
after pharmacological blockade of autonomic ganglion 
transmission [1], represents the most recognizable evidence 
of a functional link between neural cardiac and respiratory 
controls [2]. 

Heart rate variability (HRV) is a well-recognized tool in 

the investigation of the heart autonomic control [3]. Limited 
HRV data, however, are available in the assessment of the 
autonomic imbalance in COPD patients. 

It has been shown that RR respiratory modulation is 
modulated by both the amplitude and frequency of respira-
tion [4,5] and decreased in clinical conditions, such as myo-
cardial infarction [6] and congestive heart failure [7]. 

Few available studies about cardiac autonomic function 
in patients with COPD suggests that it is adversely affected, 
as reflected in reduced HRV [8,9]. Changes in respiratory 
patterns and lung volumes may influence the autonomic 
outflows by complex reflex adjustments, mediated by both 
vagal and sympathetic efferent activity [10]. Thus, Holter 
recordings in COPD population without coronary artery 
disease would help to clarify the effect of COPD by itself 
on cardiac rate, rhythm, and autonomic tone. 

It has been suggested [3] that nonlinear HRV analysis 
might provide more valuable informations than traditional 
time-domain indexes (TDI). Fractal analysis is an emerging 
nonlinear technique and among several methods proposed 
so far to measure the fractal behaviour of the HRV signal, 
that based on spectral power-law relationship, [11-16], and 
that based on iterative direct algorithms from RR time se-
ries, [17,18] have gained wide interest in the last years. The 
first way has traditionally been approached following the 
chaos-theory, with the aim of modelling the attractor ex-
tracted from HRV sequences [15], estimated the fractal 
dimension from the slope of the 1/f-like relationship [16]. 
Alternatively a fractal dimension value can be directly esti-
mated from HRV sequences by means of Higuchi algorithm 
[18].  All two the approaches were followed in this study, 
estimating fractal features by beta exponent of the 1/f (beta) 
and by fractal dimension of the Higuchi algorithm (FD). 
This last one method, whose good reproducibility has been 
already studied in congestive heart failure [19], allows a 
better fractal estimation, eliminating the errors due to indi-
rect estimation of FD from the spectral power. 

This is one of the first fractal studies on HRV in COPD. 
Aim of the study was to assess 1) whether fractal analysis is 
capable of discriminating COPD patients from normal sub-
jects; 2) if HRV fractal behaviour reflects severity of 
COPD. Results were compared with those obtained from 
traditional TDI. 
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II. MATERIALS AND METHODS 

A. Subjects 

We studied a population of COPD patients and a control 
group of normal subjects (Table 1). 

All enrolled patients, consecutively admitted to Pneu-

Foundation, Institute of "Telese Terme", had a positive 
medical history for COPD, without coronary artery disease. 

All patients underwent to complete pulmonary function 
tests, according to commonly used guidelines set by the 
European Respiratory Society and to a 24-hour Holter ECG 
recording, within the first week of admission. 

Spirometry tests was assessed by measuring both Forced 
Vital Capacity (FVC), that is the total amount of air that can 
be forcibly blown out after full inspiration, and Forced Ex-
piratory Volume in 1 Second (FEV1), that is the amount of 
air that you can forcibly blow out in one second. 

These clinical values are well known COPD severity 
markers, strictly related to the bronco-obstruction degree. 

Patients were considered to be affected by COPD if they 
fulfilled either of the following criteria: 1) they had an 
FEV1/FVC of <70% and no change or an FEV1 increase of 
>12%, but not FEV1 normalisation after 100 mg fenoterol; 
or 2) they nor reported history of wheeze in the last year, 
had an FEV1/FVC of <70%, an FEV1 of <80% and an 
FEV1 increase of <12% after 100 mg fenoterol. 

Table 1: Descriptive statistics of studied populations 

 COPD Normals 
# subjects 40 10 
Age 68 ± 7 42 ±  6 
Gender (M %) 92.5 100 
Average 24h RR (ms) 937 ± 165 817 ± 68 
COPD clinical characteristics  
FEV1 % 36 ± 22 
pO2 (mmHg) 58 ± 8 
Barthel index total 81 ± 11 

 6.9 ± 3 
stance (m) 272 ± 105 

NYHA I (II) 13 (27) 
Left ventr. ejection fraction (%) 58 ± 6 

B. Holter analysis 

Twenty-four-hours Holter ECG recordings were as-
sessed by a portable three-channel tape recorder, processed 
by a Marquette 8000 T system with a sampling frequency of 
128 Hz. In order to be considered eligible for the study, 
each recording had to have at least 12 hours of analyzable 

RR intervals in sinus rhythm. Moreover, this period had to 
include at least half of the nighttime (from 00:00 AM trough 
to 5:00 AM) and half of the daytime (from 7:30 AM trough 
to 11:30 AM) [20].  

Before analysis, identified RR time series were preproc-
essed according to the following criteria: 1) RR intervals 
associated with single or multiple ectopic beats or artifacts  
were automatically replaced by means of an interpolating 
algorithm, 2) RR values differing from the preceding one 
more than a prefixed threshold were replaced in the same 
way as for artefacts. The RR time series were finally inter-
polated by piecewise cubic spline and resampled at 2 Hz. 

C. Fractal dimension analysis 

Fractal dimension was calculated by using the Higuchi's 
algorithm [18]. From a given time series X(1), X(2), ... 
X(N), the algorithm constructs k new time series; each of 
them, Xmk, is defined as 

Xmk:X(m),X(m+k),X(m+2*k),..., X(m+int((N-m)/k)*k) 

where m=1,2,...,k and k are integers indicating the initial 
time and the interval time, respectively. 

Then the length, Lm(k), of each curve Xmk is calculated 
and the length of the original curve for the time interval k, 
L(k), is estimated as the mean of the k values Lm(k) for 
m=1, 2, ..., k. If the L(k) value is proportional to k-D, the 
curve is fractal-like with the dimension D. Then, if L(k) is 
plotted against k, for k ranging from 1 to kmax, on a double 
logarithmic scale, the data should fall on a straight line with 
a slope equal to -D. Thus, by means of a least-square linear 
best-fitting procedure applied to the series of pairs (k, L(k)), 
obtained by increasing the k value, the angular coefficient 
of the linear regression of the graph ln(L(k)) vs. ln(1/k), 
which constitutes the D estimation, is calculated (Fig. 1). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1. Example of an hi sequence determination on a curve for the length 
calculation. The values of hi were calculated as |X(m+i*k) - 
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D. Beta exponent analysis 

Power law beta exponent was calculated from the power 
spectral density function estimated by the Blackman-Tukey 
method after linear trend removal. 

The beta index represents the slope of the linear regres-
sion analysis between log(power) and log(frequency) per-
formed on the portion of the power spectrum between 10-4 
and 10-2 Hz. 

E. Linear time domain analysis 

Most important time-domain parameters (SD, PNN50, 
MSSD) were also evaluated for all RR time series, as de-
fined in accordance with the ACC/AHA/ESC consensus [3]. 

III. RESULTS 

Descriptive statistics for FD, beta exponent and TDI pa-
rameters in the two study groups are reported in Table 2. 

The normality of the distribution of HRV variables was 
assessed by the Shapiro-Wilks test. 

Between-group comparisons were carried out by the 
analysis of variance (t-Student test for  unpaired data). 

Both the Higuchi's FD parameter and SD showed a 
marked, highly significant, difference in the mean values, 
passing from normal to patients with COPD. 

Conversely, the beta exponent, PNN50 and MSSD did 
not reach statistical significance value between the two 
studied groups (table 2). 

Association between HRV indexes and COPD severity 
was assessed by Pearson two-tailed correlation analysis 
with FVC% (Table 3) and FEV1% (Table 4) for all patients.  

1.4 1.6 1.8 2.0
0

1

2

3

FD

F
E

V
1

 
Fig. 2. Correlation between FD and Fev1% values in COPD patients. 

Table 2: Mean SD of FD, beta exponent and TDI in the two study groups. 

 N COPD p 
FD 1.35  0.06 1.70 0.12 <0.0001 
Beta -1.02 0.14 -1.05 0.21 0.66 
SD 57 10 37 10 <0.0001 
PNN50 9.2 6.5 6.54 7.11 0.30 
MSSD 1089 738 824 700 0.31 

 
 

Table 3: Pearson correlation analysis between HRV indexes and FVC% 

  r p 
FD  -0.393 0.01 
Beta  0.003 0.99 
SD  0.010 0.96 
PNN50  -0.196 0.29 
MSSD  -0.109 0.56 

 
 

Table 4: Pearson correlation analysis between HRV indexes and FEV!% 

  r P 
FD  -0.364 0.02 
Beta  0.009 0.96 
SD  -0.055 0.76 
PNN50  -0.171 0.34 
MSSD  -0.112 0.53 
 
 
Among all HRV studied indexes, only FD showed a 

moderate but significant negative association both with 
FVC% and FEV1%. 

Notably both the FD correlation signs with FVC% and 
FEV1% are coherent with the pathophysiological data in-
terpretation. 

As well as FD values higher than in Normals are associ-
ated to autonomic impairments related to pathological con-
ditions [21], the same FD data trend followed 
severity in COPD. 

Lower FVC% and FEV1% values, indicatives of major 
bronco-obstruction degree and clinical worsening condi-
tions in COPD patients, corresponded to higher autonomic 
impairment and FD values. (Fig. 2).  
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IV. DISCUSSION 

These preliminary results allow to discuss the following 
three findings. First of all, only FD and SD parameters 
showed a very significant difference between Normal and 
COPD patients, while beta and other time domain indexes 
were not able to detect any significant difference. The sec-
ond novel finding is that studying the relationship between 
HRV indexes and the main clinical parameters, only FD 
exhibited a significant correlation both with FVC and 
FEV1, showing an interesting skill to reflect the disease 
severity. The third novel finding is that the sensitivity of the 
FD and beta exponent parameters in regard to the severity 
of the central nervous system damage appears to be differ-
ent. Indeed, the Higuchi's index strongly changes passing 
from normal to pathological subjects. The beta exponent, on 
the contrary, seems rather insensitive to changes in auto-
nomic cardiovascular regulation brought about by COPD. 
These considerations suggest that, although the two algo-
rithms try to measure the same fractal property of HRV, 
they provide non superimposable results. This could be due 
to the fact that the beta exponent is usually calculated con-
sidering only the low band of the signal (<0.05 Hz). Proba-
bly the changes in autonomic cardiovascular regulation 
much more affect a band with higher frequency. Scarce are 
the studies in COPD patients that, using linear and spectral 
indexes of HRV, found association between COPD and 
impaired autonomic regulation, while it has not yet com-
pletely investigated if nonlinear analysis of HRV might 
provide more valuable information for the physiological 
interpretation of heart rate fluctuations and for the risk as-
sessment in these patients. Although a major limitation of 
this study is the low sample size of the groups, nevertheless 
these preliminary results clearly suggest that HRV fractal 
features in COPD contains relevant information related to 
different HRV dynamics and can be candidates as relevant 
measures of the overall physiologic and functional status of 
these patients. 
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Abstract—The eye structure and function highly depend on 
the stability of the intraocular pressure (IOP). Glaucoma is an 
ophthalmic disease that can potentially lead to irreversible 
blindness. Glaucoma results from optic nerve damages due to 
persistent elevated IOP. Aqueous humor production, drainage 
and resistance to egress are the key elements that determine 
the IOP. After travelling from the posterior to the anterior 
chamber, the aqueous humor passes through the trabecular 
meshwork to collect into Schlemm’s canal, where collector 
channels eventually drain into the venous system. The highest 
resistance to egress is located at the outer portion of the trabe-
cular meshwork and inner wall of Schlemm’s canal. In this 
work we intended to simulate the basic geometry and physio-
logical parameters that determine the aqueous humor dynam-
ics and the IOP values.  A 3-D modeling of the human eye was 
made based on histology. Great attention was given to details 
in the geometry of the trabeculum, Schlemm’s canal and the 
collector channels. Using Matlab program, the pressure distri-
bution in the eye was computed. Flow was computed using 
Poisseuille’s law. The 3-D modeling was meshed by ICEM 
Ansys before being implemented using Fluent 6.3. 2-D and 3-D 
meshes were obtained. The results were showing the pressure 
distribution from the posterior and anterior chambers, the 
trabeculum, Schlemm’s canal and the collector channels. Most 
of the resistance to aqueous egress occurred at the level of the 
trabeculum and Schlemm’s canal where the pressure drop was 
the greatest. Refinements in the mesh density would greatly 
enhance the quality of the modeling. In conclusion this simula-
tion of the outflow pathway in the human eye provided inter-
esting data about the pressure drop and the localization of the 
main resistance to aqueous egress.   

Keywords—eye, outflow facility, glaucoma, intraocular  
pressure. 

I. INTRODUCTION  

Glaucoma, one of the leading causes for worldwide 
blindness, is now believed to result from prolonged suffer-
ing from the retinal ganglion cells [1]. The major risk fac-
tors for ganglion cell death are a prolonged increase in the 
intraocular pressure and a modification in the blood flow 
pattern that reaches the optic nerve head (ONH) [2, 3]. One 
important determinant of the optic nerve blood flow is the 
intraocular pressure (IOP) that opposes the arterial pressure 
at the level of the optic nerve head (ONH). Too high an IOP 

results in a significant reduction in the retinal blood flow, 
thus promoting cell suffering and further cell death. The 
IOP is essentially determined by the resistance to aqueous 
humor outflow leaving the eye through 2 pathways. The 
conventional pathway drains aqueous humor through the 
trabeculum and Schlemm’s canal, whereas the alternate 
pathway goes through the sclera tissue (uveoscleral route). 

Most of the resistance to aqueous egress is located at the 
junction between the outer portion of the trabeculum and 
Schlemm’s canal [4, 5, 6]. Many attempts have been made 
to lower IOP and were aimed at altering the structure of this 
junction [7, 8].  Modern surgical techniques are based on 
the modification of the resistance of the aqueous humor 
outflow to restore the IOP to normal in glaucoma patients. 
A sound knowledge of the fluidics of the drainage pathway 
is important for a good understanding of the mechanisms 
prevailing in glaucoma surgery. 

The goal of this paper is to provide a simulation of the 
conventional outflow pathway in the human eye based on 
real geometry and physiology.   

II. MATERIAL AND METHODS 

A. Modeling the Human Eye 

Histology images were obtained using microphoto-
graphs. Based on these images a 3-D model was constructed 
using SolidWorks. This structure served as a scaffold for the 
3-D mesh build using ANSYS. 

 
B. Mathematical Models 

To determine the working frame of the simulation, a 
mathematical analysis was performed using the following 
equations. The resistance R to outflow is given by 

Q
PR Δ= , where ∆P is the pressure gradient between the 

inner and outer portions of the eye and Q the flow of the 
aqueous humor. 

We further assumed that the lost of fluid in each subsys-
tem is small. Each loss of fluid will be introduced in form of 
a lost coefficient 

1,,inf )1( −⋅−= xsubsystemoutflowxsubsystemlow QCQ  
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The geometry was simplified as several tubes and pres-
sure was obtained using Poiseuille’s law: 

inletPx
r

QxP
l
rPQ +

⋅
⋅⋅=⇔

⋅⋅
⋅⋅Δ= 4

4 8)(
8 π

η
η
π  where 

η is the fluid viscosity and r the inner radius of the tube. 
To simulate the trabeculum the following formula was 

implemented ( ) 413
1)2( ArBCAArp BCA ++=  

where An B and C are local conditions equations (e.g. 
Darcy’s law, continuity equation assuming a stationary solid 
phase, etc)  

The Schlemm’s canal was computed using Poiseuille’s 
law. 

This mathematical model was fitted to obtain a physio-
logical intraocular pressure (~12 mmHg) that allowed char-
acterizing the resistance of the trabeculum. The equivalent 
properties of the porous structures (trabeculum and 
Schlemm’s canal) were then deduced for further use in the 
flow simulation. 

 
C. Computer Simulations 

To define and initiate the simulation the boundary condi-
tions were the following: flow of the aqueous humor  

sgsLLQ /1016.4/1017.410/60/5.2min/5.2 586 −− ⋅=⋅=== μ
Pressure in the collector channels was set at 

mmHgPout 5=  
Aqueous humor viscosity was assumed to be that of wa-

ter at 37°C: 6.962*10-4 kg/m s. 
Porous media was implemented using this equation 

⎟
⎠
⎞

⎜
⎝
⎛ ⋅+−= 2

2
1 vCvS ρ

α
μ where S is an additional 

source term, α the permeability, C the inertial resistance, ρ 
the water density and v the flow velocity. 

III. RESULTS 

A. Modeling the Human Eye 

Based on histology a 3-D model was constructed that in-
cluded the most important features of the eye, e.g. the 
ciliary body, the posterior chamber, the iris, the iridocorneal 
angle, the trabeculum, the Schlemm’s canal, and the collec-
tor channels. Figure 1 depicts the result of such a modeling.  

 

 
Fig. 1 3-D Model of the human eye 

This 3-D model was then meshed using ICEM Ansys to 
obtain a mesh made out of 1.3*106 tetrahedral cells  
(Figure 2). 

 
Fig. 2 3-D mesh using ANSYS  

B. Mathematical Modeling 

The mathematical modeling gave interesting results 
about the porous properties of the trabeculum, where the 
pressure drop was the highest, i.e ΔP= 5 mmHg. Before and 
after this structure the pressure drop was negligible (~1*10-3  
mmHg), the transfer between the anterior surface of the lens 
and the posterior plane of the iris being around 0.1 mmHg.  

 
C. Flow Simulation 

2-D flow simulations were showing the pressure gradient 
at the level the outer portion of the trabeculum and 
Schlemm’s canal (Figure 3). The simulation confirmed that 
the drop in IOP occurred at that junction (~5 mmHg) and 
before or after that junction the pressure gradient was quite 
low (<0.1 mmHg). 
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Fig. 3 2-D Pressure Pattern using FLUENT 6.3 

2-D velocity simulation indicated that, according to the 
principle of continuity, the velocity significantly increased 
in the region where the lines of flow were converging and 
were crowded. This was the case between the anterior sur-
face of the lens and the posterior plane of the iris, where the 
space is significantly reduced (Figure 4). 

 
Fig. 4 2-D velocity simulation using FLUENT 6.3 

3-D flow simulation gave further details about the flow 
condition in a 3-D geometry of the outflow pathway (Figure 
5). This simulation allowed a better visualization and local-
ization of the greatest resistance to the aqueous humor 
egress. These data confirmed the initial results obtained 
with a 2-D simulation. 

 
 

 
Fig. 5 3-D Pressure Pattern using FLUENT 6.3 

IV. DISCUSSION 

The mathematical analysis allowed determination of the 
working frame for the simulation. This analysis indicated 
that the highest pressure gradient was located in a defined 
region in the outflow pathway, i.e. the junction at the level 
of the trabeculum and inner portion of Schlemm’s canal. 
This information was useful to set the correct parameters for 
the 2-D simulation. Advantages of this simulation were that 
it rapidly provides useful data with simple parameter set-
ting. This level of simulation is much lighter than the 3-D 
one and allowed to refine the parameters and boundary 
conditions required for such implementation. The mathe-
matical model was confirmed based on 2-D simulation, and 
the localization of the highest resistance was nicely visual-
ized. The drop in intraocular pressure, the porosity of the 
trabeculum, the final boundary of the model, the velocity 
and the general validation have been obtained and con-
firmed. 

The 3-D simulation was effectively depicting the pres-
sure pattern and the drop at the level of the highest resis-
tance. This more sophisticated modeling of the flow condi-
tion required precise parameters initially obtained by 2-D 
simulation.  

V. CONCLUSIONS  

Based on a 3-D reconstruction of the human eye it was 
possible to simulate the conventional outflow pathway and 
present a realistic simulated model useful for further pro-
jects or investigations. The mathematical model served as a 
base for a theoretical approach of the problem, which was 
further confirmed and refined using both 2 and 3-D flow 
simulation. As indicated by the literature, the highest drop 
in the intraocular pressure occurred at the level of the high-
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est resistance to aqueous outflow, i.e. at the boundary be-
tween the trabeculum and the inner wall of Schlemm’s 
canal. Further refinements of this model and 3-D simula-
tions are required to correctly depict the fine and precise 
velocity profile of the flow in the ocular structure.  
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Abstract—In this simulation study, we evaluate and compare 
the cylindrical and the hemi-spherical coil setups of two Mag-
netic Induction Tomography (MIT) systems using sensitivity 
analysis. Furthermore, different parameters for the size and 
the number of measurement and excitation coils are tested. 
For evaluating the sensitivity to conductivity values, the edge 
finite element method with uniform tetrahedral elements is 
utilized. The volume of interest is defined by a sphere, which 
represents a generic measurement object similar to the human 
head. A figure of merit that describes the general sensitivity to 
conductivity changes within the upper half of this volume, and 
two plots representing the distribution of sensitivity values are 
computed. Our findings indicate that the hemi-spherical MIT 
system with a smaller distance between the layer of coils and 
the measurement object shows a clearly higher sensitivity 
compared to the cylindrical MIT system. In addition, the two 
simulated setups with larger coil areas provide higher sensi-
tivities in relation to the standard setups, while the difference 
between the hemi-spherical setups using a different number of 
coils with identical areas is relatively small. 

Keywords— magnetic induction tomography, sensitivity analy-
sis, coil comparison  

I. INTRODUCTION  

Magnetic Induction Tomography (MIT) is a non-invasive 
and non-contact imaging approach. The first works in the 
area of magnetic induction focused on the detection of vital 
signs [1]. Later on, single and multi-channel systems for 
vital sign monitoring integrated in beds were developed [2] 
- [4]. MIT systems were presented first in [5]; further sys-
tems were described for example in [6] and [7]. The bio-
medical application we are considering is stroke classifica-
tion. An overview on the field of MIT can be found in [8]. 

The objective in MIT is the reconstruction of the passive 
electrical properties conductivity and permittivity of an 
object like the human head. Several coil setups for inducing 
and measuring electromagnetic fields were recently pro-
posed using different types and arrangements of coils [9] - 
[11]. 

In this paper, we present a methodology to evaluate and 
compare the sensitivity to conductivity changes of different 
MIT coil setups using numerical simulations. Particularly, 
we compare two MIT setups that have been developed by 
Philips Research. Furthermore, we test the influence of size 
and number of coils on the sensitivity of these setups. Pre-
ceding sensitivity analysis in the field of MIT coils and 
setups were conducted for example in [12] and [13]. 

II. METHODS 

A. Simulation model 

Electromagnetic model (EM): The EM bases on Max-
well’s equations and contains some simplifications and 
approximations that can be applied, considering the excita-
tion frequency of 10 MHz, and size and electrical properties 
of the measured object (see also [14] - [16]). For efficient 
numerical computations, the Edge Finite Element Method 
(EFEM) with uniform tetrahedra is applied. Thereby, six 
tetrahedra form a cube with an edge length of 0.02 m. The 
conductivity values are assigned to the element nodes; a 
first order interpolation of the conductivity values is used. 

Coil setup: We perform sensitivity comparisons between 
five coil setups of cylindrical (A) and hemi-spherical shape 
(B), respectively. The setups A1 and B1 do currently also 
exist as hardware devices, whereas A2, B2, and B3 are used 
to simulate and to evaluate the influence of the parameters 
for number and area of the coils on the sensitivity to con-
ductivity changes.  

Thereby, A1 represents a tomography setup using a me-
tallic cylinder with a height of 0.42 m and a radius of 
0.175 m. The cylinder contains one ring (radius: 0.15 m) 
with 16 excitation and measurement coils. The setup is 
illustrated in Fig. 1A; the dimensions of the coils are given 
in Table 1. This measurement system is described more 
explicitly in [11]. Setup A2 is in accordance with A1, but 
uses larger excitation coils (please refer Table 1 and Fig. 
1B). 
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Table 1 Coil parameters for cylindrical (A1-A2) and hemi-spherical (B1-
B3) MIT setups. 

setup pairs of coils coil radii (in m) coil areas (in m2) 

A1 16 0.025  0.0020 

A2 16 excitation: 0.062 
measurement: 0.025 

0.0121 
0.0020 

B1 31 0.016 0.0008 

B2 16 0.023 0.0016 

B3 16 0.016 0.0008 

 
The setup B1 emulates a newly developed hemi-spherical 

MIT system that utilizes 31 pairs of coils for excitation and 
measurement. The coils have slightly smaller radii com-
pared to A1 (see the illustration in Fig. 1C). B2 und B3 
describe hemi-spherical coil arrangements that use only 16 
pairs of coils, whereas the coils of B3 are identical to B1, 
and the coils of B2 have twice the area of coils in B1 (see 
Table 1 and Fig. 1D).  

Volume-of-Interest (VOI): The VOI is defined by all 
nodal elements that lie inside a virtual sphere with a radius 
of 0.11 m. The center of the sphere is aligned to the lowest 
Z coordinate of the excitation coils. Accordingly, 672 ele-
ments form the VOI. 

  
B. Sensitivity evaluation of coil setups 

Sensitivity matrix: In our study, we consider the lin-
earized inverse problem to estimate the changes of the con-
ductivities  on basis of the measured complex voltage 
differences V between two points in time. The Jacobian 
matrix is defined by: 

VJ ,  (1) 

and incorporates the information of the coil setup as well as 
of the electromagnetic model. Consequently, the Jacobian 
matrix is directly related to the forward and to the inverse 
problems in MIT. 

For electromagnetic modeling, we assume that each 
nodal element has the following electrical properties: a 
relative permeability of r  1, a constant relative permittiv-
ity r, and a variable conductivity  which has to be esti-
mated. The sensitivity matrix S = real( J ) incorporates the 
sensitivities to changes of the tissue conductivities, whereas 
the complex part of J represents the permittivity properties 
which we assume to be constant. The conductivity for nodes 
inside this spherical VOI is predefined to 0.2 S/m, for outer 
nodes to 0 S/m. Further details on the applied numerical 
model can be found in [11], [15], and [16]. 
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Fig. 1 Illustrations of the coil arrangements for the setups A1 (A), A2 (B), 

B1 (C), and B3 (D) in the plane of Y=0. The setup B2 uses 16 pairs of 
coils arranged corresponding to B3, but with coil sizes equal to B1. The 

VOI is indicated by the spheres, the pairs of coils (black and gray circles) 
consist of an inner excitation and an outer measurement coil. The coordi-

nates are given in meters. 
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Figures of Merit (FOM): For evaluation and comparison 
of the sensitivities of the simulated coil setups, we compute 
the 70% quantile Q of the absolute sensitivity values inside 
the upper hemi-sphere (Z 0) of the VOI: 

nQ 7.0Ŝ ,  (2) 

whereas Ŝ  is the sequence of the n absolute sensitivity 
values in ascending order. Furthermore, we plot the sensi-
tivities jS for all nodal elements j in the plane of Y=0, added 
up over all combinations of m measurement and e excitation 
coils: 

em

i
ijj SS

1
10log .  (3) 

III. RESULTS  

In the evaluation of the FOM Q in Fig. 2 indicates a 
clearly higher general sensitivity of the hemi-spherical set-
ups (B1-B3) in the upper hemi-sphere compared to the 
cylindrical setups (A1-A2). The sensitivity of the cylindrical 
setup A2 with larger excitation coils is only slightly higher 
compared to A1. 

The reduced number of coils in B3 (16 instead of 31 me-
asurement and excitation coils) does only slightly affect the 
general sensitivity in the upper hemi-sphere measured by Q. 
However, the results of the setup B2 with larger coils show 
that Q is significantly higher compared to B1 and B3, due to 
the doubled coil area. 

A1 A2 B1 B2 B3
0

0.5

1

1.5

x 10
−12

Setup

Q

 
 

Fig. 2 Evaluation of the 70% sensitivity quantiles Q for cylindrical (A1, 
A2) and hemi-spherical (B1-B3) MIT systems. Higher values indicate 

higher sensitivities to conductivity changes of the corresponding setups. 

Fig. 3 and 4 show the distribution of the logarithmic sensi-
tivities S  in the plane of Y=0 for the cylindrical setup A1 
and the hemi-spherical setup B1. Both figures reveal a 
strong decay of the sensitivity values by several orders of 
magnitude from the coils towards the center of the VOI. 
The sensitivity of B1 is superior, particularly in the upper 
part of the VOI. When considering the distribution of the 
sensitivity (not the absolute values), A2 shows a similar 
characteristic like A1, and B2 and B3 are in the line with 
B1. (These results are not shown here.)  

 

Fig. 3 Plot of the sensitivity values S  of the cylindrical setup A1 for nodal 
elements in the plane of Y=0. Dark values indicate high sensitivities to 

conductivity changes. Please note that S  is logarithmic. 

 

Fig. 4 Plot of the sensitivity values S  of the hemi-spherical setup B1 for 
nodal elements in the plane of Y=0. Dark values indicate high sensitivities 

to conductivity changes. Please note that S  is logarithmic. 
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IV. CONCLUSIONS  

This simulation study indicates higher sensitivities to 
conductivity changes for the hemi-spherical coil setups (B1-
B3) compared to the cylindrical systems (A1-A2) when a 
hemi-spherical VOI is considered. Hence, we can expect 
that the newly developed MIT system (which relates to B1) 
also supports in practice a higher sensitivity when measur-
ing a spherical object like the human head. Real measure-
ments will have to quantify the advantages of the system 
that corresponds to B1 in the near future.  

Furthermore, variations of radius and area of the coils 
show a relatively strong impact on the general sensitivity of 
the tested cylindrical and hemi-spherical setups. But in 
practice, parameters like coil area, radius, or the number of 
windings are often limited by technical constraints. 

The total number of measurement and excitation coils in-
fluences the sensitivity in our study only slightly. However, 
the number of available measurement values is significantly 
reduced from 961 to 256, when using 16 instead of 31 exci-
tation and measurement coils. In particular, this is deroga-
tory to the inverse estimation of conductivity values. This 
question has to be addressed in further investigations. 

Generally, there is a considerable strong decay of the 
sensitivity values for an increasing distance between the 
elements and the coils: our study showed differences of up 
to seven orders of magnitude within the upper hemi-
spherical VOI considering a specific setup. 

As a consequence, coils should be placed as close as pos-
sible to the object what can be realized for objects like the 
human head by hemi-spherical coil arrangements. Biomedi-
cal applications like stroke classification will benefit from 
such arrangements.  
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Abstract— Cardiovascular mortality is up to three times 
higher in patients with schizophrenia than in general 
population suggesting a cardiac autonomic dysregulation. 
Possible mechanisms which could be contribute to the 
increased mortality rates are under discussion. Aim of this 
study was to investigate the influence of acute schizophrenia 
with and without medical treatment on non-linear complexity 
measures of autonomic regulation. From 46 patients with 
schizophrenia (acute non-mediated, G1, medicated, G2) and 23 
matched (age, gender) healthy control subjects (CON) heart 
rate variability (HRV) in Time- and Frequency domain (TD, 
FD), Symbolic Dynamics (SD), Compression Entropy (CE), 
Detrended fluctuation analysis (DFA) and Poincaré plot 
analysis (PPA) were analyzed. The results show that G1 differ 
significantly from CON (p<0.05) in linear and non-linear 
complexity measures. A considerably increase in the 
significance level (p<0.0001) was found in the medicated state 
comparing G2 with CON. These results show that 
schizophrenic patients have an autonomic dysregulation as 
shown by a significant increase of heart rate as well as reduced 
linear- and non-linear complexity measures and that treatment 
with antipsychotics result in a further altered autonomic 
regulation in schizophrenia patients.  

Keywords— non-linear dynamics, heart rate variability, 
schizophrenia, complexity. 

I. INTRODUCTION  

For patients suffering from schizophrenia an increased 
cardiovascular mortality up to three times higher than in 
general populations is reported associated with an increased 
heart rate in these patients. Besides suicide cardiovascular 
causes contribute to the majority of these events. [1] 

Possible mechanisms for this increased cardiovascular 
mortality are under debate such as unhealthy lifestyle, 
smoking, diabetes, hypertension, side effects of medical 
treatment and altered autonomic function. Several studies 
[3,4,5,6] assessing the autonomous nervous system (ANS) 
have assumed that autonomic dysfunction during acute 
psychosis reflected by altered heart rate variability and 
parameters of autonomic regulation could be responsible for 
the increased cardiac mortality rates in this disease.  

Furthermore, antipsychotic medications have been 
associated with significant rates of cardiovascular pro-

arrhythmic effects and are known decreasing heart rate 
variability (HRV) in patients with schizophrenia [5,7,8,9]. 
Apart of standard linear HRV measures, today less data are 
available about complexity measures of HRV in short-term 
recordings in schizophrenia. The use of these methods has 
contributed to higher sensitivity for detecting autonomic 
dysfunction [10] and patients at risk for sudden death [11] 
in different diseases. 

Aim of this study was to investigate the influence of 
acute schizophrenia with and without medical treatment on 
non-linear complexity measures of autonomic regulation 
causing cardiac dysregulations in autonomic parameters. 

II. MATERIALS AND METHODS 

A. Patients and Data Recording 

Forty-six patients suffering from acute schizophrenia 
(non-medicated and medicated) and 23 healthy controls 
matched with respect to age and gender were enrolled in 
this study. Schizophrenic patients and healthy controls were 
free of any relevant medical condition (e.g. diabetes or 
hypertension) or additional psychiatric disease and received 
no interfering medication that would affect the results of the 
study. Schizophrenia was diagnosed by a staff psychiatrist 
from the Department of Psychiatry when symptoms of 
patients fulfilled DSM-IV criteria as assessed by the 
Structured Clinical Interview for DSM-IV (SCID). 
Psychotic symptoms for acute schizophrenia were 
quantified using the scale for the assessment of positive 
symptoms (SAPS) and negative symptoms (SANS). 

The first group of patients (G1) were examined non-
medicated in the acute stage on the day of admission to the 
hospital and were only enrolled in this study, when they had 
not taken antipsychotic treatment for at least 8 weeks prior 
to the study. The second group of patients (G2) had 
received antipsychotic (2-3 days in average later after the 
admission to the hospital)  

High resolution short-term electrocardiograms (1000Hz 
sampling frequency) were recorded from every patient over 
30 minutes with the Task Force Monitor® (CNSystems, 
Graz, Austria). All recordings were performed under resting 
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conditions (quiet environment with ambient temperature, 
supine position and same time of day (1:00-6:00 p.m.)). 

B. Data preprocessing 

From all recordings, time series of heart rate consisting 
of successive beat-to-beat intervals (BBI, tachograms) were 
extracted. These time series were filtered by an adaptive 
filter algorithm to get normal-to-normal beat time series 
(NN) to remove and interpolate ventricular premature beats 
and artifacts.  

C. Time and frequency domain 

Quantification of heart rate variability was performed for 
each tachogram by calculation the following parameters of 
time domain (TD) and frequency domain (FD) [12]: 

 meanNN=the mean value of the BBI time series [ms]; 
 sdNN=standard deviation of the BBI time series [ms];  
 rmssd=square root of the mean squared differences of 

successive beat-to-beat intervals [ms];  
 pNN50=percentage of successive BBI differences 

greater than 50ms. 
 LFn=normalized low frequency power (0.04–0.15Hz) 

[s2]; 
 HFn=normalized high frequency power (0.15–0.4Hz) 

[s2]; 
 LF/HF=the ratio between the low and high frequency 

power of the estimated spectrum. 

D. Symbolic dynamics (SD) 

The analysis of symbolic dynamics has been proved to be 
sufficient for the investigation of complex systems and 
describes nonlinear aspects within time series (BBI) [11].  

At first, BBI were transformed into a symbol sequence of 
four symbols with the alphabet A={0,1,2,3} to classify 
dynamic changes within BBI. Three successive symbols 
from the alphabet define symbol strings. The resulting 
histogram contains the probability distribution of each 
single word within a word sequence. Following parameters 
from this distribution were estimated:  

 Shannon=Shannon entropy of word type distribution; 
 Forbword=forbidden words (the number of seldom or 

never occurring word types with a probability less than 
0.001). 

E. Compression Entropy (CE) 

A sequence x=x1,x2,x3,…xn of symbols of length L has to 
be compressed [13]. The algorithm keeps the most recently 

encoded symbols in a sliding window w. The not-yet-
encoded sequence of symbols is stored in the lookahead 
buffer of size b. The compressor positioned at p the first 
string in the lookahead buffer looks for the longest string 
match of length n between the not-yet-encoded n-string xp 
and the already-coded string in the sliding window 
beginning at position v. Therefore, the matching string is 
fully described by n and v. Assuming that the source is an 
ergodic process and the length of the compressed text is 
large (L ) the entropy of the compressed string Hc is 
determined as the length M of the compressed string divided 
by the length L of the original data series and was first 
introduced as compression entropy CE in 2004 [10]. 

 
c

M
H

L
     (1) 

In summary, Hc indicates in which extent data from heart 
beat time series can be compressed using the detection of 
repetitive sequences.  

F. Detrended fluctuation analysis (DFA) 

The method of detrended fluctuation analysis was 
introduced 1995 by Peng et al. [14] and based on a modified 
random walk analysis. It quantifies the presence or absence 
of fractal correlation properties in non-stationary time 
series. DFA based on the computation of one index 1 of 
short-term fractal scaling properties and another index 2 of 
long-term fractal scaling properties [14]. The DFA contains 
the following steps: 

First, the BBI time series (of total length N) is integrated 
y(k) and then divided into equal and non-overlapping 
segments of length n. In each segment y(k) is detrended by 
subtracting the local trend yn(k) within this segment. The 
root-mean-square fluctuation value F(n) of the integrated 
and detrended time series is calculated by equation (2). 
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1
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N

n
k

F n y k y k
N

   (2) 

In our study, from the BBI time series the short-term 
fractal scaling ( 1) and long-term fractal scaling ( 2) 
exponent were calculated.  

G. Poincaré plot analysis (PPA) 

The Poincaré plots are two-dimensional graphical 
representation (scatter plots) of each BBI plotted against the 
subsequent BBI. PPA provides a visual and quantitative 
analysis of BBI sequences. Thereby, the shape of the plot, 
that is assumed to be influenced by changes in the vagal and 
sympathetic modulation, can be used to categorize the 
sequence into one of several functional classes and provides 

IFMBE Proceedings Vol. 25

274 S. Schulz, K.J. Bär, and A. Voss



mean ± std mean ± std mean ± std
meanNN *** *** n.s. 954.03 ± 124.74 773.85 ± 108.42 714.55 ± 84.29
sdNN * *** * 64.50 ± 21.89 49.86 ± 20.86 38.42 ± 14.42
rmssd * *** * 50.85 ± 21.99 34.30 ± 21.51 20.72 ± 12.53
pNN50 ** *** * 0.29 ± 0.21 0.14 ± 0.16 0.05 ± 0.10
LF/HF * ** n.s. 1.99 ± 1.56 3.70 ± 4.78 4.05 ± 4.53
LFn * ** n.s. 0.59 ± 0.16 0.69 ± 0.15 0.73 ± 0.14
HFn * ** n.s. 0.41 ± 0.16 0.31 ± 0.15 0.27 ± 0.14
Shannon * *** * 3.42 ± 0.36 3.10 ± 0.48 2.74 ± 0.49
Forbword n.s. *** * 15.52 ± 11.89 22.30 ± 13.02 32.57 ± 8.90
hLZ77w3b3 * *** * 0.82 ± 0.06 0.74 ± 0.11 0.67 ± 0.12
hLZ77w15b5 * *** * 0.57 ± 0.08 0.51 ± 0.08 0.45 ± 0.08
alpha1 * ** n.s. 0.91 ± 0.17 1.08 ± 0.22 1.18 ± 0.20
alpha2 n.s. n.s. n.s. 0.90 ± 0.13 0.91 ± 0.22 0.95 ± 0.19
SD1 * *** * 35.96 ± 15.55 24.26 ± 15.21 14.66 ± 8.86
SD2 * *** n.s. 83.08 ± 28.32 65.48 ± 26.36 51.90 ± 18.85
SD1/SD2 * *** * 0.43 ± 0.11 0.35 ± 0.12 0.27 ± 0.09

SD

G1 vs. G2 CON G1 G2

C
E

D
F

A
P

P
A

T
D

F
D

parameter G1 vs. CON G2 vs. CON

detailed beat-to-beat information on the behavior of the 
heart [15]. 

Typically, Poincaré plots show an elongated cloud of 
points oriented along the line of identity. Typically, three 
indices are calculated from Poincare´ plots: the standard 
deviation of the short-term BBI variability (minor axis of 
the cloud, SD1), the standard deviation of the long-term 
BBI variability (major axis of the cloud, SD2) and the axes 
ratio (SD1/SD2) [16]. These three parameters were 
calculated from BBI even there are strong correlations with 
linear parameters of HRV. 

H. Statistics 

The nonparametric Mann-Whitney U-test was assessed 
for the non-normally distributed parameters for the 
evaluation of all univariate differences in linear and 
nonlinear parameters between schizophrenic patients and 
healthy controls. Univariate significances were considered 
for values of p<0.05 and high significances for values of 
p<0.0001. 

Descriptive statistics are used to describe the basic 
features of the data as mean value and standard deviation. 

III. RESULTS 

A. HRV analysis in time and frequency domain 

Parameters from time- and frequency domain (Table 1) 
showed univariate significant differences (p<0.05) between 
G1 with CON. A considerably increase in the significance 
level (p<0.0001) was found 2-3 days in average after G1 in 
autonomic parameters comparing G2 with CON. Nearly 
every HRV parameter showed significant values of < 0.05 
comparing G1 with G2. HRV parameters from frequency 

domain revealed no significant differences between 
medicated patients and non-medicated patients. 

B. HRV analysis with non-linear dynamics 

Using SD only the parameter Shannon showed 
significant differences (p<0.05) between G1 and CON. 
Comparing G2 with CON all parameters from SD revealed 
a considerably increase in their significance level 
(p<0.0001). Investigating both patients groups non-
medicated patients (G1) with medicated patients (G2) the 
significance level decreased to values of p<0.05. 

Comparing non-medicated patients (G1) with controls 
(CON) revealed significant differences in CE (p<0.05). The 
significant level considerable increased (p<0.0001) when 
comparing patients under medication (G2) with CON. 
Almost all CE measures lost their high significant state by 
investigating the differences between G1 and G2 and 
showed only significant values of p<0.05. 

From DFA, only the short-term scaling exponents 1 
from BBI time series was significant different between G1 
and CON (p<0.05). Comparing patients under medication 
(G2) with CON the scaling exponent 1 also showed high 
significant differences. When analysing both patients 
groups no significant differences between medicated 
patients and non-medicated patients existed. This lower 
sensitivity is probably caused by the application of this 
method on short (30 min) time series. 

The PPA parameters from BBI characterizing the level of 
short-term (SD1) and long-term (SD2) variability as well as 
the ratio SD1/SD2 were reduced within the non-medicated 
group compared to CON. These parameters were highly 
reduced in G2 shown by a considerable increased 
significant level (p<0.0001) when comparing patients under 
medication (G2) with CON. All PPA measures lost their 
high significant state by investigating the differences 
between G1 and G2. 

Table 1: Statistical analyses - Univariate significances (p) for discrimination between schizophrenic patients and control subjects. 
* - p<0.05; ** - p<0.01; *** - p<0.0001; n.s. – not significant  
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IV. DISCUSSION AND CONCLUSION 

In this study we could demonstrate in schizophrenic 
patients a significant increase of mean heart rate and 
reduced linear as well as non-linear complexity measures of 
autonomic regulation suggesting a considerable autonomic 
dysregulation. 

In accordance with previous studies [3,5,6,17,18] we 
found that components of time and frequency domain HRV, 
SD and CE were significantly different in schizophrenia. 
The reduction in CE suggests a change in 
sympathetic/parasympathetic heart rate control [10]. The 
reduced Poincare plot indices reflect a sympathovagal 
interaction especially during exercises, SD1 quantifies the 
vagal activity in certain specific conditions [15]. The 
decrease in complexity indicates a restricted adaptability of 
the heart rate regulation to different requirements arising 
from posture or exertion [17,18].  

The revealed autonomic dysbalance could play a 
significant role in cardiovascular morbidity and mortality in 
patients with schizophrenia (arrhythmias, sudden cardiac 
death) and is reflected by an increased central sympathetic 
( LFn, LF/HF) and reduced parasympathetic tone ( rmssd, 

pNN50, HFn) in schizophrenia [17].  
Furthermore, we could show that antipsychotics 

significantly influence the autonomic regulation in 
schizophrenic patients which might further influence the 
pre-existing disease-related autonomic dysbalance [5,6,9]. 

However, we could not explicitly determine the main and 
specific influences of medical treatment on autonomic 
parameters because of different antipsychotics 
administration with different known side effects [6]. 

In conclusion we can state that schizophrenia 
significantly changes autonomic regulation and reduces 
significantly the complexity of heart rate regulation and that 
antipsychotics lead to an additional altered autonomic 
regulation in schizophrenic patients. 
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Dynamic Multi-scale Model for the Influence of Water on

Elastin
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Abstract - A dynamic multi-scale model is presented

for the elastin-water system that captures previously

published data on the effect of moisture on the glass

transition of the elastin. Elastin in vivo must operate

in the rubbery region, i.e. above the glass transition,

which depends on frequency and moisture content.

This model assumes neo-Hookean long-term behav-

ior and a relaxation modulus based on a molecular

bond energy function. The model reproduces the

glass transition behavior with respect to load fre-

quency and to ambient relative humidity. It predicts

dynamic responses such as creep and rate-dependent

stress-stretch relations, and so is not empirical in the

sense of being a fit to such data.

Keywords - multi-scale model, elastin-water system,

glass transition

I. Introduction

Almost all dynamic mechanical responses of soft tis-
sues in the body are non-equilibrium processes. Wa-
ter is known to play a key role in modulating dynamic
biomolecular interactions, for example by lowering the
glass transition temperature of elastin in the artery be-
low body temperature so that the elastin is rubbery. Yet,
mechanical analyses of soft tissues continue to employ
static methods. A thermodynamically consistent spatial
multi-scale modeling technique is needed to capture how
the bulk tissue time-dependent mechanical response is
influenced by the effect of water on the protein network.
The classical spring and dashpot empirical models are
not satisfactory because they predict relaxation times
that often have no physical interpretation. The model
proposed here accounts for specific mechanical effects of
water on the molecular network, rather than using bulk
approximations. This work is an element in the develop-
ment of a heterogeneous artery wall model that accounts

for the physiologically critical substructures in the me-
dia.

The nonlinear viscoelastic model is built from non-
equilibrium thermodynamic foundations that allow the
evolution equations for dissipation behavior to be de-
rived from an experimental long-term model, rather than
be assumed, and a maximum energy dissipation princi-
ple which supplements the second law of thermodynam-
ics. The quasi-static long-term behavior of the biological
material is represented, in general, by a nonlinear hyper-
elastic energy function ϕ.

Stress, P , and stretch, λ are conjugate thermodynamic
variables. The author’s uniaxial non-equilibrium maxi-
mum dissipation thermodynamic evolution equation is
from [1],

dλ

dt
= −k

(
∂2ϕ

∂λ2

)
−2 (

∂ϕ

∂λ
− P (t)

)
. (1)

Experimental viscoelastic response for soft biological tis-
sue has been recovered in [1] as a maximum dissipation
process based on ϕ being the Fung exponential hyper-
elastic model. This construction represents in a single
model the creep and stress relaxation data for soft tissue
that Fung represented with two models.

The only experimental data needed to apply the model
are the time-independent long-term model and the relax-
ation modulus, k. The form of the relaxation modulus
is chosen to bridge the molecular and bulk behavior to
make this construction a multi-scale model.

The uniaxial evolution equation obtained as in (1)
from the neo-Hookean hyperelastic model for the long-
term behavior of elastin is the time-dependent stretch
response under a time-dependent control stress of P (t),

λ̇ = −kλ

[
2μ

(
1 + 2λ−3

)]
−2 [

2μ
(
λ − λ−2

)
− P (t)

]
,

where the stretch λ is the ratio of the current length
to the reference length and μ is a multiple of the shear
modulus. This equation must be solved numerically.
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II. Mechanical properties of elastin

Stress-strain curves for elastin in the older literature
were performed on the very elastic neck ligament (lig-
amentum nuchae), usually from an ox. The tests con-
ducted in a water bath showed a J-shaped curve like that
of a neo-Hookean curve, but collagen fibers are present
in fiber bundles so obtained. Elastin does not crystallize
at high extensions, and so crystallization cannot con-
tribute to this shape, as suggested by Wöhlisch in 1939.
To ensure that the arterial elastin membrane structure
does not affect the stress-strain curve, arteries are typ-
ically treated to remove all material except the elastin
to yield an elastin sample in membrane form by auto-
claving in 0.1M NaOH at 75o for 5 hours. Again, the
stress-strain curve obtained from samples immersed in
water resembles the neo-Hookean J-shape [2].

The glass transition is the temperature at which the
polymer changes from rubbery to glassy. Artery elastin
must operate in the rubbery region to ensure the nec-
essary large deformation elastic behavior in response to
blood pressure. The glass transition of dry elastin is
about 200o C, but water interaction with elastin lowers
the glass transition in vivo to below the body tempera-
ture of about 37oC. A moisture content of about 24% is
needed to have the glass transition at room temperature
[3]. This value can be taken as the minimum moisture
content for the elastin to behave in the rubbery region
in vivo. The glass transition of elastin depends on load
frequency, moisture content and temperature.

The loss tangent, tan δ, is obtained from the phase
shift δ between a sinusoidal loading and the sinusoidal
response. It has been known for a long time that the loss
tangent takes a maximum in a neighborhood of the glass
transition, whether the polymer is crosslinked or not.

III. The multi-scale model

Moisture can hydrogen bond with elastin, a polypep-
tide with amide segments. An amide segment is
called ordered if it is sufficiently aligned with adjacent
molecules to create two hydrogen bonds between amide
groups and is called disordered if misalignment results in
only one amide-amide bond. The disordered segments
are sites that allow the hydrogen bonding of one wa-
ter molecule per amide group. Porter [4, p. 274] sug-
gests that the glass transition results from thermal en-
ergy overcoming the cohesive energy to permit mer unit
motion on a large scale. Such an idea indicates that
the loss tangent (tangent modulus) is a maximum at the
glass transition because, with the release of cohesive en-
ergy, a maximum amount of dissipation occurs.

The proposed model bridges the molecular and bulk
scales using the thermodynamic relaxation modulus, k.
A form of the relaxation modulus is needed that repro-
duces the experimental data of Lillie and Gosline on the
tangent modulus tan δ.

A. Modified Form of the Bond Function

The discrete molecular chain behavior is collected
into a continuum average bond potential function. The
Stockmayer potential, ψ, for the bond energy of polar
molecules, which generalizes the Lennard-Jones poten-
tial by adding a perturbation term, serves as a founda-
tion for the molecular analysis.

ψ = 4Ce

[(ro

r

)12

−
(ro

r

)6

− b
(ro

r

)3
]

, (2)

where r is average separation distance between the poly-
mer molecules, ro is the van der Waals separation for
the Lennard-Jones potential (where the energy is zero).
The first term is the arbitrary repulsive force term, the
second term is the attractive force term, and the third
term is the imperfection in the system. The bond force is
dψ/dr, which is zero at equilibrium. The bond stiffness
is d2ψ/dr2. The Lennard-Jones potential is obtained by
setting b = 0. The coefficient Ce > 0 is the magnitude of
the equilibrium energy for the Lennard-Jones potential
as can be seen by computing the equilibrium separation
re = 21/6ro, that which makes the first derivative of the
energy equal zero. The glass transition point, a second
order phase transition, when b = 0 occurs at a separation
rT = 1.244ro making d2ψ/dr2 = 0 by the Born criterion
since the binding force dψ/dr is maximum there. The
Born stability criterion states that the glass transition
occurs when the binding force between chain molecules
is a maximum because at that point the force can do
nothing but decrease. Since the binding force is the first
derivative of the bond energy, the Born criterion means
that the second derivative with respect to r is zero; i.e.
the molecular elastic modulus is zero.

Modifying the Lennard-Jones model to account for hy-
drogen bonded moisture is known to be a difficult prob-
lem [5]. Quantum chemistry has not yet accounted for
hydrogen bonding due to the complexity of the electron
energy distribution. Here the bond function is modi-
fied to account for temperature, θ, by taking Ce(θ) and
moisture content by adjusting the attractive force by the
function of ambient relative humidity g(rh) to obtain

ψ̂ = 4Ce(θ)[x
12 − g(rh)x6 − bx3] for x = (ro/r). The

presence of water molecules must affect the attractive
energy and thus the equilibrium separation. The equi-
librium energy must satisfy dCe/dθ < 0 since with an
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increase in temperature the potential well becomes more
shallow, i.e. the equilibrium bond energy decreases. The
specific entropy is defined to be η = dψ̂/dθ > 0. The
value rT = 1.244ro/f1/6 now gives the glass transition

separation where d2ψ̂/dr2 = 0. In contrast, Porter [4]
in his static GIM model assumes a potential which is a
superposition of the cohesive, configurational, thermal
and mechanical energies.

B. Relaxation Modulus for Water-Biopolymer Systems

The thermodynamic relaxation modulus, k, a multi-
scale bridge from the molecular to the membrane, is
taken to be a function of the temperature θ, the load
frequency ω, and the ambient relative humidity, rh. The
relaxation modulus is to be based on further modifica-
tions to the modified Stockmayer potential to account
for load frequency. A time rate of change of bond en-
ergy as the system relaxes is defined to be φ = f(ω)ψ̂,
where f(ω) has rate units, so that

φ = 4Ce(θ)f(ω)[x12 − g(rh)x6 − bx3]. (3)

Steady state occurs at the separation r = rs making
dφ/dr = 0. The thermodynamic relaxation modulus, k,
is taken to be d2φ/dr2 at the steady separation r = rs

(which is not the glass transition), because the second
derivative is a measure of the rate of change of the stiff-
ness of the system.

C. The Form of f(ω)

Assume that the moisture content and temperature
are fixed. The thermodynamic relaxation modulus, k,
obtained from (3) has the form of a constant times f(ω).
Since there are contradictory claims about the quasi-
static stress-strain behavior of elastin, the thermody-
namic construction based on both the linear elastic, as
a guideline, and the neo-Hookean hyperelastic models
for the long-term behavior are tested using the Haslach
thermodynamic construction.

Linear Elastic Long-term Model: A quadratic thermo-
static energy function, ϕ, that yields a linear elastic
thermostatic stress-strain curve always produces a linear
viscoelastic model. In stress control, let ϕ(ε) = 0.5Eε2

so that the general evolution equation for stress control
is ε̇ = −kεE

−2[Eε − σ(t)]. The relaxation modulus kε

must have units of stress/sec. For a dynamic loading, let
the sinusoidal loading be σ(t) = a sin(ωt). The evolution
equation has solution

ε(t) = ε(0) exp(−kεt/E) + kεaω exp(−kεt/E)

+
akε

E

[
kε sin(ωt) − Eω cos(ωt)

k2
ε + E2ω2

]
. (4)

The third term is the steady state response after the
transients die out as t → ∞.

The phase shift between the input and output is
obtained by comparing Eq (4) and the input σ(t) =
a sin(ωt) as functions of time. The expression (4) for
the dynamic response shows that the phase shift δ =
arctan(−Eω/kε) so that the strain response lags the ap-
plied stress. This form includes strictly monotonic load-
ings since if ω = 0 and if kε �= 0, then tan δ = 0 im-
plies no phase shift for a monotonic load as expected. If
the relaxation modulus is assumed constant as it is in
the Kelvin-Voigt model, this phase shift does not have
a peak between 0 and 8 Hz, and so does not represent
the response of the elastin-water system measured by
Lillie and Gosline [3]. So the most common spring and
dashpot model is not satisfactory.

However, since the phase shift δ varies inversely to kε,
to capture the tangent modulus having a maximum at
the glass transition, the relaxation modulus must have a
minimum at the glass transition. For example, the ex-
perimental results of Lillie and Gosline [3, Fig. 2] for
elastin with a moisture content of 28.1% giving the tan-
gent modulus as a function of frequency may be qual-
itatively captured by taking the simplest function with
a minimum, a parabola, kε = 0.1E[20 + 500(ω − 1)2],
where the coefficients (which have the required units)
were guessed by trial and error (Fig. 1) and performing
the computation over a range of frequencies. This result

shows that the relaxation modulus provides a bridge from

the molecular to the substructure scale.

Neo-Hookean Long-term Model: The assumption of the
neo-Hookean thermostatic strain energy for ϕ in the
context of the thermodynamic evolution equations con-
structed here produces a uniaxial nonlinear viscoelas-
tic differential equation. The response is broken into
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its spectrum using the fast Fourier transform technique.
The component with the same frequency as the excita-
tion ω is compared to the excitation to determine the
phase shift.

The neo-Hookean model in principal stretch coor-
dinates is ϕ(λ1, λ2, λ3) = μ

(
λ2

1
+ λ2

2
+ λ2

3
− 3

)
, The

stretches are components of the deformation gradient so
that the derivatives ∂ϕ/∂λi give the components of the
first Piola-Kirchhoff stress tensor, P . By putting λ3 = λ
and λ1 = λ2 = λ−1/2 from the incompressibility con-
dition λ1λ2λ3 = 1, the uniaxial neo-Hookean model is
ϕ(λ) = μ(λ2 + 2λ−1 − 3).

As an example, assume that the applied stress is si-
nusoidal, P (t) = a sin(ωt) with frequency ω/2π Hz. and
assume μ = 150 kPa. The response shows a single fre-
quency component with frequency equal to the input
frequency, but with a phase shift. The qualitative form
of Lillie and Gosline [3, Fig. 2] is captured by tak-
ing the simplest function with a minimum, a parabola,
kλ = 1.5μ[20 + 500(ω − 1)2], where the coefficients were
guessed by trial and error (Fig. 2) and performing the
computation over a range of frequencies. This result

shows that the relaxation modulus, in the nonlinear case,

provides a bridge from the molecular to the substructure

scale.

D. The Form of g(rh)

The model must also predict the influence of the
bound water on the glass transition. At the glass transi-
tion, as the moisture content or equivalently the ambient
relative humidity varies, tan δ goes through a maximum.
Again the linear elastic long-term energy case is a guide,
tan δ = Eω/k. Therefore k must have a minimum at the
glass transition moisture content for fixed temperature
and frequency. The same form of k is assumed for the
linear and the neo-Hookean long-term cases.

If the temperature and frequency are held fixed, then
(3) implies that k = d2φ/dr2 evaluated at r = rs has
the form A + Bg(rh). The function g(rh) = exp{[rh −
h(θ)]2}, where 0.95 ≤ rh ≤ 0.995 and h(θ) is the relative
humidity at which the glass transition occurs for a tis-
sue temperature θ reproduces the qualitative form of the
data of Lillie et al. [6, Fig. 6]. This result shows that the

relaxation modulus, in the hydrogen bonded water case,

provides a bridge from the molecular to the substructure

scale.

IV. Model Predictions

The model predicts that, as expected, the stress-
stretch behavior as a function of moisture content above
the glass transition gives a larger stretch for a given
stress. The creep response under similar conditions fol-
lows the same pattern as the stretch-strain curves above
the glass transition. A high rate loading tends to stiffen
the stress-stretch response.
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Abstract— Many researchers have referred to the human 
body as an inverted pendulum. The inverted pendulum model, 
relating the center of mass (COM), the controlled variable, 
with the center of pressure (COP), the controlling variable, 
shows that the differences between COP and COM are propor-
tional to the horizontal accelerations of the body. Using the 
three-dimensional motion analysis synchronized with three 
force plates, the inverted pendulum model was applied to four 
different movements (quiet standing, intended postural sway, 
falling and walking) in twenty healthy volunteers who have no 
musculoskeletal problems and balance disorders in order to 
investigate the relationship among COP, COM and the hori-
zontal acceleration of the body. We also performed the cross-
correlation analysis between (COP-COM) and the horizontal 
acceleration of the body. Results revealed that (COP-COM) 
had high negative correlations with the horizontal acceleration 
in quiet standing and postural sway. In addition, high negative 
correlations between (COP-COM) and horizontal accelera-
tions of the body were found before falling occurs, but high 
positive correlations were found once falling occurs. However, 
during walking, high negative correlations between (COP-
COM) and midial/lateral accelerations of the body were found. 
Therefore, the correlation between (COP-COM) and horizon-
tal accelerations of the body based on the inverted pendulum 
model can be used to determine the postural stability in falling. 

Keywords— Center of mass, Center of pressure, COP-COM, 
Postural sway, Falling, Walking. 

I. INTRODUCTION  

Falls are a major health problem in elderly people. Espe-
cially, accidental falls are the main cause of injury in people 
over the age 65 and result in accidental death in people over 
the age of 85 [1]. Postural instability has been identified as 
one of the most common causes of falls in the elderly [2].  

The postural control is maintained by a complex sen-
sorimotor system, which integrates information from the 
visual and somatosensory system [3]. To examine postural 
control, many studies have used movements of the whole 
body center of mass (COM) and its relative position to the 
center of pressure (COP) of the supporting foot. Winter [4] 
suggested that the vertical projection of COM should be 

within the base of support during locomotion for balance to 
be maintained. Also, the maximum horizontal separation 
distance between COM and COP during single limb stance 
was reported to sensitively quantify gait instability in pa-
tients with cerebellar ataxia [5]. In addition, dynamic stabil-
ity during locomotion has been assessed using COM mo-
mentum, and an excessive lateral momentum was identified 
in imbalance of elderly [6].  

The most common model used to characterize the pos-
tural control is the inverted pendulum. Many researchers 
have referred to the human body as an inverted pendulum. 
In this model, the postural control is defined by the relation 
between COP and the whole body COM. Especially, the 
difference between the COP and the whole body COM, 
(COP-COM), was highly correlated to the horizontal accel-
eration of the whole body COM during postural sway and 
was reported as the ‘error’ of the postural control system 
and provided important insight into the postural control 
mechanism [7, 8, 9]. Recently, Corriveau et al. [10] has 
been shown that the root mean square (RMS) error of the 
(COP-COM) is greater in elderly with neurological impair-
ments compared with healthy. 

 Although the most falls occur during locomotion, 
many studies into balance during quiet and perturbed stand-
ing had evolved. In this study, we investigated the relation-
ship among COP, COM and the horizontal acceleration of 
the whole body COM and the feasibility of the inverted 
pendulum model in postural sway, falling and walking.  

II. METHODS 

A. Subjects and motion analysis 

Using the 3D motion analysis system (VICON Motion 
Systems Ltd., England) with six infrared cameras synchro-
nized with three force plates (AMTI, U.S.A.), the inverted 
pendulum model was applied to four different motions 
(quiet standing, intended postural sway, falling and walk-
ing) in twenty male volunteers (age: 24.7±1.3yrs, height: 
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169.8±5.9cm, weight: 66.7±7.2kg) who have no muscu-
loskeletal problems and balance disorders in order to inves-
tigate the relationship among COP, COM and the horizontal 
acceleration of the body. Whole body COM position data 
were calculated as the weighted sum of all body segments 
[4]. In order to calculate 3D locations of segmental COMs, 
we attached 38 reflective markers on feet, legs, pelvis and 
upper extremities based on Helen-Hayes marker set [11]. 
COP position data were calculated using the ground reac-
tion forces and moments measured with three force plates. 
During the double stance phase, the COP position data were 
calculated for both feet using the COP and vertical ground 
reaction force from each foot [9].  

B. The inverted pendulum model 

Fig. 1 shows the inverted pendulum model of the human 
body in the sagittal plane. In the inverted pendulum model, 
we can estimate the horizontal linear acceleration ( x ) of the 
whole body COM is related as if Eq. 3 using the ground 
reaction force (GRF ), the body weight (W ), the location 
of COP (u ) and the whole body COM ( x ). 

l
x

IxWGRFu )(                                                         (1) 

mgWGRF                                                                 (2) 

xKx
g
l

xu                                                           (3) 

 
where K  is constant. Thus the difference between the COP 
and the whole body COM is proportional to the horizontal 
acceleration of the whole body COM.  
 

Fig. 1 An inverted pendulum model of the human body 
in the sagittal plane. 

 
To compare with (COP-COM) and the acceleration of the 

whole body COM in both anterior/posterior (A/P) and me-
dial/lateral (M/L) directions, (COP-COM) was cross corre-

lated with the acceleration of the whole body COM in each 
direction using Matlab 6.5 (Mathworks, U.S.A.).  

III. RESULTS  

Fig. 2(a) shows data of time series of COP and the whole 
body COM for one subject in the postural sway. The fea-
tures of COP and the whole body COM resembled each 
other closely in both directions. However, COP was slightly 
larger than the whole body COM as it fluctuated around the 
whole body COM in both directions. Fig. 2(b) shows data of 
time series (COP-COM) and the horizontal acceleration of 
the whole body COM for one subject in the postural sway. 
The features of (COP-COM) resembled the inverse form of 
the acceleration of the whole body COM well. As a result of 
cross correlation, (COP-COM) had high negative correla-
tions with the acceleration of the whole body COM as -
0.96 0.02 in the A/P direction and -0.95 0.03 in the M/L 
direction. This result shows that (COP-COM) can be di-
rectly related to the horizontal acceleration of the whole 
body COM in postural sway based on the inverted pendu-
lum model.   

 

      
(a)                                         (b) 

Fig. 2 COP and COM in the A/P and M/L sway  
(a) COP and COM fluctuations 

(b) (COP-COM) and the acceleration of the body COM 
 

Fig. 3(a) shows data of time series (COP-COM) and the 
acceleration of the whole body COM for one subject in the 
falling. The features of (COP-COM) resembled the inverse 
form of the acceleration of the whole body COM before 
falling occurs. As a result of cross correlation, (COP-COM) 
had high negative correlations with the acceleration of the 
whole body COM as -0.92 0.06 in the A/P direction and -
0.89 0.13 in the M/L direction before falling occurs, but 
high positive correlations were found as 0.81 0.05 in the 
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A/P direction and 0.77 0.24 in the M/L direction once 
falling occurs. In addition, during walking, (COP-COM) 
had low negative correlations with the acceleration of the 
whole body COM as -0.21 0.12 in the A/P direction, 
whereas high negative correlations were found as -
0.87 0.11 in the M/L direction (Fig. 3(b)). This result 
shows that (COP-COM) can be directly related to the hori-
zontal acceleration of the whole body COM before falling 
occurs based on the inverted pendulum model. 

 

     
(a)                                                 (b) 

Fig. 3 (COP-COM) and the acceleration of the body COM 
(a) falling     (b) gait 

IV. DISCUSSION  

This study investigated the relationship among the center 
of pressure, the center of mass and the acceleration of the 
whole body COM in postural sway, falling and walking 
using the 3D motion analysis system synchronized with 
three force plates. Results revealed that (COP-COM) had 
high negative correlations with the acceleration of the whole 
body COM in postural sway. In addition, high negative 
correlations between (COP-COM) and the acceleration of 
the whole body COM were found before falling occurs, but 
high positive correlations were found once falling occurs. 
However, during walking, high negative correlations be-
tween (COP-COM) and the acceleration of the whole body 
COM were found in M/L direction. Therefore, the correla-
tion between (COP-COM) and the acceleration of the whole 
body COM based on the inverted pendulum model can be 
used to determine the postural stability in falling. Further-

more, a better understanding of biomechanical challenges 
and new method imposed on whole body dynamic stability 
during locomotion will provide an opportunity to reduce the 
incidence of falls in the elderly through early detection and 
intervention.  
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Abstract—This paper proposes a new method for 
segmentation and discrimination of breast tumor in 
ultrasonic images. To achieve accurate segmentation 
of breast tumors, I used an adaptive speckle 
suppression filter based on a log-compressed K-
distribution and a geodesic active contour model. This 
paper also describes effective features and classifiers 
for accurate discrimination of breast tumors. I 
defined 118 features corresponding to diagnostic 
observations used by medical doctors, such as internal 
echo, shape, and boundary echo. These features 
included novel features based on the estimated 
parameter of the log-compressed K-distribution and 
mathematical morphology. Furthermore, this paper 
proposes a method for discrimination of breast 
tumors using an ensemble classifier trained by the 
multi-class AdaBoost algorithm combined with a 
sequential features- selection process. Validation 
testing using 200 carcinomas, 50 fibroadenomas, and 
50 cysts showed the high performance of the proposed 
method of segmentation and discrimination. 

I.   INTRODUCTION  

The early discrimination and treatment of breast tumors 
is important in medicine and for the general public. 
Diagnostic observations in an ultrasonic image are critical 
in discriminating breast tumors. According to [1], these 
include: (a) internal echo, (b) shape, (c) boundary echo, 
and (d) acoustic findings (posterior echoes and lateral 
shadows). Observations (a)–(c) are used for discrimination 
between malignant and benign tumors (see Table 1), and 
(d) is used for classification of tissue characteristics. 

There has been a great deal of research on segmentation 
of breast tumors using features based on the diagnostic 
information (a) and (b) [2-5].  For instance, texture analysis 
is used to detect the differences in the statistical 
characteristics of internal echo patterns between benign 
and malignant tumors. Texture-based features are currently 
obtained from the K-distribution [2] or the features based 
on grayscale co-occurrence matrices [3].  Moreover, some 
methods have used features based on the tumor shape 
[4][5], where the depth–width ratio (D/W) and roundness 
are used for segmentation of breast tumors. These 
conventional methods use features corresponding to only 
one of the diagnostic observations ((a) or (b)), although it is 
necessary to use features based on the overall 
characteristics from (a) to (d) to realize an accurate 
discrimination of breast tumors. Furthermore, 

conventional methods [3-5] use general image processing 
techniques, which are not specified for tumor 
segmentation, then segmentation accuracy is not sufficient. 

To improve the segmentation accuracy and 
discrimination of breast tumors, it is necessary to use 
particular characteristics of ultrasound echoes from the 
human body. Conventional methods [2] use features based 
on the K-distribution, but these are not applicable to the 
log-compressed ultrasound images obtained from general 
medical ultrasonic equipment .  I proposed a method for 
estimating a K-distribution parameter from a log-
compressed ultrasonic image [6]. The parameter (defined 
as K-p) can quantify the homogeneity of an echo pattern 
[7]. I believe that statistics based on K-p provide effective 
features for discriminating breast tumors. 

The components of my proposed method for 
segmentation and discrimination of breast tumors in 
ultrasonic images are: (A) a speckle suppression filter 
based on the log-compressed K-distribution, (B) 
segmentation of the tumor region by using an adaptive 
speckle suppression filter [6] and a geodesic active contour 
model [8], and (C) discrimination of breast tumors using 
the AdaBoost learning algorithm with feature selection. To 
discriminate breast tumors extracted from ultrasonic 
images by (A) and (B), I defined 118 features, including 
novel features based on K-p statistics. This paper proposes 
a method for discriminating breast tumors using the 
AdaBoost.M2 algorithm [9] with features selection. I 
examined the effectiveness of the new features and the 
proposed method for discrimination using the multi-class 
AdaBoost algorithm. The analytical breast tumor data 
consisted of 200 carcinomas, 50 fibroadenomas, and 50 
cycts. 

II.   METHODOLOGY 

(A) Adaptive Speckle Suppression Filter 

To enable highly accurate segmentation of breast 
tumors, pre-processing to suppress speckle pattern noise 
is important. However, general purpose speckle 
suppression filters blur tumor boundaries. The adaptive 
speckle suppression filter (ASSF) proposed in [6] 
suppresses speckle pattern noise without blurring the 
boundaries, and is used for pre-processing in this study. 
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(B) Segmentation of Breast Tumors 

After filtering by the ASSF, speckle pattern is 
suppressed, and the border of a tumor is emphasized. 
Thus, the differential information of the image is 
effective for extracting the contour accurately. In this 
study, a geodesic active contour model (GACM) [8] 
performs accurate detection of the tumor border. The 
GACM is initialized by a connected component with 
maximum area acquired by thresholding a filtered image 
by the ASSF. 

 
(C) Discrimination of Breast Tumors  

a) Features for Discrimination 
To differentiate among carcinomas, fibroadenomas, 

and cysts, the diagnostic criterion (a)–(c) are necessary. 
In this paper, I present 118 features (consisting of the K-
p related features, morphological operation based 
features, and conventional features), which cover the 
range of diagnostic observations. The K-p related 
features are computed by my proposed method [6]. The 
morphology based features are statistics based on pattern 
spectrum of a region extracted by the proposed 
segmentation. A structural element of a morphological 
operation is a circle which radius is proportional to the 
size of an extracted region. Table 1 shows the features 
with a code defined for each feature; the asterisk 
indicates that the feature is proposed in this study. In this 
study, the boundary zone of a tumor was defined as 
below (see also Fig.1 (b)-(d)): 

border— the surface between a tumor and a non-tumor 
region  

margin—the region in a tumor close to a non-tumor 
region  

periphery—a non-tumor region neighboring a tumor  
The periphery and margin were defined by dilation 

and erosion with a circular structural element [10] whose 
diameter is set to W�  4, where W indicates the width of 
the tumor. 

 
b) Discrimination by using AdaBoost.M2 

The features F1-F118 in Table 2 cover all of the 
diagnostic criteria (a)–(c). However, all of these are not 
necessarily used for discrimination of a breast tumor. To 
achieve accurate discrimination, it is important to develop a 
superior classifier with optimal feature selection. 

 

 

 

 

 

 

 

 

 In this study, highly accurate discrimination is achieved 
using the AdaBoost.M2 machine learning algorithm [9], 
combined with automatic selection of effective features. 
The AdaBoost algorithm can construct an ensemble 
classifier by connecting weak classifiers. Each weak 
classifier is trained by selecting an optimal feature set, 
which minimizes discrimination error. In each weak 
classifier, AdaBoost focuses training on the samples that 
are discriminated incorrectly at the preceding weak 
classifier; thus, the eventual ensemble classifier can 
improve discrimination accuracy. 

 Figure 2 shows the proposed method for discriminating 
breast tumors using AdaBoost.M2 with feature selection. 
Each sample � � (� =1, 2, ···) is obtained by the proposed 
segmentation process (B) and has a true label li. Each 
sample that belongs to carcinoma has a label value 1. In the 
same way, each sample that belongs to a fibroadenoma or a 
cyst has a label value of 2 or 3, respectively. A tumor 
sample � � is discriminated by selecting the label that 
minimizes the Mahalanobis distance between the training 
and test samples. Each true region of a tumor in the 
training data is detected manually. Both training and test 
samples of breast tumors are extracted regions obtained by 
the segmentation process (B). 

III.   EXPERIMEANTAL RESULTS AND DISCUSSION 

A.   Materials and Validation 

The resolution of tumor images in this experiment is 
10−1 × 10−1 mm2/pixel, and they were quantized to 256 
levels of gray scale. The size range of each tumor is from 
5 to 27 mm wide (W as defined in Fig. 1). The 
experimental ultrasonic images consisted of 200 
carcinomas, 50 fibroadenomas, and 50 cysts. 

Next, we explain how to experimentally verify my 
proposed discrimination method. First, tumor samples xi 
(� = 1, ···, 300) were divided into ten groups, such that 
each group consisted of 30 samples (20 carcinomas, 5 
fibroadenomas, and 5 cysts). Here, nine groups are used 
as training data sets, and the remaining group is used as 
test samples. I evaluated the discrimination accuracy 
with a 10-fold cross validation for different combination 
of training and test data.  

T able 1 Diagnostic criteria for carcinoma, fibroadenoma, and cyst [1] 
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Table 2: Features with their code numbers.   Features are 
classified into three categories corresponding to observations  
(a) to (c) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

In this table, asterisk indicates features proposed in this study. 
Subscripts R and B indicate that the feature is computed from an 
inside of the tumor or derived from local blocks covering the 
tumor. AVG and SD indicate an average and a standard deviation, 
respectively. Three features, ENG, IDM, and INT, computed from 
a co-occurrence matrix, are energy, inverse difference moment, 
and inertia, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1 Parameters of the size and border zone of a tumor 

B.   Segmentation of Breast Tumors 

Figure 3 shows examples of each tumor sample 
(carcinoma) and the region of the tumor extracted by the 
proposed segmentation method. From the 10-fold 
validation test, the Jaccard index between the regions 
extracted by (B) and true region, obtained by manual 
extraction, ranged between 88.1% and 93.7% and the 
average was over 91.9%. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

Fig. 2: Learning procedure of AdaBoost.M2 algorithm for breast 
tumor discrimination 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig.3 Example of ASSF and segmentation results 
 

286 A. Takemura



  
 IFMBE Proceedings Vol. 25  

 

C.   Discrimination of Breast Tumors 

I examine the accuracy of the proposed method for 
discrimination, which uses 118 features (F1-F118) and 
an ensemble classifier trained by AdaBoost.M2 with 
effective feature selection. 

Figure 4 shows the relationship between the average 
error rates and the number of weak classifiers of 
AdaBoost.M2 with optimal feature selection. The 
average error rate of each tumor was calculated by 10-
fold cross validation. Figure 4(a) shows the error rates 
with the proposed method (processes (A)–(C)). In this 
figure, the error rate decreased as the number of weak 
classifiers increased, reaching minimum when there were 
seven weak classifiers. This figure shows that 
discrimination of cysts was complete, but the error rates 
remained for carcinoma and fibroadenoma. Figure 4(b) 
shows the error rates of discrimination of true tumor 
regions, which were extracted manually. Note that in 
Fig. 4(b), the error rate decreased as the number of weak 
classifiers increased and finally reached 0% with six 
weak classifiers. Fig. 4 (a) and (b) show that improving 
segmentation accuracy is necessary to increase the 
discrimination accuracy.  

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

Fig. 4 Relationship between error rate and the number of weak 
classifiers 

IV.   CONCLUSION 

This paper proposed a novel method for segmentation 
and discrimination of breast tumors in ultrasonic images. 
To improve the discrimination accuracy, I defined novel 
features based on the estimated parameter of log-

compressed K-distribution and the pattern spectrum of 
mathematical morphology. I also proposed a method for 
discriminating breast tumors using an ensemble classifier 
trained by AdaBoost.M2 with features selection. A 
validation test, using 200 carcinomas, 50 fibroadenomas, 
and 50 cysts, indicated the effectiveness of the novel 
features and the proposed discrimination method. For 
future study, a combination of more powerful 
segmentation and discrimination methods is necessary, 
since this combination can automatically diagnose breast 
mass in an ultrasonic image. 
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Abstract— This paper investigates the use of Neural Net-
works in recognizing Malay vowels of children in speaker-
independent manner. Malay vowels are comprised of /a/, /e/, 
/ə/, /i/, /o/ and /u/. Speech database is collected from 300 Malay 
children between seven and twelve years old. Each speaker 
contributes two samples per vowel sound. The speech database 
is organized equally into training set and test set. The speech 
sounds are sampled at 20 kHz with 16 bit resolution. A single 
frame of cepstral coefficients is extracted around the vowel 
onset point using Linear Predictive Coding. Multi-Layer Per-
ceptron (MLP) with one hidden-layer is used to train and 
recognize the vowel sounds. The output of the MLP consists of 
6 neurons, which correspond to the 6 vowel sounds. Experi-
ments are conducted to determine the optimal signal length of 
vowels, and hidden neuron number of MLP. A maximum 
recognition rate of 75.00% is achieved at signal length of 30ms 
and 35ms.  

Keywords— Linear Predictive Coding, Malay Vowels, Multi-
Layer Perceptron, Neural Networks, Speaker In-
dependent.  

I. INTRODUCTION  

Most of the study on vowel recognition is done based on 
adult data [1-2]. However, the acoustic and linguistic char-
acteristics of children’s speech are different with those of 
adult speech [3-5]. Pitch and fundamental frequencies of 
children’s speech are higher compared to adult’s speech. 
The characteristics of children’s speech are highly influ-
enced by the anatomically and physiologically changes 
during child’s growth [2, 6]. Due to this, the speech charac-
teristics of children are more dynamic and inconsistent. 

In phonetics, a vowel is a sound pronounced with an 
open vocal tract where there is no build-up air pressure at 
any point above the glottis. Vowel may be contrasted with 
consonants, where there is constriction or closure at some 
points along the vocal tract. In nearly all languages, words 
must contain at least one vowel and words can be formed 
without consonants. Generally, vowels form the nucleus of 
syllables, whereas consonants form the onset and coda. 

There are 6 vowels in Standard Malay (SM) phonemes, 
which are /a/, /e/, /ə/, /i/, /o/, and /u/ [7]. Vowels sounds are 
produced based on the articulation features, such as height, 
backness, roundedness and so on. Vowel height is referred 
to the vertical position of the tongue relative to either the 

roof of the mouth or the aperture of the jaw. Meanwhile, 
vowel backness is named for the position of the tongue 
during the articulation of a vowel relative to the back of the 
mouth. Roundedness refers to whether the lips are rounded 
or not. Fig. 1 shows the articulation features of each vowel. 

 
Fig. 1 The anatomy when /e/ vowel sound is produced 

Multi-Layer Perceptron (MLP) is a useful recognizer to 
classify vowels due to its backpropagation learning algo-
rithm. In this study, MLP with one hidden layer is used to 
train and recognize the Malay vowels. One hidden layer is 
sufficient to perform the given task as more layers will 
create arithmetic precision problems because the nonlinear 
calculations are cascaded. The performance on MLP is 
influenced by the setting of parameters such as hidden neu-
ron number and training error. The relationship of these 
parameters with recognition rate is investigated. 

II. METHODOLOGY 

A. Database Collection 

Speaker-independent vowel recognition requires a broad 
population of speakers to train the inter-speaker variability. 
In this study, 300 Malay children with their age between 
seven to twelve years old were involved in the speech re-
cording. The speakers were divided equally into test set and 
training set. A high quality unidirectional microphone was 
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used to record the speech. The speech token was sampled at 
20 KHz with 16-bit. Speech recording was conducted in 
normal room environment. 

Six Malay Vowels were extracted from Malay conso-
nant-vowel syllables, such as /ba/, /be/, /bə/, /bi/, /bo/, /bu/, 
/da/, /de/, /də/, /di/, /do/ and /du/. Each Speaker contributed 
2 samples per vowel sound. There total number of speech 
samples for test set and training set was 1800 each respec-
tively. The summary is shown in Table 1. 

Table 1 Summary of Speech Database 
 Test set Training set 
Speaker 150 150 
Sample per vowel 300 300 
Speech Sample 1800 1800 

 

B. Speech Features Extraction 

 The speech features are extracted using Linear Predic-
tive Coding. The output of speech features extraction will 
be used as the input of speech recognition system. Initially 
the Malay vowel signal is segmented. Segmented signal is 
then pre-emphasized to flatten the signal.  
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 The length of the vowel signal is tested from 10ms to 
40ms. Signal frames is then Hamming windowed to set the 
signal zero at the beginning and end of the frame. 
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 Autocorrelation method is applied on the windowed 
signal. The value of p is the order of LPC analysis. LPC 
order is dependent on the sampling rate. The suggested LPC 
order for sampling rate of 20 kHz is ranged from 20-24[8].  
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 Next, the autocorrelation coefficients are converted into 
LPC coefficients by applying Levinson-Durbin recursion 
algorithm. 
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Where ki are the reflection or PARCOR coefficient and aj 
are the LPC coefficients. Equations (5-9) are solved recur-
sively for i = 1,2... p. The final solution for LPC coefficient 
is given as: 

pjaa p
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LPC coefficients are then converted into cepstral coeffi-
cients as cepstral coefficients are more robust to noise. 
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In order to reduce the sensitivity to noise, cepstral coeffi-
cients are weighted with a standard technique. 
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Lastly, the weighted data are normalized in between -1 and 
+1 before being used to train the Multi-layer Perceptron. 
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C. Multi-Layer Perceptron 

 Multi-layer Perceptron (MLP) is one of the most popular 
types of Neural Networks.  It is good at recognizing com-
plex patterns in a very parametric way [9]. Many studies on 
vowel recognition implement this technique to recognize 
the vowel sounds [10-13]. A typical MLP networks consists 
of an input layer of source neurons, one or more hidden 
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layers of computational neurons and an output layer of 
computational neurons. A model of MLP with one hidden 
layer is shown in Fig 2. 

The learning rules of MLP are based on the principle of 
error back propagation.  MLP is trained with supervised 
learning algorithm to minimize the training error. The 
trainning is stopped when it achieves the maximum number 
of epoch or a minimum training error, Erms. Erms is defined 
as : 
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       (17) 

where P is the total training pattern in an epoch and K is the 
output layer size. MLP learns by making adjustment after 
each presentation of each training pattern. 

 
Fig. 2 MLP model with one hidden layer 

The weights and biases are initialized between –0.3 and 
+0.3. The preset training error is 0.01 and the maximum 
epoch number is 1000. MLP is trained with signal length 
starting from 10ms to 40ms, in a step of 5ms. MLP is also 
trained with hidden neuron number between 20 and 200, in 
a step of 10. Experiments are conducted to determine the 
optimal signal length and hidden neuron number.  

III. RESULTS AND DISCUSSION  

The performance of MLP at different signal lengths is 
shown in Table 2. The maximum recognition rate of 75% 
was achieved at signal lengths of 30ms and 35ms. The test 
recognition rate increased with increment of signal length. 
At signal length of 40ms, the recognition rate decreased. 
This indicated that longest signal length did not guarantee a 
maximum recognition rate.  

From the result, the maximum test recognition rate was 
achieved at a training error higher than the preset minimum 
training error. Thus, a minimum training error did not guar-
antee a maximum recognition rate for the test set.  

The maximum recognition rate was achieved at different 
signal lengths with different hidden neuron number. At each 
signal length, the maximum test recognition rate was 
achieved at hidden neuron number less than the maximum 
of 200. This confirmed that maximum hidden neuron num-
ber did not guarantee a maximum test recognition rate as 
well. The MLP needs appropriate hidden neuron number in 
order to achieve the maximum recognition rate.  

Table 2 Performance of MLP at different signal lengths 
Signal 
Length 
(ms) 

Max. Test 
Recognition 

Rate  

Training 
Recognition 

Rate 

Epoch Training 
Error 

Hidden 
Neuron 
Number 

10 73.28 80.44 49 0.1707 100 
15 73.94 77.22 28 0.1807 60 
20 74.33 85.33 114 0.1528 90 
25 74.83 80.56 47 0.1719 90 
30 75.00 81.50 59 0.1654 160 
35 75.00 81.39 55 0.1678 200 
40 74.94 81.28 61 0.1642 80 
 
The relationship between training error and epoch is 

shown in Fig. 3. The training error was comparatively large 
at the initial epoch. As the epoch increased gradually, the 
training error decreased gradually as well. However, the 
training error did not achieve the minimum preset training 
error and the training was stopped at the maximum epoch of 
1000.  

 Fig. 4 shows test recognition rate increased drastically 
with the increment of epoch until achieving a maximum rate 
at an epoch of 59. Afterwards, the recognition rate de-
creased gradually with the increment of epoch. This again 
confirmed that the maximum epoch did not guarantee a 
maximum recognition rate.  

Fig. 3 Training error vs epoch 
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Fig. 4 Recognition rate vs epoch 

CONCLUSION 

Malay vowel recognition of children has been studied us-
ing Multi-layer Perceptron in a speaker-independent man-
ner. A maximum recognition rate of 75% is achieved by just 
examining a single frame of the vowel signal at 30ms and 
35 ms. The result shows that lowest training error and max-
imum epoch do not lead to a maximum test recognition rate. 
Multiple frames of vowel signal will be studied to improve 
the recognition rate in future. The outcome of the study will 
be applied in developing Malay vowel speech therapy and 
diagnostic system for children with speech impairment.    
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Alveolar Consonant Recognition of Malay Children Using Neural Networks 
H.N. Ting and J.X. Lee 

Department of Biomedical Engineering, Faculty of Engineering, University of Malaya, 50603 Kuala Lumpur, Malaysia 

Abstract— This paper presents the speech recognition of 
Malay Alveolar consonants of Malay children using neural 
networks in a speaker-independent manner. The Alveolar 
consonants consist of /d/, /t/, /l/, /r/, /s/, /z/ and /n/. The Alveolar 
consonants are combined with six Malay vowels to form the 
consonant-vowel (CV) syllable sounds. 100 children are in-
volved in the speech recording with a total of 4200 speech 
sounds. The speech sounds are recorded at a sampling rate of 
20 KHz with 16-bit resolution. Linear Predictive Coding (LPC) 
is used to extract the speech feature extraction. Multi-layer 
Perceptron (MLP), which is one of the most popular neural 
networks, is used to classify the Alveolar consonants. Experi-
ments are conducted to determine the optimal signal length of 
the consonants, and hidden neuron number of MLP. A maxi-
mum recognition rate of 62.14% is obtained at signal lengths 
of 150ms and 160ms. 

Keywords— Alveolar, Linear Predictive Coding, Malay, Multi-
layer Perceptron, Speaker-independent. 

I. INTRODUCTION 

During the last few decades, many researchers have de-
veloped speech recognition systems in different languages 
using different methods [1-7]. The speech recognition sys-
tems are implemented in a speaker-dependent manner as 
well as speaker-independent manner.  

Neural network is a supervised learning method, which 
compares the actual output with the target output from the 
training set, and adjusts its network parameter accordingly. 
Thus it has become famous in speech recognition due to that 
it does not require a prior knowledge of speech information 
[3-6].  

The paper investigates the speech recognition of Alveolar 
consonants of Malay children using neural networks in a 
speaker-dependent manner. Alveolar is referred to one of 
the places of articulation. It is produced with the tip or blade 
of the tongue against the alveolar ridge. The alveolar conso-
nants involved in the study are comprised of /d/, /t/, /l/, 
/r/,/s/, /z/ and /n/. 

The speech database, speech feature extraction and neur-
al network are described in Section II. Results and discus-
sion are presented in Section III and the paper is concluded 
in Section IV.  

II. METHOD 

A. Speech Database  

A total of 100 Malay children speakers comprising of 48 
males and 52 females were involved in the speech database 
collection. These speakers were between 7 to 12 years old. 
The GoldWave audio editor was used to record the speech 
sounds at a sampling rate of 20 kHz with 16-bit resolution. 
This recording was done in a normal room environment. 
The speech database is organized into training set and test 
set. The training set is used to train the neural network while 
the test set is used to validate the recognition rate of the 
neural networks. Both of the database sets are not in com-
mon, which allows the speech recognition to be conducted 
in a speaker-independent manner.  The distribution of 
speakers into training set and test set is shown in Table 1. 

Table 1: Distribution of speakers for training set and test set. 

 
No Age  Training set Test Set Total (year old) Male Female Male Female 
1 7 4 5 3 4 23 
2 8 4 4 5 4 25 
3 9 4 4 4 5 26 
4 10 5 5 4 4 28 
5 11 4 4 4 5 28 
6 12 3 4 4 4 27 
7 Sub-total 24 26 24 26 100 8 Total 50 50 
 

The Alveolar consonants are combined with six Malay 
vowels (/a/, /ə/, /e/, /i/, /o/, /u/) to form the Consonant-
Vowel (CS) syllable sounds. Each of the speakers contri-
buted 42 syllable sounds. The detail of number syllable of 
training set and testing set is summarized in Table 2. 

Table 2: Number of syllable sounds for training set and test set 

No Consonant Training set Test set Total 
1 /d/ 300 300 600 
2 /l/ 300 300 600 
3 /n/ 300 300 600 
4 /r/ 300 300 600 
5 /s/ 300 300 600 
6 /t/ 300 300 600 
7 /z/ 300 300 600 

 Total 2100 2100 4200 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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B. Speech Feature Extraction 

Linear Predictive Coding (LPC) is used to extract the 
speech features from the speech sounds. The basic principle 
behind the LPC is that the current speech sample can be 
predicted as a linear combination of the past speech sam-
ples. The process of speech feature extraction is shown in 
Fig. 1 [8].   

 
Fig. 1 Process of speech feature extraction 

The edge detection determines the start and end points of 
the speech sounds by comparing their speech sound’s ener-
gy-power. Start point is defined if the frame’s energy-power 
exceeds the preset threshold value while end point is deter-
mined if the frame energy-power is less than the preset 
threshold value. 

A preemphasis is used to spectrally flatten the signal in 
order to make it less susceptible to finite precision effects.  

H(z) = 1 – az-1,   0.9 ≤  a ≤  1.0,          (1) 

where the most common value for a is 0.95. 
According to Rabiner and Juang [8], the speech signal is 

assumed to be stationary when it is examined over a short 
period of time. In order to analyze the speech signal, the 
speech signal has to be blocked into frames of N samples, 
with adjacent frames being separated by M samples. The 
selection of N is on the order of several pitch periods to 
ensure reliable results. The value of N can range from 100 
to 400 samples at 10 kHz sampling rate [8].  

Each frame is windowed to minimize the signal disconti-
nuities at the beginning and end of each frame. If a window 
is defined as w(n), then the windowed signal is  

x(n)w(n)(n)x~ = ,   0 ≤  n ≤  N-1,                       (2) 

A typical window used is the Hamming window, which 
has the form 
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The windowed signal is then autocorrelated according to 
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where the highest autocorrelation value, p is the order of 
the LPC analysis. The selection of p depends primarily on 
the sampling rate. A speech spectrum can be represented as 
having an average density of two poles per kHz. Thus, one 
kHz of sampling rate corresponds to one pole. In addition, a 
total of 3 – 4 poles are needed to adequately represent the 
source excitation spectrum and the radiation load [8]. For a 
sampling rate of 20 kHz, the value for p is set at 24. 

LPC analysis converts the autocorrelation coefficients 
into the LPC coefficients. Levinson-Durbin recursive algo-
rithm is used perform the conversion from the autocorrela-
tion coefficients into LPC coefficients. 
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The set of equations (5-9) is solved recursively for i = 1, 
2, …, p, where p is the order of the LPC analysis. The ki are 
the reflection or PARCOR coefficients. The aj are the LPC 
coefficients. The final solution for the LPC coefficients is 
given as 

)( p
jj aa = ,   1≤  j ≤  p         (10) 

LPC cepstral coefficients can be derived directly from 
the LPC coefficients. The conversion is done using the 
following recursive method: 
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In order to reduce the sensitivities of high-order cepstral 
coefficients to noise, the cepstral coefficients have to be 
weighted with a standard technique. If weighting window is 
defined as wm, the general weighting is 

mmm cwc =~ ,   1 ≤  m ≤  p           (14) 
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The weighted cepstral coefficients are then normalized in 
between -1 and +1. The normalization is expressed as 

12
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C. Multi-layer Perceptron 

A Multi-layer Perceptron (MLP) consists of one input 
layer, one hidden layer, and an output layer of seven output 
neurons, which correspond to the seven Alveolar conso-
nants. The input signal propagates through the network in a 
forward direction, on a layer-by-layer basis. Error back-
propagation is applied to adjust the weights and biases of 
the MLP. A MLP is illustrated in Fig 2. 

 
Fig. 2 A MLP with one hidden neuron layer 

The weights and biases are initialized between –0.3 and 
+0.3. The learning rate and momentum are set at 0.1 and 0.9 
respectively. The MLP is stopped when it reaches an epoch 
of 200 or the minimum training error (Erms) of 0.005. The 
Erms is defined as  
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The MLP is trained at various hidden neuron number 
from 20 to 400, in steps of 20 and different speech signal 
lengths from 80ms to 200ms, in steps of 10ms in order to 
determine the optimal performance. 

III. RESULTS AND DISCUSSIONS  

The performance of the MLP at different signal length is 
shown in Table 3. The maximum test accuracy of MLP at 
particular signal length was recorded after the MLP was 
trained with hidden neuron number between 20 and 400. 
The Alveolar consonants were recognized at a maximum 
accuracy of 62.14% at both 150ms and 160ms signal length. 

A short signal length did not guarantee a maximum accura-
cy of the test set. From the result, different signal lengths 
had different optimal hidden neuron numbers. At each sig-
nal length, the MLP was able to get its maximum accuracy 
at particular hidden neuron number. Apart from that, the 
minimum present training error did not necessary guarantee 
the maximum recognition rate. The MLP could achieve the 
maximum accuracy at training error higher than the preset 
minimum training error of 0.005.  

Table 3: Performance of MLP at different signal lengths  

 
The confusion matrixes for MLP at signal length of 

150ms and 160ms are shown in Table 4 and Table 5 respec-
tively. At signal length of 150ms, /n/ was recognized with 
the highest accuracy of 74.67%, followed by /z/. /s/ was 
recognized with the lowest accuracy of 46.67%. Most of the 
/s/ sounds were misrecognized as /t/.  

Table 4: Confusion matrix for MLP at signal length of 150ms 

 
At signal length of 160 ms, /r/ was recognized with the 

highest accuracy of 72.33% and followed closely by /z/. /s/ 
was recognized with the lowest accuracy of 51.00%. Most 
of the /s/ sounds were misrecognized as /t/. Though both the 

No 
Signal 
length 
(ms) 

Hidden 
neuron 

Training 
Accuracy 

(%) 

Test 
Accuracy 

(%) 
Epoch Training 

Error 

1 80 200 95.90 60.38 26 0.111036 
2 90 360 91.86 61.24 47 0.141834 
3 100 280 98.52 60.86 53 0.083098 
4 110 300 91.48 61.48 21 0.141243 
5 120 320 97.24 61.33 87 0.096519 
6 130 320 96.57 61.67 68 0.106021 
7 140 400 93.67 62.10 78 0.127364 
8 150 300 95.71 62.14 81 0.109514 
9 160 300 98.19 62.14 79 0.088506 

10 170 300 98.10 61.76 66 0.085302 
11 180 260 97.71 61.90 43 0.093997 
12 190 300 98.38 62.05 74 0.083900 
13 200 300 97.52 61.29 40 0.101040 

Con-
sonant d t z s n r l Oth

ers 
Accura-
cy (%) 

d 186 22 11 10 26 18 22 5 62.00 

t 51 161 6 49 9 10 11 3 53.67 

z 5 8 214 31 13 14 15 0 71.33 

s 23 65 27 140 13 19 10 3 46.67 

n 16 9 2 5 22
4 22 20 2 74.67 

r 11 8 10 19 29 198 22 3 66.00 

l 20 6 11 7 51 17 182 6 60.67 

Average 62.14 
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MLP achieved the same highest accuracy, the confusion 
matrix differed in each other.  

 
Table 5: Confusion matrix for MLP at signal length of 160ms 

IV. CONCLUSION 

The speech recognition of Alveolar consonants of Malay 
children using neural networks has been studied in a speak-
er-independent manner. Linear Predictive Coding is used to 
extract the speech features and Multi-layer Perceptron with 
one hidden layer is used to recognize the Alveolar sounds in 
Consonant-Vowel syllables. The MLP is trained at different 
signal lengths and hidden neuron number in order to 
achieve an optimal performance. The consonants are recog-
nized at a maximum accuracy of 62.14% at signal length of 
150ms and 160ms. The speech recognition can be applied to 
develop a speech therapy and diagnostic system for children 
with speech impairment in future.  
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Simulation Analysis of the Inverse Problem of the Blood Pressure Scan  
J. Talts, R. Raamat, J. Kivastik, and K. Jagomägi 

Department of Physiology, University of Tartu , Tartu, Estonia 

Abstract—In typical intermittent noninvasive blood pres-
sure measurement the volumetric pulses are recorded while 
cuff pressure is changed over a wide range. During this proce-
dure the volumetric pulses of a very different shape are ob-
tained as a mixed product of blood pressure pulses and the 
arterial pressure-volume relationship. In this simulation study 
we investigated whether or not these two factors are distin-
guishable from the cuff pressure scan signals. As an input, we 
generated volumetric waveforms with various pulse irregular-
ity, noise and viscous creep levels. The pressure pulse wave-
form as a set of  cosine transform constants and the pressure-
volume relationship as parameters of the asymmetric arctan-
gent model were estimated by the nonlinear fitting procedure. 
The results show that for a reasonable accuracy of identifica-
tion, the input signal noise level must be below 1% and the 
pressure pulse irregularity below 5 mm Hg. The used algo-
rithm was relatively robust against viscous creep in the volu-
metric signal. 

Keywords—Blood pressure, pressure-volume relationship, 
simulation, system identification. 

I. INTRODUCTION  

In the oscillometric measurement, the systolic and dia-
stolic blood pressure values are obtained from the ampli-
tudes and shapes of volumetric pulses, recorded during a 
cuff pressure change in a wide range.  

The peripheral volumetric pulses are generated by blood 
pressure (BP) pulsations and their shape depends on BP 
pulses [1]. In the case of low cuff pressure values, the 
shapes of the volumetric and pressure pulses are quite simi-
lar, but in the case of higher cuff pressures, the pulses have 
different shapes, because of the high nonlinearity of the 
pressure-volume (P-V) relationship [2]. The P-V transfor-
mation causes also the significant variation of amplitudes of 
volume pulses.  

Frequently the P-V relationship is identified from simul-
taneous recordings of pressure and volume signals [3-6]. In 
our previous study we made an attempt to calculate the 
relationship without the pressure signal from two pho-
toplethysmographic waveforms, recorded simultaneously at 
different cuff pressure levels [7]. In the latter case the 
known value of the pressure difference in two cuffs served 
as a base for scaling the relationship to the pressure axis. 

The aim of the present study was to investigate whether 
or not two independent factors determining the formation of 

volumetric signal (i.e. the blood pressure waveform and the 
P-V relationship) can be distinguished from the cuff pres-
sure scan having a single plethysmographic channel. The 
study was conducted as a simulation, applying an artificial 
volume signal, derived from BP pulses considering a typical 
P-V relationship. 

II. METHODS 

A. Generation of the Test Signal (Fig.1) 

For building the arterial pressure signal (Pa), we used a 
typical blood pressure waveform from our archive, recorded 
by Finapres. This device has been found to give similar 
waveforms as those obtained by intra-arterial measurement 
on the brachial artery [8]. In the artificial signal, the pres-
sure pulse was scaled to the amplitude of 40 mm Hg and 
repeated 30 times. The cuff pressure (Pc) was generated as a 
linear ramp from 30 mm Hg to 170 mm Hg at the rate of 
approximately 4.5 mm Hg/s. The transmural pressure was 
formed as Ptr=Pa-Pc, which was used as an argument in 
asymmetric arctangent function, describing the P-V rela-
tionship: 
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where 
Vn represents the volume difference from a fully col-

lapsed state to the inflection point, 
Vp - the volume difference from the inflection point to a 

fully expanded size, 
Cmax - the slope of the P-V curve at the inflection point 

and 
P0 - the position of the inflection point on the pressure 

axis. 
 

The steepness of the curve for the left and right side can be 
calculated by P1n=2Vn /π Cmax and P1p=2Vp /π Cmax,  
respectively. 

An analogous arctangent model has been applied in sev-
eral recent studies [6, 9]. For the present work we set 15 and 
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7.5 mm Hg for P1p and P1n, respectively. These values were 
obtained in [9] by averaging experimentally measured data. 
The position of the maximum compliance point P0 was 
taken as equal to zero. This means that the maximum com-
pliance exists in the case of an unloaded artery, when the 
transmural pressure is equal to zero. 

  
 
 
 
 
 
 
 
 
 
 

Fig. 1 Steps in the generation of the volumetric test  signal 

In order to estimate the robustness of the algorithm, we 
introduced some noise and disturbancies to the signals: 

1) since in real measurement the blood pressure does not 
stay perfectly constant, we added to each cycle of the gener-
ated blood pressure (Pa) some random pressure shift of the 
maximum amplitude of 2.5, 5 and 10 mm Hg. 

 The following was added to the volumetric signal: 
2) the white noise having an amplitude of 0.5%, 1% and 

2% of the maximum amplitude of the volumetric signal,  
3) the slow drift, imitating the viscous creep, having an 

amplitude 500%, 1000% and 2000% of the volumetric sig-
nal. The drift component was built using the same P-V rela-
tionship and the mean transmural pressure. The creep levels 
were applied to the signal having 2.5 mm Hg random cycle 
shift and 0.5% volume noise. 

B. Identification Technique (Fig.2) 

It has been shown that the blood pressure pulse wave-
form can be represented in a compact form using the Fou-
rier coefficients. Our pulse identification idea is based on 
the same principle. For every point of the volume signal, the 
index in a form of a natural number was introduced to ex-
press the phase of the pulse, i.e. the first point of every 
cycle was indexed by one etc. This index served as a base 
for creating the synthetic (predicted) blood pressure pulse 
by means of the inverse discrete cosine transform (IDCT). 
As a result, the predicted blood pressure pulse sequence 
(Ppred) was generated from the saw-shaped signal (indices) 
according to IDCT coefficients (first 20 were used). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Identification technique. The pressure pulse and P-V model parame-
ters were adjusted simultaneously on the basis of the filtered error signal  

Further, the identification followed the same principle as 
in [9]. The predicted transmural pressure was calculated by 
subtracting the cuff pressure ramp from the predicted blood 
pressure. 
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The predicted volume signal was generated according to 
the  P-V parameters of formula (1). The error signal was 
calculated from the predicted and test volumes and filtered 
by the high pass filter (HPF; 0.7 Hz, 3rd order). The mini-
mization of this filtered signal was used for adjusting coef-
ficients for IDCT transformation and parameters for the P-V 
relationship. 

For the statistical assessment, the cycle of the signal gen-
eration and identification was repeated 100 times for every 
pulse irregularity, noise and creep level. 

III. RESULTS 

To examine the algorithm, the predicted blood pressure 
waveform was compared to the initial sequence of blood 
pressure pulses and the exactness of the predicted P-V rela-
tionship was assessed. 

The following parameters were calculated from pressure 
waveforms: 

-the slope of the regression line between input and pre-
dicted pulses, 

-the root mean square (RMS) difference between pres-
sures Ppred and Pa. 

To assess the exactness of the estimated P-V relationship 
in relation to that used in test signal generation, we com-
pared the model steepness in the case of negative and posi-
tive transmural pressure, P1n and P1p respectively.   

For repeated simulations with the same set of conditions 
these parameters were averaged (Table 1). The results show 
that for a reasonable accuracy of identification, the input 
signal noise level should be below 1% and the pressure 
pulse irregularity below 5 mm Hg. The used algorithm was 
relatively robust against viscous creep in the volumetric 
signal. 

IV. DISCUSSION 

It has been shown in the literature that an infinite number 
of solutions to the hemodynamic inverse problem can be 
offered [10]. This is connected with different possible vas-
cular configurations, all giving the same output signal. In 
our case of the inverse problem of some simpler arrange-
ment, the decomposition of the volumetric signal into its 
factors is shown to be better solvable. 

We used several simplifications in this study: 
- In real measurements the blood pressure is a dynamic 

variable. We took it into account partially by shifting indi- 
vidual pressure pulses and the influence of this effect was 
 

Table 1 The dependence of identification results, given as mean (SD), on 
the irregularity of the pressure pulses (A) as well as on noise (B) and creep 
(C) in the volumetric signal 

Distur-
bance 
level 

Regr. 
slope 

RMS 
difference 
(mm Hg) 

P1p 
(mm Hg) 

P1n 
(mm Hg) 

A. Irregularity 

2.5 mm 
Hg 

0.98 
(0.02) 

1.6 
(0.3) 

15.1 
(0.3) 

7.6 
(0.2) 

5 mm 
Hg 

0.94 
(0.04) 

2.7 
(0.3) 

15.3 
(0.5) 

7.7 
(0.4) 

10 mm 
Hg 

0.88 
(0.07) 

4.0 
(0.3) 

15.6 
(1.2) 

8.2 
(0.7) 

B. Noise 

0.5% 0.98 
(0.02) 

1.4 
(0.4) 

15.1 
(0.1) 

7.5 
(0.2) 

1% 0.96 
(0.03) 

2.1 
(0.4) 

15.1 
(0.3) 

7.6 
(0.3) 

2% 0.88 
(0.08) 

3.9 
(1.4) 

14.9 
(1.2) 

7.0 
(0.9) 

C. Creep 

500% 0.98 
(0.02) 

1.78 
(0.3) 

15.2 
(0.4) 

7.4 
(0.1) 

1000% 0.98 
(0.03) 

1.92 
(0.5) 

15.2 
(0.6) 

7.5 
(0.2) 

2000% 0.99 
(0.05) 

2.6 
(3.1) 

15.8 
(2.2) 

7.5 
(0.2) 

 
quantified. However, the blood pressure may have a con-
tinuous trend during the cuff pressure scan, and this may 
seriously influence the results similarly to an ordinary (e.g. 
oscillometric) BP measurement. 

- The pulse duration was assumed to be invariant in the 
simulation. It is our opinion that the proposed technique 
should work also when cycle duration changes. Shorter or 
longer diastolic parts can be composed from IDCT coeffi-
cients according to the maximum phase index of the par-
ticular pulse. 

- We did not account for the time factor in the P-V rela-
tionship. Actually, the volume cannot follow the pressure 
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changes instantaneously and therefore, the volume may 
delay in relation to the pressure signal. 

- We neglected the possible deviation of P0 from zero. It 
is similar to the oscillometric BP measurement, where is 
also no chance to determine this value. The BP estimation is 
based solely on the assumption about the placement of the 
P-V curve. 

The fitting procedure needs initial parameter values to 
start with. When the minimization criterion has several local 
minima and the initial values are not the closest to global 
minima, the iteration process may not find the “right point”, 
the global minima. Because of that it is important to find the 
appropriate initial values. For this purpose we used the DCT 
coefficients of an averaged volumetric pulse. It was ex-
pected to be a reasonable approximation, since the sharp 
region of the P-V relationship falls within different phases 
of pulse cycle during the cuff pressure scan. For the initial 
P-V parameters we used a symmetrical model with P1n=P1p. 

In contrast to our previous work [9], we did not use par-
allel equal filtering of predicted and reference channels. 
Instead, the error signal for optimization was created by 
finding the difference and a later filtering (Fig.1). Because 
of linearity of this part of the algorithm, this gives an identi-
cal result at lower computational cost.  

V. CONCLUSIONS 

In the present paper, a method is proposed for estimating 
the blood pressure waveform and the arterial P-V relation-
ship from the cuff pressure scan with a single volumetric 
channel. The study with simulated signals showed a satis-
factory accuracy of the identification in the case of moder-
ate noise and disturbance levels.   
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Effect of Depressive Symptoms on the Diurnal Rhythm of Heart Rate Variability 
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I. BACKGROUND 

Clinical depression (MDD) has been associated with 
poor prognosis in patients with coronary heart disease 
(CHD). Possible pathophysiologic pathways linking 
depression and CHD that have received attention recently 
include immune-inflammatory abnormalities, lifestyle 
attitudes, and autonomic nervous system dysfunction. MDD 
is characterized by circadian abnormalities and CHD onset 
displays a diurnal rhythm, but to our knowledge the 
influence of depression on the circadian rhythm of cardiac 

autonomic activity has not been studied among acute CHD 
patients in a prospective manner.  

II. METHOD 

An observational prospective study on the relationship 
between Hamilton depression score (HAM-D) and time- 
and frequency-domain (fast Fourier transform) measures of 
heart rate variability (HRV) analysis of 24-h recordings in 
100 patients with acute CHD episodes and six months after 
their discharge from the hospital.  
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III. RESULTS 

Patients with depression displayed a higher heart rate 
(i.e., shorter HRV of barorreflex origin (measured as low-
frequency, or 0.03-0.15 Hz), an independent predictor of 
death in CHD episodes, recovered after 6 months in 
nondepressed individuals and in depressed patients who 
became nondepressed in the follow-up, but not in 
nondepressed patients who later became depressed or in 
those who were depressed at both observation times  

(Figure 2). average RR intervals) at 1600, 2000, 0000, and 
0400h (Figure 1). 

IV. CONCLUSION 

The present study lends support to the view that 
depression exerts its deleterious effect on the prognosis of 
acute CHD syndromes in part via alterations in the pattern 
of the diurnal rhythm of cardiac autonomic activity, and in 
its recovery six months after the index episode. 
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Abstract— The heart is important internal organs for the 
human body, and it is known by doing a very efficient systole-
diastole movement. It is thought that the twist movement of the 
heart and the twist arrangement of cardiac muscle fiber influ-
ence to an efficient movement of the heart, so various studies 
are studied.  

The Phase-Contrast method of MRI can measure the veloc-
ity distribution of the arbitrary direction, so we can obtain 
three-dimensional velocity field by measuring three or more 
times. The twist movement of the heart can be analyzed di-
rectly by using three-dimensional velocity field.  

It is a problem that the decision of the center of rotation is 
necessary in case of the method of analysis that uses the rotat-
ing angle. In this research, we propose the method of analysis 
that doesn't need the decision of the center of rotation by using 
the strain in micro region.  

First, we calculated the trend of the direction of the maxi-
mum principal strain and the normal direction of the maxi-
mum shear plane of the numeric model. Next, we compared 
these directions of measurement data with ones of the numeric 
model. As a result, three results were obtained  1: In the re-
gion with twist in section, the direction of the maximum prin-
cipal strain shows the vertical direction. 2: In the region with 
twist between sections, the direction of the normal direction of 
the maximum shear plane shows the vertical direction. 3: 
From the time change of the ratio of the region of twist, we got 
the tendency that the influence of the twist between sections 
was strong at end systole, and one of the twist in section was 
strong at early systole and early diastole. 

Keywords— Heart, , MR–PC, Three-
dimensional Analysis 

I. INTRODUCTION  

The heart is important internal organs that supplies blood 
to the whole body while systole and diastole. In addition, it 
is known that the heart does an efficient movement by 
shrinking percentage of cardiac muscle fiber and ejection 
fraction of the heart. The contraction motion of the heart is 
not simple contraction, but torsion movement that is con-
stricting motion with rotating. It is thought that the twist 
movement of the heart influences an efficient movement of 
the heart, and various researches are done [1]. As movement 
analysis of the heart, The image analysis using 

usesmorphology image obtained by the CT[2], MRI[3] or 
MR tagging[4][5], and the speed analysis that uses the 
supersonic wave Doppler measurement[6] are done. 

In a variety of bioinstrumentation techniques, MR Phase-
Contrast can measure the velocity of the arbitrary direction 
in the section. Three-dimensional velocity field can be ob-
tained by measuring three or more times by using the MR 
Phase-Contrast. The movement analysis can be done more 
directly by analyzing three-dimensional velocity field.  

There is a problem of needing the decision of the center 
of rotation by the specialist when the twist movement of the 
heart is analyzed according to the rotational speed. There-
fore, the twist analysis that doesn't need the center of the 
rotation is needed.  

In this research, we propose the twist analyze method 
that doesn’t need for the center of the rotation by using 
strain directions. Moreover, we report on the application 
result to the measurement data of the proposed method for 
analyzing. 

II. DATA  

MR measurement was performed to 1 healthy man. The 
imaging condition is indicated in table 1. 

Table 1 Measurement condition 

Image size 208×256 pixel 
Image resolution 1.25mm×1.25mm/pixel 
Slice thickness 60ms 
Slice interval 5mm 
Time resolution 5mm 
Velocity encoding Signed 13bit 
Image depth 250mm/sec 

 
The result which was measured pictures at a middle part 

of the heart is indicated in Fig 1. 
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(a)                                                 (b) 

 
(c)                                                 (d) 

Fig. 1 (a)intensity image which is displayed as usual MR image, (b)phase-
shift image which represent the velocity distribution in bottom-top direc-

tion, (c) phase-shift image which represent the velocity distribution in left-
right direction, (d) phase-shift image which represent the velocity distribu-

tion in vertical direction 

III. DEFINITION OF  TWIST MOTIONS AND DIRECTIONS 

A. Definition of Twist motions 

Twist motion in this research were defined below. 
For analyzing the whole twist motion of the heart, follow-

ing 2 twist motion were defined.  
1. Twist in cross section which occurred between the 

endocardium and the epicardium.(Fig 2) 
2. Twist between sections which occurred between the 

apex and the base of the heart. (Fig3) 
For analyzing the twist motion of minute space in the 

heart, the strain in minute detail was defined 

cross section  
Fig. 2 Conceptual diagram of twist in cross section 

 

 
Fig. 3 Conceptual diagram of twist in cross section 

B. Definition of Twist directions 

Following two directions were defined as the direction of 
the twist in this research.  

Shear direction:  
The normal direction of the maximum shear plane 

Displacement direction:  
The direction of the maximum principal strain 

IV. METHOD 

In this research, left ventricle three-dimensional velocity 
field was acquired from a speed picture in 3 direction meas-
ured by a MR-PC. Next, the twist motions and strain were 
calculated. A flow of processing was indicated in the fol-
lowing figure. 

 

Fig. 4 Flow of processing 
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A. Alignment phase images 

During measuring, a breath stop was being performed, 
but the location of the heart was different for a short while. 
So, we adjust by the following procedure. A location differ-
ence in hearts was set to less than 10 pixels (12.5 mm). 
1. The area of N×N (pixel) were extracted from the inten-

sity images. 
2. The sum of the difference of pixel value was calculated. 
3. The procedure 1 and 2 were repeated while changing 

the extracting position. 
4. The position in which the total value was minimized 

was decided as a position of the result. 

B.  Calculation of twist directions 

Three-dimensional velocity is regarded as distance after 
time of unit Ui (i=x,y,z), and strain in micro region is calcu-
lated.  
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 Cauchy's strain tensor is used, assuming the displace-
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The principal strains and shear planes were calculated by 
diagonalization of strain tensor. 

C. Numeric Model 

To catch the trend of twist directions in the twist move-
ment, two numeric models were made. 

Model of twist in section: It has the area where the angle 
rate is different in the section. 

Model of twist between sections: It has different angle 
rate in each section. 

 

 
(a)                                                 (b) 

Fig. 5 (a) Conceptual diagram of numeric model of twist in 
section. (b) Conceptual diagram of numeric model of twist be-
tween sections. 

D. Simplifying the Twist Directions 

Because two directions of the twist are complex, it is dif-
ficult to obtain the trend of the time change. The tendency 
in the direction is acquired by simplifying the direction. The 
direction was simplified by the following methods. 1. The 
inner product vector of direction in three unit vectors of 
three orthogonalization axes are calculated. 2. It is assumed 
the result of simplifying direction that the inner product 
becomes the maximum. 

V. RESULT 

A. Twist directions of numeric models 

By simplification of the twist directions of numeric mod-
els, the following results were obtained. 

In the region of twist in section, displacement direc-
tion shows the vertical direction, and shear direction shows 
the upper –lower and right-left. 

2 In the region of twist between sections, displacement 
direction shows the vertical direction, and shear direction 
shows the upper –lower and right-left. 

B. Twist directions of measurement data 

Fig.6 shows the result of twist directions and simplified 
directions of middle part of the heart at end systole. In the 
(c) and (d), region of right-left direction shows black, region 
of upper –lower direction shows light gray, and region of 
vertical direction shows dark gray. 
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(a)                                                 (b) 

  
(c)                                                 (d) 

Fig. 6  (a) Displacement directions of middle part of the heart 
at end systole. (b) Shear directions of middle part of the heart at 
end systole. (c) Simplified displacement directions (d) Simplified 
Shear directions 

C. Time change of twist region 

Figure 7 shows the time change of twist region obtained 
by the simplification of twist directions. 

end systole 

Region of the twist in section 
Region of the twist between sections

R
at
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early diastole 

end diastole

end systole 
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R
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early diastole 
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Fig. 7 Time change of twist region 

The ratio of region of twist in section was higher at early 
systole and early diastole. Moreover, the ratio of region of 
twist between sections was higher at end systole. 

VI. CONCLUSIONS  

We propose the method of analysis that doesn't need the 
decision of the center of rotation by using the strain. From 
the time change of the ratio of the twist region, we got the 
tendency that the influence of the twist between sections 
was strong at end systole, and one of the twist in section 
was strong at early systole and early diastole 
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Abstract—Texture analysis (TA) is a potential tool for 
analysis of medical images. It can be used for classification of 
pathological tissue. Co-occurrence matrix is one of the most 
promising TA methods. In this study we have analysed this 
method by using software phantoms instead of physical phan-
toms. This choice was made because the construction process 
of a real phantom is slow and only one set of parameter results 
is available. The software phantoms were implemented with 
Matlab program by constructing 16x16 matrices containing 
four different grey level values. Value from 0 to 1, 0 corre-
sponding to black and 1 being white, was given for each matrix 
element to perform different texture patterns. Grey scale im-
ages were drawn from the matrices and the texture analysis 
was performed with MaZda. Software phantoms were proved 
to be an effective method to study the parameter value distri-
bution because of the easy construction and modification of the 
matrices. However, more complex patterns should be used for 
further studies. 

Keywords—Texture analysis, software phantoms, texture 
parameters. 

I. INTRODUCTION  

Quantitative image analysis is a potential tool for diagno-
sis and follow-up of medical treatments. There are various 
methods for quantitative analysis of medical images, such 
as determination of length or volume. More advanced 
analyses include measures for the shape or texture. Texture 
analysis (TA) is a computer-assessed technique for detect-
ing mathematical patterns in the grey level distribution of 
the pixels of digital images. The aim of TA is to calculate 
texture features as mathematical parameters that character-
ize the texture type and thus the underlying structure of the 
objects in the image. 

TA may be applied in various studies of medical images. 
For example, magnetic resonance (MR) images of tissues 
contain a large amount of microscopic information that 
cannot be evaluated visually. One type of application is the 
segmentation of a certain anatomical structure. The segmen-
tation may be carried out based on the texture characteristics 
of the given structure. TA can also be used for detecting 
changes in tissues. It is most important in cases where the 
changes cannot be seen by direct visual inspection of the 

image, but, they can be detected by, for example, histologi-
cal or statistical analysis of the pixel distribution in the 
image. Nonetheless, the most common application of TA is 
the separation of healthy and pathological tissue. 

TA has been used for soft tissues, bones, neurological 
diseases and brain tumours. It has been applied, for exam-
ple, to classification of pathological tissues from the brain 
[1;2], liver [3], breast [4;5], prostate [6] and lungs [7]. In 
addition, structural brain asymmetry has been studied with 
TA [8]. Also the value of MR image texture in Alzheimer's 
disease has been assessed [9] and it has been proven that 
with TA it is possible to detect lesions and abnormalities 
concerning hippocampal sclerosis [10]. TA can also provide 
useful information contributing to the diagnosis of skeletal 
muscle dystrophy [11]. In medical applications of TA the 
main parameters in use are histogram, gradient, run-length 
matrix, co-occurrence matrix, autoregressive model and 
wavelet parameters. The co-occurrence matrix-based pa-
rameters are proved to be the most useful and therefore used 
in this study [12]. 

Physical phantoms are used in several ways to serve the 
MR imaging process. In addition to quality control of the 
MRI unit and the imaging process, there is also need for 
standardization of TA results and optimisation of texture 
classification procedures. Texture analysis phantoms should 
have textural characteristics and properties that closely 
resemble the texture of the biological tissue of interest. The 
phantoms should also have a sufficient MR signal with 
relaxation times corresponding to the biological tissue under 
study. Texture phantoms constructed from reticulated foams 
embedded in agarose gels have been used in several studies 
[13;14]. The disadvantages related to air bubbles with these 
phantoms were overcome by a new type of phantoms with 
nodular pattern. These PSAG phantoms were prepared us-
ing polystyrene spheres (PS) of various diameters and agar 
solution (AG) [15;16;17;18]. PSAG phantoms have been 
used in several studies, including long-term and multi-
center studies and proved to be stable at least 12 months 
[16]. 

In this work the parameters were studied with software 
phantoms. Software phantoms were chosen because of the 
easy modification of the matrices. The construction process 
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of a real phantom would have been slower and only one set 
of parameter results would have been available. The aim of 
the study is to be able to describe the texture properties that 
each parameter characterises. Therefore, several transform-
able phantoms were needed. The study is performed by 
constructing software phantoms i.e. grey scale matrices and 
analysing them with MaZda program. Concurrently, the use 
of software phantoms as analysing tools is evaluated. 

We present here a method for producing various software 
phantoms for fast comparison of texture analysis methods. 
We also present results from tests performed by phantoms 
with four grey scales.  

II. MATERIALS AND METHODS 

The software phantoms were constructed with Matlab 
program that allows efficient methods for matrix calcula-
tions and image processing. A tool for texture analysis used 
in this study is MaZda software. MaZda enables manual 
selection of regions of interest (ROIs) and computation of 
texture parameters within the ROIs. For parameter selection 
and reduction MaZda provides two automated methods. At 
present, almost 300 parameters can be calculated. 

The software phantoms were implemented by construct-
ing 16x16 matrices containing different grey level values. 
Value from 0 to 1, 0 corresponding to black and 1 being 
white, was given for each matrix element to perform differ-
ent texture patterns. Then, grey scale images were drawn 
from the matrices. The matrix element and the image pixel 
size in Matlab ware fitted to match the pixel size in MaZda. 
Different 16x16 patterns were constructed in a larger ma-
trix, the image loaded to MaZda and analysed. 

The study was begun by constructing matrices with four 
different grey level values. The selected values were 0, 
0.333, 0.667 and 1. The grey level space from 0 to 1 in 
Matlab is equivalent to the grey scale values from 1 to 256 
in MaZda. The patterns were developed with trial and error 
and by evaluating the parameter values in between. The 
most depictive patterns were chosen for each analysed pa-
rameter. 

III. RESULTS 

The results of the texture analysis are introduced for each 
selected parameter. The parameters considered in this study 
are the following co-occurrence matrix-based parameters; 
the angular second moment, contrast, correlation and en-
tropy. The constructed depictive matrices and respective 
parameter values are presented. In MaZda, the co-
occurrence matrix-based parameter values are calculated 
using five pixel distances and four directions. Not all values 

are presented, but, instead, a depictive set of parameter 
values are selected. The distances and directions are pre-
sented as in MaZda. 

A. Angular Second Moment 

The values of the angular second moment are clarified 
with five patterns shown in Figure 1. The parameter values 
are presented in Table 1. 

Angular second moment is a measure of image homoge-
neity and it obtains values from 0 to 1. The maximum value 
is achieved in a completely uniform image, such as pattern 
5. Conversely, the parameter value is close to zero in a 
random pattern 4. Horizontal and vertical stripes in patterns 
1 and 2 produce value 0.25 in horizontal and vertical planes, 
respectively. This is because of the used four grey level 
values. For stripes of only black and white the value would 
be 0.5. Diagonal stripes, demonstrated in pattern 3, show 
higher homogeneity in both diagonal directions than in 
horizontal or vertical directions. 

 

 

Table 1 Parameter values for the angular second moment calculated for 
one pixel distance in all directions 

Distance &
direction 

Pattern 
1 

Pattern 
2 

Pattern 
3 

Pattern 
4 

Pattern
5 

S(1,0) 0.25 0.16667 0.125 0.065113 1

S(0,1) 0.16667 0.25 0.125 0.063472 1

S(1,1) 0.16667 0.16667 0.25 0.064326 1

S(1,-1) 0.16667 0.16667 0.25001 0.063396 1

 

B. Contrast 

The patterns used to describe the contrast are presented 
in Figure 2. The parameter values are shown in Table 2. 

The contrast achieves values between 0 and 65025. The 
parameter is calculated by squaring the subtraction of the 
examined pixel values. Thus, the minimum contrast zero is 
obtained when the pixels have the same grey level value, 
and, the maximum value is achieved when squaring the 
subtraction of 256 and 1 i.e. 2552. Both the minimum and 
maximum values can be seen from the horizontal stripes in 

Fig. 1 Angular second moment patterns 
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pattern 1. When using distance of one pixel, the contrast in 
vertical direction is zero and 65025 in all other directions. 
There is no variation in grey level values in horizontal di-
rection for any pixel in the pattern. Conversely, the contrast 
is maximal when the pixel value changes from black to 
white or vice versa. The effect of the pixel distance used to 
calculate the co-occurrence matrix can be seen when com-
paring pattern 1 and 2. In pattern 1 the contrast achieves its 
maximum value in vertical direction with the distance of 
one pixel whereas in pattern 2 the contrast is highest when 
using the distance of four pixels. These distances corre-
spond to the width of the stripes. Naturally, the contrast is 
zero in vertical direction in pattern 3 and in 135° in pattern 
4. However, pattern 4 shows higher contrast in other direc-
tions than pattern 3 because of greater amount of local 
variations in grey level values. Random pattern 5 shows 
quite equal contrast despite of the distance or direction. 

 

 

Table 2 Parameter values for the contrast calculated for one pixel distance 
in all directions and for four pixel distance in vertical direction 

Distance & 
direction 

Pattern 
1 

Pattern
2 

Pattern 
3 

Pattern 
4 

Pattern
5 

S(1,0) 0 0 1474.2 21784 18083

S(0,1) 65025 13005 0 21784 17075

S(1,1) 65025 13005 1474.2 26087 16581

S(1,-1) 65025 13005 1474.2 0 19219

S(0,4) 0 65025 0 0 16480

C. Correlation 

The patterns for the correlation are shown in Figure 3. 
The parameter values are presented in Table 3.  

The correlation measures the dependencies between im-
age pixels. As demonstrated in pattern 1 the correlation 
obtains values from -1 to 1. The correlation of horizontal 
stripes of black and white is 1 in horizontal and -1 in verti-
cal direction. The vertical stripes in pattern 2 achieve the 
maximum correlation in vertical direction, but, show sig-
nificant correlation also in other directions. This is because 
of the width and smooth grey scale variation of the stripes. 
Pattern 3 contains stripes the direction of 135° and shows 

correlation in that particular direction with all pixel  
distances. In addition, the maximum correlation value is 
obtained in orthogonal diagonal direction with the distance 
of two pixels because the stripes appear in two pixel dis-
tance. The stripes in pattern 4 are oriented differently from 
all directions used in MaZda parameter calculation. There-
fore, the maximum correlation value 1 is not present in this 
pattern. However, the correlation in vertical direction is 
significant. The correlation of random pattern 5 is close to 
zero despite of the distance and direction used in the com-
putation. 
 

 

Table 3 Parameter values for the correlation calculated for one pixel  
distance in all directions and for two pixel distance in the diagonal direc-
tion of 45° 

Distance &
direction 

Pattern
1 

Pattern 
2 

Pattern 
3 

Pattern 
4 

Pattern 
5 

S(1,0) 1 0.91015 -0.25102 -0.25102 -0.040634

S(0,1) -1 1 -0.25102 0.7498 -0.000280

S(1,1) -1 0.91015 -0.498 0.0030854 0.062494

S(1,-1) -1 0.91015 1 -0.30037 -0.000009

S(2,2) 1 0.79294 1 -0.39762 0.014861

D. Entropy 

The patterns used to describe the entropy can be seen in 
Figure 4. The parameter values are presented in Table 4. 

The entropy measures the complexity of the texture. It is 
zero for a uniform image, like pattern 4. Random pattern 3 
is composed of four different grey level values. It is more 
complex than organised patterns 1 and 2 and, therefore, 
produces higher entropy values. The highest entropy values 
are obtained with pattern 5 that contains random grey level 
values between 1 and 256. 

 

 

Fig. 2 Correlation patterns 

Fig. 3 Entropy patterns 

Fig. 1 Contrast patterns 
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Table 4 Parameter values for entropy calculated for one pixel distance in 
all directions and for two pixel distance in horizontal direction 

Distance & 
direction 

Pattern 
1 

Pattern 
2 

Pattern 
3 

Pattern 
4 

Pattern 
5 

S(1,0) 0.90309 0.77813 1.1986 0 1.949

S(0,1) 0.90309 0.77813 1.1983 0 1.9277

S(1,1) 0.60206 0.77811 1.195 0 1.9313

S(1,-1) 0.60205 0.57743 1.1959 0 1.9429

S(2,0) 0.60206 0.77813 1.1988 0 1.9396

IV. DISCUSSION AND CONCLUSIONS  

The aim of the work was to study the texture parameters 
provided by MaZda program and evaluate software phan-
toms as analysing tools. The results show that the values of 
the parameters performed with texture analysis of the phan-
tom matrices are consistent. Useful information concerning 
the magnitudes of the parameters was obtained using differ-
ent patterns. Software phantoms are an effective method to 
study the parameter value distribution because of the easy 
construction and modification of the matrices. However, the 
used matrices are simple patterns that are very different 
from real textures, and, considerably more complex patterns 
should be used if software phantoms were considered, for 
example, as reference material to real phantoms and images. 
The next step in our study is to construct phantoms with 
several grey levels, various matrix sizes and test about one 
hundred different parameters. 
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Abstract—Arterial bifurcations are known as the common 

sites for development of cerebral aneurysms. Although locali-

zation of aneurysms suggests that high wall shear stress (WSS) 

and high wall shear stress gradient (WSSG) occurring at the 

bifurcations may be crucial factors for endothelial dysfunction 

involved in aneurysm formation, the details of the relationship 

between the hemodynamic environment and endothelial cell 

(EC) responses still remain unclear. In this study, we observed 

morphological responses of ECs under high WSS and high 

WSSG condition using a T-shaped flow chamber and under 

high WSS without WSSG condition using a parallel plate flow 

chamber to evaluate the effects of WSSG to ECs, After 24 h 

exposure to flow, ECs under high WSS (10 Pa) without WSSG 

condition oriented perpendicular to the flow, whereas ECs at 

high WSS (10 Pa) with WSSG condition did not cause EC 

alignment. After 72 h exposure to flow, ECs exposed to WSSG 

were not polarized whereas ECs at high WSS without WSSG 

condition orientated and elongated to the direction of flow. 

These results indicate that a WSSG may suppress orientation 

of ECs to the flow direction.  

 

Keywords— Endothelial cell, Wall shear stress, Wall shear 

stress gradient, Cell orientation, Morphology 

I. INTRODUCTION  

Cerebral aneurysms are pathologic dilations of arterial 

walls that frequently occur near arterial bifurcations. Since 

local hemodynamics at such sites is complex, presenting 

impinging flow, regions of high wall shear stress (WSS) and 

high wall shear stress gradient (WSSG), it has been sug-

gested that the unique hemodynamic conditions play a key 

role in aneurysm formation.  

Endothelial cells (ECs), lining on the luminal wall of 

blood vessels, change their morphology and physiological 

functions due to hemodynamic stimuli. The bulk of litera-

tures have shown that ECs elongate and align to the direc-

tion of flow after exposure to physiological levels of WSS 

(1~2 Pa), and such morphological changes of ECs have 

been thought to influence functions. On the other hand, only 

a few studies have investigated the effect of WSSG on ECs. 

Szymanski et al. exposed WSS (0 ~ 20.6 Pa) and WSSG (-9 

~ 14 Pa/mm) using a T-shaped flow chamber mimicking 

arterial bifurcations, and showed that ECs density was in-

creased at the high WSS and high WSSG region [1]. How-

ever, knowledge of morphologcial responses of ECs to both 

high WSS and WSSG are still limited.  

In this study, we observed morphological responses of 

ECs using a flow exposure system that creates high WSS 

and high WSSG.  

II. MATERIALS AND METHODS 

Flow-exposure experiment: Human umbilical vein ECs 

were used in this study. To simultaneously apply high WSS 

and WSSG to ECs, we used a T-shaped flow chamber 

(Fig.1) referring to previous study [2]. The T-shaped flow 

chamber can expose high WSS (~ 16 Pa) and high WSSG 

(~ 34 Pa/mm) to ECs. The T-shaped flow chamber connect-

ed to a flow loop consisting of a reservoir, a peristaltic 

pump, a damper, and ECs were exposed to flow for 24 h or 

72 h. During experiments, the temperature of culture media 

was kept at 37 ºC. To evaluate effects of high WSSG to EC 

orientations under WSS condition, we observed ECs ex-

posed to 9.5 ~ 10.5 Pa with 33 ~34 Pa/mm in the T-shaped 

flow chamber and compared with those exposed to 10 Pa 

without WSSG region by using parallel plate flow chamber. 

Immunofluorescences: After application of flow, ECs 

were fixed with 4% paraformaldehyde and treated with a 

monoclonal antibody against VE-cadherin (Santacruz) and 

secondary antibody conjugated with Alexa Fluor 594 (Invi-

trogen). 

Inlet 

Outlet 

19.0 mm 

19.6 mm 

0.3 mm 

3.0 mm 

1
5

.5
 m

m
 

Stagnant point 

Flow 

ECs

Dish 

Fig. 1 Schematic diagram of T-shaped flow chamber. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 312–313, 2009. 



Image analysis: To evaluate cell polartities, the outlines 

of ECs were traced and fitted to an equivalent ellipsoid with 

the ImageJ program. The angle between the major axis of 

the ellipsoid and the direction of flow was then measured as 

the angle of cell orientation.

III. RESULTS 

Figure 2 shows fluorescent images of VE-cadherin of 

ECs exposed to flow by using the T-shaped flow chamber. 

In all conditions cells remained confluent expressing nicely 

formed VE-cadherin between cells. EC orientations are 

summarized as rose diagrams in Fig. 3. After 24 h, ECs 

under high WSS without WSSG condition had the tendency 

orienting perpendicular to the flow direction and, more than 

44% of ECs oriented in 60 ~ 90 . Such perpendicular orien-

tations of ECs at high WSS were previously reported [3]. 

On the other hand, ECs under high WSS and high WSSG 

condition did not show cell orientation to the direction of 

flow after 24 h application. After 72 h, ECs exposed to high 

WSS without WSSG aligned to the flow direction. However, 

ECs to high WSS and high WSSG condition displayed no 

preferred orientation.  

IV. DISCUSSION

Results of this study suggested that a WSSG suppresses 

orientation of ECs in response to flow. Ueki et al. demon-

strated that tensile forces applying to intercellular junction 

cause recruitment of Src homology 2-containing tyrosine 

phosphatase-2 (SHP-2) binding to intercellular adhesion 

molecules platelet-endothelial cellular adhesion molecules-1 

and play an important role in polarity of EC morphology in 

response to the mechanical forces [4]. Since high WSSG

causes different shear forces between neighboring cells, 

tensile forces caused by WSSG at acting on intercellular 

junctions may suppress and cause morphological changes of 

ECs.

V. CONCLUSIONS 

In this study, we observed the effect of WSSG on EC 

morphology under high WSS. ECs exposed to high WSSG 

exhibited no polarization.   
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Fig. 2 Representative immunofluorescent images of VE-

cadherin of endothelial cells exposed to high WSS with or 

without WSSG. The arrows indicate the direction of flow.  
Bar = 50 m. 

Fig. 3 Rose diagram of the angle of orientation of 

the EC exposed to high WSS with or without WSSG. 
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Abstract—Cardiovascular diseases are most common causes 
of death in developed countries, topped by coronary heart 
disease. Besides bypass operations standard methods for re-
vascularisation of a constricted artery is a stent implantation. 
A great number of stent types is available. To investigate their 
expansion behavior or flow conditions during stent implanta-
tion a standard stenosis model is obligated to obtain reliable 
and reproducible analytical results. 

We present a modular system for systematically testing a 
broad spectrum of various artery and stenosis parameters. We 
modified an existing method to produce our arterial phantoms 
out of silicone. The artery models were examined optically and 
mechanically and proved to be of consistent quality. To ap-
proach real calcified stenoses an inlay of calcium carbonate 
was designed, produced and introdued into the silicone artery 
to form the model constriction. At last, a tool was developed 
for precisely inserting the stenosis into the artery. 

This work provides a basis for systematically studying  
an array of stenosed arteries and is designed to serve a stan-
dard in-lab stent expansion test. This testing method may  
also prove to be useful for e.g. training purposes or for flow 
investigations. 

Keywords—stenosis, stent, silicone model, expansion  
simulation 

I. INTRODUCTION  

Coronary heart disease is the main cause of death for 
both sexes in Germany [1]. Similarly in the U.S., an esti-
mated 80.7 millions adults have one or more cardiovascular 
diseases (CVD) which are responsible for about 1.3 millions 
deaths (57% of all deaths) in 2004 [2]. Several models of 
artificial blood vessels were designed in various studies 
before, in order to investigate blood flow characteristics. 
Liepsch et al. [3,4] describe a process to produce elastic 
blood vessel models at a 1:1 scale built of positive molds 
from biological blood vessels (post mortem). Zürcher [5] 
used such an elastic cast model of an aorta to verify a virtual 
model. Baumgart [6] describes a similar replica procedure. 
Vessels taken post mortem were filled with silicon and 
duplicated to a core of wax. At last a silicone phantom was 
proccesed by a dip coating technique. 

The main issue of this work is to develop a method for 
artificially producing coronary arteries with a calcified 
stenosis. These should be used to study the expansion be-
havior of different stent types and catheters as descibed in 
Schratzenstaller [7]. 

II. MATERIAL AND METHODS 

Since this study deals with organic systems, no unique 
geometry or set of material properties exist. Therefore a 
systematic matrix of artificial arteries with varying material 
and geometric properties are generated. Thus different com-
ponents can be assembled to a modular unit. 

In literature two types of intimal lesions were recognized 
and associated with atherosclerosis: Thin lipidic lesions in 
children are called fatty streaks and the thick fibrolipidic 
lesions in adults are called fibrous plaques [8]. Today, there 
are various classifications and nomenclatures of atheroscle-
rotic lesions currently in use. The American pathologist 
H.C. Stary developed the classification model for athero-
sclerotic lesions that is currently worldwide in use. For his 
studies he used a big forensic patient population. The classi-
fication model includes the calcification in atherosclerotic 
lesions. Stary et al. [9-11] divided the natural history of 
human atherosclerotic disease into successive steps and 
released an atlas of vessels and lesions obtained at autopsy. 

As emphasized there is no “standard” coronary artery and 
no “standard” stenosis in physiology. Due to this reason 
describing differing geometrical variants is attempted by 
constructing a matrix. Eventually it is possible to recognize 
significant differences by percutaneous coronary interven-
tion (PCI) or by stenting. To obtain a large coverage of 
“coronary artery / stenosis devices” we designed a modular 
phantom. For this reason the biological entity was divided 
into artery and stenosis. 

 
Fig. 1 Visual description of the concept idea – modular breakdown in 
calcified stenosis and coronary artery (Medial sectional view). 
Coronary artery phantom: ØA-i internal diameters, ØA-e external diameters, 
lA length of the artery, shape; Calcified stenosis phantom: ØS-i internal 
diameters, ØS-e external diameters, lS length of the stenosis, shape 
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For the coronary artery phantom (Fig. 1) the material se-
lection was limited to silicone according to the experience 
by Liepsch [3,4] and Pfeifer [12]. Other possible materials 
are natural rubber or other biological materials. Finally we 
used Elastosil® M 4600 A/B (Wacker-Chemie GmbH, 
Munich, Germany) for the arterial model because of its 
material properties as mechanical complience and Youngs’s 
Modulus similar to a coronary artery [13]. 

We produced the arterial phantom by casting technology. 
In Fig. 2, the improved tooling for the manufacture of arter-
ies is shown. It consists of a tube, two caps and a bolt, form-
ing the cavity of the casting die. The tube serves as outer 
housing and defines the outer geometry of the arterial 
model. Both ends are provided with an external thread for 
the mounting of the caps which are used to close the tube. 
The bolt defines the internal lumen of the artery. Two con-
centric holes in the caps serve to center the bolt. For the 
required precision of the bolt a cutting punch (DIN 9861 
Teil 1 Form DA) was used. 

For the geometry of our stenosis-inlay we designed a full 
parametric stenosis concept in CATIA V5 (Dassault Sys-
tems, Vélizy-Villacoublay, France) which is shown in Fig. 
3. The inner contour of the stenosis solid is accurately de-
fined by a radius which results from the mentioned parame-
ters. The body is built rotation symmetrically in longitudinal 
direction and mirror symmetric in transverse direction. The 
narrowest cross section is located axial in the middle of the 
body. The model itself can directly be generated with a 
linked Excel® chart (Microsoft Corporation, Redmond, 
USA). 

 
Fig. 2 Top – Sectional view of the artery-tool assembly with names of the 
parts; using the example of artery geometry L. Bottom – 3D CAD view of 
the artery-tool 

 
Fig. 3 Concept of the Stenosis-inlay. Full parametric geometry of the inlay. 
Geometry is totally definable with three parameters (lS-X, ØS-E-x, ØS-I-x). A: 
sectional view of radial stenosis concept. B: isometric sectional view 

Different methods for production of the stenosis-inlay are 
possible. In dental industry, dental impressions reproduced 
with silicon with very high precision. This prevents adhe-
sion of the dental gypsum to the silicon molds. However, 
such molds are used only a few times. They are called „non 
permanent molds“. They are not intended for mass produc-
tion and a direct copying of this method is not practicable 
because the additional operation of producing the mold 
would introduce possibilities of mistakes. After considera-
tion of the manufacturing method we decided to use the 
molding technology for our application. 

We identified material plaster for the production of our 
calcified stenosis-inlay. Plaster is manufactured from cal-
cium carbonate and is often used in the field of dentistry, 
[14]. After a detailed search for adequate materials and 
subsequent evaluation the dental gypsum BonTop ® -nova- 
(Wiegelmann Dental, Bonn, Germany) was selected. 

To realize our intention and to form the Stenosis-inlay 
we designed a tool with a movable mold (Fig. 4). The 
stenosis geometry comprises of a distal and a proximal core 
and a two-piece casing. At the beginning the closed casing 
is positioned at the base (position DOWN) and liquid plas-
ter is filled in the pool on top. Thereafter it is slowly moved 
vertically. In this step the stenosis geometry is shaped and 
liquid plaster can flow from the pool to the emerging mold. 
Pushing the distance ring in the exact position, the casing is 
leads to a fixed (position UP). After hardening the stenosis 
phantom can be demolded. 

 
Fig. 4 Tool stenosis phantom: Solution: „Moving Molding“. Left: Sec-
tional view of the stenosis-inlay tool. Right: 3-D CAD view of the stenosis-
inlay tool 
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To combine the arterial phantom and the stenosis-inlay a 
special applicator was designed. We modified two syringes 
normally used for insulin application. The stenosis-inlay is 
attached and inserted into the first syringe (inserter) and 
attached to one end of the arterial phantom. The lumen of 
the second syringe (pressurizer) must be filled to the maxi-
mum with air and then connected to the open side of the 
model. Thereafter the air in the arterial phantom is com-
pressed, the lumen of the artery is enlarged and the stenosis-
inlay can be placed in the middle part of it. 

III. RESULTS AND DISCUSSION 

The wall of the artery simulates amongst other the elastic 
recoil of the vessel. Not only the material, but also the ge-
ometry is an important factor for stiffness. For measuring 
purposes samples are taken from the distal, medial and 
proximal part of the artery and measured with a light micro-
scope VHX 500™ (Keyence, Neu-Isenburg, Germany) (Fig. 
5). The manufactured and measured samples we produced 
using a manual manufacturing technique. 

 
Fig. 5 Microscopy example image of a medial slice of the model. The 
inner and outer diameters and the edges are measured 

In order to evaluate the stenosis-inlays, they were exam-
ined visually and measured with a digital microscope. Rele-
vant images are displayed in Fig. 6. In almost all inspected 
stenosis-inlay little bubbles could be observed within the 
stenosis. 

 
Fig. 6 The images illustrate surface and geometry of an exemplary steno-
sis-inlay 

In the following image an example for the produced 
coronary artery model with a stenosis-inlay is shown. 

 
Fig. 7 Stenosis artery phantom (artery Type M) with calcified stenosis 

IV. CONCLUSIONS 

The presented techniques allow us to construct a matrix 
with ranging values for artery and stenosis geometries with 
adquate reproducibility. If stenoses with differing dimen-
sions are needed, modifying the CAD blueprints. Changing 
the stiffness of the stenosis phantom can be achieved by 
changing its material properties. There exists a large array 
of dental plasters with differing mechanical properties that 
can be used for experience purposes. 
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Abstract— As a model for RR-interval time series, a non-
stationary linear Langevin equation is used. Approximating 
the time-dependent point of equilibrium by a piecewise con-
stant function, an algorithm is presented to reconstruct the 
amplitudes of this trend. From these quantities a measure of 
activity is defined, which is shown to be an indicator of a dete-
rioration of cardiac performance such as involved by conges-
tive heart failure. 

Keywords— Langevin equation, non-stationarity, activity, 
circadian variation, congestive heart failure 

I. INTRODUCTION  

The fundamental characteristic of the human cardiovas-
cular system is the fact that it is – as an open system – in 
permanent contact with the surrounding environment: Vary-
ing external influences drive the system out of equilibrium 
imposing the need for counterregulation or demand to estab-
lish a new equilibrium. Cardiologic time series are thus 
characterized on small time scales, i.e. minutes, by stochas-
tic behavior resulting from an antagonism between external 
disturbances and regulatory mechanisms of the cardiovascu-
lar system itself. On a time scale of hours, however, clear 
phases of different means can be observed due to long-
range changes in physical stress. A particularly important 
example, which is present in all time series of length ≈ 1d, 
is circadian variation, the 24-h periodicity due to day-night 
rhythm (see Fig. 1). 

Such instationarities, on the one hand, pose a major prob-
lem for signal analysis, as actually several successive proc-
esses with different equilibria have to be treated. On the 
other hand, these varying points of equilibrium can be used 
as a source of information about the patient’s state of health 
as will be shown in the following. 

Therefore, algorithms are needed to extract the parame-
ters of the time-dependent equilibrium. We will present here 
an algorithm for reconstructing the fixed points of day and 
night phases, respectively, and will demonstrate how to use 
these quantities in clinical diagnostics. As underlying model 
the non-stationary linear Langevin equation introduced in 
[1] will be used, which reflects the physiologic situation 
described above (see also [2, 3]). 

Although the model and the algorithm presented here are 
applicable to a broad range of systems in and beyond cardi-
ology, we will focus on so-called RR-interval data, the 
series of distances between successive heart beats measured 
from the electrocardiogram. 

This article will be organized as follows: It starts with the 
introduction of the underlying model, the Langevin equa-
tion, which is adapted to describe circadian variation. In a 
second step a method is presented to calculate the fixed 
points of day and night phases, respectively. These quanti-
ties are then used to define the activity measure α. Finally, it 
is shown that α significantly changes with the development 
of congestive heart failure and thus promises to be a marker 
for deteriorated cardiac performance. 

 

Fig. 1 RR-intervals measured over 24 h. A phase of sleep with increased 
mean (i.e. decreased heart frequency) can be clearly identified. 

II. THE LANGEVIN APPROACH 

The physiologic situation as described above – the an-
tagonism between stochastic disturbances and deterministic 
regulatory mechanisms – is modeled by the Langevin equa-
tion 

),(],),([)()( τττ tttXgtXtX Γ+=−+ , (1) 

where the change in signal over time τ is caused by the two 
counteracting forces g and Γ. Whilst Γ, the stochastic force 
with mean = 0, represents the external disturbances, the 
deterministic force g drives the system back to equilibrium. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 318–321, 2009. 



If the short-term regulatory processes are neglected by 
choosing a sufficiently long time delay τ, then the determi-
nistic force g takes the form 

)()()]([ tXttXg −=+ γτ , (2) 

as was shown in [1]. Here the function γ(t) represents the 
time-dependent point of equilibrium. Combining equations 
(1) and (2) the Langevin equation 

)()()( tttX Γ+=+ γτ   (3) 

is obtained, which will be used in the following as the 
underlying model. 

A good choice for the delay parameter τ is to set it to 
103 s: Most day-time activities may last no longer than quar-
ter of an hour; thus this choice assures that the condition of 
negligible correlations is fulfilled. For τ between a few 
hundred and several thousand seconds, the following results 
stay valid and do not show any further τ-dependency. 

By the adoption of the assumption (2), one eliminates the 
general regulating force in the Langevin equation and in-
stead attributes the temporal behavior of the signal to the 
external disturbances γ and Γ. The multitude of influences 
on the cardiovascular system is hence reduced to two differ-
ent modes: a rapidly fluctuating force, the stochastic process 
Γ(t,τ), and the slowly varying trend γ(t). 

It is the latter mode that can heavily affect data analysis 
by imposing instationarities on the behavior of the system. 
On the other hand, the long-range variations represented by 
γ(t) do not depend on the contingent short-time activities 
and events in the patient’s life but indicate the long-range 
organization of the entire day, which takes into account the 
personal well-being and thus particularly the performance 
of the cardiovascular system. Therefore, methods for 
determining the parameters of the trend are strongly needed. 

III. MEASURE OF ACTIVITY 

In this article we focus on a particularly important case of 
instationarity, the day-night-rhythm present in 24-h re-
cordings of RR-intervals. The simplest way to cover this so-
called circadian variation is to set 
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where day and night phases are approximated by station-
ary processes, i.e. phases with constant γ. 

Now two types of information are of interest: the fixed 
points ξ1 and ξ2 as well as the time intervals I1, I2 and I3. 
Given either ξi or Ii, it is easy to calculate the other respec-
tive quantity. Faced, however, with the problem that neither 
the time intervals nor the fixed points of the stationary 
phases are given, an alternative algorithm is needed for 
reconstructing one of the quantities independently of the 
other. 

A. Reconstruction of the fixed points 

The solution of that problem starts from an algorithm 
proposed in [4] for reconstructing the deterministic force g 
of a stationary process: 

xtXxg
tXx
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= )(

)()( τ  (5) 

It could be shown [1] that, for a process with a piecewise 
constant trend as given in Eq. (4), the function g recon-
structed by applying Eq. (5) takes the form 
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where ρΓ(x) denotes the probability distribution of the 
stochastic process Γ(t,τ) and r is the fraction of I2 of the 
entire measurement time I1+I2+I3. As an example, the force 
g calculated from the time series given in Fig. 1 is shown in 
Fig. 2. 

 

Fig. 2 Deterministic force g reconstructed from the time series shown in 
Fig. 1 by applying Eq. (5) to the data (τ = 1000 s). 

It can be seen from Eq. (6) and Fig. 2 that the amplitudes 
ξi of the trend (4) coincide with the stable fixed points of g, 
i.e. the zero-crossings with negative slope. Furthermore, left 
and right to ξ1 and ξ2, respectively, g(x) shows linear behav-
ior with slope –1, except some outliers at the borders of the 
measurement interval. 
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Hence, it is reasonable to approximate Eq. (6) by the 
piecewise linear function 
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The assumption of a flat line between ξ1 and ξ2 is sup-
ported by empirical evidence and by findings from numeri-
cal simulations that in the presence of a transitional phase in 
γ(t) the region between the stable fixed points is flattened. 

Reconstructing g(x) and fitting Eq. (7) to the data with 
free parameters ξi hence gives us the possibility to retrieve 
the fixed points without knowing the limits of the Ik and 
without a priori assumptions about the probability distribu-
tion of the stochastic process Γ. 

This knowledge of the fixed points now enables us to de-
duce a first application of the Langevin model. 

B. Measure of activity 

As mean heart rate quantifies the average stress of a 
body, a measure of activity is defined by 
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α

−
= .  (8) 

Here, the fixed point ξ2 of the night phase acts as refer-
ence value for ξ2: Sleep is not subject to the personal or-
ganization of daily activities but represents the phase of 
minimal physical stress. The distance (ξ2 – ξ1) then quanti-
fies the deviation of the daytime activity from the reference 
value ξ2; hence α represents a relative activity difference. 

Since activity is typically adapted to the personal well-
being and thus particularly to the capacity of the cardiovas-
cular system, α can be assumed to be a predictor for a dete-
riorated performance of the heart.  

IV. RESULTS 

In order to test this hypothesis, two different tests were 
performed: In a first one, a group of 29 patients suffering 
from congestive heart failure (NYHA classes I–III) was 
compared to 91 healthy subjects [5]. As can be seen from 
Fig. 3, activity as defined in (8) is significantly decreased in 
patients with CHF compared to the reference group (p = 
1.58·10-11 in the Mann-Whitney-test). 

Fig. 3 Measure of activity α for patients with congestive heart failure vs. 
reference group of healthy patients. Activity is decreased in CHF-patients. 

The conclusion that the activity difference α is capable to 
discriminate between healthy subjects and those suffering 
from congestive heart failure brought up the question if it 
can also detect slighter degradations of the performance of 
the heart. Therefore, subgroups of CHF patients were 
formed according to their NYHA class and compared to 
each other. Figure 4 shows α plotted over NYHA class. A 
reduction of mean activity is observable with increasing 
NYHA class. Indeed the decrease of α between NYHA 
classes I and II is highly significant with p = 1.62% (Mann-
Whitney-test). With the small number of patients at hand, 
no significant change in α was found between NYHA 
classes II and III. Nevertheless, the results stated above 
indicate that α is able to detect deteriorations of the state of 
the heart. 

 

Fig. 4 Measure of activity over NYHA class. Activity decreases with 
NYHA class thus indicating a worsening in cardiac performance. 
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V. CONCLUSIONS  

The algorithm presented above – the reconstruction of 
the deterministic force g and the fit of Eq. (7) – represents a 
method for extracting the fixed points of a Langevin process 
with piecewise constant equilibria. In contrast to other 
methods serving the same purpose, no a priori information 
about the limits of the stationary phases or about the prob-
ability distribution of the stochastic process is needed. 
Likewise, no moving-window technique is required involv-
ing additional parameters to be adapted, e.g. window width, 
step size or thresholds. 

The reconstruction of the fixed points of a Langevin 
process from the resulting time series is the basis for further 
applications like the identification of the stationary phases 
or the definition of diagnostically relevant parameters. As 
an example, we presented here the definition of the activity 
measure α, which turned out to be a marker for a worsening 
of cardiac performance: It was shown by group comparisons 
that α is significantly reduced in patients suffering from 
congestive heart failure compared to healthy subjects and 
that α decreases with the aggravation of the disease. It thus 
provides a tool for an early detection and the monitoring of 
the development of cardiac diseases such as CHF. 

The advantage of the given quantity over other measures 
of activity derived from RR-interval data is, according to 
the underlying method for reconstructing the ξi, the absence 
of a priori assumptions about time and duration of the night 
phase(s): The entire time series is used for calculation, 
whilst the knowledge of beginning and end of sleep is not 
required. The algorithm can thus handle discontinuous 
sleeping behavior and the presence of transitional phases in 
the trend γ(t). It hence promises to be more stable than ac-
tivity measures that rely on measurements at fixed times, 
which can easily be corrupted by the patient’s individual 
behavior. 

It will be the work for further research to make the next 
step in stationary analysis, namely to identify the phases of 
constant trend and thus to provide a tool for data preproc-
essing. 
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Abstract—In order to provide a theoretical basis for the 
clinical treatment of thoracic aortic aneurysm, a 3D finite 
element model of thoracic aortic aneurysm was constructed 
and numerical simulation of hemodynamics was performed. 
Based on clinical patient-specific CT data, an optimized sur-
face model of thoracic aortic aneurysm was constructed using 
digital image processing software Mimics 11. Then the surface 
model was exported into ANSYS ICEM CFD11.0 to generate 
volume mesh. At last CFD analysis was performed using 
ANSYS CFX11.0. Finite element model of patient-specific 
thoracic aortic aneurysm suitable for hemodynamics simula-
tion was established. Distribution and changes of streamline, 
velocity vector, pressure and wall shear stress were obtained. 
Rupture mechanism of thoracic aortic aneurysms can be ana-
lyzed based on patient-specific model. Model with digital and 
patient-specific feature can be applied to hemodynamic analy-
sis of thoracic aortic aneurysm. 

Keywords—Thoracic aneurysm, CT image, Finite element 
model, 3D reconstruction, Hemodynamics. 

I. INTRODUCTION 

Studies have shown that hemodynamic parameters such 
as wall shear stress(WSS), wall pressure and flow velocity 
have important relationship with aneurismal growth and 
rupture. Characteristics of hemodynamic parameters are 
closely related to vascular geometry [1-2]. Therefore, hemo-
dynamic analysis based on patient-specific model can be 
performed and then applied to predict possibility of aneu-
rismal rupture and make surgical planning. Numerical simu-
lation of hemodynamics is an important researching means 
in biomechanical field where construction of accurate and 
effective patient-specific model is key point. Many re-
searchers have performed numerical simulations of human 
thoracic aortic blood flow [3-6]. However, numerical simula-
tion based on model with several large arteries is very rare. 
Real vascular model containing ascending aorta, aortic arch 
and descending thoracic aortic was constructed based on CT 
images in this paper. This model also contains innominate 
artery, left common carotid artery and left subclavian artery. 
Moreover, there is a fusiform aneurysm in descending tho-
racic aortic. 

II. CONSTRUCTION OF FINITE ELEMENT MODEL 

CT images scanned by Toshiba Aquilion multi-slice spi-
ral CT machine were from a 75 years old female. Original 
CT data in DICOM format were imported into Mimics 
software. Data of aortic vessel was extracted by using 3D 
threshold segmentation and 3D region growing segmenta-
tion. Then optimized model (Fig. 1) was obtained by calling 
surface mesh optimization procedure in Mimics so as to 
improve grid quality of volume meshing. Finally surface 
model of thoracic aorta was exported in STL format. The 
STL file was imported into ANSYS ICEMCFD 11.0. Vol-
ume meshes were generated by using mesh types of un-
structural tetrahedron and prism. To improve accuracy of 
calculation near the boundary layer, progressively finer 
meshes were generated in the normal direction of vessel 
wall. 

 
Fig. 1 3D model with surface mesh 

III. CALCULATION METHOD 

Volume mesh file was imported into ANSYS CFX 11.0 
to perform the numerical simulation. The following assump-
tions were employed in this numerical study: non-
permeability, rigid wall; incompressible Newtonian fluid; 
pulsatile and laminar flow. Viscosity and density of blood 
are 0.0035Pa•s and 1050kg/m3 respectively. Heart rate is 75 
beats / min with cardiac cycle T is 0.8s. Womersley number  
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based on the thoracic aorta diameter is 19.2. The average 
value of Reynolds number based on the entrance flow ve-
locity and the thoracic aortic diameter is 1399. 

Profile of input velocity is shown in Fig. 2[7]. No-slip 
condition is applied to vascular wall. Exit sections of arter-
ies adopt free flow condition. Discrete form of differential 
equations is upwind scheme with second order accuracy. 
Calculation process starts from stationary flow field. Con-
vergence solutions were obtained after several cycles of 
iterative calculations. 

 
Fig. 2 Velocity at entrance in a cardiac cycle 

IV. CALCULATION RESULT 

Several typical moments (0.08s, systolic acceleration 
stage; 0.15s, systolic deceleration phase; 0.70s diastolic) 
were selected to show the calculation results of velocity, 
pressure and WSS. 

Streamlines at different moments in a cardiac cycle were 
shown in Fig. 3 which shows a large vortex in the descend-
ing aortic aneurysm cavity. The flow characteristics in the 
thoracic aorta with aneurysm and without aneurysm are 
significantly different (refer to [8] for analysis of flow char-
acteristics without aneurysm). 

 
Fig. 3 Streamlines of blood flow within a cardiac circle 

Velocity field of blood flow at different moments in a 
cardiac cycle was shown in Fig 4. There is flowing blood all 
time although inlet velocity is zero between 0.2473 and 
0.8s. A large vortex in the aneurysm can be found. Blood 

flow velocity near the lateral parts of aneurysm is bigger 
than that near the inner parts of aneurysm in the decreasing 
phase of systole. Emergence of vortex in aneurismal cavity 
is closely related to aneurismal geometry. The position of 
vortex’s center varies with the changing of inlet velocity. 
Blood flow impact to aneurismal wall increases because of 
vortex, so possibility of aneurismal rupture increases too. 

 
Fig. 4 Velocity vector of blood flow within a cardiac circle 

The range of wall pressure fluctuation in systole is bigger 
than that in diastole as shown in Fig. 5. In the accelerated 
phase of systole, wall pressure decreases gradually from 
proximal end to distal end (0.08s). In the decreasing phase 
of systole (0.15s), wall pressure decreases from aortic arch 
to ascending aorta and descending aorta. In the latter half 
phase of diastole, wall pressures between ascending aorta 
and descending aorta become almost identical. This charac-
teristic can also be seen from Fig. 8. The largest wall pres-
sure in diastole appears in aneurismal wall as shown in Fig. 
5. Significant difference also exists between model with 
aneurysm and without aneurysm (Details please refer to 
reference [8]). 

 
Fig. 5 Wall pressure distribution of blood flow within a cardiac 
circle 

As shown in Fig. 6 and Fig.7, the largest WSS in systole 
appears in aneurismal dome. Maximum of WSS in systole is 
larger than that in diastole by two orders of magnitude, so 
aneurismal dome is the most possible position to rupture. As 
shown in Fig. 7, WSS changes over time (especially in 
systole). WSSs on aneurismal wall are significantly less 
than WSSs on other parts in accelerated phase of sys-
tole(0.08s) and their absolute values are also very small 
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(less than 1Pa). At different moments maximum of WSS 
changes from dozens Pa to hundreds Pa. WSS at the aneu-
rismal orifice is significantly larger than that in the aneu-
rysm in the decreasing phase of systole. In the diastole 
(0.7s), aneurismal WSS changes slightly, which can also be 
seen from Fig. 7(chart of WSS represents change at 8 points 
on aneurismal wall in a cardiac circle). WSS at A1, B1 
points in aneurismal orifice have the same changing law 
with the change of inlet velocity. The only difference of 
WSS at A1 and B1 point is their absolute value. Changing 
law of WSS at other six points is distinctly different from 
inlet velocity in systole. Moreover, their changes are more 
complex. 

 
Fig. 6 Wall shear stress distribution of blood flow within a cardiac 
circle 

 
Fig. 7 Wall shear stress distribution at different points on aneurys-
mal wall in a cardiac circle 

 
Fig. 8 Pressure distribution at different points on aneurysmal wall 
in a cardiac circle 

Change of descending aortic aneurysm wall pressure 
over time at 8 selected points is shown in Fig. 8. Pressure at 
the aneurismal orifice is greater than that inside the aneu-
rismal sac wall (A1-B1, A3-B3, and A5-B5). The direction 
of pressure difference is same as the vortex’s direction in 
aneurismal cavity. This indicates that pressure difference 
along the aneurysm wall is the major reason generating the 
vortex. 

V. CONCLUSIONS 

With the construction and simulation of patient-specific 
model of thoracic aorta, distribution and changes of hemo-
dynamics in blood flow field were obtained. Thoracic aortic 
aneurysm model based on the CT images has digital and 
personalized features. This kind of model can be used for 
calculation of thoracic aortic aneurysm hemodynamics and 
analysis of rupture mechanism of clinical thoracic aortic 
aneurysm in patients. Based on this research, fluid-solid 
interaction simulation can also be performed, which will be 
closer to the real natural. Combination of rapid prototyping 
technology, solid model of thoracic aorta can be created and 
experiment in vitro can be done in the follow-up study. 
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Abstract—Estimating SpO2 from photoplethysmographic 
measurements at the sternum is a challenging task given ster-
num’s very low perfusion. Reliable SpO2 estimation requires 
to specifically tackle the problem of very low SNR by simulta-
neously increasing the available information and reducing the 
noise. We propose a novel algorithm that: 1) Intelligently takes 
advantage of multichannel photoplethysmography to increase 
the available information; 2) Uses a frequency based approach 
to exploit the heart beat information from conjointly recorded 
surface ECG, providing a noise robust SpO2 estimation. Our 
novel approach has been validated on ten healthy subjects in 
supine resting condition undergoing a protocol that follows 
ISO9919 guidelines. The SpO2 values obtained with our algo-
rithm have been compared with the values given by commer-
cial reference devices. Promising results have been obtained 
for the whole database: an average root mean squared error of 
1.7% and 93% of the samples within an absolute error of 3%.    

Keywords—SpO2 estimation, multichannel photoplethys-
mography, principal frequency component projection, pulse 
oximetry. 

I. INTRODUCTION  

Measuring SpO2 at the sternum has several advantages 
that makes it a very interesting approach. First of all, a 
probe placed at the sternum is much less obtrusive that 
earlobe or finger probes, the latter being the gold standard 
approach to SpO2 measurements [1]. Secondly, the probe is 
protected from external environmental factors, such as low 
temperature, that might severely affect the reliability of 
SpO2 estimation [1]. Non obtrusiveness and protection from 
environmental factors enables SpO2 monitoring for particu-
lar categories of users, such workers in harsh environments, 
including firemen and rescue patrols, or outdoors sports-
men, including high altitude mountaineers.  

Nevertheless, the sternum has poor blood irrigation, and, 
therefore, low perfusion, especially if compared with the 
standard finger tip and earlobe measuring sites.  As a con-
sequence, the photoplethysmographic SNR is very low, and 
commonly used SpO2 algorithms are not able to provide 
reliable SpO2 estimation. 

We recall that the information conveying part in pulse 
oximetry is the so-called Ratio of Ratios [1], which is the 
ratio of AC and DC components of the red signal divided by 

the ratio of AC and DC components of infrared signal. 
From the signal processing point of view, the most crucial 
task leading to an accurate SpO2 estimation is therefore the 
accurate assessment of AC and DC components of the pho-
toplethysmographic signal. Conventionally, this is achieved 
either in the time domain by extrema location or template 
matching or in the frequency domain by extraction of the 
magnitude of specific spectral components [1]. Time do-
main methods even in their most advanced implementation, 
currently based on weighted moving average technique, 
give a precision of no better than 2%. In contrast, frequency 
domain methods based on fast Fourier or cosine transform 
were identified as potentially superior [1,2,3,4].  

The use of ECG signal, or more generally the heart beat 
information, brings along another advantage in processing 
noisy photoplethysmographic signal due to low perfusion. 
Indeed, in order to improve the noise robustness of pulse 
oximetry under low perfusion, methods have been proposed 
which process photoplethysmographic signals in the time 
domain in synchronization with ECG to [1]. 

In order to deal with the low SNR of photoplethys-
mographic signals obtained at the sternum, we have devel-
oped a very sound algorithmic concept providing high noise 
robustness due the inclusion the most promising state of the 
art methods of pulse oximetry together with techniques of 
advanced multichannel signal processing. More precisely 
the algorithm has the following key features: 1) Intelligently 
takes advantage of multiple photoplethysmographic signals 
recorded at the sternum by selecting the most reliable ones; 
2) Provides a noise robust SpO2 estimation using a fre-
quency based approach. 

II. MULTICHANNEL PHOTOPLETHYSMOGRAPHY 

CSEM has recently developed a SpO2 sensor for re-
search purposes that has 16 photoplethysmographic chan-
nels (couples of LED and photo-sensor). We have used 8 of 
the 16 available channels, choosing them so to maximize 
the spatial diversity and minimize the distance LED photo-
sensors. Figure 1 depicts the 16 channel sensors and out-
lines the 8 selected channels. 

It has to be remarked that the spatial diversity of the 
channels considerably increases the available  
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photoplethysmographic information. However, this requires 
a more sophisticated control and signal processing. 

III. A NOVEL ALGORITHM IN THE FEQUENCY DOMAIN 

As discussed in the introduction and highlighted in pre-
vious studies [3,4], frequency domain based pulse oximetry 
has potentially superior performance than time domain 
methods. Moreover, in highly noisy environments it has 
been shown in numerous studies of applied signal process-
ing [5,6,7] that robust extraction of efficient and salient 
features of multidimensional times series is often related to 
an adequate attenuation of harmful noise contributions in a 
dual domain, such as the for example the frequency domain 
or the domain spanned by the principal or independent 
component of the observed signals. 

These reflections bring along the first important concept 
issued from the conjoint processing of ECG and the pho-
toplethysmographic signals: the projection of the pho-
toplethysmographic signals on the principal frequency com-
ponent with adequate pre-windowing.  In contrast to 
classical frequency based pulse oximetry algorithms using 
FFT or DCT [2,3,4], computational load is highly dimin-
ished since only one component is used while frequency 
resolution and associated projection bandwidth is even 
improved. Indeed, whereas in FFT or DCT frequency reso-
lution is determined by the order of the applied transform 
we dispose in our approach of the exact location of the 
principal frequency component as the short–term mean of 
the instantaneous heart rate. Moreover, the projection 
bandwidth which is determined by the type and length of 
the pre-window can be exactly adjusted to our needs. On 
one hand, the short-term heart rate variability provides the 
minimal bandwidth of the useful signal. On the other hand, 
signals from the multichannel sensor integrated accelerome-
ter gives us information about the central frequency of the 
most harmful noise contributions. Together with the  

information of the level of background noise we have there-
fore sufficient information to design the optimal window, 
which may be even advantageously combined with a prior 
pre-filter, designed under the same constraints.  

The second important concept of the proposed algorithm 
exploits the spatial diversity. Indeed, the proposed principal 
frequency projection provides us ROS values at each heart 
beat and for each channel. Normally, in a most straight 
forward way one would only use these values and apply 
statistical techniques to estimate the most likely instantane-
ous ROS. However, it has been shown [5] that for signals 
with high intrinsic time and spatial correlations, spatio-
temporal principal component analysis yields improved 
performance in adverse highly noisy environment. Indeed, 
on one side, CSEM’s SpO2 research sensor provides ROS 
estimates from different locations which should indeed be 
highly correlated. On the other side, the physiological basis 
for pulse oximetry ensure us that SpO2 values from one 
heart beat to the next are highly correlated. Spatio-temporal 
PCA allows us to estimate a reliable evolution of the ROS 
values over a short time window of typically 20 to 120 sec. 
Finally, subsequent short term evolution profiles of the ROS 
can be combined in a windowing averaging technique as it 
is often achieved in speech processing [8]. 

 
Fig. 1 CSEM’s SpO2 sensor with 16 photoplethysmographic channels 

Fig. 2 Concept diagram of the proposed algorithm. Dashed bold lines 
indicate multidimensional signal flow and associated information, such as 
coherence, phase, and magnitude of the principal frequency projection 
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In a last step of our algorithm the instantaneous SpO2 es-
timation is obtained as in conventional pulse oximetry by 
SpO2(t)=a – b ROS(t) [1]. This simple linear projection 
may be refined as a more complex functional approxima-
tion. However, this would require a large clinical study 
which was out of the scope of actual study.   

Figure 2 presents the concept diagram of the proposed 
algorithm. 

IV. RESULTS OF THE VALIDATION TESTS 

A. Validation Setup 

We have conducted an ambulatory validation where the 
multichannel sternum located sensor is compared to com-
mercial finger-clip sensors (both NELLCOR N-595 with 
OxiMax finger-clip and BIOPAC finger-clip transducer 
TSD123 AC connected to BIOPAC MP150 acquisition 
platform). Finger-clip sensors have been chosen for our 
cross-validation procedure because of their reliability and 
the ease to ensure no motion at this sensor location. The 
validation follows the procedure for non-invasive laboratory 
testing on healthy volunteers of the ISO9919 international 
standard for Medical electrical equipment and particular 
requirements for the basic safety and essential performance 
of pulse oximeter equipment for medical use.  

Ten male volunteers, non-smokers, 25-54 years old, took 
part in this validation.  Informed consent to induced hypoxia 
was obtained from each patient in resting supine position 
with a gradual breathe down protocol for SpO2 values rang-
ing from 100 to 70%. A non-re-breathing system attached to 
an Oxygen (‘O2’) / Nitrogen (‘N2’) / Air gas delivery appa-
ratus (AltiTrainer, SMTEC SA) provided the hypoxic gas 
mixture to the volunteer, via a facemask held in place by a 

fabric elastic head cradle. Figure 3 depicts the validation set 
up.  

B. Results 

SpO2 estimation provided by our algorithm has been 
compared to the SpO2 values of the reference devices, and 
the performances evaluated on the basis of the average 
means square error (AMSE), the bias, and the percentage of 
time the absolute relative error was <3%. Table 1 summa-
rizes the performance evaluation. 

Table 1  Evaluation results of our algorithm 

Subject AMSE bias % abs err < 3 %

1 1.3555 0.1137 95.4395
2 1.9861 -0.2712 88.9400
3 1.0477 0.1905 99.1556
4 2.0555 1.5006 85.4915
5 1.2782 0.0516 97.5844
6 1.5020 0.8062 98.4399
7 1.9408 -1.3643 87.2347
8 2.0642 -0.0779 85.9316 
9 1.8069 -1.5085 95.0396 

10 2.7272 1.6410 69.4551

 
Similar performances have been observed in 9 out of the 

10 tested subjects. Figure 4 and Figure 5 depict the results 
for two of the subjects where the algorithm showed similar 
performances (subject 5 and subject 6), while Figure 6 de-
picts the results of subject 10 where the algorithm provided 
poor SpO2 estimation. More precisely, in each figure we 

 
          Fig. 3 Setup of the validation tests on healthy volunteers 

     Altitrainer mask 

     CSEM’s multichannel SpO2 sensorr 

     BIOPAC finger clip (reference) 

     NELLCOR finger clip (reference & safety) 

     BIOPAC ECG (reference) 
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present the SpO2 estimation obtained with CSEM’s sensor 
and the reference devices (top plot) and the relative error 
with confidence intervals (bottom plot). 

It has to be noticed that when the algorithm had poorly 
estimated the SpO2 (subject 10) it has also indicated the low 
reliability of the estimation (see Figure 6). 

V. CONCLUSIONS 

We have proposed a SpO2 estimation method that com-
bines multichannel photoplethismography and frequency 
based noise robust estimation techniques so to provide reli-
able measurements in very low SNR scenarios.  

The results obtained are very promising, encouraging the 
further development of the concept and a larger clinical 
study for its validation.  
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Abstract—Aim of this work is to experimentally investigate 
the potential of a novel technique for CR image restoration 
which make use of gradient descent algorithm to minimize a 
local error function derived from the conventional global con-
strained error measure adopted within regularization ap-
proaches. Results of preliminary experiments show that the 
proposed restoration algorithm is promising for medical imag-
ing restoration and could be useful in limiting x-ray dose ab-
sorbed by patients. 

Keywords—Computed Radiography (CR), radiation dose, 
Image Restoration, Neural Networks. 

I. INTRODUCTION  

The trade-off between radiation dose and image quality 
in diagnostic radiology motivates development of image 
restoration methods for maintaining image quality while 
reducing radiation dose. Only a few experience are reported 
in literature, concerning ultrasonic and Computed Tomo-
graphy (CT) images [1] [2] and Computed Radiography 
(CR) images [3]. 

Regularized image restoration methods [4] attempt to re-
store an image by minimizing a measure of degradation 
such as the constrained least-squares error measure. Within 
regularized approaches, artificial neural networks, using the 
Hopfield neural model to implement minimization, have 
received considerable attention [5] [6]. However, critical 
aspects such as high computational cost, difficulties in set-
ting a proper set of internal parameters, and robustness un-
der different levels and types of degradation, limit the appli-
cability of these methods in CR. 

Aim of this work is to experimentally investigate the po-
tential of a novel technique for CR image restoration which 
make use of gradient descent algorithm to minimize a local 
error function derived from the conventional global con-
strained error measure adopted within regularization ap-
proaches [7]. 

In order to verify the applicability of the developed algo-
rithm, preliminary measurements have been carried out on 
images obtained by the exposition of a simple test object. 

II. MATERIALS AND METHODS 

A. Production of Test Images 

A TOR CDR test object (Leeds Test Objects LTD) has 
been used. This test object, shown in Figure 1, is intended 
for routine quality control in computed radiography, to 
check the consistency of radiographic exposure and of the 
processing conditions. 

In particular, it contains a grey scale of 10 discs, 5.6 mm 
in diameter, with decreasing contrast which allows per cent 
contrast (% contrast) and Contrast to Noise Ratio (CNR) 
measurements. Moreover, there are 30 separate groups of 
bar patterns, each group comprising 5 bars and 4 spaces, 
giving 4 ½ line pairs, for high contrast spatial resolution 
evaluation.  

 
Fig. 1 The TOR CDR test object 

Images have been acquired always with the same imag-
ing plate, at 70 kV, with a filter of 1 mm copper, as recom-
mended by the phantom vendor, at 122 cm focus to detector 
distance, at three different tube currents and exposure times, 
corresponding to 44 mAs (standard dose, SD), 374 mAs 
(very high dose, HD) and 4 mAs (very low dose, LD), on a 
standard radiological unit (Philips Omni Diagnost Eleva). 
For this unit, this corresponds to an input dose to the patient 
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(simulated by the phantom and the copper filter) of 1,86 
mGy (SD), 15,8 mGy (HD) and 0,17 mGy (LD). 

A Fuji FCR Profect CS CR system has been used. The 
imaging plate has been read using “Linearity” algorithm. 
For each of the three exposures, the “Sensitivity” parameter 
(S) was chosen in order to always obtain nearly the same 
mean grey level on the whole image. Thus, in detail, S=103 
for SD image, S=12 for HD image and S=1102 for LD im-
age have been chosen. 

B. Local Adaptive Neural Network for Image Restoration 

Generally the image degradation model suitable for most 
practical purposes is formed as a linear process with addi-
tive noise for which the matrix form is 

n+Hf=g    (1) 

Where g and f are degraded and original vectors respec-
tively, H is the blur block Toeplitz matrix whose elements 
are an arrangement of the elements of the Point Spread 
Function (PSF), and n represents the independent identi-
cally distributed zero mean additive noise. The aim of im-
age restoration algorithms is to find an estimate that closely 
approximates the original image f, given g. 

The degradation measure we consider minimizing is a 
local cost function E(x,y) defined at any point (x,y) in an 
M × N  image: 

( ) ( ) ( ) ( )22 ˆ
2
1ˆ

2
1 fRyx,λ+fL=yx,E  (2) 

where ( ) ( ) ( )yx,fhyx,g=fL ˆˆ ∗− , 

( ) ( ) ( )yx,fhyx,g=fR ˆˆ ∗− , ( )yx,g  is the given degraded 

image; ),(ˆ* yxfh  denotes the convolution between a blur 
(PSF) filter h centred in a point (x,y) of the restored image 
f̂ and the restored image f̂ itself; ( )yx,fd ˆ∗ denotes the 

convolution between a high-pass filter d centred in a point 
(x,y) of the restored image f̂  and the restored image f̂ itself. 

The main phases of the method are described in  
Algorithm 1. 

A multilayer perceptron model, trained with the super-
vised back propagation learning [8], was adopted to com-
pute the regularization parameter based on specific local 
information extracted from the degraded image g(x, y) pre-
viously scaled in a range [0, 1]. 

The neural learning task accomplished within the neural 
training phase can be formulated as a search for the best 
approximation of the function λ(x, y) =Y(S(x, y)) where S(x, 
y) represents a set of statistical measures extracted directly 
from the degraded image [9].  

Algorithm 1 - LANN restoration algorithm 

Require: Scale the gray level image g in the range [0..1] 

Require: Set ( )yx,λ values and blur Gaussian kernel h(s,r) 

Require: Initialize f̂ with the values of g 

Repeat 

for (x=1 to M; y=1 to N) 

for (s=x-W/2 to x+W/2; r=y-H/2 to y+H/2) 

select the pixel P(x,y) 

update f̂ as follows: 

( ) ( ) ( ) ( )[ ]ji,ji,
t
rs,

t
rs, hfLdfλRηf=f −−−−

− −− ˆˆˆˆ 1  

end for 

end for 

t=t+1 

until ( ( )( ) ( )( )| | ( )yx,ε,<yx,fyx,f tt ∀− −1ˆˆ ) 

C. Quality Evaluation of Images 

Analysis has been performed both on original images and 
processed ones. 

The spatial resolution limit has been evaluated by two 
skilled observers. 

The resolution limit is determined by the last resolution 
group where the bars and the spaces are all visible and it is a 
simple, but significant and quantitative, indicator of the 
highest spatial frequency that can be resolved. 

The % contrast and the CNR values have been calculated 
for each grey scale disc drawing a Region Of Interest (ROI) 
in correspondence of each disc, another ROI (of the same 
dimensions) for the background and applying the formulae: 

| |
background

backgrounddisc S S 
contrast  %

S
=

−
      (3) 

| |
mean

backgrounddisc S S 
 CNR

σ
=

−
  (4) 

where Sdisc and Sbackground are the mean pixel values in the 
two ROIs and σmean is the mean standard deviation of the 
pixel values in all the considered ROIs. 

D. Quantitative evaluation of restored images 

To evaluate quantitatively the restoration performances 
of our approach, the Improvement in Signal-to-Noise Ratio 
(ISNR) measure [4] was adopted. This can be estimated as 
follows:  
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The application of the ISNR measure is subordinated to 
the availability of the truth image ( )yx,f ; in our context  
we assumed the HD image, acquired with very high dose, as 

( )yx,f  image. To ensure a perfect match in computing the 
ISNR measure, the acquired images were aligned by using 
an image processing algorithm. 

The maximally achievable signal-to-noise ratio im-
provement depends strongly on the content of the image, the 
type of blur considered and the signal-to-noise ratio of the 
blurred image. 

III. RESULTS 

Three different configurations of the restoration algo-
rithm have been considered in our experiments distin-
guished by a 7x7, 9x9 and 11x11 PSF corresponding to 
three hypothesis of degradations. 

The results of spatial resolution limit evaluation are re-
ported in Table 1. 

Table 1 Results of  spatial resolution limit evaluation 

Resolution (lp / mm) 
 

HD SD LD 
original 3.55 3.55 3.15
Restored 7 x 7 PSF 1.8 1.8 1.8
Restored 9 x 9 PSF 1.6 1.6 1.6
Restored 11 x 11 PSF 2.24 2.24 1.8

 
The calculated values of % contrast and CNR are shown 

in Figure 2 and Figure 3, respectively. 
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Fig. 2 Values of % contrast 
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Fig. 3 Values of CNR 

Figure 4 shows the best results in terms of ISNR measure 
after a trial and error procedure considering different set-
tings of the function λ(x, y) =Y(S(x, y)). 
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Fig. 4 Best results in terms of ISNR measure 

IV. DISCUSSION 

As regards high contrast spatial resolution (Table 1), the 
spatial resolution limit is higher in original images for all 
the considered doses. Between processed images, this limit 
is similar for restorations with a PSF 7x7 and 9x9 and 
slightly higher for 11x11. 

The % contrast is not strongly affected by image process-
ing, for all the considered filter, as can be seen in Figure 2. 

On the contrary, the CNR, and consequently the quality 
of the images, is always improved by image processing 
(Figure 3). For all doses, the CNR is always higher for 7x7 
PSF restored images. The CNR of restored images acquired 
at SD is superior than CNR of non processed images ac-
quired at HD, hence better image quality can be obtained 
without dose increase. Moreover, the CNR of restored im-
ages with 7x7 PSF acquired at LD is comparable to CNR of 
non restored images acquired at SD: this implies that similar 
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image quality, for low spatial frequencies, can be obtained 
with great dose reduction. 

Analyzing the quantitative results in terms of ISNR val-
ues (see Figure 4) we observe a good improvement in the 
restored images compared with the corresponding degraded 
images. The improvement is more evident in the restoration 
of the DB image. Results obtained demonstrated that the 
proposed algorithm is capable of improving the images ac-
quired with low doses leading the quality of restored images 
near ideal images acquired with high dose. 

Figure 5 shows an example of DB image restored with a 
7x7 PSF, using the proposed algorithm. 

 

 

(a) 

 

(b) 

Fig. 5 Image DB (a) and the corresponding restored image with PSF  
7x7 (b) 

V. CONCLUSIONS 

Results of preliminary measurements show that the pro-
posed restoration algorithm is promising for medical imag-
ing restoration and could be useful in limiting x-ray dose 
absorbed by patients. The short execution times (few  
seconds) required to restore an image and the accuracy ob-
tained mean this method can be proposed as an operative 
tool. 
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Abstract—A versatile software for dynamic generation of 
physiological model systems will be proposed in this publica-
tion. Via a graphical user interface the user can choose and 
combine models of varying detail from the following three 
model families: respiratory mechanics, gas exchange and car-
diovascular dynamics. Tests of different simulation runs 
showed results and model delay times consistent with human 
physiology. 

Keywords—Physiological simulation, Matlab, cardiovascu-
lar dynamics, respiratory mechanics, gas exchange. 

I. INTRODUCTION  

Mathematical models are widely used to simulate physio-
logical processes in the human body and can be exploited 
for diagnostic purpose or the automation of therapeutical 
measures [5]. The standard models described in literature 
usually assume the organs to be isolated mechanisms and 
therefore lack of any interaction with other physiological 
processes in the human body. These interactions can include 
e.g. cardiovascular response to intrathoracic pressure or 
reaction of body gas exchange to variations in cardiac out-
put. Complex models with interaction between different 
physiological processes are usually not consisting of inter-
changeable submodels, so that any adaption of the submod-
els’ abstraction level requires time consuming redesign. We 
therefore designed a versatile software based on Matlab 
with dynamically exchangeable subsystems within the three 
model families of respiratory mechanics, gas exchange and 
cardiovascular dynamics.  

II. METHODS 

A. Model Families and Submodels 

To allow interchangeability and interaction between the 
submodels, important parameters were extracted from the 
corresponding literature. Common interfaces were defined 
for each model family based on these parameters to ensure 

interchangeability within the same model family. For the 
simulation of human body gas exchange we used a 2-
compartment model described by Chiari et. al. [2] with the 
carbon dioxide dissociation curve as found by Sharan et al. 
[7]. Their gas exchange model assumes laminar, continuous 
blood and gas flow. To integrate their model and at the 
same time to ensure interaction with respiratory mechanics 
the tidal breathing model introduced by Benallal et al. [1] 
was added to the alveoli model equation. The model family 
of cardiovascular dynamics consisted of a single compart-
ment model by Parlikar et. al. [6] as well as a 6-
compartment model and a 12-compartment model by Heldt 
et. al. [3]. The Cardiovascular models by Heldt et. al. also 
included response to intrathoracic pressure. The respiratory 
mechanics were based on a 1st order RC-model and a 2nd 
order RC-model. All described models have been coded in 
Matlab software following the model descriptions in litera-
ture and have been tested separately to assure operability 
within physiological limits.  

In figure 1 the model interactions are shown. Starting 
with the lungs the first interface is located between the res-
piratory mechanics and the ventilator settings. Both models 
are connected by the following parameters: applied airway 
pressure (Paw), the positive end-expiratory pressure (PEEP) 
and the ventilation frequency (fR). The second interface 
between respirator and human physiology is concerned with 
gas exchange processes. It includes as parameters the in-
haled gas fractions of oxygen (FiO2) and carbon dioxide 
(FiCO2) directly influence the end-capillary partial pres-
sures of these gases. As mentioned above a separate tidal 
breathing model had to be added, which in the Matlab rep-
resentation is separated from the body gas exchange. This 
block called “lung gas exchange” is moreover influenced by 
alveolar volume (VA), air flow ( AV ) and inspira-
tion/expiration ratio (I/E) given by respiratory mechanics. 
Both lung and body gas exchange are also influenced by 
cardiac output (CO) which is given by cardiovascular dy-
namics. The last interface is located between cardiovascular 
dynamics and respiratory mechanics where intrathoracic 
pressure (Pth) influences cardiac output. 
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Fig. 1 Model interfaces set up 

B. Matlab Source Code Set Up 

Since the Matlab differential equation solver needs the 
model system to provide all state signals at the same time 
step, consecutively solving of the separate submodels is not 
possible. One approach to sorting out this problem would be 
incorporating all chosen submodels into one file to allow 
Matlab to call all ODEs at the same time. This on the other 
hand would compromise simple interchanging of several 
submodels.  

The solution to the just mentioned dilemma is given by 
using a dedicated caller algorithm. This invokes all chosen 
submodels at the same time step and creates the vector con-
taining all state signal derivatives. Afterwards this vector is 
handed over to the ODE solver which calculates the corre-
sponding state signal vector. The caller program is created 
in such a way that it can combine an arbitrary number of 
submodels as it is most flexible using the powerful “eval” 
command in Matlab. To allow communication between the 
different submodels all exchangeable parameters are set to 
global, being updated when the corresponding submodel is 
invoked. 

C. Graphical User Interface 

To allow user friendly handling of the various submodels 
a graphical user interface (GUI) has been created (see Fig. 
2). The GUI was coded using Matlab GUIDE software 
which allows easy arrangement of user interface elements 
such as buttons, graphs and pop-up menus in a graphical 
programming environment. 

The GUI is basically divided into two parts: simulation 
settings and plotting options. In the simulation settings the 
user can select one submodel from each model family to be 
combined to the model system. Via the plotting options the 

user can plot graphs of the simulation data directly from the 
GUI. The options allow plotting of alveolar gas partial pres-
sures, tidal volume, aortic and venous pressures as well as 
arterial and venous gas concentrations.  

Upon pressing of the “Simulate” button, it gets disabled 
to avoid repetitious starting of parallel simulation runs 
which would slow down calculation speed of the simulation 
massively. Also plotting options are disabled before first 
simulation and during simulation runs. 

 
Fig. 2 Graphical user interface 

III. RESULTS 

Simulations showed distinct differences in simulation 
output depending on the chosen submodels. Combination of 
respiratory mechanics, tidal breathing, gas exchange and 6-
compartment cardiovascular dynamics showed direct influ-
ence of intrathoracic pressure (Pth) on cardiac output and 
thereby on arterial and venous gas concentrations. Simula-
tion results also showed pronounced influence of Pth on 
aortic and venous pressures as superimposed oscillations 
can be seen in the output. When applying mechanical venti-
lation, aortic pressure clearly drops because the chest is not 
expanding actively anymore and positive intrathoracic pres-
sure is pressing on the pulmonary vessels and cardiac mus-
cles (Fig. 3). This phenomenon also leads to a decrease in 
oxygen blood concentration (Fig. 4). Although application 
of PEEP causes even larger decrease in aortic pressure, 
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change in oxygen concentration was buffered by increase in 
tidal volume. Venous pressure showed only slight reaction 
to PEEP. 
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Fig. 3 Comparison of aortic pressure with spontaneous breathing and 
mechanical ventilation (ZEEP) 
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Fig. 4 Comparison of arterial O2 concentration in spontaneous breathing 
and mechanical ventilation (ZEEP , 12/min) 

In order to test model delay time with respect to changes 
in simulation parameters, alterations in ventilation fre-
quency were applied to a model combination consisting of 
no respiratory mechanics (sinusoidal flow assumption), tidal 
breathing in the lungs, 2-compartment gas exchange and 
continuous cardiac output. The simulation results were 
compared to the data collected by Jensen et al. [4]. In this 
experiment changes in end-tidal CO2 (etCO2) following 
alterations in ventilation frequency were measured on pa-
tients undergoing general anaesthesia in endotracheal  

intubation. Ventilation was started with 12 or 14 breaths per 
minute and was altered following the protocol shown below 
when etCO2 had reached a new equilibrium. Simulation was 
performed using a predefined sequence of ventilation fre-
quencies in sinusoidal form following the protocol specified 
in the publication. Thus ventilation frequency changed in 
the following order: 12/min – 14/min – 10/min – 16/min – 
8/min.  

Results (Fig. 5) showed that model reaction delay is 
mostly consistent with the data collected by Jensen et. al. 
[4]. 
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Fig. 5 Alveolar partial pressure CO2 following alterations in ventilation 
frequency 

IV. CONCLUSIONS  

As seen in the results the chosen way of combining the 
separate submodels is working well. All submodels are 
invoked at the same time step so that chronological inaccu-
racies are avoided. Furthermore the model combinations 
show a simulation output that is consistent with physiologi-
cal data and time delay. The interface arrangement can 
always be extended easily by more detailed submodels and 
parameters or even new model families. Via the graphical 
user interface the user is able to select the desired submod-
els easily and also basic parameter specification can be in 
the same way. 

Despite the good results one must also keep in mind that 
parameter identification is not working perfectly yet as 
adequate fitting algorithms still have to be developed. An-
other disadvantage is the temporal complexity of simulation 
runs which rises rapidly with increasing model detail. This 
may be a handicap in its use as a prediction tool for finding 
the optimal ventilation strategy. 
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To improve simulation speed the source code set up has 
to be re-evaluated and optimized. Also the chosen physio-
logical models might be subject to further research as some 
of them were not developed for interaction with other mod-
els. For example the 6- and 12-compartment cardiovascular 
models are set to react to an intrathoracic pressure in a range 
that only occurs in spontaneous breathing. Unfortunately 
their reaction to an intrathoracic pressure produced by me-
chanical ventilation is too large i.e. unphysiological. The 
optimization of interaction between cardiovascular dynam-
ics and respiratory mechanics is another subject of research 
activities in our group. 
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Abstract—In radioimmunotherapy (RIT) preloading is a 
common strategy to improve biodistribution. The amount of 
unlabeled antibody is usually administered relative to the body 
surface area. However, studies have shown a considerably 
large interpatient variation of the biodistribution for the same 
preload. In this work, as a prerequisite for individualizing 
RIT, a physiologically based pharmacokinetic (PBPK) model 
for RIT using anti-CD20 antibody is developed and simula-
tions are conducted based on physiological parameter values 
taken from the literature. The influence of different amounts 
of preloads for varying lymphoma transcapillary recirculation 
rates is determined. It is shown that – depending on the con-
vection of antibody across the transvascular wall – an optimal 
preload amount does exist. For slow transport across the capil-
laries higher amounts of antibody as a preload are needed to 
sustain the flow into the interstitium (100 – 600 mg). For more 
rapid transport across the microvascular wall less unlabeled 
antibody is required (7.5 – 12 mg) to achieve the optimal lym-
phoma uptake. Thus, identifying the optimal dose for each 
patient or lymphoma, i.e., personalizing RIT, could considera-
bly improve the biodistribution while saving antibody ex-
penses.  

Keywords—Radioimmunotherapy, anti-CD20, preload, 
PBPK model, monoclonal antibody. 

I. INTRODUCTION  

In radioimmunotherapy (RIT) antibodies are used to de-
liver radioactivity to cancer cells while sparing normal tis-
sue. Radioimmunotherapy of Non-Hodgkin Lymphoma 
(NHL) requires the administration of unlabeled antibodies 
(anti-CD20 antibody) as a preload to overcome the antibody 
sink represented by B-cells in normal tissue such as in the 
spleen or bone marrow (1). 

At present a standard amount of unlabeled antibody is 
administered as preload. However, the antibody sink might 
differ considerably between the patients due to spleen size 
or bone marrow involvement. Furthermore, high amounts of 
previously injected unlabeled antibody might saturate more 
accessible antigen sites of the lymphoma. In addition, the 
heterogeneity of lymphomas is well known (2) and the 
accessibility of antigen sites in lymphomas varies consid-
erably (3). Because lymphomas are well perfused, the ac-
cess limiting factor is the transport of antibody from the 
microvasculature to the interstitial spaces (4). The main 

mechanism of transport is convection (5, 6) with the fluid 
recirculation rate Jiso as key parameter (7, 8). 

Physiologically based pharmacokinetic (PBPK) models 
(9) are suitable for describing the preload effect since they 
allow the incorporation of different blood flows, number of 
antigens and general accessibility of antigen sites of the 
specific organs (10, 11). 

In this work, a physiologically based pharmacokinetic 
model (PBPK) is developed to determine the biodistribution 
of anti-CD20 antibody depending on: a) the amount of ad-
ministered antibody as a preload and b) the transport of 
antibody across the vascular wall of the lymphoma. The 
saturation effect of the CD20 antibody sink is modeled and 
the optimal amount of antibody for different recirculation 
rates Jiso of the lymphoma is determined. As a measure of 
favorable biodistribution the AUCs of the lymphoma and 
the total body are calculated. 

II. MODELING ANTI-CD20 ANTIBODY RIT  

 . PBPK Model 

A PBPK model was developed which explicitly incorpo-
rates the transport of antibody via blood flow and bivalent 
competitive binding of labeled and unlabeled antibody (10, 
11). Six main antigen expressing sites were included: lymph 
nodes (healthy) (9.5 nmol antigens), spleen (8.7 nmol), bone 
marrow (6.2 nmol), blood (0.6 nmol, liver (0.1 nmol) and 
tumor (12.5 nmol). The numbers of antigens of normal 
organs were calculated from the number of cells in healthy 
subjects (12) and the average expression of CD20 antigen 
on B-cells (13). For the lymphoma B-cell density was as-
sumed to be 5×108 / g which is 2.5-fold higher than the B-
cell density of the spleen (35×109 / 180 g (12)). The lym-
phoma mass was set to 100 g, which is a median value 
based on the patient population of Knox et al. (14).  

A frequently observed increased spleen size was taken 
into account by scaling all parameters pertaining to the 
spleen (blood flow, blood volume, organ size and the anti-
gen sites) by a factor of two. All blood flows and volumes 
were incorporated according to Leggett et al. (15). 

For the explicitly modeled organs, antibody was assumed 
to bind directly from the blood due to the capillary structure 
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(discontinuous capillaries) of these organs (10, 16). It is not 
clear to which degree the parameters describing the tran-
scapillary transport of the lymphoma differs from solid 
tumors. This might depend on the lymphoma type, the stage 
and the location. Therefore, the lymphoma was modeled as 
a solid mass with vascular part, interstitial spaces and anti-
gen expressing cells according to Baxter et al. (17). All 
parameter values were taken from Baxter et al. (17), except 
for the blood flow to the lymphoma (18). The fluid recircu-
lation rate Jiso, which is a function of the overall hydraulic 
conductivity, the fraction of hydraulic conductivity repre-
sented by large or small pore, and the difference of the 
transmural osmotic pressure gradient (8), has been identi-
fied being a powerful parameter for tumor antibody uptake 
(7, 17). However, Jiso values for lymphomas are not avail-
able and Jiso values for solid tumors (7, 17) are scarce and 
vary considerably in the literature (7, 8). It can be assumed 
that Jiso for lymphomas is larger than Jiso for solid tumors, as 
it has been reported that the interstitial pressure of lym-
phoma is considerably lower than in solid tumors (19). In 
addition we were interested in lymphoma structures where 
almost direct antigen access from the blood pool is possible. 
Therefore, the biodistribution of anti-CD20 antibody was 
investigated using the very low Jiso value of Baxter et al. 
(17) (compared to Jiso of Green et al. (7), which is higher by 
a factor of 3750) and elevated Jiso up to an order of 4 magni-
tudes (Table 1). 

Degradation of antibody in the lymphoma and other anti-
gen expressing organs was incorporated according to Klet-
ting et al. (10). 

Table 1 Investigated fluid recirculation rates Jiso, the maximum area under 
curve (AUC) (relative values to total body in parentheses) and correspond-
ing optimal preloads 

Jiso  
(ml/g/min) 

Max AUC lymphoma  
(h) 

Optimal preload 
(mg) 

6106.1 −⋅  (17) 0.17 (0.2%)  600 
4106.1 −⋅  0.55 (0.7%) 100 
3106.1 −⋅  3.23 (4.5%) 15 
2106.1 −⋅  9.6 (13%) 7.5 

 

 . Simulations 

Simulations of the biodistribution (11) of anti-CD20 an-
tibody were conducted with varying amounts of antibody as 
a preload for 4 different fluid recirculation rates Jiso (Table 
1, Figure 1). In the simulations the preload was infused over 
1 h and the radiolabeled antibody (2 mg = 13.3 nmol) was 
administered as a bolus 30 min after the end of the infusion. 
Area under curves (AUC) for the 90Y-labeled CD20  

antibody, i.e., residence times (20), were calculated as a 
measure for the radiation absorbed dose to the accumulating 
organs (Table 1, Figure 1). 

III. RESULTS 

The optimal amount of antibody depends on the transport 
across the capillary wall (Table 1, Figure 1). Large convec-
tion from the vascular compartment of the lymphoma to the 
interstitial spaces allows rapid access of antibodies to anti-
gen sites in the tumor. Thus, high preloads saturate such 
more accessible antigen sites and decrease uptake. For low 
convection (Jiso = 1.6×10-6 ml/g/min) a sustained antibody 
concentration is needed to maintain flow of antibody into 
the interstitium. 

 
Fig. 1 Ratio of area under curves (AUC) of lymphoma and total body in 
dependence on the preload of unlabeled anti-CD20 antibody for different 
fluid recirculation rates Jiso [ml/g/min] 

IV. DISCUSSION 

A PBPK model was developed to describe the biodis-
tribution of anti-CD20 antibody for various preloads and 
different recirculation rates Jiso as the interstitial pressure of 
the lymphoma and the leakiness of the capillaries is differ-
ent for each single lymphoma. High accessibility of  
lymphoma antigen sites requires low predosing, low acces-
sibility requires higher doses of unlabeled antibody. To 
overcome the antibody sink of the CD20 antigen expressing 
organs the administration of large amounts of unlabeled 
antibody are standard practice. The simulations show that 
lower amount of unlabeled antibody would be sufficient to 
saturate non-target organs. Interestingly, the optimal dose 
for highly accessible lymphomas of 7.5 mg (50 nmol) of 
unlabeled antibody is of the same order as the total amount 
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of antigens in the modeled system (37.6 nmol). Although 
the used values for the number of antigens for liver, lymph 
nodes and blood are based on healthy subjects (without 
modeling Peyer’s patches) and the values pertaining to the 
spleen have only been doubled, the simulations indicate that 
the standard dose of 250 mg/m2 rather supersaturates the 
whole system. Clearly, naked antibody has already a thera-
peutic effect; however, a high dose of unlabeled antibody 
could be administered following RIT. 

We have not investigated patients with strong spleno-
megaly (spleen size was only doubled) or patients with 
large deviations of antibody expression. Nevertheless, the 
optimal amount of unlabeled antibody can most probably be 
determined for each patient. 

V. CONCLUSIONS  

The dose of unlabeled antibody (as preload) resulting in 
the optimal uptake of radiolabeled antibody into the lym-
phoma depends strongly on the transport of antibody across 
the capillary wall of the lymphoma. A personalized ap-
proach of anti-CD20 antibody RIT in the treatment of lym-
phoma might meet the heterogeneity in the accessibility of 
cancer cells. 
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Abstract— Life expectancy of schizophrenic patients was 
reported to be 20% shorter than general population. This 
reduced life expectancy is mainly caused by cardiovascular 
events such as sudden cardiac death. For these patients a 
higher heart rate, reduced vagal control and reduced complex-
ity of different heart rate variability indices is reported. 
Biosignals as heart rate und blood pressure time series are 
influenced by different regulatory systems and connected by 
complex interactions of the autonomic nervous control system 
(ANS). In patients with acute schizophrenia (medicated and 
unmedicated) this regulatory control system is assumed to be 
highly affected and thus might be of clinical importance in 
connection with the high mortality rates in these patients. 

In this study, we introduce a non-linear method for an en-
hanced analysis of interaction between heart rate and blood 
pressure time series which is based on the traditional joint 
symbolic dynamics (JSD) but thresholded and with three de-
fined symbols (JSD3). Twenty-one non-medicated (UNMED) 
and 35 medicated (MED) patients suffering from acute schizo-
phrenia were enrolled in this study. Our results demonstrated 
that in contrast to the traditional JSD the comparison between 
MED and UNMED revealed only significant differences be-
tween the groups using the new introduced JSD3. 

Furthermore, it could be shown that medical treatment af-
fects the parameters of autonomic regulation and that espe-
cially non-linear interaction analysis is suitable to describe 
changes in the autonomous regulatory system. 

Keywords— joint symbolic dynamics, heart rate variability, 
blood pressure variability, schizophrenia 

I. INTRODUCTION  

The analysis of the autonomic regulation of heart rate 
(HR) and systolic blood pressure (SP) time series provides 
information about cardiovascular diseases, e.g. sudden car-
diac death.  

Patients with schizophrenia have been reported to experi-
ence sudden cardiac death 3 times more likely than indi-
viduals from the general population [1]. Moreover increas-
ing concern about the cardiac side effects of antipsychotics 
by influencing the autonomic regulation has become of 
clinical importance. Antipsychotic are known to increase 
the risk for cardiovascular disease and sudden cardiac death 
threefold [2]. Over the last fifteen years the cognition about 
the autonomic control increased by exploring the heart rate 

variability (HRV). HRV is thought to reflect the interplay of 
the parasympathetic and sympathetic autonomic nervous 
system on the cardiac pacemaker [3]. Although, HRV is 
well investigated under different clinical conditions in wide 
spread area still little is known about the intricate control 
loops linking the different regulatory subsystems of ANS. 

Conventional signal processing techniques, e.g. cross-
correlation and cross-spectral power density analysis de-
scribe linear dependencies of HR and SP [4]. However, due 
to interactions, non-stationary behavior and high complexity 
of biosignals this approaches are often inadequate for 
physiological data [5]. 

The combined analysis of blood pressure and heart beat 
time series can provide further information of a complex 
system as if these time series are analyzed univariately. The 
coupling between HR and SP is to be assumed at least 
partly non-linear. Therefore, it seems necessary to apply 
methods that consider those non-linear dynamics. 

For bivariate investigation of HR and SP time series the 
sequence method has become of importance [6] This 
method scans for special patterns, like an increase in sys-
tolic blood pressure coupled with a decrease in HR or in-
verse. These patterns are highly associated with the barore-
flex. 

However, to characterize these beat-to-beat interactions 
of HR and SP time series in a more complex way, the 
method of Joint Symbolic Dynamics with two symbols 
(JSD) was introduced [7]. JSD allows a simplified quantifi-
cation of the dynamics of HR and SP with a limited amount 
of symbols and have been successfully applied to HRV 
analysis [8]. 

To differentiate noise and fluctuation which arised from 
autonomic regulation we adopted a threshold, that essen-
tially preceds to an enhanced JSD with three symbols 
(JSD3).  

II. METHODS 

A. Patients and Data Preprocessing 

Heart rate and blood pressure time series of 21 medicated 
patients (MED) and 35 unmedicated patients suffering from 
acute schizophrenia (UNMED) with comparable age (MED: 
35±15 years, UNMED: 31±17 years) were analyzed. 
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Schizophrenic patients were free of any relevant comorbid-
ity (e.g. diabetes or hypertension) or additional psychiatric 
disease and received no interfering medication that would 
affect the results of the study. Schizophrenia was diagnosed 
by a staff psychiatrist from the Department of Psychiatry 
when symptoms of patients fulfilled DSM-IV criteria as 
assessed by the Structured Clinical Interview for DSM-IV 
(SCID). A high resolution short term ECG (1000Hz sam-
pling frequency) and synchronized noninvasive blood pres-
sure (NIBP, 500 Hz sampling frequency) were recorded 
over 30 minutes with the Task Force Monitor® (CNSys-
tems, Graz, Austria). All measurements were performed 
under resting conditions (supine position, quiet environ-
ment, same time of day and location). 

All time series of beat-to-beat intervals (BBI) and sys-
tolic blood pressure values over time (SP) were extracted 
automatically and thereafter filtered to remove and interpo-
late ventricular premature beats and artifacts by an adaptive 
filter algorithm to get normal-to-normal beat time series 
(NN).  

B. Joint Symbolic Dynamics 

In X (1),  and  are  beat-to-beat values of 
BBI and SP, respectively 
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In the traditional JSD (JSD2) method the threshold l was 

set to zero. Hence, increases between two successive BBI 
and SP, respectively are coded as “1” and consequently 
decreases and equilibrium are coded as “0”. Afterwards S is 
subdivided into short sequences wk of the length k. The 
maximum length of those words is restricted by the prob-

ability of occurrence of each type and so, indirectly, by the 
number of measured samples. For 30-min recordings (as-
sumed mean heart rate: 80 bpm) there are no more than 64 
different word types feasible. 

Considering the four different symbol combinations 
within S (the alphabets of BBI as well as SP consist each of 
two elements), words with a maximum length of k=3 are 
practicable ( ).  6422 33

The word types are sorted into a 8x8 vector matrix W 
from [000, 000]T to [111, 111]T [7]. 

To compromise the word distribution between time series 
of different length, the sum of all word events is normalized 
to 1. Using a threshold the problem occurs that the word 
type [000, 000] is the most numerous one and it is not pos-
sible to distinguish between decreases and steady state.  

Therefore the enhanced JSD method (JSD3) was intro-
duced that is thresholded and uses 3 symbols to encode x. 
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The word types are sorted into a 27x27 vector matrix W  

from [000, 000]T to [222, 222]T (Fig.1). 
As  threshold l we used  the group standard deviation and 

the typical thresholds of 5 ms and 1 mmHg for calculating 
baroreflex sensitivity (BRS) as defined in [6]. 

The normalized probabilities of all single word types' oc-
currences, the sum of each column and the sum of each row 
were computed. The nonparametric Mann-Whitney U-test 
was applied for the statistical evaluation of all  univariate 
differences in parameters between unmedicated and medi-
cated schizophrenic patients. The (global) significance level 
was set at pg = 0.05. Descriptive statistics are used to de-
scribe the basic features of the data as mean value and stan-
dard deviation. 
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Fig. 1 Transformation of vector x into matrix W (27 x 27) 

 
Considering the problem of multiple testing, the neces-

sary (local) significance level (pl) of a single parameter 
from an observed v-dimensional parameter space must 
fulfill Bonferroni's inequality to guarantee (global) signifi-
cance, as follows: 

v
p

p g
l     (7) 

 
In the case of JSD3 for v = 729 word types and v = 54 

row and column sums the local significance levels are pl = 
0.000068 and pl = 0.00092. We compared the quantity of 
significances in JSD3 with the occuring significances in 
JSD2.  

III. RESULTS 

A. JSD2 

No significant differences in word type probabilities re-
lating to the Bonferroni criterion were found between MED 
and UNMED using JSD2.  

B. JSD3 

The statistical analysis showed that some word types 
within the density matrix W (Fig. 1) are significantly over-
represented and other ones are underrepresented in MED vs. 
UNMED. Figs 2 and 3 show the three-dimensional plots of 
the JSD3 probability distribution density matrix W in MED 
and UNMED with the baroreflex threshold lBBI= 5 ms and 
lSP=1 mmHg.  

Changes in the applied thresholds led, as epected, to dif-
ferent values of word probabilities within the density matrix 
W. The classical baroreflex threshold which is applied in the 
sequence method [6] emerged to be the optimum threshold 
to differentiate unmedicated schizophrenic patients from 
medicated schizophrenic patients. The influence of the 
medication seems to inhibit the variety of BBI and SP.  
 
 

  
BBI 

Fig. 2  Word probability of UNMED with BRS threshold  

SBP 

In Table 1 significant different word types applying 
JSD3 for differentiating UNMED and MED are presented 
including group mean, standard deviation and p-values. 
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Table 1  Statistical analyses - Univariate significances (p) for 
discrimination between schizophrenic patients. Siginficant different word 

types in JSD3 

 MED UNMED U-test 

 mean SD mean SD p 

Word Type      

[200, 120] T 0.00074 0.00098 0.00368 0.00365 0.000026

[202, 220] T 0.00062 0.00124 0.00333 0.00352 0.000028

mean = group mean; SD =standard deviation 
 
 

Fig. 3  Word probability of MED with BRS threshold 

IV. DISCUSSION  

The new introduced method of JSD3 that investigates 
HR und SP interactions in a more detailed and complex way 
using different thresholds, as standard deviation and barore-
flex threshold and three symbols for defining word types 
demonstrated that the classical baroreflex threshold [6] and 
the use of three symbols provide an optimum way to differ-
entiate between both schizophrenic patient groups. A sig-
nificant difference between MED and UNMED was only 
found using JSD3 and not with JSD2. That might indicate 

that the enhanced JSD3 is more suitable for differentiating 
between minor random changes and autonimic regulations 
in HR and SP interactions. 

Furthermore, the previously reported effects of medical 
treatment on autonomic regulation revealed by reduced 
linear HRV and also decreased non-linear complexity were 
only confirmed by JSD3. 

It can be assumed that the use of JSD3 offers more and 
detailed information about HR and SP interactions leading 
us to an increased knowledge about regulatory mechanism 
of autonomic regulation in schizophrenic patients. 
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Abstract—This paper presents an alternative method for the 
detection of ocular glaucoma based on the characterisation of 
global flash mfERG (multifocal electroretinography) signals. 
The digital signal processing technique is based on Wavelets, 
hitherto unused in this field, for obtaining markers that might 
be useful in the detection of advanced-stage glaucoma. 

Keywords—Wavelet Transforms, Glaucoma, m-sequence, 
Multifocal Electroretinogram. 

I. INTRODUCTION  

Glaucoma is currently deemed to be a high-risk eye dis-
ease since a large percentage of the population suffer from 
its effects. The method proposed herein has been developed 
for study and analysis of OAG (open angle glaucoma), the 
commonest form in today’s society. 

The sheer complexity of the disease and its occultation 
make reliable detection essential. The traditional techniques 
for clinical analysis of the retina are based on indirect meth-
ods (measurement of the intraocular pressure, visual inspec-
tion of the eyeground, campimetric tests, etc). Their main 
drawback is that they do not give objective information on 
the functioning of the retinal photoreceptors [1], essential 
elements in the perception of light energy. A new technique 
has recently been developed for obtaining this retina-
functioning information in a quick and reproducible way; 
this technique is known as the multifocal electroretinogram 
(mfERG). The mfERG enables a functional exploration to 
be made of the light sensitivity of the retinal cells and also 
the spatial distribution of this sensitivity [2]. The mfERG 
basically involves recording the variations in retinal poten-
tial evoked by a light stimulus and then mapping out the 
results in a 2D or 3D diagram showing those regions that 
respond to the visual stimuli [3] [4]. 

The mfERG technique allows simultaneous recording of 
local responses from many different regions of the retina, 
building up a map of its sensitivities. As in the conventional 
electroretinogram (ERG), also called the full-field elec-
troretinogram, the potential is measured as the sum of the 
electric activity of the retina cells. In the full-field ERG, 
however, the signal recorded comes from the whole retina 

surface, so it is hard to detect smaller one-off defects that do 
not affect the whole retina. The mfERG, by contrast, gives 
detailed topographical information of each zone and can 
therefore detect small-area local lesions in the retina and 
even in its central region (fovea) [5]. 

This paper gives a description of the recording and ar-
rangement of the signals we have used in our research, the 
signal analysis by the Wavelet transform for recording pos-
sible advanced-stage glaucoma markers and it also mentions 
possible future research lines. 

II. METHODS 

A. Obtaining the Signals 

Fifty patients diagnosed with open angle glaucoma 
(OAG) as well as an identical number of healthy subjects 
were included in our mfERG record database using the 
VERIS 5.1 multifocal recording system (Electro-Diagnostic 
Imaging, San Mateo, USA). The stimulus consisted of an 
m-sequence applied to a group of 103 hexagons, as shown 
in figure 1, displayed on a 21-inch monitor and covering a 
45º arc of the retina. The local luminance of each hexagon 
was 100 cd/m2 in the on phase and less than 1.5 cd/m2 in 
the off phase, determined by the pseudorandom sequence.  

The monitor frequency was 75 Hz and the m-sequence 
was modified so that each step was followed by 4 frames in 
the following order: flash-dark-flash-dark, as shown in 
figure 2. In the flash frames all the hexagons were illumi-
nated with a maximum luminance of 200 cd/m2, with a 
minimum luminance of less than 1.5 cd/m2 in the dark 
frames. The background luminance of the rest of the moni-
tor surface surrounding the hexagons was kept constant at 
100 cd/m2. This stimulation protocol is especially adapted 
for obtaining responses from the retinal ganglion cells and 
their axons [6]. It is based on the effect of the focal re-
sponses (M) on the following global stimulus (F), which 
amplifies the signals coming from the ganglion cells. 

Basically, the protocol (M-F-O-F-O) consists of five 
steps. In the first step (M) each hexagon follows a luminous 
stimulation (200 cd/m2) determined by a pseudorandom 
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binary m-sequence. In the second step the whole area is 
illuminated (200 cd/m2) (F), followed by a dark sequence 
(O) (<1.5 cd/m2), followed by another global flash (200 
cd/m2) (F) and then darkness again (O) (<1.5 cd/m2).  
This stimulation will give us an acceptable signal-to-noise 
ratio and also ensures a reasonably short recording time (9 
minutes). 

 
 
 
 

 
 
 

 
 

 
 
 
 
 

Fig. 1 Geometry of the multifocal stimulus and regrouping of the hexagons 

 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Modification of the m-sequence 

The stimulus was displayed through pharmacologically 
dilated pupils using a Burian-Allen bipolar contact lens. The 
signals are amplified with a Grass Neurodata Model 15ST 
amplification system (Grass Telefactor, NH), with a 50,000 
gain, filters with 10-300 Hz bandwidth and a sampling in-
terval of 0.83 milliseconds (1200 Hz). Each participant was 
given a complete ophthalmic exam. A diagnosis of open 
angle glaucoma was established where there were at least 
two consecutive abnormal visual fields in the Humphrey 
campimetry. 

The signals obtained from the 103 hexagons were re-
grouped and averaged to build up a new 56-sector map as 
shown in figure 1. The purpose of this regrouping was to 
simplify the analysis and to improve the signal-to-noise 

ratio. A 56-sector topography was therefore chosen, similar 
to that studied in automated campimetry, the clinical ¨gold-
standard¨ for evaluating the visual field. Two mfERG re-
cord databases were built up, one containing healthy or 
control individuals and the other glaucoma-affected indi-
viduals for study by means of the Discrete Wavelet Trans-
form (DWT).  

Not all the sectors making up the map to be analysed by 
the Wavelet Transform belonged to a single patient; the 
map groups together 56 clearly glaucoma-identified sectors 
from among the fifty patients diagnosed with the same 
symptom. Following a similar procedure, a sector map 
comprising the control database was built up, this time on 
the basis of healthy individuals. 

B. Study of Lesions by Wavelet Analysis 

mfERG signals are transitory in nature and of finite dura-
tion, changing their frequency content over time. The dis-
crete wavelet transform (DWT) analyzes signals in different 
frequencies with different resolutions, using regions with 
windowing of different sizes and obtaining a two-
dimensional time-frequency function as a result. Wavelet 
analysis uses finite-length, oscillating, zero-mean wave 
forms, which tend to be irregular and asymmetrical. These 
are the windowing functions called mother wavelets. In 
principle there may be an infinite number of possible waves 
that are eligible for use as wavelets, but in practice a more 
limited number of wavelets are used, of well-known charac-
teristics, efficacy and implementation: Haar, Daubechies, 
Coiflets, Mexican Hat, Symlets, Morlet, Meyer, etc. In the 
study we are dealing with here a great number of them were 
explored; it was with the Bior3.1 wavelet that the best sub-
jective results were obtained for visual identification of 
certain markers that help us to differentiate normal mfERG 
signals from those belonging to subjects with advanced 
glaucoma. 

The signal to be analysed is decomposed on the basis of 
shifted and dilated versions of the mother wavelet or analys-
ing wavelet that we have decided to use; this is all done by 
means of the correlation between the signal to be decom-
posed and the abovementioned versions of the mother 
wavelet. Mathematically, the discrete wavelet transform 
(DWT) is defined as: 

 

 

where the resulting C(j,k) is a series of coefficients indicat-
ing the correlation between the function f(n) to be decom-
posed and the wavelet ψa,b(t) dilated to a scale a=2j and 
with a shifting b=k2j, with j,k Є Z. The resulting C(j,k)  
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includes time and frequency information of the function 
f(n), according to the values of j and k, respectively. In 
practice we obtain two sets of time-function signals, one of 
them made up by the signals A1 to An which represent suc-
cessive approximations of increasing smoothness or declin-
ing frequency of the signal f(n), and the other by D1 to Dn 
which represent the successive details, also of falling fre-
quency. 

The signals were analysed by applying up to 4 levels of 
wavelet decomposition to each one of the different sectors 
and for two different time windows: one from 10 to 190 ms 
and another from 60 to 90 ms. The first contains the global 
response to the multifocal stimulus used here and the sec-
ond contains the most important information on the induced 
response generated by this type of stimulus. Several super-
imposed records were obtained from different sectors to 
obtain an overview of the markers that might differentiate 
normal signals from abnormal signals. 

III. RESULTS 

In the DWT analysis, several superimposed records were 
obtained from different sectors to obtain an overview of the 
markers that might differentiate normal signals from ab-
normal signals. 

The top graph of figure 3 shows superimposed the D4 
details of the Wavelet decomposition between 10 and 190 
ms from ten different sectors corresponding to various 
healthy individuals. The bottom graph of the same figure 
shows a similar representation for ten glaucomatous sectors 
and with an identical topographical position to the former. 
One of the most obvious features here is that the signals 
corresponding to healthy individuals show their greatest 
negative edge at about 70 ms, while signals in the hexagons 
affected by glaucoma tend to bottom out at about 45 ms. 
The efficiency of this marker was quantified against a time 
window running from 25 to 90 ms, looking for the greatest 
negative edge. When this edge came in the first half of the 
window the signal was classified as glaucomatous, while if 
it came in the second half it was classified as healthy. 

Figure 4 (top) shows superimposed the A2 approxima-
tions corresponding to the wavelet decomposition between 
60 and 90 ms of ten different hexagons belonging to differ-
ent healthy individuals. The lower part of this figure shows 
a similar representation for ten hexagons affected with glau-
coma and with the same topographical position as those 
above. In this case a trough appears at about 73 ms for 
healthy signals, coming slightly later for abnormal subjects. 

Since there might be more troughs, the efficiency of this 
second marker is quantified against a time window running 
from 65 to 87 ms., seeking this trough. When the trough 
comes in the first half of the window the signal was classi-
fied as healthy, while if it came in the second half it was 
classified as glaucomatous. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Detail D4 of the wavelet decomposition for 10 normal sectors (top) 
and 10 glaucomatous (bottom) 

Table 1 shows the results, using both markers separately, 
for true and false healthy and glaucomatous out of a set of 
56 sectors belonging to different healthy individuals and 56 
with glaucoma. 

Table 1 Results obtained using DWT markers separately (M=Marker, TH= 
True Healthy, FG=False Glaucomatous, TG= True Glaucomatous, 
FH=False Healthy) 

M TH FG TG FH 
D4 55 1 48 8 
A2 54 2 51 5 
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Fig. 4 A2 approximation of the wavelet decomposition for 10 normal 
sectors  (top) and 10 glaucomatous (bottom) 

IV. CONCLUSIONS  

The morphology of the signals recorded in each sector 
varies according to the position that this sector occupies in 
the retina and the type of stimulus used. It is also known 
that the optic nerve head component (ONHC) is the main 
cause of the asymmetries in the records [7], whereby said 
component arrives in each hexagon with a different time-lag 
depending on the distance between the hexagon and the 
optic nerve. This will enhance or cancel out some compo-
nents as a result of the different retina levels below the 
hexagon under study. Loss of the ONHC has already been 
mooted as an early indicator of glaucoma [8], so there is 
obviously a need for adjustment of the various time win-
dows and types of markers used in this study, according to 
the position of the hexagon in the retina map, to optimise 
and fine tune the results obtained herein. 

A more in-depth investigation needs to be carried out to 
adjust the parameters obtained herein by means of DWT 
analysis, to find out best values in terms of the retinal  
quadrants and rings to which the sector under study belongs, 
in view of the abovementioned hexagon dependency. 

The type of markers used herein and the tool used to ob-
tain them, i.e., the Wavelet transform, make it impossible a 
priori to establish any association with a specific physio-
logical origin, since there are no precedents to go on. It does 
not fall within the remit of this study to establish a physio-
logical cause-effect relationship for the marker but rather to 
search for technical tools to help experts to diagnose glau-
coma in humans in its early stages of development. 
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Abstract—Bayesian Networks represent one of the most 
successful tools for medical diagnosis and therapies follow-up. 
We present an algorithm for Bayesian network structure 
learning, that is a variation of the standard search-and-score 
approach. The proposed algorithm overcomes the creation of 
redundant network structures that may include non significant 
connections between variables. In particular, the algorithm 
finds what relationships between the variables must be pre-
vented, by exploiting the binarization of a square matrix con-
taining the mutual information (MI) among all pairs of vari-
ables. Two different binarization methods are implemented. 
The first one is based on the MRMR (maximum relevance 
minimum redundancy) selection strategy. The second one uses 
a threshold. The MI binary matrix is exploited as a pre-
conditioning step for the subsequent greedy search procedure 
that optimizes the network score, reducing the number of 
possible search paths in the greedy search. Our algorithm has 
been tested on two different medical datasets and compared 
against the standard search-and-score algorithm as imple-
mented in the DEAL package. 

Keywords—structural learning, Bayesian network, biomedi-
cal data. 

I. INTRODUCTION 

Bayesian Networks are used to represent knowledge 
about an uncertain domain [1] and they have emerged as 
one of the most successful tools for medical diagnosis, se-
lection of optimal treatment alternatives and prediction of 
treatment outcome [2].  

A Bayesian network (BN) is a graphical model that 
represents a joint probability distribution over a set of ran-
dom variables [3] and it is defined by a pair B={G, P}. The 
network structure G is a directed acyclic graph (DAG) 
whose nodes represent random variables and whose edges 
represent direct dependences among the variables and are 
drawn by arrows between nodes. The second component P 
is a set of numerical parameters, which represent condi-
tional probability distributions. 

In many practical settings the BN is unknown and its 
characteristics should be learned from the data. The learning 
task in a BN can be separated into two subtasks, structural 
learning, that is to identify the topology of the network, and 
parameter learning, that find the numerical parameters for a 

given network topology. Our work focuses upon structural 
learning.  

Structural learning of Bayesian Networks can be per-
formed by using the score-and-search approach, that has 
been first implemented in R in the package DEAL [4]. 
However, this approach often converges to a redundant 
network that may include arcs associated with variable 
couples not linked by a significant relationship [5]. 

In this paper we present a new method, based on the in-
clusion of the mutual information metric in the search and 
score strategy, able to prevent the inference of too many 
arcs. The developed method was tested on two validated 
medical databases. 

II. MATERIALS AND METHODS 

A. Structural Learning  

The score-and-search-based approach attempts to find a 
graph that maximizes the selected score or metric, which 
evaluates how well a given network matches the data. The 
BDe (Bayesian with Dirichlet prior and Equivalence) metric 
[6] is used in this study. The network score is its posterior 
probability given the database. It can be efficiently calcu-
lated in closed form under the following five assumptions: 
multinomial sample, parameter independence, parameter 
modularity, complete data, and likelihood equivalence. 
Likelihood equivalence when combined with parameter 
independence implies Dirichlet assumption: all network 
parameters have a Dirichlet distribution. 

The greedy search with random restarts [6] is used as the 
strategy for searching for DAGs with higher score. Greedy 
search starts at a specific point (a structure without any 
arcs). After, the algorithm considers all neighbors of the 
current point, and moves to the neighbor that has the highest 
score. The neighbors are the structures that can be generated 
from the current structures by adding, deleting or reversing 
a single arc, subject to the acyclicity constraint. If no 
neighbors have higher score than the current point, the algo-
rithm stops. The application of random restarts allows to 
solve the problem of the premature convergence to local 
maxima [7]. The search is run until an optimum is reached. 
Then a new initial state is randomly chosen and the  
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algorithm is run again. After n iterations the best solution is 
sought. 

 
B. Learning Pre-conditioning by Mutual Information 

A well recognized limit of the previously described 
method is that it has a tendency to find too many arcs 
among the variables. In fact, the greedy search will add arcs 
to the network structure even if the contribute of the act to 
the global value of the metric is very low and do not repre-
sent a real relationships established among variables.  To 
overcome this drawback, two methods were proposed in the 
present study. Both the methods were based on the compu-
tation of the mutual information (MI) among all pairs of 
variables. 

Mutual information measures the general dependence of 
random variables without making any assumptions about 
the nature of their underlying relationships [8]. The mutual 
information between the variables Xi and Xj is then defined 
as:  

0),()()(),( ≥−+= jijiji XXHXHXHXXMI          (1) 

where H(Xi) represents the Shannon entropy of the empiri-
cal probability distribution [9]. A mutual information matrix 
(MIM) can be computed as a square matrix whose i,j ele-
ment is the mutual information between Xi and Xj. 

MI is zero if Xi and Xj are statistically independent and 
increases the less statistically independent Xi and Xj are. In 
practice, since MI is always non-negative, its evaluation 
from random samples may give a positive value even for 
variables that are, in fact, mutually independent. Moreover, 
entropy estimation based on relative frequencies has several 
sources of error, such as finite number of observations [10].  

Hence, the two proposed methods, namely MRMR 
(Maximum relevance, minimum redundancy) method and 
MI thresholding, allow to find out only the significant rela-
tionship between the variables by computing a binary ma-
trix. If the element i,j in this matrix is equal to 0, an arc 
between the two correspondent variables Xi and Xj will be 
not allowed in the greedy search algorithm. Consequently, 
the DAG which contains any of these arcs will be disre-
garded in the search procedure. 

C. MRMR method 

The MRMR method allows to select variables in a step-
wise mode so that each new variable selected has the high-
est individual MI with the output (maximum relevance) and 
the lowest possible average MI with the preselected vari-
ables (minimum redundancy) [11].  

In a supervised learning task, the output is denoted by Y 
and V represents the set of input variables. The greedy 
search starts by selecting the variable Xi that has the highest 
mutual information to the target Y. After it selects the vari-
able Xj that has a high information MI(Xj, Y) to the target 
and at the same time a low information MI(Xj;Xi) to the 
previously selected variable. In the following steps, given a 
set S of selected variables, the method updates S by choos-
ing the variable Xj that maximizes the score: 

∑
∈

−=
SX

kjjj
k

XXMI
S

YXMIS );(1);(                    (2)                

This selection procedure is repeated considering at every 
turn a different variable as target. 

For each pair {Xi,Xj}, MRMR returns, according to (2), 
two (not necessarily equal) scores si and sj. The score of the 
pair is computed by taking the maximum between  si and sj. 
A square and symmetric matrix whose i,j element is the 
score of the pair {Xi,Xj} can be computed. The matrix is 
binarized by assigning 0 at all the null elements in the ma-
trix and 1 at the remaining.  

D. MI Thresholding 

The elements of the MIM larger than the threshold I0 are 
transformed to state 1 and the elements smaller than I0 are 
transformed to state 0. Different threshold values were ex-
perimented based on the percentiles of the MI distribution.  

The MIM is symmetric and the upper triangle is ex-
tracted. A vector constituted by the selected elements is 
created and the percentiles (10th, 15th, 20th, 25th, 30th, 35th, 
40th, 45th and 50th) of its distribution are calculated. 

The percentiles are the 100-quantiles, namely the 
quantiles expressed as percentage. The quantiles are 
calculated using the algorithm type 8 discussed in Hyndman 
and Fan [12]. Using this algorithm, the resulting quantile 
estimates are approximately median-unbiased regardless of 
the distribution of data whose sample quantiles are wanted. 
Each calculated percentile was tested as threshold.  

III. RESULTS 

A. Networks and Measures of Performance 

The proposed metrics, hereafter called “S&S (search and 
score) + threshold” and “S&S + MRMR”, were numerically 
investigated by means of two reference medical datasets, 
widely used in the literature: ASIA (Fig.1) and CANCER 
(Fig. 2). The ASIA network, introduced by Lauritzen and 
Spiegelhalter [13] is a small network constituted by 8 dis-
crete variables and 8 arcs. The CANCER network includes 
5 discrete variables and 5 arcs [14]. Each network has been 
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used to generate several databases by means of probabilistic 
logic sampling method [15]. The sample sizes considered 
for ASIA network were N = 1000, 5000 and 10000. The 
sample sizes considered for CANCER network were N = 
1000, 2500 and 5000. The results were compared to those 
obtained by using the standard structural learning procedure 
described in subsection II.A. All the three methods were 
implemented by the DEAL package [4].  
 

 
Fig. 1 The ASIA network 

 
Fig. 2 The CANCER network 

Different criteria were selected to gauge the quality of 
the reconstructed structure: the number of correct edges, the 
number of extra edges, the number of missing edges and the 
F-score. The F-score is a weighted harmonic average of 
precision (p) and recall (r), expressed as [16]:  

rp
rpFscore

+
=

**2                                    (3) 

The precision measures the fraction of real edges (present 
in the real network) among the ones inferred by the algo-
rithm and the recall, also known as true positive rate, de-
notes the fraction of real edges that are correctly inferred. 

B. Calculation of the Best Threshold 

First, the dependence of the algorithm S&S + threshold 
results on the threshold values has been investigated. For 
both the network, the algorithm is repeated considering all 
possible threshold values for each sample size. Figure 3 and 
4 show the F-scores obtained for ASIA and CANCER net-
works respectively. For both the networks, regardless of the 
sample size, by increasing the threshold, the performances 
of the algorithm tend to improve or, sometimes, to hold 

steady. Moreover, by increasing the sample size, a best 
score can be obtained. The best threshold is the 50th percen-
tile. As can been seen, by using the 50th percentile as thresh-
old and a sample size of at least 2500, the true structure of 
the CANCER network is inferred. 

 
Fig. 3 F-scores of the method S&S+threshold by varying the MI thresholds 
for the ASIA network. For all sample size, the 5th, 10th, 15th and the 20th 
percentiles are the same 

 
Fig. 4 F-scores of the method S&S+threshold by varying the MI thresholds 
for the CANCER network. For all sample size, the 5th, 10th and the 15th 
percentiles are the same 

C. Comparison among the Algorithms 

Results of the learned network using the standard score-
and-search algorithm implemented in DEAL and our algo-
rithms (i.e. S&S+MRMR and S&S+threshold) are shown in 
Table 1 for ASIA network and in Table 2 for CANCER 
network. For the third algorithm, only the outcomes ob-
tained by using the best threshold evaluated in the previous 
paragraph are presented.  
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Our implemented variations improve the overall per-
formance of the metric implemented in DEAL. For the 
ASIA network, the application of the MRMR method to 
binarize the MIM gives better results than the use of the 
threshold. For the CANCER network, there isn’t difference 
between the two binarization methods in term of capability 
to find a good network.  

The general trend for the three algorithms is that the 
learned networks by them are more and more accurate as 
the size of the datasets gradually enlarges.  For the 
CANCER network, our variation allows to find the true 
network if the sample size is major than 2500. 

Table 1 Experimental results of the three algorithms on ASIA network by 
varying the sample size 

Sample size             Algorithm 
Performance 1000 5000 10000 

Correct 
arcs 

DEAL 
S&S+MRMR 
S&S+ threshold 

4 
8 
8 

5 
8 
8 

7 
8 
8 

Incorrect 
added 
arcs 

DEAL 
S&S+MRMR 
S&S+ threshold 

18 
4 
9 

18 
2 
9 

15 
1 
8 

Missing 
arcs 

DEAL 
S&S+MRMR 
S&S+ threshold 

4 
0 
0 

3 
0 
0 

1 
0 
0 

F-score 
DEAL 
S&S+MRMR 
S&S+ threshold 

0,27 
0,80 
0.64 

0,32 
0,89 
0,64 

0,47 
0,94 
0,67 

Table 2 Experimental results of the three algorithms on CANCER network 
by varying the sample size 

Sample size             Algorithm 
Performance 1000 2500 5000 

Correct 
arcs 

DEAL 
S&S+MRMR 
S&S+ threshold 

4 
5 
5 

5 
5 
5 

5 
5 
5 

Incorrect 
added 
arcs 

DEAL 
S&S+MRMR 
S&S+ threshold 

3 
1 
1 

1 
0 
0 

1 
0 
0 

Missing 
arcs 

DEAL 
S&S+MRMR 
S&S+ threshold 

1 
0 
0 

0 
0 
0 

0 
0 
0 

F-score 
DEAL 
S&S+MRMR 
S&S+ threshold 

0.67 
0.91 
0,91 

0.91 
1 
1 

0.91 
1 
1 

IV. CONCLUSIONS  

In this paper we defined a new algorithm for Bayesian 
network structure learning, that is an evolution of the stan-
dard score-and-search-based approach. The algorithm first 
reconstructs a sort of skeleton of a Bayesian network, by 
finding the only arcs admitted, and then performs the 
Bayesian-scoring greedy search to infer the best network. 

This network doesn’t have arcs classified as impossible. 
Our metric has been tested on two different medical datasets 
and compared against the standard score-and-search algo-
rithm as implemented in the DEAL package. Our algorithm 
outperforms that metric and the successful numerical find-
ings suggest that it could be very useful in medical domains. 
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Abstract— The objective of our study was to combine knee 
wear simulation, a method for sterile generation of wear parti-
cles and an in vivo model (murine knee joint) for the charac-
terisation of alternativ bearing materials for knee arthro-
plasty. A fixed bearing unicompartmental knee design was 
used  to investigate the wear properties of carbon fiber rein-
forced polyetheretherketone (CFR-PEEK) in comparison to 
the clinically established combination of polyethylene versus 
cobalt-chromium. Average wear rates of 9.0 +/- 2.5 mm³/ mil-
lion cycles for polyethylene, 4.2 +/- 2.6 mm³/ million cycles 
(CFR-PEEK Pitch) und 2.3 +/- 1.1 mm³/ million cycles (CFR-
PEEK Pan) were measured. 

For particle injections in mice with CFR-PEEK (Pitch) or 
CFR-PEEK (Pan) there was no difference in leukocyte activa-
tion or inflammatory tissue response compared to polyethyl-
ene. 

An appropriate method for the characterisation of alterna-
tive bearing materials has been established due to the closed 
loop between in vitro wear simulation, sterile generation of 
similar wear particles and subsequent analysis of the biologic 
response in the murine knee joint. 

Keywords— wear simulation, particle generation, murine knee 
joint animal model, alternative bearing materials 

I. INTRODUCTION  

Unicompartmental knee arthroplasty (UKA) has become 
a successful clinical treatment for isolated medial 
gonarthrosis in young and active patients with relief of pain, 
fast recovery and restoration of function [1-4]. During the 
last decade further improvements in UKA designs, materi-
als, sterilization techniques and surface finish have led to 
superior performance of these partial knee replacements by 
reducing the incidence of excessive polythethylene 
(UHMWPE) wear of the gliding surfaces [5-7]. 

Fixed bearing UKA designs are mostly based on a low 
congruent tibio-femoral articulation to accommodate on the 
individual patient kinematics. The low congruency leads to 
a high stress concentration in the polyethylene inlay and 

bears the risk for enhanced abrasive wear, delamination and 
structural fatigue failure  [8-11]. 

The objective of our study was to combine in vitro wear 
simulation, a method for sterile generation of wear particles 
and an in vivo model (murine knee joint) for the characteri-
sation of alternativ bearing materials for knee arthroplasty. 

II. MATERIAL AND METHODS 

A. In vitro wear simulation 

An in vitro wear simulation was performed for 5 million 
cycles according to ISO 14243-1 on 12 fixed bearing uni-
compartmental  knee devices (Univation® F Aesculap Tut-
tlingen, Germany) on a EndoLab knee simulator (EndoLab 
Thansau, Germany). The resultant knee kinematics in A/P-
Translation and internal/external rotation were continuously 
monitored. For the tibio-femoral articulation the material 
combination UHMWPE versus CoCr29Mo6 was used as a 
reference with broad clinical experience. Two alternative 
gliding surface materials based on carbon fiber reinforced 
polyetheretherketone (CFR-PEEK) with 30% pan or pitch 
fiber content were investigated.  

The amount of wear was measured gravimetrically with 
loaded reference according to ISO 14243-2. Subsequently a 
particle analysis out of the serum has been undergone ac-
cording to Niedzwiecki et al. [12] und Affatato et al. [13].   

B. Particle generation 

Pins out of the UHMWPE, CFR-PEEK (PAN) and CFR-
PEEK (PITCH) were manufactured, packed under nitrogen 
atmosphere and sterilised by -irradiation under similar 
conditions as the knee gliding surfaces. Particles in similar 
shape were generated at a customized wear rig (Continuum 
Blue Ltd. Lingfield, UK) in articulation of the polymer pins 
with a micro-textured counterpart. With a filtering process 
in a cascade of microstrainers a particle size distribution 
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comparable to the material specific wear simulator particles 
was generated and sterilised. 

 

Fig. 1: Wear generation rig (left) and micro-structured surface texture 
(right) 

C. In vivo model (murine knee joint) 

Using an in vivo model described by Zysk et al. [14,15] 
thirty-two female Balb/c mice, weighing 18-25 g were ran-
domly assigned to four treatment groups: Control (PBS), 
UHMWPE, CFR-PEEK (Pitch) and CFR-PEEK (Pan). 

Particles suspensions of each material (0.1 Vol.% in 50 
μl phosphate buffered saline (PBS)) were tested to be free 
of endotoxin and applied in the left murine knee joint. Eight 
days after particle injection an assessment of the leukocyte-
endothelian cell interaction in the synovia was done using 
intravital fluorescence microscopy (dyeing with rhodamin 
6G and FITC-dextran), followed by a histologic examina-
tion of the synovial tissue response. 

III. RESULTS 

A. In vitro wear simulation 

For the fixed bearing UKA design with the gliding surfaces 
out of UHMWPE an average wear rate of 9.0 +/- 2.5 mm³/ 
million cycles was measured for the medial articulation. In a 
direct comparison the two experimental materials based on 
CRF_PEEK  showed wear rates of 4.2 +/- 2.6 mm³/ million 
cycles (Pitch) und 2.3 +/- 1.1 mm³/ million cycles (Pan). 

 

     
Fig. 2: Characteristic wear pattern of an inlay out of UHMWPE (left) and 

CFR-PEEK (PAN) (right) 

B. Biologic response in the murine knee joint 

In general all the mice injected with polyethylene or car-
bon fiber reinforced PEEK particles showed significantly  
enhanced leukocyte-endothelian cell interactions when 
compared with control animals treated with phosphate buff-
ered saline only. In the polyethylene and CFR-PEEK parti-
cle groups the fraction of rolling leukocytes and adherent 
cells to the endothelium were increased (p<0.05) in com-
parison to the controls (PBS). 
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Fig. 3: Fraction of rolling leukocytes for the different polymer materials in 

comparison to the control (PBS)  
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Fig. 4: Leukocytes adherent to the endothelium for the different polymer 

materials in comparison to the control (PBS) 

Measurement of the synovial membrane thickening re-
vealed that mice injected with UHMWPE, CFR-PEEK 

(PITCH) 
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(Pitch) or CFR-PEEK (Pan) particles had an increased 
(p<0.05) membrane thickening than the controls. 

For particle injections in mice with CFR-PEEK (Pitch) or 
CFR-PEEK (Pan) there was no difference in leukocyte 
activation or inflammatory tissue response compared to 
polyethylene. 

IV. DISCUSSION 

 
In the current study it could be demonstrated that gliding 

surfaces out of carbon fiber reinforced PEEK lead to de-
creased wear rates compared to polyethylene. 

Because the volume of particles is critical for particle-
induced cell activation [16,18] for each material an equal 
particle volume was applied in the mice model. 

It has been also previously demonstrated that the size of 
wear particles is a critical factor for the induction of cyto-
kines by macrophages activation [16-18]. In the current 
study it is to our knowledge the first time that the biologic 
response of CFR-PEEK particles in the critical size range of 
0.1 to 1 μm has been investigated in an in vivo model.  

V. CONCLUSION 

The results demonstrate the potential of carbon fiber rein-
forced PEEK as an alternative bearing material for knee 
arthroplasty. 

An appropriate method for the characterisation of alter-
native bearing materials has been established due to the 
closed loop between in vitro wear simulation, sterile genera-
tion of similar wear particles and subsequent analysis of the 
biologic response in the murine knee joint.  
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Abstract  A situation where the contrast agent leaves the 
vascular bed can be described by different two-compartment 
models, such as the uptake model, the exchange model or the 
modified Tofts model. The choice of the model has strong 
influence on the parameter estimates, and often, it is not clear 
which model is the most appropriate. The appropriate model 
can be selected observer-independently by means of the 
Akaike information criterion (AIC). In this simulation study, 
we investigate the performance of the AIC, in particular with 
respect to the influence of the total acquisition time on the 
model selection. 

 

Keywords  DCE-MRI, perfusion, permeability, compartment 
modeling 

I. INTRODUCTION  

A dynamic contrast-enhanced MRI (DCE-MRI) mea-
surement is a bolus-tracking experiment: after injection of a 
bolus of contrast agent, the arterial input function (AIF) and 
the tissue curve are measured rapidly (typically with a tem-
poral resolution of 1-2s) with T1-weighted MRI. 

From the obtained curves, tissue perfusion and permea-
bility can be determined by fitting appropriate model func-
tions to the measured tissue curve. Depending on the model, 
different parameters can be determined; among these is the 
plasma flow (FP), the plasma volume (VP), the permeability 
surface product (PS), the extravascular extracellular volume 
(VE) or the extracellular, extravascular transit time (TE). 

In a situation where contrast agent can extravasate from 
the vascular bed, different compartment models such as the 
two-compartment uptake (2CU) model [1], the two-
compartment exchange (2CX) model [2] or the modified 
Tofts (2CmT) model [3] can be employed to describe the 
tracer kinetics. The 2CX model describes a tissue curve 
with all four above mentioned parameters (see Fig. 1); the 
two other models use different assumptions to reduce the 
number of parameters to three. 

 
Figure 1: The 2-compartment exchange (2CX) model 

 It is not clear beforehand which of these models yields 
the most reliable parameter estimates, as a model with more 
parameters (in this case, the 2CX-model) will always fit a 
given curve as least as good or even better as a model with 
less parameters (based on the sum of squared residuals). 
However, it might overfit the data and thus produce less 
meaningful parameter estimates.  The Akaike information 
criterion (AIC) [4] penalizes the goodness of fit (based on 
the sum of squared residuals) with the number of free para-
meters and thus offers an observer-independent criterion for 
the selection the most appropriate model. 

In this study, we use Monte Carlo simulations to evaluate 
the AIC as a method for automatic model selection in the 
context of dynamic contrast-enhanced MRI, in particular 
with respect to the influence of the total acquisition time on 
the model selection. 

O. Dössel and  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 356–358, 2009. 
www.springerlink.com 

W.C. Schlegel



II. MATERIALS AND METHODS 

The arterial input function (AIF) was constructed from a 
gamma variate function, a delayed and dispersed version of 
this curve was added to simulate the second pass. A tissue 
curve with parameters typical for brain tumors [5] (see Ta-
ble 1) was calculated with the 2CX-model with a temporal 
resolution of 0.1s and a total acquisition time of 420s (Fig-
ure 2). The AIF and the tissue curve were sampled with 
acquisition times TA in the range from 120 to 420s at a 
temporal resolution of 1.0s, and for each TA, 1000 Monte 
Carlo simulations with the 2CU-, the 2CX- and the 2CmT-
model were performed. The AIC of each model fit was cal-
culated as in [4] and the model with the lowest AIC or cor-
respondingly, the highest Akaike weight was chosen as the 
best model. The median value and the 17 and 83 percentiles 
of each parameter were determined for each model and for 
the best model. 

Table 1: Parameters used for the simulation 

Parameter Value 

Plasma flow [ml/100ml/min] 21.9 

Plasma volume [ml/100ml] 4.8 

PS [ml/100ml/min] 2.9 

VE [ml/100ml] 11.9 

TE [s] 275 

 

 
Figure 2:Simulated AIF and tissue curve. Note the different scaling for 

both curves 

III. RESULTS:  

For brevity, we concentrate on the estimates of the per-
meability surface product (PS), as this parameter has high 
clinical relevance. For long TA, the uptake model produces 
systematic errors in PS, whereas, for short TA, the exchange 
model yields unstable estimates (Figure 3). The 2CmT 
model yields a large overestimation of PS.  

The AIC chooses the 2CX-model for long acquisition 
times and suggests a transition to the 2CU-model for 
TA<280s (Figure 4), the 2CmT-model is rejected by the 
AIC over the whole range of TA. Automatic model selec-
tion based on the AIC results in higher accuracy and preci-
sion of the PS estimates (Figure 2). 

Figure 3: PS-estimates of each model for different acquisition times. Red: 
estimates after choosing the best model according to the AIC 

 
Figure 4: Akaike weights for each model and different acquisition times. 

Note the suggested transition to the 2CX-model for acquisition times 
longer than ~280s 
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IV. DISCUSSION:  

The results support the hypothesis that an acquisition 
time longer than the extravascular, extracellular transit time 
TE is a prerequisite for the application of the exchange mod-
el. However, in a clinical setting, long TA is often not poss-
ible. For acquisition times shorter than TE, the permeability 
surface product can still be estimated using the uptake mod-
el; the transition from the 2CX- to the 2CU-model is cor-
rectly and, more important, user-independently, suggested 
by the AIC.  

The simulations show that the 2CmT model yields a 
large overestimation of PS and is thus not ideal for the anal-
ysis of rapidly sampled bolus-tracking data; however, its 
use might be justified for measurements with long total ac-
quisition times and low temporal resolution. The AIC cor-
rectly rejects the 2CmT model; the behavior of the AIC for 
lower temporal resolutions, where the 2CmT is more likely 
to produce correct parameter estimates, will be addressed in 
further investigations. 

In conclusion, we have evaluated the value of the AIC in 
a setting that is typical for DCE-MRI; our simulations indi-
cate that the AIC is a valuable and user-independent crite-
rion for automatic model selection. 
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Abstract— The implantation of a hip prosthesis is an opera-
tion which is frequently performed due to advanced hip joint 
damage. The long-term result of a hip prosthesis is mainly 
determined by aseptic loosening. Abrasion particles of the 
tribological pairing contribute to loosening. To reduce wear 
and to improve tribological pairings in hip prostheses, the load 
distribution during different motions has to be determined. A 
multi-body model of a human male was generated to calculate 
hip joint forces during walking. The height and weight of the 
model was based on a male patient presented by Bergmann et 
al. after implantation of a telemetric hip prosthesis. Paramet-
ric splines were developed governing segment motion in walk-
ing which can be transferred to any walking model. By means 
of the multi-body simulation model forces in the hip joint 
during different activities of daily life can be calculated. 

Keywords— Hip joint force, Hip prosthesis, Multi-body simula-
tion 

I. INTRODUCTION  

 Total hip replacement has become commonplace as a 
form of treatment in humans. Aseptic loosening of the pros-
thesis still poses a problem in artificial joint implants. Pros-
thesis loosening may cause the patient severe pain which 
can induce cost intensive revision surgery. Aseptic loosen-
ing can result from abrasion particles which originate from 
the prosthetic surface area of tribological pairings [1,2,3,4] 
and can result in particle induced osteolysis (Fig. 1). The 
wear of the tribological system has to be reduced by opti-
mizing this system. Improving the tribological system aims 
at preventing aseptic loosening, thereby increasing the im-
plant lifetime [5]. 

For various tasks, it is necessary to know the forces act-
ing on the hip joint. For example, mathematic optimization 
of joint replacement presupposes knowledge of the joint 
forces. Multi-body simulations (MBS) and finite element 
analysis (FEA) are used to achieve optimization of the tri-
bological pairing of prostheses. Multi-body systems are 
necessary for estimating the forces acting on the hip joint 
with different body movements. These computed hip forces 
are used for finite element analysis in order to evaluate the 
areas of high loading in the acetabular inlay of human hip 

prostheses. These efforts enable an optimization of the dif-
ferent prosthesis components. In this study a three-
dimensional multi-body simulation model was generated. 
Parametric splines were developed governing segment mo-
tion in walking which can be transferred to any walking 
model. 

 

Fig. 1 Revision surgery as a result of aseptic loosening 

The goal of the current study was therefore to calculate 
forces and occurring moments in the hip joint during walk-
ing for the generated MBS model moving by means of pa-
rametric splines and to compare the results with the data 
measured by Bergmann et al. [6]. 

II. MATERIALS AND METHODS 

Using the multi-body system MSC.ADAMS® (MSC 
Software, Santa Ana CA, USA) the model of a human male 
was generated. The anthropometric data of the MBS model 
was adjusted to a patient presented by Bergmann et al. 
[6,7,8,9,10] after implantation of a telemetric hip prosthesis.  

Out of Bergmann’s telemetric measurements the patient 
“PFichtner” was selected for the MBS in this study. The 
human model was generated representing 50th-percentile 
rank of a male adult because details of the various bone 
segments were not available in the literature. A “Standard 
Linear Format” file (so called SLF file) was generated. The 
SLF file is an ASCII file containing information on units, 
anthropometrics, joints, posture and motion capture data. 

O. Dössel and  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 35 3  2009. 
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Among other information following anthropometric data 
was included in the SLF file: 

 SUBJECT_NAME = 'PFichtner' 
 GENDER = 1 (male) 
 TOTAL_BODY_MASS = 980 N 
 TOTAL_BODY_HEIGHT = 1780 mm 
 AGE = 588 months 

Splines were developed and saved in the SLF file, steer-
ing body movement in walking over a time slice of 2 sec-
onds in three dimensional spaces. The defined splines are 
composed of two details. The x-data is defining the time 
steps and the y-data is specifying the coordinates of the 
spline in the corresponding dimensional space. The para-
metric splines can be transferred to any walking model and 
have for example following structure: 

data_element create spline spline=.World.L_Hip_Spline
x=0,0.01,...,1.99,2.0
y=1.7006,2.5468,...,5.3146,5.9732
linear_extrapolate=no
unit=no_units

 

On the basis of the SLF file the multi-body system is able 
to build the model (Fig. 2). Motion Agents were employed 
to drive the human model following the motion splines 
defined before. Motion agents are responsible for the for-
ward movement of the model. The motion agents were 
placed on the symmetry axis of the model along the spine. 
After generating the model in the MBS, a hip prosthesis was 
integrated in the model, in fact on the left hand side. 
Thereby, the hip prosthesis was placed in the model restor-
ing the natural rotation centre of the hip joint.  

The floor generated last is important for simulating con-
tact forces acting between the model and the surroundings. 
In this case the forces between feet and floor appearing 
during walking were of interest. In order to realize a satis-
factory display of the contact forces acting between feet and 
floor in the MBS the contacts have to be defined before. 

After defining the boundary conditions of the MBS 
model a simulation was started. In this so-called inverse 
dynamic simulation, the movements of the body are given 
by the terms and conditions made in the SLF file. The re-
sulting motion data is saved automatically. By means of the 
recorded simulation data, joints of the MBS model were 
trained. By this inverse dynamic simulation, the joints were 
able to execute the movements autonomously. Referring to 
the inverse dynamic simulation the forward dynamic simu-
lation took place. Using the forward dynamic simulation, 
forces and moments acting during the MBS can be dis-
played. Forward dynamic simulations were performed 

which calculated ground reaction forces, hip joint moments 
and other forces. 

 

Fig. 2  MBS model “PFichtner” in MSC.ADAMS® 

During the gait cycle the body mass is acting on the hip 
joint. The leg executed the maximum movements in trans-
versal and sagittal plane. Hence, these body planes had a 
large importance on the computed hip joint moments. The 
current study has focused on the development of the MBS 
model moving by means of parametric splines. 

III. RESULTS 

A model of a human male was generated in the multi-
body simulation. An SLF file was developed including all 
important information about the MBS model. The MBS 
model is walking more continuously in the second step, 
hence, the forces and moments of the second step were 
compared with the data measured by Bergmann et al. [6]. 

Figure 3 shows the calculated ground reaction force in 
MSC.ADAMS® in y-direction compared to the measured 
ground reaction force by Bergmann et al. [6]. The calculated 
maximum ground reaction force in the MBS averaged about 
1386 N. 
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The characteristics of heel strike and push off the foot re-
corded during gait analyses can be calculated by means of 
multi-body simulation. 

Another important value calculated in the MBS is the 
moment acting on the hip joint during walking. The most 
important moments were estimated in the sagittal and trans-
versal planes. The calculated and measured moments acting 
on the left hip in the transversal plane of the human model 
are shown in Figure 4. The moment curve started at -15 Nm 
and increased up to 33 Nm. After 0.6 sec the moment is 
falling to a minimum of -16 Nm when the left foot pushed 
off the floor.  

 

Fig. 3 Calculated and measured ground reaction forces of the left foot 

 

 

Fig. 4 Calculated and measured moments in the transversal plane left hip 

 

 

Fig. 5 Calculated and measured moments in the sagittal plane left hip 

The run of the computed sagittal moment curve showed 
similar characteristics to Bergmann’s data [6]. The mini-
mum was reached at -130 Nm and increased up to 120 Nm 
before decreasing again. At 0.6 s and about -50 Nm the foot 
pushed off the floor (Fig. 5). 

IV. DISCUSSION 

Previous studies have shown that walking is the activity 
that occurs most frequently in total hip replacement patients 
[11] and results in considerable hip contact forces in vivo 
[6,7,8,9,10]. Different techniques have been used in the 
simulation of human locomotion [12,13]. The multi-body 
simulation presented here demonstrated that forces and 
moments occurring during walking can be calculated using 
this technique. Thereby the maximal ground reaction forces 
were computed in y-direction (craniocaudal direction) of the 
MBS model. The calculated maximum ground reaction 
force in the MBS differed about 19% from Bergmann’s 
measurement. The transversal moment measured by Berg-
mann et al. [6] started at a value of -13 Nm before the 
maximum of 68 Nm was reached. The deviation of the 
calculated maximum of the transversal moment was about 
more than 50% to the data of Bergmann; however the run of 
the curve is similar. 

The calculated moments in the sagittal plane showed a 
large deviation from the experimental results of Bergmann 
et al. [6]. Bergmann and coworkers [6] measured a mini-
mum of -123 Nm after 0.06 s during walking. The maxi-
mum was measured at 42 Nm. After 0.65s the foot had no 
contact with the floor and was in swing phase. Compared to 
the measured maximum the computed sagittal moment was 
about three times higher. However the run of the curve is 
similar as well.  

Different studies determined forces and moments acting 
at the hip joint by experimental measurements or multi-
body simulations. Most of the studies generated models 
based on patients who underwent gait analysis [14]. 

Besides Bergmann et al. [6,7,8,9,10] who developed an 
electronic measuring device that can be integrated into the 
neck of hip endoprostheses for wireless measurement of 
joint loads and moments directly in the patient during dif-
ferent activities of daily life, Heller et al. [14] determined 
the musculoskeletal loading conditions during walking and 
stair climbing for a number of patients based on telemetric 
hip force measurements and individual lower extremity 
models. By means of optimization algorithms they calcu-
lated forces and moments. They detected a maximum 
ground reaction force of 988 N, maximal moment acting in 
the transversal plane on the hip joint of 80 Nm and in the 
sagittal plane about 65 Nm. The forces and moments calcu-

Determination of Hip Joint Forces by Means of Multi-body Simulation 361

IFMBE Proceedings Vol. 25



lated by Heller et al. [14] differ from the values detected in 
this study. This could be caused by the rigid modeling of 
body segments as opposed to damping properties of bone 
and cartilage in vivo. Another reason for the different 
ground reaction forces and hip joint moments might be the 
bone segments generated in the MBS. In this study, a hu-
man model was generated representing 50th-percentile rank 
of a male adult because no details of bone segment masses 
were given by Bergmann and coworkers [6,7,8,9,10] or 
Heller et al. [14,15]. Therefore, segment mass differences 
could also contribute to substantive differences in ground 
reaction and hip forces. Additionally, no muscle action was 
simulated. 

The results of this study agree with the literature that 
simulations of lower extremities or general human models 
are able to estimate the different forces and moments acting 
on joints or ground with different motion patterns. 

In future studies, musculoskeletal loadings taken from 
literature [15,16] have to be integrated into the MBS model. 
By means of the musculoskeletal loadings, the calculated 
hip joint forces and moments acting on the hip joint during 
walking might provide more realistic results. Furthermore, 
other body movements like stair climbing could be simu-
lated in the MBS. 
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Abstract—We present a tool for hip joint replacement plan-
ning that allows the surgeon to rank the long-term stability of 
an implant, and we show the application of this tool in a clini-
cal routine setting. The tool allows the surgeon to predict the 
load transmission of an implant to the patient-specific bone. It 
is used to select of a set of available implants the one that most 
closely replicates the physiological stress state in order to avoid 
stress shielding. Advanced simulation technology is combined 
with 3D visualization options to provide quick and intuitive 
understanding of the generated results. Interactive feedback 
rates and intuitive control mechanisms facilitate the finding of 
an optimal implant shape with respect to the patient’s specific 
anatomy. By restricting to a predetermined implant position, 
which is in accordance with the selected position in a real 
surgery, the surgeon can quickly analyze a number of different 
implants under varying load conditions. 

Keywords—Implant Planning, Orthopedics, Computational 
Steering, Finite Elements, Stress Visualization. 

I. INTRODUCTION  

We present a 3D planning tool for total hip joint re-
placement surgery, which allows during a preoperative 
design loop for a patient-specific selection of the optimal 
implant design. The clinical relevance of such a planning 
approach is due to the well known fact that an essential 
determinant factor for the long-term stability of an endo-
prosthesis is the physiological load transmission from the 
implant to the adjacent bone stock. One major issue in joint 
replacement surgery is the effect of stress shielding, i.e., the 
removal of stress from certain regions of the bone, caused 
by the stiffening of the bone by the implant and an unphysi-
ological load transfer from the implant to the bone. Due to 
the bone’s physiological reaction to changed stress patterns, 
stress shielding may lead to adaptive remodeling and in-
creased bone loss, with the consecutive effects of os-
teopenia, fracture and aseptic loosening [1, 2]. Therefore, an 
optimal implant should provide bone stress patterns that 
closely replicate the preoperative physiological stress state. 

The main objectives for a preoperative implant planning 
tool are thus to simulate the mechanical response of a  
patient-specific bone to a load that is applied to the implant, 

and to find of all available implant designs and sizes the one 
that results in the most physiological stress distribution. The 
challenge in developing such an analysis tool results from 
the complexity of simulating the stress due to exerted forces 
in a physically correct way and at calculation times that 
allow for an interactive implant selection. Furthermore, 
such a tool is highly demanding on advanced visualization 
techniques, because it requires simultaneous visualization of 
surface and dynamic volume structures at interactive rates. 

In the clinical practice today, the preoperative planning 
for the selection of an implant for hip joint replacement is 
performed on a 2D X-ray of the patient’s hip joint, and the 
surgeon is only able to select on this image the approxi-
mately best fitting size of an endoprosthesis using simple, 
transparent template sheets with the outlines of the im-
plants. Therefore, the physiological response of the bone to 
the implant is not considered and rotational misalignment 
cannot be controlled. 

To overcome these problems new approaches were pur-
sued in the last years to use geometric 3D information from 
patient-specific CT data [3, 4, 5], and to integrate this in-
formation into virtual 3D planning systems. These systems, 
however, do not perform any reliable biomechanical simula-
tion and only help the surgeon to visualize the position of 
the implant components three-dimensionally in the bone. 

In this work, we demonstrate the clinical use of a virtual 
3D planning system for hip joint replacement [6], which 
integrates patient-specific biomechanical properties of the 
affected bone and the available implants into the preopera-
tive planning process (see Figure 1). The system allows the 
surgeon to select the optimal implant according to the pre-
diction of individual load transfer from the implant to the 
bone. Advanced visualization techniques like volume ren-
dering are used to provide the surgeon with a comprehen-
sive and intuitive image of the bone anatomy as well as the 
three-dimensional stress distribution in the bone. 

II. METHODS 

The implant planning system is based on a finite element 
analysis to simulate loads in the proximal femur, which 
consists of cortical stiff tissue and trabecular spongy tissue. 
The simulation uses a patient-specific finite element model 
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Fig. 1 Implant planning environment: Left: Semi-transparent rendering of 
the femur and the implant in combination with volume rendering of the 
femur’s interior structures support the positioning of the implant 
Right: The arrow on the sphere indicates the load on the femur, and the 
simulated stresses are visualized using volume rendering 

of the femur, which is generated from a high-resolution CT 
scan. In a preprocess, the femur is segmented from that CT 
scan, yielding a CT voxel model based on a 3D orthogonal 
hexahedral grid. For each voxel, material properties such as 
Young’s modulus and Poisson’s ratio are derived directly 
from the measured Hounsfield unit value [7, 8]. The physi-
cal model underlying our approach is based on linear elas-
ticity and thus mimics the behavior of the bone at the  
macro-level during normal movements [9]. 

Due to an optimized multigrid solver, the system enables 
interactive load simulations using reasonably sized finite 
element models [10]. Furthermore, it can be used to simu-
late bone and implant loads on a standard desktop PC  
system at the full resolution of the CT scan, i.e., one hexa-
hedral finite element per CT voxel, and at simulation times 
of less than one minute. For our test data set, we have a CT 
slice thickness of 1.0mm and a pixel size of 0.74mm. The 
resulting FE model consists of 520,000 hexahedral elements 
with more than 2 million degrees of freedom. 

One possibility to simulate the interaction between the 
implant and the surrounding bone is to remove from the 
bone voxel model those voxels that would have been drilled 
away by the surgeon, and to simulate the interaction of the 
holed model with a separate model of the implant. As these 
operations cannot be performed at interactive rates for rea-
sonably sized data sets, we have developed a different ap-
proach which is based on a voxelization of the implant with 
respect to the initial CT voxel grid. Voxels covered by the 
implant get assigned a stiffness value corresponding to the 

respective implant material. Therefore, instead of modeling 
the contact between the bone and the implant explicitly, our 
method simulates a non-slip boundary between both objects, 
with the resolution of this boundary being determined by 
the resolution of the voxel grid. The removal of the trabecu-
lar head region once the implant is inserted is simulated by 
masking the respective voxels. 

Due to the stiffness of the bone, only the computed stress 
per hexahedral element is of relevance and the deformation 
of the femur can be neglected in the 3D visualization. 

 

Fig. 2 Overview of the main components of the implant planning system 

Figure 2 gives an overview of the components of the im-
plant planning system. The components colored white are 
preprocesses, which have to be run only once to build the 
patient-specific FE model. The other components are part of 
the interactive design loop. The loop starts with the voxeli-
zation of the implant according to its current shape and 
position, which is performed by utilizing the PC’s graphics 
hardware (GPU) [11]. The resulting binary volume is trans-
ferred to the CPU, where it is used to update the material 
properties of the voxels covered by the implant, and thus to 
incorporate the implant into the FE model. After updating 
the simulation matrices, the FE simulation engine computes 
the stress distribution in the bone. The resulting stress scalar 
field is finally transferred to the GPU for visualization. 
These steps are repeated in the interactive design loop while 
the user changes the implant shape and position in the bone. 

III. RESULTS 

In this section, we show simulation results, and demon-
strate how our system helps to optimize the clinical proce-
dure of hip-joint replacements. We present a series of  
implants that are inserted into a patient-specific model of 
the femur, which has been generated from a CT scan. All 
implants considered are from one manufacturer, ESKA 
Implants Lübeck. First, a classical G2 implant is used. Sec-
ond, a modern CUT implant, which is much smaller in size, 
is inserted. Such bone-sparing implants are beneficial since 
they allow for potential revisions later on. Revisions might 
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Fig. 3 Visualization of the stress distribution in a femur for the intact bone and three different implants after removal of the femoral head. In all images the 
same load on the femur is simulated 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Intact bone G2 implant CUT implant (straight conus) CUT implant (angled conus) 

Fig. 4 Visualization of the stress distribution in a femur for the intact bone and three different implants after removal of the femoral head. In all images the 
same load on the femur was simulated. However, the direction of the force is modified by 20° in comparison with the load in Figure 3 

Intact bone G2 implant CUT implant (straight conus) CUT implant (angled conus) 
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be necessary due to aseptic loosening, and they require 
inserting larger implants. Thus, starting with small implants 
improves the long-term prognosis of the patients. In the 
third example, the same implant is inserted with an angled 
conus, which provides the possibility to better reproduce the 
original position of the femoral head rotation center. 

For all three implants, we simulate the same load on the 
femur. Figure 3 shows the resulting stress distributions and, 
for comparison, the simulated physiological stress distribu-
tion in the intact bone (the visualization is based on the von 
Mises norm of the stress tensor). It is clearly visible that the 
G2 implant yields stress shielding, as large parts of the 
femur have a significantly reduced load due to the transmis-
sion of load through the implant. For the second implant, it 
can be observed that the stress patterns are much closer to 
the physiological stress distribution, and the effect of stress 
shielding is not as high as in the first example. By ensuring 
that the implant matches the original position of the femoral 
head rotation center as good as possible (third implant), 
higher stress in the upper right cortical bone region can be 
observed. The resulting stress pattern matches the physio-
logical distribution to a very high degree. The exact percen-
tal difference can be calculated. 

Furthermore, for all three implants we simulate a slightly 
different load situation. The resulting stress distributions 
can be found in Figure 4. The implants are positioned in 
exactly the same way as in Figure 3. In direct comparison of 
both figures, one can observe a different overall stress situa-
tion. However, it still can be observed that implants from 
left to right match the physiological stress distribution better 
and better. 

However, in real world the benefits of the modern im-
plants are not yet fully evident. One possible reason is that it 
is more difficult to find the optimal implant size and posi-
tion for a specific patient. Non-optimal placements or sizes 
can yield to reduced stress in the cortical region closely 
beneath the implant, which can potentially result in bone 
atrophy with the risk of aseptic loosening. Therefore, there 
is an increased need to support the surgeon in a pre-
operative planning process, especially for abnormal anato-
mies or revision cases. The introduced system allows for an 
effective preoperative planning due to the visualization 
options provided, and it has the potential to improve the 
long-term prognosis of the patients. 

IV. CONCLUSION 

We have presented a 3D simulation system for hip joint 
replacement planning. By efficiently simulating the load on 
the femur taking into account a selected implant’s shape as 
well as its current position, the surgeon can receive a  

detailed visualization of the current stress distribution in a 
virtual planning environment. The implant design can be 
optimized based on the patient-specific data incorporated 
into the simulation process. Therefore, the system has a 
great potential to improve the long-term prognosis of pa-
tients, especially in the case of abnormal anatomies or revi-
sion cases. 
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Abstract—The bone healing process is primarily determined 
by the mechanical environment provided by osteosynthesis and 
the bone itself. The purpose of this study was to develop and 
validate patient-specific finite element analysis (FEA) 
generated from computed tomography (CT) data for the 
evaluation of fracture stability. These models have two 
primary purposes: To evaluate initial fracture stability with 
various osteosynthesis options and to assess changes in the 
stability during the fracture healing process. In order to create 
patient-specific finite element models for various 
osteosynthesis options, trabecular bone and cortical bone were 
segmented according to their CT Hounsfield Units (HU), the 
3D geometries of these tissues were generated and potential 
implants were inserted into the model. Custom-written 
software was used to assign local bone mineral density (BMD) 
to elements in the model, from which BMD-based material 
laws allow the stiffness of the bone to be predicted. To validate 
the estimated mechanical properties, eight human femora were 
scanned and afterwards were loaded to simulate the actual 
loads occurring in the femur. The overall stiffness was 
measured with a materials testing system and local displace-
ments were measured by a 3D video measurement system for 
intact bone and for A3.1 and A3.3 fractures. The overall 
stiffness and local displacements were calcula-ted with FEA 
and compared to the mechanical test results. It was found that 
the accuracy of these models was highly sensitive to the BMD-
based material law used. Estimates of overall stiffness and 
deformation at specific points within 15% were possible. Finite 
element models of fracture callus are currently being validated 
with fractured ovine tibias at 6 weeks healing time. In the 
future, patient-specific FEA from CT scans may be a useful 
tool to evaluate osteosynthesis options for a particular fracture 
scenario and for evaluating the healing progress of a fracture. 

Keywords—Enter up to five keywords and separate them by 
commas. 

I. INTRODUCTION  

The bone healing process is primarily determined by the 
mechanical environment provided by osteosynthesis and the 
bone itself. The purpose of this study was to develop and 
validate patient-specific finite element analysis (FEA) gen-
erated from computed tomography (CT) data for the evalua-
tion of fracture stability. These models have two primary 
purposes: To evaluate initial fracture gap movement with 

various osteosynthesis options and to assess changes in the 
stability during the fracture healing process. 

II. MATERIALS AND M ETHODS 

A. Development of Patient-Specific Finite Element Models 

In order to create patient-specific finite-element-models 
for various osteosynthesis options, trabecular bone and 
cortical bone were segmented according to their CT Houns-
field Units (HU) and the 3D geometries of these tissues 
were generated. Next fracture segments were aligned, po-
tential implants were inserted and these volumes were 
meshed for FEA (Figure 1).  

 

Fig. 1 Finite Element Model of A3.1 Fracture stabilized with an intrame-
dullary nail 

Custom-written software was used to assign local bone 
mineral density (BMD) to elements in the model, from 
which BMD-based material laws allow the stiffness of the 
bone to be predicted. The following five material laws from 
the literature were tested in order to get the most accurate 
estimate of stiffness. 
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Table 1 Material Laws compared to estimate femur stiffness 

Author Mathematical Fuction for E-Modulus (Mpa) 

Carter et al [1] 
Trabecular and Cortical Bone: 

306.03790 appE ρε⋅=  

Cody et al [2] 
Trabecular Bone:

5.21949 appE ρ⋅=   

Cortical Bone:
3.31684 appE ρ⋅=    

Keller et al [3] 
Trabecular and Cortical Bone: 

29.210500 ashE ρ⋅=  

Morgan et al [4] 
Trabecular and Cortical Bone 

83.18920 appE ρ⋅=  

Wirtz et al [5] 

Trabecular Bone: 

           Axial:          
64.11904 appE ρ⋅=    

           Transverse: 
78.11157 appE ρ⋅=  

Cortical Bone: 

           Axial:          
09.32065 appE ρ⋅=    

           Transverse: 
57.12314 appE ρ⋅=  

B. Validation  of Patient-Specific Finite Element Models 

To validate the estimated mechanical properties, 8 human 
femora were scanned and afterwards were loaded according 
to Bergmann et al [6] to simulate the actual loads occurring 
in the femur. The overall stiffness was measured with a 
materials testing system (Zwick GmbH, Ulm, Germany) 
and the local displacement was measured by a 3D video 
measurement system (Pontos, GOM, Braunschweig, Ger-
many). Mechanical tests of A3.1 and A3.3 fractures were 
also performed. The overall stiffness and local displace-
ments were calculated with FEA and compared to the me-
chanical test results.  

III. RESULTS 

It was found that the accuracy of these models was 
highly sensitive to the BMD-based material law used. Esti-
mates of overall stiffness and deformation at specific points 
within 15 % were possible (Figure 2). 

 

Fig. 2 Comparison of Stiffness Estimates with Various BMD-based mate-
rial laws nail 

Finite element models of fracture callus (Figure 3) are 
currently being validated with fractured ovine tibias at 6 
weeks healing time. These models are being validated with 
axial compression, bending and torsion tests.  

 

Fig. 3  Model of a ovine tibia fracture at 6-weeks healing time  

IV. DISCUSSION 

In this study, it is shown that it is possible to predict the 
stability of intact bone and a fracture scenario with patient-
specific finite element analysis. However, further studies 
are needed to achieve more precise estimates of fracture 
stability. 

V. CONCLUSION 

In the future, patient-specific FEA from CT scans may be 
a useful tool to predict mechanical stiffness and local de-
formation of a bone-implant interface with a reasonable 
level of accuracy. In the future, this could be a useful tool to 
evaluate osteosynthesis options for a particular fracture 
scenario. Further, finite element models of fracture callus 
could be a potential tool to evaluate the healing progress of 
a fracture.  



Evaluation of Osteosynthesis Options and Fracture Healing Progress from Computed Tomography Based Finite Element Analysis 369

 

  
 

IFMBE Proceedings Vol. 25

 

 

REFERENCES  

1. Carter, D. R. and Hayes, W. C. The compressive behavior of bone as 
a two-phase porous structure. J.Bone Joint Surg.Am. 1977; 59(7):954-
962. 

2. Cody, D. D., Hou, F. J., Divine, G. W., and Fyhrie, D. P. Short term 
in vivo precision of proximal femoral finite element modeling. 
Ann.Biomed.Eng 2000; 28(4):408-414. 

3. Keller, T. S. Predicting the compressive mechanical behavior of bone. 
J.Biomech. 1994; 271159-1168. 

4. Morgan, E. F., Bayraktar, H. H., and Keaveny, T. M. Trabecular bone 
modulus-density relationships depend on anatomic site. J.Biomech. 
2003; 36(7):897-904. 

5. Wirtz, D. C., Schiffers, N., Pandorf, T., Radermacher, K., Weichert, 
D., and Forst, R. Critical Evaluation of known bone material proper-
ties to realize anisotropic FE-simulation of the proximal femur. Jour-
nal of Biomechanics 2000; 33(10):1325-1330.  

6. Bergmann, G., Deuretzbacher, G., Heller, M., Graichen, F., 
Rohlmann, A., Strauss, J., and Duda, G. N. Hip contact forces and 
gait patterns from routine activities. J.Biomech. 2001; 34(7):859-871. 

 

 
 
 



Differentiation of Water Signal Components in the Human Brain with EPI FID 
Analysis at 3T 

B. Bender, T. Nägele, U. Ernemann, and U. Klose 

Department of Neuroradiology, University Hospital, Tübingen, Germany 

Abstract—Changes in water distribution account for almost 
all CNS pathologies seen on T2-weighted images. In this study 
we developed a method to extract volume fractions and T2* 
values of different water fractions (intra- and extracellular) in 
the human brain and applied it to healthy human subject. The 
two components showed a frequency shift that differed in gray 
matter and white matter. 

Keywords—echo planar imaging, Relaxometry, FID, CSF. 

I. INTRODUCTION  

Changes in water distribution account for almost all CNS 
pathologies seen on T2-weighted images and attempts to 
separate different water components by applying a multiex-
ponential fit to the T2 relaxation yielded in MS lesions  
a water signal with intermediate T2 not found in healthy 
tissue [1]. 

Recently we applied a signal model proposed by He and 
Yablonskiy [2] that accounts for intra- and extracellular 
water seperatly to a GRE-EPI FID experiment [3]. We 
could show that it was possible to separate a intra- and ex-
tracellular component and to quantify CSF and interstitial 
fluid with it. For WM we found an average volume fraction 
of ISF/CSF of 5.9% and for GM of 9.9%. With the Matlab 
Optimization Toolbox used (The MathWorks Inc., Ver. 
2.1.1) the fitting process was not stable without a lower 
limit of 100ms for the second component and therefore 
second signal components with lower T2* could not be 
recognized. The values for ISF/CSF were similar to values 
reported in other MRI studies [2, 4]. But in an iontophoresis 
study in the rat cortex the extracellular space was calculated 
to be around 21%, which is much higher than the values 
reported above for the extracellular signal component [5]. 

In T2 relaxation studies usually only the myelin water 
fraction is calculated [6], as the signal from the extra- and 
intracellular component is hard to distinguish. Still broad 
peaks and even peaks split in two parts have been reported 
by Whitall et al. especially in the WM and have been attrib-
uted to intra- and extracellular water [4]. 

With a new version of the Matlab Optimization Toolbox 
(The MathWorks Inc., Ver. 4.1) we could recalculate the 
data for our subject without a lower limit for the T2*  

component of the extracellular signal to account for possible 
broad water peaks with almost identical T2* values, too.  

II. MATERIAL AND METHODS 

A. Signal Model 

In a single component model a mono-exponential FID is 
used in describing signal behaviour. The signal in this case 
can be described in the following way: 

S(TE) = S0 · exp(-TE/ T2*)                      (1) 

A single component model treats the brain as a relative 
homogenous matter which consists of a single component 
with one relaxation rate R2 = 1/T2. Such a single component 
model of the brain tissue is not sufficient, as Whitall et al. 
[4] identified up to three different components in human 
brain. A small fast component, from water protons com-
partmentalized between myelin bilayers, with T2 = ~15 ms, 
the major intermediate component from intracellular tissue 
water, with T2 = 70 – 86 ms, and smaller slow component  
with T2 > 150 ms, attributed to interstitial fluid (ISF) or 
cerebrospinal fluid (CSF). 

In this study signal information was gathered with a 
GRE-EPI sequence. The lowest echo time (TE), which 
could be used in our setting was 21 ms. Therefore the fast 
component of the brain is practically invisible in the meas-
ured data and we adopted the basic two-component model 
for the brain tissue suggested by He and Yablonskiy [2]. In 
this model we have two signal components sa and sb attrib-
uted to an intracellular signal component and an extracellu-
lar signal component from either ISF or CSF (ISF/CSF 
signal). The complete two-component brain MR signal 
model adopted in this study therefore was: 

S(TE) = S0 · {(1 – λc) · sa(TE) + λc · sb(TE)},        (2) 

where λc is the fraction of signal from ISF/CSF, sa and sb are 
the two different signal components. Note that we refer to 
TE as the time from the RF pulse to the central echo time of 
the echo-planar image (EPI) sequence, which is the main 
signal contributor and can therefore be seen as the effective 
TE of an EPI sequence [7].  

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 370–373, 2009. 



Differentiation of Water Signal Components in the Human Brain with EPI FID Analysis at 3T 371

 

  
 

IFMBE Proceedings Vol. 25

 

 

It is assumed that the two signal components have a fre-
quency Δf and phase φ shift from each other and therefore 
one of the signal components is described by: 

Sa(TE) = exp(-TE/ T2*a),                         (3) 

and the other by: 

sb(TE) = exp(-TE/ T2*b - 2πi · Δf · TE – iφ).         (4) 

Note that the fraction of signal contribution λc is not the 
true ISF/CSF volume fraction λ0. The true volume fraction 
can be estimated from the fraction of signal contribution λc, 
sequence parameters and tissue component properties with 
the following equation, which takes into account the pa-
rameters of the GRE-EPI sequence and tissue magnetic 
properties: 

λ0 = (nt  · mt  · λc)/(nCSF · mCSF · (1 – λc) + nt · mt · λc),       (5) 

where nt and nCSF are the relative spin densities for brain 
tissue and ISF/CSF. The parameters mt and mCSF represent 
the component specific steady-state magnitudes of the mag-
netization for tissue and ISF/CSF, which can be calculated 
for our sequence with a flip angle of 90° by: 

m = 1 – exp(-TR/T1).                                   (6) 

T1 is the longitudinal relaxation time for tissue or 
ISF/CSF, respectively.  

B. MR Measurements 

Six subjects who gave written informed consent before 
the examination, were included in this study and the local 
ethic committee approved the protocol used. A standard 2D 
GRE-EPI sequence was used for all measurements. For 
each image 15 slices with a thickness of 3 mm and a dis-
tance factor of 33 % were acquired in an interleaved man-
ner. The other parameters of the sequence were field of 
view (FOV) 192 x 192 mm², sampling matrix of 64 x 64, 
echo spacing of 0.47 ms and a bandwidth of 2520 Hz per 
pixel for subject 1 and 2298 Hz per pixel for all other sub-
jects. To reduce the noise level of the images four averages 
were measured, total acquisition time of a single measure-
ment was 25 s. For each subject 37 GRE-EPI measurements 
with different TE in the range of 21ms to 301ms and a con-
stant TR of 5s were performed on a 3T scanner (Trio, Sie-
mens Erlangen). Between TE values of 21 and 101ms we 
measured in steps of 5ms and above of 101ms in steps of 
10ms. The actual TE order was randomised in each subject. 
Prior to each measurement a short GRE-EPI sequence with 
a constant TE of 21ms, TR of 770ms and only two averages 
was performed and used for movement correction. All other 
image parameters of this short sequence were equal to the 
main sequence described above. At the end of each session 

a 3D image data set was acquired for anatomical segmenta-
tion using a magnetization-prepared rapid acquisition gradi-
ent echo (MPRAGE) sequence [17] (TR = 2.3s, inversion 
time (TI) 1100ms, TE = 3.93ms) with a spatial resolution of 
1 mm in each direction. 

The model fitting algorithm depends on a set of starting 
values for each variable, and the quality of the result de-
pends on the goodness of these values. To get a good first 
estimate of S0 a straight line was fitted to the logarithmic of 
the measured signal up to 71 ms in each voxel (three-
dimensional pixel) and S0 was interpolated.  A second 
straight line was fitted to the logarithmic of the measured 
signal from 121 ms to 301 ms. This second straight line 
depends for the most part on the long ISF/CSF component 
and can therefore be used to directly estimate T2*b. For 
voxels with intensity values above the background noise up 
to the last TE measured, the initial ISF/CSF volume fraction 
λc was set to S0late / S0 or to 1 if S0late > S0, where S0late was 
interpolated from the signal data from 201 to 301 ms. For 
all other voxels λc was set to 5 %. T2*a was initially set to 49 
ms, which is slightly lower than the T2 times measured by 
Whittall et al. for intracellular tissue water [13] and close to 
the tissue  T2* time measured by Krüger et al. [18]. For the 
frequency shift we used an initial estimate of Δf = 5 Hz, 
which is similar to the frequency shift observed by He and 
Yablonskiy [12]. The fitting of the proposed signal model to 
the measured signals in all voxels located inside the brain 
was done with a nonlinear least-square algorithm of the 
Matlab Optimization Toolbox (The MathWorks, Inc., Ver. 
4.1) on a voxel-by-voxel basis.  The fitting of the examined 
values was limited to a fixed range of values: 0 s ≤ T2*i ≤ 2 
s, 0 s ≤ T2*e ≤ 2 s,  0 ≤ λc ≤ 1, -0.1 ≤ φ ≤ 0.1 and Δf ≥ 0 Hz. 

C. Results 

In Fig. 1 a typical decay of a WM and a GM voxel is 
shown, together with the fit proposed by our algorithm. The 
quality of the fit and the typical deviation from a mono 
exponential fit can be seen in Fig. 2.  

The fitting algorithm predicted the following values for 
the GM voxel shown: T2*a = 51.8 ms, T2*b = 99.5 ms, λc = 
40.3%, Δf = 3.3 Hz and T2*a = 59.4 ms, T2*b = 217.5 ms, λc 
= 1.6%, Δf = 2.6 Hz for the WM voxel. For most voxels the 
quality of the fit was comparable to the fits shown. In the 
ventricles and in voxels with a large CSF partial volume the 
standard deviation from the fit was much higher than in 
voxels mainly composite of tissue. This problem probably 
arises from CSF pulsation.  

In Fig. 3 the parameter maps for one slice are shown. For 
map generation we defined the larger signal component as 
T2*a (shown in Fig. 3A), therefore the volume fraction of 
the second signal component can only reach a maximum of 
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50% (Fig. 3D). It can be assumed that the signal component 
with the higher T2* value is the extracellular signal compo-
nent for most cases, which was usually the second signal 
component T2*b. For some voxels at the brain surface and 
around the ventricles, where a high partial volume fraction 
of CSF can occur T2*a > T2*b was found. The frequency 
shift showed a relatively uniform distribution with values 
around 2-3 Hz in WM and about 3-4 Hz in GM, around and 
in the ventricles, as well as close to large gyri a frequency 
shift of > 5Hz was typically found (Fig. 3C).  

The signal fraction of the second component was in most 
cases higher in the GM (10-40%). In the WM we found two 
different types of signal decay, one with a low signal frac-
tion of around 2-6% for the second component with T2* 
values around 90-200ms, and around the ventricles even 
>500ms and a second type with a high volume fraction of 
around 15-30%, where the T2* time of the first and the sec-
ond component did only differ by <10ms. For some voxels 
in the deep WM even a mono-exponential decay could be 
found. As the frequency shift and the second component can 
take on any value for such voxels the value was interpolated 
from the surrounding voxels in Fig. 3B-D. 

For calculating the volume fraction out of the signal frac-
tion shown in Fig. 3D one has to know the spin density and 
the T1 value of the two signal components and apply eq. 5.   

Whitall et al. [4] reported for WM broad T2 peaks, which 
they interpreted as two signals with almost identical T2. In 
other WM regions they found tissue T2 peaks split in two 
parts, as well. In GM usually a CSF peak was visible in 
their data. The two signal decay types found in our exami-
nation could represent the different T2 components de-
scribed by Whitall et al. Still some uncertainness remains as 
the late signal component, which is the defining factor for 
the longer signal component has a bad signal to noise ratio 
for WM. 

 
Fig. 1 Measured signal FID and fit for a GM and a WM voxel. The x-axis 
starts at 21ms 

 
Fig. 2 Measured signal FID and fit for a GM and a WM voxel with a 
logarithmic scale. The x-axis starts at 21ms 

 

 
Fig. 3 A: T2*a map [ms] of the first component, B: T2*b map [ms] of the second component (voxels with T2* > 500 ms have been set to 500 ms for interpo-
lation), C: Frequency map [Hz] (voxels with a frequency > 10 Hz have been set to 10 Hz for interpolation), D: Signl fraction λc map of the second  
component 
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III. CONCLUSIONS  

The method presented here can distinguish two water 
components that differ in the frequency in many brain re-
gions. In the gray matter, the white matter and in voxels 
with high CSF partial volume fraction different frequency 
shift could be found. With the new approach to include  
even  T2* times below 100ms for the second component we 
found a new WM voxel class not present in our previous 
results, with a larger signal fraction and lower T2*, close to 
tissue T2*. 
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Abstract— Cardiotocographic (CTG) monitoring is a pri-
mary, biophysical method of fetal state assessment. Visual 
interpretation of CTG traces is subjective and little reproduci-
ble, so computerized fetal monitoring systems are commonly 
used. However, new methods which enable prediction of the 
fetal outcome, are still being searched. One of the most impor-
tant criterion describing fetal outcome is the birth weight. In 
the proposed work we applied RBF neural networks for the 
prediction of low fetal birth weight on the basis of features 
extracted from fetal monitoring signals. The aim was to inves-
tigate the influence of class distribution in the learning datasets 
structure on the prediction quality. The results of experiments 
suggest that the fetal low birth weight prediction with neural 
networks approach is possible, especially when the CTG traces 
were recorded at the early stage of fetal intrauterine develop-
ment. 

Keywords— fetal monitoring, fetal birth weight prediction, 
neural networks. 

I. INTRODUCTION  

The most common method of assessment of fetal state 
during pregnancy is cardiotocographic (CTG) monitoring. It 
consists in simultaneous, non-invasive registration of three 
signals: fetal heart rate (FHR), uterine contractions and fetal 
movements. Visual analysis of CTG traces is very subjec-
tive and little reproducible. The most important diagnostic 
information is included in a beat-to-beat FHR variability, 
which is hidden to the naked eye. Nowadays, computerized 
fetal monitoring systems are commonly used. They offer 
mainly quantitative signal analysis, but the methods which 
would enable diagnosis support, are still being under devel-
opment. The assessment of fetal state is equivalent to the 
prediction of fetal outcome, because in obstetrics it is as-
sumed, that fetal state can not change rapidly. The appropri-
ate and early diagnosis is especially important in the case of 
high risk pregnancy. The fetal outcome is described by a set 
of attributes from a delivery data. One of the most important 
is the birth weight, as newborns with too low weight are at 
particular risk of health problems or even death. In obstet-
rics, the birth weight is expressed by the percentile of a 
reference value of birth weight in relation to number of 
completed weeks of pregnancy, when the newborn was 

delivered. The percentile is also corrected for the newborn 
gender. The birth weight lower than 10 percentiles is de-
fined as abnormal. Some computer-based attempts to detec-
tion of fetal birth weight may be found, usually through 
parameters from ultrasonographic examination [3,5], using 
patient’s medical history data [2] and even with fuzzy infer-
ence system classifying the CTG features [1].  

The aim of our work is prediction of the low fetal birth 
weight on the basis of the quantitative description of CTG 
traces. Previously we used the ANBLIR neuro-fuzzy system 
as a prediction tool [4], whereas in this work a simplified 
approach based on Radial Basis Function (RBF) neural 
networks were applied. We investigate the problem when 
the most important class is underrepresented. For the learn-
ing process of the neural networks we applied various data-
sets with different distribution of abnormal and normal 
cases, and analysed their influence on the classification 
quality.  

II. METHODS 

Seventeen parameters of quantitative description of CTG 
signals were used as the neural network inputs. The most 
important information on the fetal state is included in in-
stantaneous variability of the FHR signal. The beat-to-beat 
variability is defined using short-term variability indices, 
whereas the periodic changes of FHR are described using 
long-term variability indices. The indices are calculated as 
mean values within separated one-minute signal windows, 
from samples averaged over 2.5s, however for indices with 
BB suffix – directly from time event series. With exception 
of silent/saltatory oscillations, the final index value is calcu-
lated as mean of all one-minute values. The signal features 
were grouped into four main categories: 

- General characteristic of the fetal heart rate: mean 
value of FHR baseline, fluctuation of FHR baseline around 
its mean value, number of accelerations/decelerations de-
tected per hour (describing episodes with increase/decrease 
of at least 15bpm, in relation to the baseline and with dura-
tion of at least 15/10s). 

- Short-term variability: STV, STVBB [7] – absolute dif-
ferences between consecutive beat-to-beat intervals;
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DI, DIBB – indices proposed by Yeh [8]; STI, STIBB – 
indices defined by de Haan [8]. 

- Long-term variability: LTV [7] – absolute difference 
between maximum and minimum value of heart beat     
intervals; LTI – de Haan [8]; OSC – amplitude of oscilla-
tions,  as an absolute difference between maximum and 
minimum value of FHR; OSC-Sil/OSC-Salt – percentage  
of silent/saltatory oscillations i.e. with amplitude 

5bpm/ 25bpm. 
- Additional parameters: the number (per hour) of fetal 

movements perceived by mother, and the number (per hour) 
of uterine contractions detected in signal. 

The Statistica Neural Networks software was used for 
networks design. The number of neurons in a hidden layer 
was established at 15. We used standard Gaussian radial 
function. The centres and dispersions of neurons were de-
termined by K-means and K-nearest neighbours algorithms 
respectively. Each dataset was fifty times randomly divided 
into training, validating and testing subsets. Validating and 
testing subsets were of the same size and equal to half of the 
training one size. The output of the RBF network was two-
state: +1 for normal and -1 for low fetal birth weight. 

To estimate the quality of the low fetal birth weight pre-
diction we applied a set of commonly used prognostic indi-
ces [8]: sensitivity (SE), specificity (SP), positive (PPV) and 
negative (NPV) predictive values. Indices were calculated 
for testing subsets in relation to the true fetal birth weight 
quantified after the delivery. The evaluation of the neural 
networks performance is difficult when analysing all prog-
nostic indices values simultaneously. Therefore, we calcu-
lated the percentage of correct classification (CC) as well. 
Nevertheless, the minimal misclassification rate is not ade-
quate to describe the quality of the results in the medical 
applications. The assignment of the fetus with low birth 
weight to the class of normal weight may result in rather 
serious consequences. Therefore, especially the number of 
false negative cases should be minimized, so the overall 
index OI was defined [6]: 

.[%]  600/)PPVSP)(NPVSE *2(OI  (1)  

The doubled value of SE, which refers to the false negative 
cases, ensures that it plays the important role. The values of 
all prognostic indices were calculated for all 50 trials. 
The research material was obtained from the computerized 
fetal monitoring system [7]. After data cleaning process, the 
basic data set included 685 traces recorded from 189 pa-
tients, with 68 traces (9.93%) representing the abnormal 
(low) fetal birth weight.  

The main aim of the presented paper was to investigate 
the influence of the patients data distribution and the role of 
the underrepresented low birth class on the prediction of the 

fetal birth weight, based on the CTG classification using 
RBF neural networks. During the first experiment we used 
all CTG traces from the database. Nevertheless, the research 
material contains patients with sets of CTG signals regis-
tered in different gestational weeks. Therefore, instead of a 
set of traces, it was possible to choose only one single re-
cord for one patient. Taking into account the fact, that with 
the progress of pregnancy the features characterizing the 
CTG signals change, we applied two datasets. The first one 
comprised the records being from the last CTG monitoring 
session, whereas in the second, the earliest patient traces 
were used.  

In highly-developed countries the low fetal birth weight 
is fortunately an uncommon event. Even though we investi-
gated the clinical data where the number of cases of abnor-
mal fetal outcome (from different reasons) is very high, up 
to 40%, the class of too low birth weight in our material is 
underrepresented for the artificial neural network learning. 
It was shown [2], that the optimal learning quality may be 
attained with an increase of the distribution of the abnormal 
class to 20%. Therefore, the abnormal cases were replicated 
until their representation in the training subsets exceeded 
the assumed ratio. For datasets containing only one CTG 
record for one patient, it was also possible to increase the 
number of abnormal cases using the traces which were 
previously removed. The increase of abnormal cases was 
done in training and validating subsets. The testing subset 
remained unchanged. The detailed characteristics of datasets 
used during RBF neural networks learning are shown in 
Table 1. 

Table 1 Characteristics of class distribution in datasets  
used in experiments 

Data set N* Nn* Na* Na/N 

One patient – Multiple CTG records  685 617 68 9.93% 
One patient – Single CTG records      191 178 13 6.61% 
One patient – Multiple CTG records 
(with increased ratio of abnormal cases) 

772 617 155 20.08%

One patient – Single CTG records  
(with increased ratio of abnormal cases) 

223 178 45 20.18%

* N – number of CTG records, Nn – number of normal cases, Na – number 
of abnormal cases 

III. RESULTS 

During the first experiment we applied the original data 
set comprised of all registered CTG traces. We tried to find 
a network structure leading to the best generalization abil-
ity, and analyzing the testing error we observed a trend of 
increasing the prediction quality up to the structure with 15 
hidden neurons. To compare the influence of data content 
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The prediction quality decreased. Some combinations of 
training-validating-testing sets provided the zero value of 
SE and PPV. Because the abnormal cases rate was even 
lower in comparison to the original data set, we increased 
(by replicating) the number of cases with low fetal birth 
weight in the learning sets. The classification results are 
shown in Table 3 (right part).  

distribution on low birth weight prediction, we kept the 
same network structure (with 15 hidden neurons) in the next 
experiments. The performance measures when using multi-
ple CTG traces assigned with one patient are shown in Ta-
ble 2 (left part). 

Table 2 Performance measures when applying the scheme: one patient - 
multiple traces, in the learning process Looking at the results, we may state that an artificial in-

crease of the number of abnormal cases enables better clas-
sification performance. When during the learning process 
the scheme - one (the last) CTG record from one patient -
was applied, an increase of all performance indices was 
noticed (especially the SE – see Fig. 1), however the PPV 
value still remained low. 

 Na/N = 9.93% Na/N = 20.08% 

Index [%] Mean SD* Min-Max Mean SD Min-Max 
CC  79.08 8.47 57.31-88.30 77.63 6.27 59.65-85.38 
OI 39.71 6.96 25.12-55.28 40.11 5.95 27.28-54.51 
SE   61.88 14.02 35.29-88.24   66.71 14.34 35.29-94.12 
SP   80.97 10.21 55.19-90.91  78.83 7.79 57.14-88.31 
PPV 28.58 7.45 15.00-44.00 26.72 5.31 16.67-38.89 
NPV 95.15 1.50 91.60-97.79 95.65 1.68 92.03-99.02 

 

     * SD – standard deviation 
 
The obtained results are unsatisfactory as the number of 

correct classifications CC is equal to 79.08%.  Even worse 
results may be observed with PPV and OI, low values are 
results of very small number of true positive classifications. 
Because the class of too low birth weight is underrepre-
sented in our research material, we artificially increased (by 
replicating cases) the size of class indicating the abnormal 
birth weight. The classification results after the increased 
distribution are also shown in Table 2 (right part). We can 
not provide unambiguous answer if the increasing number 
of the skewed data distribution leads to the improvement of 
the prediction quality. We obtained a small increase of the 
SE and OI indices, but at the same time the number of cor-
rect classifications decreased.  

Fig. 1 The change of the prognostic indices after increasing the ratio of 
abnormal cases in the learning data. The dataset’s scheme: one (the last)  

CTG record from one patient. 

We also used the dataset containing patients represented 
by single traces, but acquired during the first CTG monitor-
ing session. The classification quality results are given in 
the Table 4: original class distribution - the left part, data-
sets  with artificial increase of abnormal cases – the middle 
part. 

In the next experiments, for one patient we used only 
one CTG trace. In the first step we applied the CTG signal 
from the last patient monitoring session, and the results are 
shown in Table 3 (left part). 

The application of the first traces in series being re-
corded during pregnancy, improved the prediction quality, 
especially when the learning sets were with the increased 
abnormal cases rate. Finally, we investigated the dataset 
with single traces (recorded as the first) with number of 
abnormal cases increased by adding some traces (recorded 
in different gestational weeks) which were previously re-
moved from the original dataset. This was done instead of 
artificial replication of the skewed data. The classification 
results are shown in the Table 4 (right part). Again, we can 
notice an increase of prediction quality of the low fetal birth 
weight, especially when considering PPV and OI indices, 
indicating higher number of true positive classifications.

Table 3 Classification results when the scheme: one patient – one (the last 
recorded) trace, was applied in the learning process 

 Na/N = 6.61% Na/N = 20.18% 

Index [%] Mean SD* Min-Max Mean SD Min-Max 
CC  78.55 7.15 51.06-91.49  80.43 9.15 63.83-95.74 
OI   27.50 10.46 11.46-52.27   44.89 13.09 20.77-77.73 
SE   38.67 25.52     0.00-100.00   78.00 21.94   33.33-100.00
SP 81.27 7.97 50.00-93.81 80.59 9.97 61.36-95.45 
PPV 13.04 9.37   0.00-40.00   24.86 12.36   7.14-60.00 
NPV 95.16 1.89   91.67-100.00 98.23 1.77   93.94-100.00
* SD – standard deviation 
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Table 4 Values of indices describing the classification quality when the scheme:  
one patient – one (the first) CTG record, was applied in the learning process. 

 Na/N = 6.61% Na/N = 20.18% # Na/N = 20.18% * 
Index [%] Mean SD Min-Max Mean SD Min-Max Mean SD Min-Max 
CC  79.66 7.92 53.19-91.49 83.57 7.65 61.70-95.74 88.20 3.85 77.05-93.44 
OI   28.48 11.42 11.83-59.85   50.01 13.53 21.55-77.73 70.88 5.41 61.51-81.54 
SE   39.33 25.81     0.00-100.00   82.67 20.47   33.33-100.00   71.41 16.55   52.94-100.00 
SP 82.41 8.64 52.27-95.45 83.64 7.82 61.36-95.45   94.68 10.37   68.18-100.00 
PPV 14.05 9.78   0.00-33.33   28.80 12.20   7.69-60.00   91.62 16.12   54.84-100.00 
NPV 95.25 1.88   91.89-100.00 98.59 1.69   94.12-100.00 90.36 5.50   84.62-100.00 

# with increased abnormal class, by replication of cases, * with increased abnormal class, using additional cases with traces registered 
 in different weeks of pregnancy 

IV. CONCLUSIONS  

To summarize we may state, that there is a possibility to 
predict the low weight of the newborn by applying the RBF 
neural networks. Nevertheless, the learning data should be 
carefully prepared. The obtained results show that it is much 
better to apply the scheme – one single CTG trace assigned 
to one patient, but at the same time the number of the ab-
normal cases in the learning sets must be high enough. We 
used two approaches to increase the ratio of abnormal to 
normal cases in the learning sets. In the first one we artifi-
cially replicated the skewed data, while in the second we 
used traces from patients representing the class of abnormal 
fetal birth weight, that were recorded in different weeks of 
pregnancy. The second approach allowed us to obtain the 
maximal improvement of the prediction quality. In our 
opinion it is caused due to fact of augmented diversity of 
traces representing the low fetal birth weight. Independently 
the artificial replication of the underrepresented class leads 
to the classification accuracy improvement as well. Our 
experiments show an increase of the low birth weight pre-
diction quality with a decrease of the fetal gestational age. 
This relation would suggest the stronger relation between 
the fetal weight and fetal heart rate variability features at the 
early stage of the intrauterine development. However, more 
experiments concerning that subject should be performed to 
give the clear conclusion, and they will be the subject of our 
future studies. 
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Abstract— In order to accurately position biological mate-
rial and cells, it is a useful way to label those particles with 
magnetic nanoparticles (MNPs) and target them via static or 
time-dependent magnetic fields. The aim of our work is to 
generate tailored magnetic fields to optimize the magnetic 
nanoparticle assisted gene transfer, cell positioning and drug 
targeting. 

The first step in the design of the magnetic field generators 
is the determination of the basic geometry using analytical 
equations. Subsequently, the geometry will be optimized by 
numerical field calculations. The trajectories of the magnetic 
nanoparticles have to be calculated with respect to the physio-
logical boundary conditions like blood flow and pressure as 
well as size and geometry of the target tissue. 

It is possible to estimate the amount of particles which can 
be retained by the external magnetic field source at the target 
location. This is done by combining the numerical calculations 
of the magnetic field, structural mechanics and hydrodynamics 
within the target area with the magnetic and geometric prop-
erties of the particles or complexes. During all those consecu-
tive steps we construct several prototypes of field generators 
which will be tested in experiments. According to these results 
we build static as well as time-dependent adequate magnetic 
field sources and optimize them and the underlying physical 
model in an iterative approach. 

We want to aspire a magnetic field that will be able to ex-
actly transport and position nucleic acids, viral particles and 
magnetic nanoparticle labeled cells in vitro, in vivo and ex vivo. 

Keywords— magnetic drug targeting, nanoparticles 

I. INTRODUCTION  

Magnetic fields are commonly used in the area of engi-
neering and construction, e.g. electric motors or generators. 
In medicine, apart from diagnostic purposes like magnetic 
resonance imaging (MRI), magnets are rarely used. It is a 
rather novel aspect to target magnetic nanoparticles in cells 
and living organisms to develop novel therapies. Here mag-
netic particles, loaded with drugs, cells or other genetic 
materials, are used to establish high concentrations of the 
respective substance in a certain region. The drug-particle 
composite itself can be applied by several procedures (e.g., 
intra-arterial or intraluminal) and is subsequently trapped in 
the target region by an external magnetic field [1]. 

The main advantage of this approach is the accumulation 
of the drug or biological material at the targeted area and the 
consequential decrease of undesirable systemic side effects 
[2]. For an intravasal application of the nanoparticles, in-
formation about local blood flow conditions is essential. 
This information is necessary for the final construction of a 
magnet for human application. 

The basic physical model [3, 4] enables the optimization 
of the necessary magnetic fields by describing the particle 
trajectories as a function of the magnetic flux density gradi-
ent, the position of the magnet with respect to the vessel and 
the viscosity of the blood. 

II.  MATERIALS AND METHODS 

A. Magnetic Field Sources 

Basically, two different forms of magnetic fields can be 
distinguished: permanent, time-independent and non-
permanent, time-dependent fields. 

 Permanent magnets and certain electromagnetic field 
generators (i.e. a single DC-supplied coil) create static, 
time-independent magnetic fields. Such fields have 
been used by our group and others for positioning 
MNPs in vitro and in vivo (Magnetic Drug Targeting). 

 Non permanent, time-dependent fields can be used to 
create oscillating magnetic forces and therefore provide 
a three dimensional spatial and temporal guidance of 
MNPs or MNP-labeled cells. 

The magnetic field sources which are already used in 
medicine (i.e. for magnetic resonance imaging) are large, 
static but homogenous magnetic fields and are not suitable 
for targeting magnetic nanoparticles. 

A schematic drawing of an experimental setup is shown 
in Fig. 1 and a respective electromagnet is shown in Fig. 2. 
Here the magnetic field is generated by two parallel coils. 
Each one has 2000 turns and conducts a 15 A current. The 
electromagnet has a gradient coil tip made of an iron-cobalt 
alloy to achieve the highest saturation magnetization. The x-
z field distributions are shown in Fig. 3 and Fig. 4. 
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Fig. 1: Schematic drawing of the targeting model for calculation of the 

particle trajectories in the vessel. 

 
Fig. 2: Electromagnet 

 
Fig. 3: Magnetic flux density in x-direction for d = 8mm. 

 
Fig. 4: Magnetic flux density in z-direction for d = 8 mm. 

B. Nanoparticles 

For the calculation of the particle trajectories, it is important 
to know the physical and magnetic properties of the MNPs. 
Usually the nanoparticles consist of a magnetite core  with 
some kind of biocompatible coating and have an hydrody-
namic diameter between 200 and 300 nm. 

C.  Calculation and Simulation of the Trajectories 

To calculate the particle trajectories, several contribu-
tions to the forces acting on the particles have to be consid-
ered: 

 The hydrodynamic force (Fhydro), caused by the pressure 
difference due to the heartbeat, generates a velocity 
field and thus defines the flow speed of the particles. 

 The magnetic force (Fmag) due to an external magnetic 
gradient field accelerates the particles perpendicular to 
the flow direction. As a consequence, the particle is di-
verted from its streamline into the direction of rising 
flux density. 

 Inertia forces oppose the hydrodynamic and magnetic 
forces. Normally the inertia forces are several orders of 
magnitude smaller than the accelerating force and hence 
neglected. 

 Gravitational and buoyancy forces are negligible for 
monodisperse suspensions with a particle diameter 
smaller than 1 μm. 

Starting from the initial values, the magnetic flux density 
as well as the magnetic force and the hydrodynamic force 
are calculated for every point of space within the blood 
vessel. The force acting on a particle with the magnetic 
dipole moment μ  within an external inhomogeneous static 
magnetic flux density field is 
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)( BμFmag .  (1) 

This is valid if there is no external current density, mean-
ing 

0B   (2) 

applies. If we assume that all magnetic moments of the 
particles are aligned to the external magnetic field, which is 
valid for magnetic flux densities above 100 – 150 mT, the 
magnetic moment is defined by  

B
|B|
|μ|μ .  (3) 

Combining equations (1) and (3) leads to the following 
expression for the magnetic force: 

BμFmag   (4) 

For the hydrodynamic force, we assume a laminar flow 
with the flow velocity vF. Thus the Stoke’s drag force on a 
nanoparticle (diameter dh, density ) moving with the veloc-
ity up in x-direction is given by 

xFFhhydro evy,zvdF 3 , (5) 

where as  is the viscosity of the fluid. The influence of 
diffusion and Brownian motion will be neglected for all 
further calculations. The equations of motion for all three 
directions of space can therefore be defined as 

dt
dXy,zvd

dx
dB

dt
Xdd Fhh 3

6 2

2
3 , (6) 

dt
dYd

dy
dB

dt
Ydd hh 3

6 2

2
3 , (7) 

dt
dZd

dz
dB

dt
Zdd hh 3

6 2

2
3 , (8) 

where X, Y and Z denote the time-dependent position of 
the particle. 

III. RESULTS 

The results of our computations [3] for different dis-
tances between magnetic field source and blood vessel are 
shown in Fig. 5. Here the trajectories of the particles were 
calculated in a laminar, stationary profile of a Newtonian 
fluid. 

 
Fig. 5: Trajectories of nanoparticles in a laminar flow for different dis-

tances between magnetic field source and vessel. 

IV. DISCUSSION 

The simplified calculation of the particle trajectories pre-
sented in this work provides a mathematical proof-of-
principle of the magnetic drug-targeting therapy. With the 
help of fully analytical equations, all necessary influencing 
parameters can be investigated. Experiments with animals 
have shown that magnetic drug-targeting is feasible [1]. 
Furthermore, the construction of targeting magnets is easy 
with the help of the calculated particle trajectories. 

Therefore, magnetic drug targeting may be a possible ap-
proach in treating superficially located diseases, such as a 
variety of solid tumors and vascular diseases. Similar as-
pects hold true for gene therapy applications as illustrated 
by the rapid development of the targeting magnetofection 
technique. The treatment of tissues located far away from 
the body surface exhibits the following problem: for physi-
cal reasons it is not possible to generate local flux density 
maxima and thus local force maxima far away of the pole-
shoe without the use of a ferromagnetic implant (e.g., 
stents). The magnetic force decreases with increasing dis-
tance to the coil tip. 

V. CONCLUSIONS 

To design an appropriate magnetic field source, detailed 
knowledge about the particle trajectories and therefore the 
influencing parameters is necessary. The calculation of 
trajectories presented in this paper might be further im-
proved by a combination with medical imaging techniques 
(e.g., angiography with magnetic resonance imaging). For 
future applications in human medicine and the development 
of a successful treatment strategy, parameters like the posi-
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tion and the form of the coil tip as well as the duration of 
treatment have to be investigated. 
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Abstract — Renal calculi samples were investigated with 
synchrotron radiation based microtomography on the resolu-
tion level of few microns. XRF and XRD were used in order to 
investigate samples composition. The histograms of the 3D 
stone images were analyzed by fitting set of Gaussian func-
tions. The assumption that every stone compound gives addi-
tional maximum to the histogram allowed the identification of 
some pattern compounds. The compounds usually present in 
renal stones were considered. The results of XRD and histo-
gram findings correlate well. Advantage of proposed method 
relies on the possibility of calcium oxalates differentiating, 
differentiating of more compounds than XRD without addi-
tional effort and gives perspective to the quantitative analysis 
of different compounds amounts in the studied samples. 

Keywords— kidney calculi, micro tomography, image histo-
gram, urinary stone analysis. 

I. INTRODUCTION  

One of the methods used in nephrolithiasis therapy is 
lithotripsy [7]. Calculi (stones) developed in the urinary 
system are comminuted with the use of ultrasonic shocking 
wave (SW). Susceptibility of stone to SW depends on its 
composition and structure. Homogenous and compact cal-
culi are less susceptible for lithotripsy than heterogeneous 
and structurally less compact [5,4,1].  

Modeling and optimization of lithotripsy demands the 
knowledge of treated stones mineral composition and struc-
ture. Computed tomography (CT) is one of the methods 
which is used for nephrolithiasis diagnosis [7] and could be 
useful also in such kind of investigations. A clinical CT is 
presently not very useful in this matter because of limited 
resolving power; although the approaches applying clinical 
CT scanners to the structural investigations of renal calcu-
lies were undertaken [1,4,5]. 

The application of microtomography (µCT) gives at the 
moment more promising results. The use of X-ray mi-
crobeam allow to achieve better resolutions. The resolution 
on the level of about 20-30 µm allows precise stone struc-

ture imaging analysis. Nevertheless in some cases even such 
resolutions are not sufficient. Some stones consist of many 
different small crystals mixed together [2]. In such case the 
assessment of minerals composition is practically not possi-
ble. In particular it is difficult to distinguish between differ-
ent types of calcium oxalates, which can occur in renal 
stones at different hydration level of mixed together (cal-
cium oxalate monohydrate (COM) – whewellite and cal-
cium oxalate dihydrate (COD) – weddellite). Accept from 
COM and COD also calcium oxalate trihydrate (COT) – 
caoxite, is known and all these types are characterized with 
similar X-ray attenuation coefficients.  

The synchrotron radiation microbeam was applied in pre-
sented work. It allowed the investigation of stone structure 
with the resolution of few microns. The histogram analysis 
was proposed as the solution allowing the differentiation 
between minerals present in the stone. Particularly it seems 
to be possible to determine the hydration level of calcium 
oxalates.  

II. MATERIALS AND METHODS 

51 renal stones taken from patients were investigated 
with the energy dispersive X-ray fluorescence spectroscopy 
(XRF) method in order to characterize their elemental com-
position. The Oxford 2000 spectrometer (Oxford Instru-
ments, UK) was applied. On the basis of XRF results 8 
samples were chosen for further investigations. The chosen 
samples were characterized by specific and unusual compo-
sition as our goal was the investigation of stone structure in 
specific and non characteristic conditions.  

Selected samples were investigated with µCT in DESY 
(Hamburg, Germany) at the HASYLAB BW2 beamline 
equipped with µCT scanning system [8] which is operated 
by the GKSS (Geesthacht, Germany). Samples were 
scanned and their three-dimensional (3D) images were 
reconstructed. The photon energy applied was 21 keV while 
achieved image voxel size was about 4 µm. The recon-
structed 3D images represented the distribution of linear X-
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ray attenuation coefficient normalized by the voxel size. 
The X-ray linear attenuation coefficients were recalculated 
for grey scales (GS) in exported stack of TIFF files. The 
recalculated GS will be used as the relative unit of attenua-
tion in this work. 

Seven most frequently observed compounds in renal cal-
culi were considered: hydroxyapatite (HAP), COM, COD, 
brushite (BRU), struvite (STR), uric acid (UA) and cystine 
(CYS). Additionally COT and calcium oxalate placed be-
tween COD and COT (COD/COT) Ca2C2O4*2.25H2O were 
taken into account. The linear X-ray attenuation coefficients 
for the energy of 21keV were calculated and expressed in 
GS for all mentioned compounds and for air.  

The assumption was considered that every component of 
the renal stones reflects in the histogram as a Gaussian 
shaped peak. The 3D image histograms were calculated and 
fitted with the set of Gaussian functions. By comparing the 
fitted Gaussian positions in the image histogram and the 
attenuations for pattern compounds it was possible to de-
termine if  particular compounds constitute the stone. 

The X-ray diffraction (XRD) of all 8 samples was per-
formed in order to determine their most important crystal 
components. XRD measurements were carried out on the 
PW1710 (Philips, Holland) powder diffractometer, using 
graphite monochromatized CuKα radiation, which allowed 
measurements in the range from 12° to 40°. Identification of 
crystalline phases was based on the X’Pert database. 

The results of XRD were compared to the results of the 
3D image histogram analysis.  

III. RESULTS 

The chosen results of XRF investigations are placed in 
Table 1. 

Table 1 Results of XRF measurements 

Sample Mg [ppm] S [ppm] Ca [%] P [%] Ca/P 

1 445 386 17.5 4.84 3.6 

2 2478 249 14.8 8.61 1.7 

3 309 224 17.8 2.56 6.9 

4 803 416 2.2 0.26 8.6 

5 8650 191 11.3 8.86 1.3 

6 266 242 17.7 2.98 5.9 

7 130 248 20.3 0.62 32.9 

8 70 732 19.0 0.43 44.4 

 
The investigated stones were also investigated by XRD 

and the main crystal components were determined. Results 
of XRD are shown in Table 2. 

Table 2 Results of XRD measurements and image histogram analysis. 
HAP -hydroxyapatite, COM/D/T – calcium oxalate mono/di/tri hydrate, 

COM/COD – CaC2O4*2.25H2O, BRU - brushite, STR - struvite, UA - uric 
acid, UA1, UA2 – different uric acid phases. 

Sample XRD Histogram 

1 BRU, COD/COT UA, COM, COD, COT 

2 COD/COT UA, COM, COD, COT 

3 COD/COT UA, COM, COD, COT 

4 UA UA1, UA2 

5 HAP, STR UA, STR, COD 

6 COM UA, COD, COT 

7 COD/COT UA, COD, COT 

8 COM UA, COD, COT 

 
On the basis of µCT investigations the 3D reconstruc-

tions of investigated stones were performed. An example is 
presented in Fig. 1. Accept from the 3D views also the 
cross-section imaging in any plane is possible. 
 

 

 
Fig. 1 Example of microtomographic reconstruction. 3D reconstruction of 

sample 3 (above) and its cross-section. 
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The 3D image histogram allowed the identification of 
compounds present in the investigated stones. The results of 
compounds identification on the basis of histogram analysis 
are placed in Table 2. Examples of histogram fitting results 
are showed in Fig. 2. 

 

 

Fig. 2 Examples of histogram analysis. The 3D image histogram (grey) 
was fitted with a set of Gaussian shaped functions. The only component 
curves shown represent the pattern compounds (thin solid line). The sum of 
all fitted Gaussians is marked as a thick solid line. For most abbreviations 
see text. UA1, UA2 – two phases of uric acid, NI – not identified.  

IV. DISCUSSION 

The detailed discussion of XRF and XRD results is out 
of the scope of presented work. The only remark should be 
made that the results of both methods correlate well. It is 
clearly visible on the example of sample 5. On the basis of 
XRF investigations high concentration of magnesium was 
found (Table 1) while XRD results showed the presence of 
STR (containing magnesium) (Table 2). 

In all cases UA was identified as the compound of ana-
lyzed stones even if it was not possible to identify it in XRD 
measurements (Table 2). When UA was the only phase 
discovered in crystallography here in histogram analysis we 
discovered two UA phases. The maximum representing UA 
on the histogram should be fitted by two Gaussians instead 
of single one (Fig 2, sample 4). It is quite possible that ex-
cept from UA there is also dihydrate UA present in the 
stone (these two phases were denoted as UA1 and UA2 in 
Table 2 and in Fig. 2). 

In all cases some combinations of calcium oxalate types 
were represented. Also for samples not identified as con-
taining calcium oxalates (see Table 2 for sample 5). 

Not all maxima visible in histograms were assigned to 
considered pattern (Fig. 2, sample 6) compounds which 
suggests that the set of pattern compounds should be broad-
ened to make proposed method more reliable and useful.  

There is always very high and narrow peak at the begin-
ning of every histogram. It correlates with air surrounding 
the sample. The space between UA and calcium oxalates are 
usually characterized by flat part of histogram. This part is 
fitted with wide and low Gaussians and is probably con-
nected to the organic matter contained in the stone. 

BRU and HAP detected in samples 1 and 5 were not 
identified on histograms. Because of not known reasons the 
histogram analysis failed in case of these two compounds. 
In further investigations more samples contained HAP and 
BRU should be considered to explain that phenomena.  

The results for samples 6 and 8 also show some discrep-
ancy. They were defined as containing COM in XRD while 
histogram shows only COD and COT compounds. This 
problem can be caused and explained by errors in samples 
holding. XRD was performed few weeks after µCT investi-
gations. Because calcium oxalates are hydroscopic the hy-
dration could be changed. Instead of COM component there 
is COD component present which sounds logical. 

IFMBE Proceedings Vol. 25

384 G. Taton et al.



The proposed method is simple and could be useful be-
cause it gives more information about sample composition 
than XRD. The histogram based analysis is simpler and do 
not need additional equipment when the 3D µCT scanning 
was done. As the advantage comparing to XRD the possibil-
ity of distinguishing between different calcium oxalate 
types should be emphasized. In XRD the mixture of COD 
and COT is characterized as the compound denoted here as 
COD/COT while in histogram analysis all three compounds 
can be identified. More complicated analysis (which was 
not our aim in this paper) of fitted Gaussians areas could 
give more precise information about the amounts of consid-
ered phases. 

V. CONCLUSIONS  

The method relying on the 3D image histogram of renal 
stones analysis was described. The images obtained in µCT 
investigations were considered in order to investigate stones 
structure on the level of few microns. 

All most important phases present in investigated stones 
were identified properly which could be stated on the basis 
of XRD results.  

Advantages of proposed solution was the possibility of 
identifying more compounds than in XRD investigations 
without additional effort.  
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Abstract— Both, major depression and schizophrenia, are 
associated with a cholinergic autonomic dysfunction. Based on 
previous studies we investigated the hypothesis, that this aspect 
of neuropsychiatric disorders can be evaluated by indices of 
heart rate variability (HRV). 

In patients with major depression only HRV indices reflect-
ing nonlinear long term associations (power law slope, long 
term autonomic information flow AIF) were changed.  

In patients with schizophrenia the mean heart rate was in-
creased and predominantly long term, but on a lower level also 
short term linear HRV indices, were reduced. AIF was re-
duced over short, but increased over long time scale. 

The results reflect various aspects which cannot simply be 
distinguished. (i) Major depression and schizophrenia are 
different neuropsychiatric disorders each associated with a 
specific cholinergic autonomic dysfunction in a particular way. 
(ii) The “gold standard” of identifying cholinergic activity 
predominantly from the short term HRV dependencies should 
be revised in favor of long term HRV dependencies under 
particular conditions. This conclusion is in line with results 
from experimental studies as well as from patients with other 
diseases such as those with multiple organ dysfunction syn-
drome and sepsis.  
 
Keywords— major depression, schizophrenia, cholinergic 

dysfunction, heart rate variability, power law 
slope, autonomic information flow 

I. INTRODUCTION  

The cholinergic system plays a key role in the pathology 
of neuropsychiatric disorders such as major depression and 
schizophrenia. An appropriate assessment of cholinergic 
function might foster the early identification of those disor-
ders, monitor their current development, and guide their 
treatment. But the pathological mechanisms involved are 
heterogeneous and complex. Furthermore, cholinergic 
pathways are part of multiple other physiological control 
loops, such as those controlling blood pressure, blood gases, 
etc.  

In that connection rhythms of heart rate fluctuations were 
found to be associated to specific parts of the autonomic 
nervous system (ANS) namely sympathetic and parasympa-
thetic control, as well as their complex interrelations. In the 

established heart rate variability (HRV) analysis specific 
indices are claimed to approximate the activity of the differ-
ent branches of the ANS and their complex functioning. But 
the results concerning the identification of parasympathetic 
(cholinergic) activity are inconsistent. Considering the tradi-
tional linear HRV indices in some cases RMSSD and HF 
are clearly associated to parasympathetic activity as ex-
pected, in other cases SDNN and VLF were reported to be 
significant. The value of essentially parasympathetically 
caused long term alterations was also reported from nonlin-
ear indices such as power low slope and autonomic infor-
mation flow (AIF) [1-8]. 

This study aims to elaborate those HRV indices which al-
low the assessment of cholinergic dysfunction associated 
with major depression and schizophrenia.  

II. MEDICAL BACKGROUND 

A. Major Depression 

Numerous studies revealed a significant comorbidity be-
tween depressive and cardiovascular diseases. Depressive 
illnesses are considered as predictors for a higher cardiovas-
cular morbidity and mortality. While some studies described 
a decrease of parasympathetic modulation, others could not 
detect any alteration of parasympathetic function. In order 
to elucidate the role of the autonomic nervous system on 
cardiac regulation in depression, our study focused on the 
assessment of long term HRV recordings in non-medicated 
patients suffering from major depressive disorder (MDD) 
and matched controls. 

B. Schizophrenia 

Mortality in patients with schizophrenia is at least two 
times higher than in reference populations. Apart from sui-
cide, cardiovascular causes account for the majority of these 
events. As we and others already assumed previously, one 
possible underlying cause might be autonomic dysfunction 
during acute psychosis as reflected by altered heart rate 
variability and autonomic function parameters. The underly-
ing mechanisms for disease-inherent autonomic changes 
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have not been investigated to date. However, the lack of 
activation in the medial prefrontal cortex that has been 
shown in patients with schizophrenia might affect the in-
hibitory control over autonomic function of amygdale. 

III. SUBJECTS AND METHODS  

In the present meta-analysis we use selected key results 
from our previous studies which are outlined in detail in [1, 
2].  

 
A. Patients and investigation setup 

Major Depression: 18 patients suffering from major de-
pression and 18 matched (age sex, and education) controls. 
Exclusion criteria of patients and controls were any relevant 
medical or psychiatric disease and interfering medication. 
Analysis of 4 hour HRV during day time (in between 8 a.m. 
and 12 a.m.) and night time (in between 12 p.m. and 4 a.m.) 
obtained from 24 h Holter recordings. 

 
Schizophrenia: 20 patients suffering from paranoid 

schizophrenia and 20 matched (age sex, and education) 
controls. Exclusion criteria of patients and controls were 
any relevant medical or psychiatric disease and interfering 
medication. Analysis of 4 hour HRV during day time (in 
between 8 a.m. and 12 a.m.) and night time (in between 12 
p.m. and 4 a.m.) obtained from 24 h Holter recordings. 

B. HRV indices 

mHR  mean fetal heart rate during the selected segment 
 
Short term variability:  
RMSSD  (root mean square of successive differences, ms) 

Interpreted as essentially vagally mediated activity 
according to [9]. 

HF  (High Frequency band power): 0.15-0.4 Hz, pre-
dominantly reflecting vagally mediated control ac-
cording to [9]. 

LF  (Low Frequency band power): 0.04-0.15 Hz, re-
flecting vagally and sympathetically mediated con-
trol according to [9]. 

 
Long term variability: 
SDNN   (standard deviation of normal-to-normal beats, ms) 

overall variability reflecting sympathetic, vagal, 
etc. oscillations according to REF 

SDANN Standard deviation of the average of NN intervals 
in all 5 min segments of the entire recording.  

VLF  (Very Low Frequency band power): <0.04 Hz, 
reflecting the integrative effect of various control-
lers such as from vagal up to humoral effects [7, 9]. 

 
Autonomic Information Flow AIF: 

Autonomic Information Flow (AIF) describes the com-
munication over temporal or spatial scales based on the 
transfer of information which can advantageously be as-
sessed by Shannon entropy. In the present work complex 
correlations over different time scales were assesses as AIF 
indices based on results from previous studies [3, 8]. Com-
putational details are reported elsewhere [10].  
 
Short term AIF: 
AIF_short Information flow over a short time horizon re-

lated to one heart beat interval and HF rhythms. 
 
Long term AIF: 
AIF_long Information flow over a long time horizon related 

to up to fifty heart beat interval and VLF rhythms. 

C. Statistical analysis 

The HRV indices of patients and controls were compared 
by t-tests ( p<0.05, p<0.01,  p<0.0001). 

IV. RESULTS  

In Table 1 and 2 the key results from [1,2] are reported. 

Table 1 HRV: comparison of depressive patients vs. controls 

HRV index Day time Night time 

Mean heart rate - - 

Short term: RMSSD, HF, LF - - 

Long term: SDNN, VLF - - 

Power law slope   

AIF_short - - 

AIF_long -  

/  significant increase/decrease in the patients group 

Table 2 HRV: comparison of schizoprenic patients vs. controls 

HRV index Day time Night time 

Mean heart rate   

Short term: RMSSD only  - 

Long term: SDANN only  - 

AIF_short   

AIF_long   
/  significant increase/decrease in the patients group 
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V. DISCUSSION  

The HRV changes found in both, major depression and 
schizophrenia, can be interpreted as associated with cho-
linergic autonomic dysfunction. The different HRV charac-
teristics may reflect the different neuropsychiatric mecha-
nisms. While no specific pathophysiology has been 
proposed for major depression a lack of activation in the 
medial prefrontal cortex in schizophrenia which possibly 
affects the inhibitory control over amygdala-driven auto-
nomic function has been suggested. 

Since also in other disorders altered cholinergic auto-
nomic control was reflected in long term HRV in spite of 
the traditionally expected short term HRV patterns, a more 
general explanation concerning cardiogenic and respiratory 
influences should be discussed as follows. 

If we suppose that short term HRV is measuring respira-
tory arrhythmia, decreased values for RMSSD and HF 
would provide valuable indices of parasympathetic impair-
ment. On the other hand, cardiogenic arrhythmias can pro-
duce “erratic” rhythms which may be a marker of increased 
risk in post-myocardial patients [6]. Since those different 
short term mechanisms cannot be discriminated by RMSSD 
and HF, respectively, their pathology-related changes were 
found to be opposed, even if reduced parasympathetic 
modulations can generally be expected. 

In an experimental study using sympathetic and para-
sympathetic blockades it was demonstrated that VLF is 
essentially mediated by parasympathetic mechanisms [7]. In 
an own study we found VLF as best predicting survival in 
patients with multiple organ dysfunction syndrome where 
impaired vagal control is a main risk factor. A similar ar-
gumentation can be done for AIF where long term informa-
tion flow seems to better reflect originally parasympathetic 
impairment.  

Since the autonomic-cardiovascular system is complex 
and cannot be deconstructed from the functional point of 
view it is impossible to identify one particular element ex-
clusively. Under pathological condition such as due to ma-
jor depression and schizophrenia the functional structure is 
even more unclear than in healthy controls. Nevertheless, 
the search for more appropriate HRV indices reflecting 
cholinergic mechanisms and vagal control seems to be 
promising. VLF might be one of those possibilities. It al-
lows us to distinguish between respiratory and non-
respiratory sinus arrhythmia and better to treat ectopic beats 
by respective processing. 
So far direct reference measurements of cholinergic activity 
are lacking. Therefore, the discussed associations between 
pathophysiological mechanisms, clinical signs and risk 

markers, as well as HRV indices are describing and specula-
tive. Respective advanced study designs and HRV analyses 
are necessary.  
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Abstract—We propose a new approach to maternal ECG 
suppression and fetal QRS detection in the multi-channel 
maternal abdominal bioelectric signals. First, a single-channel 
method based on template subtraction is applied to suppress 
the maternal ECG in the respective channels. Then we use 
spatial or spatio-temporal filtering to enhance the fetal QRS 
complexes. Finally, the QRS detection is performed. In the 
experiment realized, spatial filtering slightly improved the 
results of fetal QRS detection, but a significant improvement 
was caused by spatio-temporal filtering. 

Keywords— fetal electrocardiogram, QRS detection, spatial 
filtering, generalized eigendecomposition. 

I. INTRODUCTION  

Application of the Doppler ultrasound technique for bio-
physical fetal monitoring offers rather low accuracy of the 
fetal heart rate (FHR) determination. As a result, the ob-
tained FHR traces are inadequate for sophisticated analysis 
of the beat-to-beat variability [1]. Applying the electrocar-
diographic technique, we can achieve higher accuracy of the 
FHR determination, but very often the low level of the fetal 
QRS complexes makes the detection task extremaly diffi-
cult. Therefore it is of primary importance to develop an 
effective approach to cope the problem. 

The maternal abdominal bioelectric signals are composed 
of the maternal electrocardiogram (MECG), the fetal elec-
trocardiogram (FECG) and different types of noise. Since 
the dominant component (the MECG) exceeds the desired 
one (the FECG) many times, the primary operation is the 
maternal ECG suppression. Two most important approaches 
to cope the problem can be distinguished. The first one 
exploits the repeatability of ECG beats to achieve the goal 
of the MECG suppression [2]. The second approach is 
based on spatial filtering of the multi-channel abdominal 
signals: the independent component analysis (ICA) was 
reported to be an efficient method of maternal and fetal 
ECG signals separation [3]. However, our experiments [4] 
showed that when the number of the recorded channels is 
low, the FECG signals extracted by ICA are of much lower 
SNR than those obtained by MECG template subtraction in 
the individual channels.  

In this study, we propose to combine the single and the 
multi-channel approaches to perform the MECG suppres-

sion and the fetal QRS complexes enhancement and, finally, 
to achieve better results of fetal QRS detection. 

II. METHODS 

The first operation of the proposed approach is suppres-
sion of the maternal ECG by application of a single-channel 
method (subtraction of the MECG template). Next, we per-
form spatial or spatio-temporal filtering of the extracted 
FECG signal to enhance the QRS complexes. Then, we 
form a so called detection function, i.e. a signal which re-
sponds with high peaks to QRS complexes. Finally, we 
apply the so called decision rules to perform QRS detection. 

A. Subtraction of the maternal ECG template 

The subtraction procedure is one of the classical ap-
proaches to MECG suppression. Assuming the repeatability 
of the maternal ECG beats, we perform maternal QRS com-
plexes detection and construction of an average template. 
Then the template is subtracted from  individual beats and 
this way the maternal ECG is significantly suppressed. A 
few modifications of this method, decreasing the MECG 
residua and preventing the FECG suppression in cases of 
the maternal and the fetal QRS complexes coincidence [2], 
were applied in this study. 

B. Spatial filtering of the FECG signals 

After the MECG suppression we obtain a multi-channel 
FECG signal with typical types of ECG noise and some 
residua of the maternal beats. Then we perform spatial fil-
tering to form a new channel with improved quality:  

)(
1 )()( nTK

i iiSF nfcnf fc  (1) 

where K denotes the number of the FECG signal channels,  
fi(n), i = 1, 2, …, K - the respective channels, ci – coeffi-
cients of the spatial filter.  
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Fig. 1 The four-channel maternal abdominal bioelectric signal (a1~a4): 
M marks the maternal and F the fetal QRS complexes 

The operation can be regarded as the projection of the 
FECG signal vector ( f(n) = [ f1(n), …, fK(n) ]T ) on the direc-
tion c assuring the maximal ratio of the desired signal (fetal 
QRS complexes) to noise (the other components). To esti-
mate vector c, we perform the following operations: 

 Initial detection of the fetal QRS complexes and the 
choice of the assumed number of complexes character-
ized by high SNR in the respective channels. 

 Construction of a matrix containing the chosen com-
plexes: BK x LW, where L is the number and W is the 
width of the complexes. 

 Construction of a matrix A containing the other parts of 
the multi-channel FECG: AK x N , where N is the signal 
length (the segments with the detected complexes are 
filled with zeroes). 

 Generalized eigendecomposition of pair of the matrices 
TTeig BBAADV, ,   (2) 

where D is the diagonal matrix of the generalized eigenval-
ues, V - the matrix of the corresponding column eigenvec-
tors.  
 The choice and normalization of the generalized eigen-

vector corresponding to the largest Kth eigenvalue 

K
j Kj

Ki
i

v
vc

1 ,
2

,   (3) 

The weighted addition (1) with the weights defined by 
(4) assures the maximal ratio of the energy of fetal QRS 
complexes (cTAATc) to the energy of the remaining part of 
the signal (cTBBTc) [5]. 
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Fig. 2 The fetal electrocardiograms (f1~f4) extracted by the subtraction 
procedure: F marks fetal QRS complexes, N – the noise artifacts 

C. Spatio-temporal filtering of the FECG signals 

In this approach, to improve the fetal ECG quality, we 
perform the following summation:  

K
i

J
Jj ijiSTF jnfcnf 1 , )()(  (4) 

i.e. we add 2J+1 time samples of the respective K channels. 
To calculate the coefficients ci,j we construct the auxil-

iary signal vector 

)(

...
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...
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...

)(

'

1

1
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Jnf

Jnf

Jnf

Jnf

K

K

nf   (5) 

We regard the respective entries of the signal vector as 
(2J+1)·K different channels. Then we perform the opera-
tions equivalent to those described in the previous subsec-
tion to determine the filter coefficients. 

D. Determination of the detection function 

The signals obtained after MECG suppression are proc-
essed to form a so called detection function which responds 
with distinctive peaks to fetal QRS complexes. The applied 
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method consists of linear band-pass filtering, differentiation, 
squaring and smoothing [4]. 
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Fig. 3 The FECG channel of the highest SNR (chosen among those from 
Fig.2) with the results of spatial (fSP) and spatio-temporal (fSTF) filtering 

E. Decision rules 

The rules described in [4] were applied. They are based  
on comparison of the detection function with automatically 
calculated detection threshold. Once a peak crosses the 
threshold we search for higher peaks within a 250 ms inter-
val. Each encountered higher peak replaces the previous 
one. The search is stopped when no higher peak is found 
within the specified time interval.  

F. Evaluation of the detection results 

The evaluation is based on the performance index PI 
which is calculated after the test detections 

[%]100
N

NNNPI MFA  (6) 

where N is the true number of QRS complexes, NFA - the 
number of false alarms, NM - the number of misses.  

III. RESULTS 

We  applied  the  developed  methods  to  the analysis of 
four-channels maternal abdominal bioelectric signals. A 
short segment of such a signal is presented in Fig.1. After 
the operation of subtraction, we obtained the four-channel 
FECGs containing some noise components (Fig.2). Apply-
ing spatial and spatio-temporal filtering we obtained the 
new channels presented in Fig.3. For reference the basic 

FECG channel of the highest SNR was also presented. We 
can notice that this channel (f2) is comparable to the one 
obtained after spatial filtering. Using four recorded 
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Fig. 4 Detection functions obtained for the signals from Fig.3 

channels, the operation produced only a limited success. 
Much better results were achieved by the spatio-temporal 
filter (the parameters  = 4 and J = 3 were applied). The 
filter matches its performance not only to the spatial but 
also to the spectral distribution of the processed signal com-
ponents. We can notice that in the discussed example it 
magnified the high frequency band to suppress the dominat-
ing low frequency noise. As a result, the significant increase 
of the signal-to-noise ratio was achieved, and the deter-
mined detection function was of much better quality (Fig.4). 

In Fig.5 we presented the second example of the FECG 
signal extracted after MECG suppression. In this case, the 
operation was completed with only a limited success. High 
residua of the maternal QRS complexes are visible (they are 
marked with N as the noise artifacts). Again, as we can see 
in Fig.6, application of  spatio-temporal filtering allowed us 
to improve the signal-to-noise ratio (the residua of maternal 
complexes were significantly suppressed). 
For quantitative evaluation of the investigated methods, we 
prepared 10 four-channel maternal abdominal signals. Each 
signal was 5 minutes long. We marked manually and stored 
the positions of the respective fetal QRS complexes (the 
total number of complexes was 6963).  After  the  tests, 
these reference positions enabled us to find the number of 
misses (NM) and the number of false alarms (NFA). 

The results of the test are gathered in Table 1. We pre-
sented the performance indices obtained for the basic chan-
nels of the test signals and for the new ones, constructed by 
application of either spatial or spatio-temporal filtering.  
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Fig. 6 The FECG channel of the highest SNR (chosen among those from 
Fig.5) and the results of spatial (fSP) or spatio-temporal (fSTF).filtering Fig. 5 The four-channel FECG signal extracted by the subtraction proce-

dure – the second example 
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Abstract— When a malaria parasite invades and matures in-

side a red blood cell (RBC), the infected RBC (IRBC) becomes 

stiffer and cytoadherent and these two outcomes can lead to 

microvascular blockage.  We propose a numerical model of the 

three-dimensional hemodynamics in malaria infection.  Our 

model is based on a Lagrangian and free mesh method (parti-

cle method).  We employ spring network of membrane parti-

cles for representing deformation of RBC membrane.  Adhe-

sive property of IRBCs to surrounding cells is also expressed 

by using a spring model. Our method would be helpful for 

further understandings of pathology of malaria-infection. 

Keywords— Hemodynamics, Malaria, Red blood cell, Compu-

tational fluid dynamics, Micro circulation, Parti-

cle method 

I. INTRODUCTION  

Infection by malaria parasite changes mechanical proper-

ties of red blood cells (RBCs). Infected red blood cells 

(IRBCs) lose the deformability but also develop the ability 

to cytoadhere and rosetting. These outcomes can lead to 

microvascular blockage [1]. The stiffness of IRBCs [2] and 

its effects on the flow in micro channels [3] were studied 

with recent experimental techniques. The cytoadherence and 

rosetting properties of IRBCs have also been studied ex-

perimentally. The cytoadherence is mediated by the interac-

tion of the parasite protein PfEMP1 with several endothelial 

adhesion molecules, such as CD36, intercellular adhesion 

molecule-1 (ICAM-1), P-selectin, and vascular cell adhe-

sion molecule-1 (VCAM-1) [4].  In particular, the ligand-

receptor interaction between PfEMP1 and CD36 shows 

tight adhesion [5].  Microvascular blockage may be a he-

modynamic problem, involving the interactions between 

IRBCs, healthy RBCs (HRBCs) and endothelial cells (ECs) 

in flowing blood, but however experimental techniques 

have several limitations to this topic. First, it is still difficult 

to observe the RBC behavior interacting with many other 

cells even with the recent confocal microscopy. Second, the 

three-dimensional information on flow field is hardly ob-

tained. Third, capillaries in human body are circular chan-

nels with complex geometry, but such complex channels 

cannot be created in micro scale.  Instead, numerical model-

ing can overcome these problems. We presented a two-

dimensional hemodynamic model involving adhesive inter-

actions [6].  In this paper, we propose a three-dimensional 

model of the adhesive interactions for micro scale hemody-

namics in malaria infection. 

II. METHODS 

A. Particle method 

Assuming that plasma and cytoplasm are incompressible 

and Newtonian fluid, the governing equations are described 

as 

,   (1) 

,   (2) 

where the notation t is the time,  is the density, u is the 

velocity, p is the pressure,  is the dynamic viscosity, f is 

the external force, and D/Dt is the Lagrangian derivative. 

Our model is based on a particle method.  All the compo-

nents of blood are represented by particles.  Note that each 

particle is not a real fluid particle but a discrete point for 

discretizing the governing equations.  Fluid variables are 

calculated at the computational point and it is moved by the 

advection velocity every time step.  The advantages of the 

particle method are as follows.  First, computations are 

stable even when IRBCs adhere to HRBCs and ECs.  Sec-

ond, cell surface is directly tracked by surface (membrane) 

particles.  Third, a model of adhesive forces between the 

cells is implemented easily. We use moving particle semi-

implicit (MPS) method [7] for solving Eqs. (1) and (2). 

B. Modeling of IRBC 

An RBC consists of cytoplasm enclosed by a thin mem-

brane.  The membrane of the RBC is represented by the 

two-dimensional network consisting of the finite number of 

particles. We consider stretching resistance and bending 

resistance to represent the deformation of the thin mem-
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brane. The deformability of HRBCs and IRBCs at different 

stages is expressed by changing spring constants for these 

two resistances. The spring constants are determined 

through the comparison with experimental results of the 

stretching of IRBCs by the optical tweezers [2].  The force 

generated by the deformation of the membrane is substitut-

ed into the external force term of Eq. (2) only for the mem-

brane particles. A malaria parasite inside IRBCs is modeled 

by a rigid object constructed by some particles. Cytoadher-

ent property of IRBCs is also modeled using springs.  When

the distance between a membrane particle of the IRBC and 

a surface particle of the EC is less than a certain value, dad, 

the two particles are connected with a spring.  The connect-

ed spring represents a cluster of ligand-receptor bindings. 

III. RESULTS AND DISCUSSIONS  

We simulate the flow into narrow channels using our nu-

merical model.  Here, we consider the flow of a healthy 

RBC (HRBC) and a schizont IRBC in a 6-μm-square chan-

nel.  The flow is driven by the pressure difference between 

the inlet and outlet.  Snapshots of the numerical simulation 

are presented in Fig. 1.  As observed in experimental stud-

ies, the HRBC passes through the narrow channel with large 

deformation.  In contrast to the HRBC, the schizont IRBC 

hardly flows into the narrow channel.  These results follow

the experimental observation by Shelby et al [3].   

Figure 2 shows an example of the application of this 

model. The proposed model successfully simulates complex 

motion and deformation of RBCs in micro scale flow.   

IV. CONCLUSIONS

We have developed a numerical model of three-

dimensional hemodynamics arising from malaria infection.  

We examine several numerical tests, and the obtained re-

sults agree well with the experimental results.  Our method 

would be helpful for further understandings of pathology of 

malaria-infection. 
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Fig. 1 Snapshots of the behavior of the IRBC in narrow 

channel: (a) HRBC; (b) IRBC in the schizont stage. 

 

Fig. 2 Flow in 12 micro-meter channel.  Red capsules are 

HRBCs and purple capsule is IRBC at Trophozoite stage.   
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Abstract— Background: Atrial fibrillation (AF) is the most
common cardiac arrhythmia encountered by physicians. The
analysis of AF from the surface electrocardiogram (ECG) re-
quires the suppression of artifacts such as ventricular activity
(VA) and noise corrupting the recordings. Independent compo-
nent analysis (ICA) has recently been shown to tackle successfully
the extraction of atrial activity (AA) in AF recordings. Meth-
ods: The present contribution puts forward a novel technique
simultaneously exploiting the narrowband spectral character
of AA and the statistical independence between AA and VA.
The technique performs the iterative optimization of a sparsity
and non-Gaussianity measure, the kurtosis, in the frequency
domain. Results: On 35 ECG segments from 34 AF patients,
the proposed one-stage technique obtains practically identical
dominant frequency estimates than an existing technique based
on two processing stages (Pearson’s correlation equal to 0.9998).
The proposed method extracts the AA with an average spectral
concentration of 56 ± 17%, against 49 ± 17% for the existing
method, requiring also fewer computations. Conclusions: The
proposed ICA-based technique achieves a more accurate AA
waveform estimation and appears more suitable for real-time
DSP implementations in clinical environments.

Keywords— Atrial fibrillation, electrocardiogram, independent
component analysis, kurtosis, optimal step-size iterative algo-
rithm.

I. INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia encountered in clinical practice, affecting up to 10%
of the population over 70 years of age [1]. The trouble
is characterized by an abnormal atrial electrical activation,
whereby the organized wavefront propagation in normal sinus
rhythm is replaced by wavelets wandering around the atria in a
disorganized manner. This disorderly electrical activation leads
to an inefficient atrial mechanical function and a subsequent
increased risk of blood-clot formation and stroke. Despite its
incidence, prevalence and risks of serious complications, the
understanding of the generation and self-perpetuation mecha-
nisms of this disease is still unsatisfactory.

Over recent years, signal processing has helped cardiologists
in shedding some light over AF, as certain features of the
atrial activity (AA) signal, or f-waves, recorded in the surface
ECG provide information about the arrhythmia. The dominant
frequency of the AA signal is shown to be related to the
refractory period of atrial myocardium cells, and thus to the
degree of evolution of the disease and the probability of
spontaneous cardioversion [2], [3]. The analysis and char-
acterization of AA from the ECG requires the suppression
of interference such as the QRS-T complex of ventricular
electrical activation (or ventricular activity, VA), artifacts and
noise. Artifact suppression becomes indispensable when the

actual AA waveform may play an important role in subsequent
processing, as in the analysis of the ectopic activation of the
atrio-ventricular node during AF [4].

The average beat subtraction (ABS) technique, the tra-
ditional approach to AA extraction from the surface ECG,
assumes the AA and VA to be uncoupled and the QRS-T
complex to have a regular morphology. Averaging consecutive
QRS-T complexes results in a ventricular template that, after
suitable time alignment and amplitude scaling, is subtracted
from each lead in the recording [5], [6]. The main drawbacks
of the ABS approach are its sensitivity to beat morphology
variations and its inability to suppress other artifacts uncor-
related with VA. The fact that multiple electrodes record
simultaneously the bioelectrical activity under examination
(spatial diversity) is not exploited by this kind of techniques.

A more recent approach to AA extraction exploits naturally
the spatial diversity available in the multi-lead surface ECG.
This approach relies on the observation that AA and VA can
be considered to be generated by statistically independent,
but otherwise unknown, sources of bioelectrical activity [7].
Due to the propagation of bioelectrical signals across the
body tissues, each lead outputs a linear combination of the
source signals associated with AA, VA and other artifacts.
Techniques for the separation of independent signals in linear
mixtures, such as independent component analysis (ICA), can
then be applied on the ECG to search for the AA source, thus
allowing the reconstruction of AA in all leads free from VA
and other interference. General-purpose ICA techniques such
as those of [8], [9] usually fail to perform the AA extraction.
This occurs because most ICA techniques are based on the
maximization of non-Gaussianity measures such as kurtosis
(fourth-order marginal cumulant) whereas the AA signal is
often near-Gaussian. Additional prior information on the atrial
source, in particular its narrowband character, can be exploited
to improve AA extraction performance. A successful two-
stage processing approach is adopted in [10]. The first stage
suppresses impulsive interference, specially VA, through the
maximization of non-Gaussianity. The remaining outputs are
then fed into a second stage where AA is separated from
near-Gaussian noise by exploiting, in the time domain, the
narrowband character of AA.

The present contribution puts forward an ICA-based ex-
traction technique exploiting concurrently the independence
and narrowband character of AA in a single processing stage.
This is achieved through the maximization of kurtosis in the
frequency domain by an efficient iterative numerical algorithm.
The proposed technique offers a superior AA extraction perfor-
mance compared to the two-stage ICA-based method of [10].
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II. MATERIALS AND METHODS

A. AF ECG database and preprocessing

A database of 51 standard 12-lead ECG segments recorded
from 48 AF sufferers is considered in the present study.1 Each
segment spans an observation window of around 12 seconds
sampled at 1 kHz. Before further processing, baseline wander
and high-frequency interference are suppressed by zero-phase
Chebyshev type-II highpass and lowpass filters with cut-off
frequencies of 0.5 and 30 Hz, respectively.

B. ICA-based approach to AA extraction

The ICA approach to AA extraction assumes that each ECG
lead records an unknown linear mixture of different unknown
sources of bioelectrical activity, including AA and VA, as well
as other artifacts [7]. Mathematically, this is expressed as:

x(t) = Hs(t). (1)

Vector x(t) = [x1(t), x2(t), . . . , xL(t)]T contains the
L leads amplitudes at time instant t, vector s =
[s1(t), s2(t), . . . , sK(t)]T represents the K source amplitudes
at the same instant, and matrix H ∈ R

L×K stores the
linear mixture coefficients linking the sources to the obser-
vations; symbol T is the vector transpose operator. In the
standard ECG, L = 12. Source independence is a plausible
assumption in the problem of AA extraction in AF episodes
[7], so that the separation can be achieved by the statistical
tool of ICA [8]. A set of extracting spatial filters W =
[w1,w2, . . . ,wK ] is sought so that the entries of output vector
y(t) = WTx(t) maximize a contrast function quantifying
statistically independence; these entries are the independent
components underlying the observation x(t). The search for
the extracting vectors can be done jointly (all at the same time)
or sequentially (one after another). Once the source of AA, say
sAA(t), is estimated from the above model, its contribution to
the recording can be reconstructed as xAA(t) = hAAsAA(t),
where hAA denotes the corresponding column of the mixing
matrix. Conventionally, the filtered ECG data are first spatially
prewhitened via, e.g., the singular value decomposition of the
data matrix (principal component analysis). The remaining
mixing matrix relating the whitened observations to the source
signals can be proven to be unitary. Its estimation requires
the use of source properties such as non-Gaussianity or time
coherence through suitable contrasts.

In [10], the impulsive nature of VA and the narrowband
character of AA are exploited in a two-stage procedure. The
first stage looks for extracting filters maximizing a suitable
approximation of negentropy; the FastICA method, an iterative
algorithm for ICA [9], is used for this task. Since negentropy
can be considered as a distance to Gaussianity, this method is
specifically adapted to the extraction of non-Gaussian sources,
and in particular impulsive signals such as VA in the ECG.
The remaining sources are typically mixtures of near-Gaussian
AA and noise. Such sources are selected by a kurtosis-
based threshold and passed on as inputs to the second-order

1Database kindly made available by the Hemodynamics Department of
the Clinical University Hospital and the Bioengineering, Electronics and
Telemedicine Research Group of the Polytechnic University, Valencia, Spain.

blind identification (SOBI) method [11]. Through the joint
approximate diagonalization of the input correlation matrices
at several time lags, SOBI is particularly suited to the sep-
aration of narrowband sources (signals with long correlation
functions). The correlation lags are chosen in accordance with
typical AF cycle length values [10].

C. Kurtosis maximization in the frequency domain

The method proposed herein is also based on the ob-
servation that AA is a narrowband signal. Accordingly, its
frequency-domain representation is sparse and can thus be
considered to stem from an impulsive distribution with high
kurtosis value. Relying on this simple observation, ICA can
be applied on the ECG recording after transformation into the
frequency domain. If a sequential extraction algorithm is used,
the f -domain AA source is expected to be found among the
first extracted components, typically those with higher kurtosis
values; its time course can then be recovered by transforming
back into the time domain.

When transformed into the frequency domain, signals be-
come complex valued with possibly non-circular distribu-
tions (i.e., probability density functions without rotational
invariance). Hence, an ICA algorithm valid for non-circular
complex-valued sources is required. We resort to the Robus-
tICA algorithm of [12], [13], whose MATLAB c© implemen-
tation is freely available in [14]. This method for sequential
source extraction aims at maximizing the normalized kurtosis
contrast, defined as:

K(w) =
E{|y|4} − 2E2{|y|2} − ∣∣E{y2}∣∣

E2{|y|2} (2)

where y = wHx is the extractor output. The above expression
of kurtosis is valid for real- and complex-valued, even non-
circular, sources. The contrast for source extraction can be
optimized through a gradient-based update of the form

w+ = w + μg, g = ∇K(w). (3)

In conventional iterative algorithms, the step size or learn-
ing rate μ must typically balance a difficult compromise
between convergence speed and misadjustment after conver-
gence. However, the step size leading to the global optimum of
the contrast (2) along the search direction can be determined
algebraically (without any iterations) by finding the roots of a
4th-degree polynomial [12], [13]. This confers the algorithm
a very fast convergence and the ability of avoiding saddle
points associated with spurious extraction solutions. To pre-
vent extracting the same source twice, after each update the
extracting vector can be made orthogonal to the vectors found
for the previously extracted sources (deflationary orthogonal-
ization), as in the FastICA algorithm [9]. RobustICA can spare
prewhitening, in which case a different deflation procedure
(e.g., linear regression) must be employed.

In the present AA extraction setting, the prewhitened filtered
recordings are first transformed into the frequency domain by
the zero-padded 16384-point fast Fourier transform (FFT). The
sources extracted in the f -domain are then transformed back
to the time domain via the inverse FFT and truncated to their
original length for further analysis. We refer to this method
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as RobustICA-f. The percentage of signal power around the
dominant peak, or spectral concentration (SC), has been shown
to correlate with AA extraction quality [10], and can hence
be used as a measure of performance. Specifically, if fp

denotes the dominant peak position, SC is determined as the
relative signal power between 0.82fp and 1.17fp. As in [10],
power spectra are estimated by Welch’s method using averaged
8192-point FFT of 4096-point Hamming-windowed segments
with 50% overlap. For the sake of a meaningful compari-
son, RobustICA-f employs the same initialization, maximum
number of iterations per source and termination criterion as
FastICA. The automated detection of the AA source sAA(t)
is performed be selecting the extracted component with highest
SC and dominant peak in the 3 to 9 Hz interval, the typical
AF frequency band. Computational complexity is measured in
terms of floating point operations (flops); a flop is defined as a
real-valued product followed by an addition and, in practical
implementations, would naturally correspond to a multiply-
and-accumulate cycle in a digital signal processor (DSP).

III. RESULTS

Out of the 51 AF ECG segments available in the dataset,
FastICA-SOBI and RobustICA-f failed to estimate a distinct
AA source in 11 and 9 cases, respectively. The automated AA
detection procedure acting on FastICA-SOBI and RobustICA
sources was unsuccessful in 3 and 4 recordings, respectively,
although it would have succeeded by extending the AF band
upper bound over 9 Hz in one of such cases; in 2 of the 4 cases,
the source retained by RobustICA-f seemed to represent T-
wave activity rather than AA. Strong artifacts in 11 recordings
were not sufficiently cancelled by the preprocessing frequency
filters described in Sec. II-A, yet this did not prevent a
good AA extraction in one case. Overall, the two ICA-based
methods compared in this study yielded satisfactory fully
automated AA extraction results in 35 out of the 51 recordings.
Two of these 35 recordings were obtained within a seven-week
interval from the same patient. The AA estimated in 12 such
segments showed a significant harmonic structure, pointing out
the presence of atrial flutter (AFL), a more organized form of
AF. In 2 and 3 AFL segments processed by FastICA-SOBI and
RobustICA-f, respectively, atrial harmonics seemed to spread
over several sources and, consequently, a single source could
not fully capture the whole AA present in the recording.

Figure 1(top) shows a 5-second segment of precordial lead
V1 from the first AF patient’s ECG in our database; its power
spectral density is shown in Fig. 2(top). Figure 1(middle)–
(bottom) shows a 5-second segment of the AA reconstructed,
as explained in Sec. II-B, by the two methods in lead V1
from this patient’s recording. The corresponding frequency
spectra, together with the estimated dominant peak position
and the associated SC values, are shown in Fig. 2(middle)–
(bottom). As can be seen in the intervals between successive
heartbeats, RobustICA-f obtained a more accurate estimate of
the AA taking place in lead V1, as quantified by a higher SC
value. The method required a total of 698 iterations or around
2725.3 × 106 flops to separate the whole mixture. This cost
reduced to 53 iterations or 210.2× 106 flops if stopped at the
AA source, found in the 3rd extracted component. FastICA

required 1178 iterations or 381.5 × 106 flops; its AA source
was found in the 9th component.

Performance parameters averaged over the 35 selected seg-
ments are summarized in Table I. Pearson’s correlation coeffi-
cient between the dominant frequencies estimated by the two
methods was 0.9998. In terms of SC, FastICA outperformed
RobustICA-f in 5 cases, with a average relative increase of
10.38%. In the other 30 cases, RobustICA-f yielded better SC
figures, with a 25.40% average relative improvement compared
to FastICA. If stopped at the AA source, RobustICA required
an average of 62± 41 iterations or 244.9± 159.9× 106 flops.

IV. DISCUSSION

This work compares two ICA-based techniques for AA
extraction in ECG recordings of AF, namely, FastICA-SOBI
[10] and the RobustICA-f method proposed herein. Both
techniques exploit the narrowband spectrum of AA as well
as its independence from VA and other artifacts. As opposed
to FastICA-SOBI, which requires two consecutive processing
stages, RobustICA-f is able to capitalize on both properties
simultaneously by maximizing the extractor-output kurtosis in
the frequency domain.

Over the 35 recordings successfully processed by the fully
automated ICA-based procedures compared in this study, both
methods provide virtually identical dominant atrial frequency
estimates. Hence, either method could be used if the main fre-
quency location and evolution is the only parameter required
by further AF analysis, as in the prediction of spontaneous
cardioversion [2]. RobustICA-f achieves an improved AA
signal extraction quality in terms of SC. Higher values of
this index are typically associated with more accurate AA
waveform estimates [10]. Consequently, RobustICA-f should
be preferred when subsequent AF analysis may involve a
finer processing of the extracted AA; an example may be the
study of the ectopic activation of the atrio-ventricular node
[4]. RobustICA-f converges in fewer iterations than FastICA-
SOBI but, if separating the whole mixture, becomes more
complex due to its higher cost per iteration, which is about
an order of magnitude greater than FastICA’s in this particular
setting. However, if stopped as soon as the AA source is found,
RobustICA-f presents only half the computational burden
of the alternative ICA-based method, and thus arises as a
better alternative to real-time DSP implementations suitable
for clinical environments.

Sixteen out of the 51 ECG segments available in the
database could not be used in the experimental comparison
because either method failed to perform good AA extraction in
such cases. In 10 of these, bad performance could be attributed
to strong artifacts giving rise to spurious sources among the
estimated independent components. More elaborate prepro-
cessing methods could alleviate this shortcoming and improve
the applicability of the ICA-based techniques compared in
this study. Similarly, the automated AA detection procedure
should be rendered more robust to T-wave activity present in
the typical AF band as well as AA spreading outside such
an interval. Atrial source detection also needs to be extended
to situations where the AA may not be concentrated in a
single source, as may occur in AFL recordings. Likewise,
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Fig. 1. Top: a 5-s segment of lead V1 from the first AF patient. Middle:
AA contribution estimated by FastICA-SOBI from the 12-lead ECG. Bottom:
AA contribution estimated by RobustICA-f from the 12-lead ECG.

larger SC values would have been obtained if the harmonic
structure of AFL had explicitly been taken into account. This
limitation calls for the redefinition of SC along the lines of
the compressed spectrum [15].

V. CONCLUSIONS

The proposed one-stage ICA-based AA extraction technique
achieves a more accurate AA waveform estimate, as measured
by the SC index, than the existing two-stage technique con-
sidered in this study. This feature may prove beneficial in
subsequent AF analysis involving finer detail of the estimated
AA signal. The reduced computational burden of the proposed
technique makes it more suitable for real-time DSP implemen-
tations applicable in clinical environments. Further research
should aim at more effective artifact-removal preprocessing
methods, automated AA detection procedures more robust to
T-wave activity leakage into the AF band and the presence
of more than one atrial source, and alternative SC index
definitions accounting for the AA harmonic structure in AFL.

TABLE I

PERFORMANCE PARAMETERS AVERAGED OVER THE THIRTY-FIVE ECG

RECORDINGS WHERE BOTH METHODS YIELDED SATISFACTORY

AUTOMATED AA EXTRACTION RESULTS. SYMBOL [·] REPRESENTS THE

CLOSEST INTEGER; ‘STD’ DENOTES THE STANDARD DEVIATION.

FastICA-SOBI RobustICA-f
fp (Hz) 5.40 ± 1.18 5.41 ± 1.18

(mean ± std)
SC (%) 48.55 ± 17.06 55.67 ± 16.78

(mean ± std)
iterations 1245 ± 934 202 ± 99

([mean] ± [std])

flops ×106 409.8 ± 302.8 790.5 ± 387.4
(mean ± std)

AA source position 9 ± 2 3 ± 2
(median ± [std])
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Fig. 2. Power spectral densities of the signals shown in Fig. 1. Dashed lines:
dominant frequency locations. Dash-dotted lines: frequency bounds used in
the computation of spectral concentration.
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Abstract— 3D modelling techniques are used to analyse 

bone density changes in paraplegic subjects undergoing elec-
trical stimulation treatment. The method is based on the ac-
quisition of high resolution Spiral CT scans from patients who 
have long-term flaccid paraplegia and the use of special image 
processing tools allowing tissue discriminations and segmenta-
tion. The bone mineral density is measured in different regions 
on the femur to monitor the direct structural changes induced 
by the current flow. Indirect effects from the electrical stimu-
lation treatment on the bone density are also evaluated meas-
uring the changes in bone mineral density on the patella. In-
deed an increase of density in this region can only be assigned 
to the mechanical force applied through the induced quadri-
ceps contraction.  

 The quantitative measurement on the femur show that in-
duced current flow and the muscle contraction either don’t 
have any valuable effects on the femur density or those 
changes are too small to be measured in such big volume. On 
the other hand the losses of mineral density in the patella are 
sensibly diminished in subjects undergoing FES treatment 
suggesting a beneficial effect produced by the contraction 
activity generated during the stimulation treatment.  

The result demonstrates a correlation between electrical 
stimulation treatment and structural bone changes. 

 
Keywords— Three dimensional reconstruction, Modeling, 

Electrical stimulation, Bone mineral density 

I. INTRODUCTION  

Shortly after the spinal cord injury (SCI) the bones of the 
paralysed extremities incur in atrophy and mineral loss. 
Osteoporosis is one of the major complications in patients 
with SCI, indeed in paraplegic patients immobilization 
induces severe bone loss becoming the bone more and more 
fragile with dramatic increasing of fracture risks. The result 
is a disuse structural change with associated metabolic con-
sequences. The bone resorption process begins to occur 
within days after SCI; osteoclasts break down bone and 

release the minerals, resulting in a transfer of calcium from 
bone fluid to the blood. This bone loss is greatest in the first 
3-12 months after injury, but still persists for several years 
after your injury. In general treatment for osteoporosis fo-
cuses on slowing down or stopping the mineral loss, in-
creasing bone density, preventing bone fractures, and con-
trolling the pain associated with the disease. A number of 
medications are available for this purpose, such as alendro-
nate, risedronate, raloxifene, ibandronate, calcitonin, and 
zoledronate. 

Alternative to the medications other treatment like elec-
trical stimulation has been showing beneficial effects on 
bone strengthen. Indeed electrical stimulation for bone re-
pair has been used for three decades to treat inadequate 
healing of the fracture (pseudarthrosis) and bone non-union. 
The treatment of bone loss in SCI subject using electrical 
stimulation has also been largely investigated. Particularly 
in many studies was demonstrated the beneficial effects of 
FES-induced cycling measuring quantitatively the reduction 
of bone loss.   

In the frame of the EU-funded RISE project, patients 
with lower motor neuron lesions and denervated and degen-
erated muscles are treated with electrical stimulation, with 
the aim of restoring muscle mass and force. It has been 
shown to be possible to build up mass, force and function of 
long-term denervated and degenerated muscles with the use 
of electrical stimulation [1]. In Iceland, three paraplegic 
patients with fully denervated and, to a great extent, degen-
erated muscles in the lower extremities are treated with 
electrical stimulation according to the RISE protocol. In 
conjunction with the clinical work, different monitoring 
methodologies have been developed and used to monitor in 
a novel way muscle growth and tissue restoration [2]. The 
method is based on the gathering of Spiral CT data and the 
use of special image processing tools. The aim is monitor 
the muscle growth selectively isolating and 3D reconstruct-
ing the muscle bellies in the quadriceps during the stimula-
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tion treatment.  In this way the changes in muscle geometry, 
volume and density are measured very accurately showing 
information otherwise hidden [3].  

In the same research frame and using the same computa-
tional approach the bone density have also been monitored. 
This paper show the geometrical and structural change in 
bones; investigating the secondary effects on bone mineral 
density produced by the stimulation treatment and as conse-
quences of the elicited muscle contraction. 

II. MATHERIAL AND METHOD 

How electrical stimulation can influence bone density is the 
scientific question which this work tries to address. The 
work focuses on finding functional relationship between 
muscle contraction and generated force-direction with bone 
mineral changes. 
 

Data acquisition and segmentation 
3-Dimensional data are gathered scanning the patient’s 
lower limbs with spiral CT every 4–6 months. The scan 
starts  above  the  head  of  the  femur  and  continues down  
to  the knee joint, both  legs being covered by one scan.  
Slide increment is set on 0.625 mm resulting in a total of 
about 750–900 CT slices, depending on the patient’s size. 
Each slice has 512 × 512 pixels, and each pixel has a gray 
value in the Hounsfield (HU) scale of 4096 gray-scale val-
ues, meaning that it is represented with a 12-bit value. A 
total data set from a single scan is therefore 512 ×512 ×750 
×12 = 2.36 GB. This data set gives a complete 3D descrip-
tion of the tissue, including the muscles and bones in both 
upper legs.  
 

 
Fig. 1: 3D reconstruction and tissue analysis of rectus femoris in 2004 and 

2008 (patient 2).  The picture shows the remarkable volume grows; fat, 
connective tissue, atrophic and normal muscle tissue within rectus femoris 
volume are sorted out and color coded. The chart pies show the tremendous 
increase of muscle tissue in 2008 and the consequent reduction of connec-

tive and fat tissues which demonstrate the restoration of muscle fibres. 

In order to discriminate the biological tissues in the data 
set, different thresholds are established using the HU scale. 
A special image processing and editing computer program 
called MIMICS [4] is used to isolate muscle bellies, bone 
and other tissue. When the region of interest is defined a 
3Dimensional reconstruction can be performed and density 
distribution within the segmented volume calculated very 
accurately. In figure 1 is showed the 3Dimensional recon-
struction of rectus femoris and its remarkable growth after 4 
years of stimulation treatment. Rectus femoris isn’t only 
growing in terms of volume but also restoring the muscle 
fibres as seen in figure 1 chart pies where muscle tissue 
composition within rectus femoris is quantified and dis-
played using HU intervals and false colour.     

 

Density changes in the femur bone 
The bone density changes are measured in the segment of 

the femur just beneath the muscle region more greatly influ-
enced by the electrical stimulation treatment: 140 mm be-
low the femur head and 100 mm above the knee joint. In 
this way possible influences due electrical field created with 
stimulation and mechanical force induced with contraction 
activities are more efficiently accounted. 

To quantify the density variation in the femur segment 
the HU interval representing the bone tissue is divided in 
five sub intervals: 150 – 700 HU,  701  –  1000  HU,  1001  
–  1300  HU,  1301  –  1500  HU and 1501  –  1700  HU. 
According to the belonging to one these intervals the pixels 
in the data set are displayed with different colour (Figure 
2A). This segmentation corresponds to going from the in-
side of the bone, with 150-700  HU  for  the  trabecular  
bone  with  the  lowest  density,  to  the  outside  of  the  
bone, with 1500-1700 HU for the cortical bone with the 
highest density. In figure 2B bone composition within the 
femur segment in 2004 and 2008 is measured according to 
the defined HU intervals using pie chart and false colour 
coding.  The data show a sensible decrease of bone density 
particularly in the cortical region. Indeed the histogram in 
figure 2C shows that the total number of pixel elements in 
the bone segment decreases of 30% in 2008; meaning that 
the total amount of bone tissue is in general reducing be-
tween 2004 and 2008. This bone loss occur especially in the 
cortical bone area as displayed in figure 2D where the his-
togram show the dramatic drop in the denser HU interval in 
2008. Bone resorption therefore continues also during the 
stimulation treatment while the muscle increase and restore. 
Thus the induced current flow and the muscle contraction 
either don’t have any beneficial effects on the femur density 
or those changes are too small to be measured in such big 
volume.  
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Fig. 2: Comparison between femur bone in 2004 and 2008 (patient 2). 

Color coded bone density on the femur cross sections (A). Pie chart show-
ing the bone density distribution in percentage on the whole femur segment 
in (B). Total number of pixels in the femur segment (C). Histogram com-

paring HU intervals within the femur (D)  

Analysis of patella bone  
The patella bone is chosen as second volume of interest 

to study possible changes in bone density during FES treat-
ment. The patella or knee cap is a small bone with triangular 
shape which articulates with the femur and covers and pro-
tects the knee joint from external applied force. 

The patella is a good target to study changes in density 
due muscle contraction. Indeed all four parts of the quadri-
ceps muscle attach to the patella via the quadriceps tendon; 
vastus intermedialis and rectus femoris muscle are attached 
to the base of patella while vastus lateralis and vastus me-
dialis are attached to lateral and medial borders of patella 
respectively. Therefore if muscle contraction plays any role 
in influencing bone density then the patella bone is the per-
fect candidate to study these structural changes. Beside in 
paraplegic patients with flaccid paralysis and therefore 
completely denervated the patella is unloaded; the only 
possible load is induced by the contractile activity generated 
in the muscle with FES treatment. This influence is the only 
possible because the patella is outside the electrical field.  

The information used to study the patella’s bone are ex-
tract from the CT data, where the patella is isolated from the 
surrounding using special image processing tools [4]. The 
next step to evaluate the bone density is convert the HU 
values contained in the patella in the respective bone min-
eral density values which measures the amount of calcium 
in a certain region of bones (g/cm3). The normal, average 
bone mineral density is around 0.388 g/cm3 in males and 
0.290 g/cm3 in females.  

The technique used in this work is called quantitative 
computed tomography (QCT). The calibration standards 
used to convert Ct number in bone mineral density was the 
QCT-3000 phantom. A QCT scan of an anatomical site is 

acquired in conjunction with a calibration phantom that is 
composed of three different materials, each material having 
a specific "bone equivalent" value. A quantitative interpola-
tion between the values of the portion of the image associ-
ated with the region of interest with the portions associated 
with the phantom materials allows a bone-equivalent value 
in g/cm3 to be derived. The relationship between concentra-
tion of calcium hydroxyapatite and HU is linear: 

BMD= 0,7719*HU + 10,3341                    (1) 
 

  An algorithm was designed in Matlab that scaled the 
data and converted it from HU to BMD. The BMD values 
are colour coded from blue to red depending from the den-
sity value: pixels with low BMD in blue, pixels with high 
BMD in red.  
To quantify the overall bone mineral content in the patella, 
the mean bone mineral density value is calculated using the 
following formula:  
MBMD =

length

BMD                                             (2)     

Where  BMD is the sum of all BMD values and “length” 
accounting number of pixels in the data set. 
The mean bone mineral density trends for the three patients 
is associated with the respective patient compliance levels 
and displayed in figure 3. 
 

 
Fig. 3: Mean bone mineral density trend vs. patient compliance. Three 
different regimes of stimulation are defined according to the number of 

stimulation session performed every week by the patient.  

Figure 4 shows that mineral density isn’t changing re-
markably during the FES treatment for patient 2 and 3 but 
decrease sensibly in patient 1. The three patellas have quite 
different initial MBMD because of the different clinical pa-
tient conditions. In fact in 2003 patient 1 was injured only 
for 10 months meaning he still had rather good muscle and 
bones while patient 2 and 3 were respectively injured for 4 
and 7 years in 2003 therefore with advanced degenerative 
conditions. The association shown in figure 3 between mean 
bone mineral densities MBMD and patient compliance levels 
in the reference period allow underlining some important 
facts. The bad compliance of patient 1 seem to be in line 
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III. CONCLUSIONS  

The muscle growth and the tissue restoration which re-
sults from FES treatment seem to be beneficial for the bone 
density. This fact isn’t measurable on the femur where bone 
loss continues also during the FES treatment (fig.2) but on 
the patella which is faraway from the electrical stimulation 
site. Correlation between patient compliance and bone min-
eral density values was demonstrated (fig. 3). Indeed the 
bone density on the patella is better in the subject undergo-
ing FES treatment as seen in figure 4. This fact suggests a 
beneficial effect on the bone modeling produced by the 
muscle contraction activity generated during the stimulation 
treatment.  

Further work will be developed to compute the forces in-
volved in the mechanical system patella - tendons - muscle 
and model the correlation between mechanical force and 
bone density.  

with the decrease of the MBMD, particularly significant are 
the periods 2003-2004 and 2004-2005: the bone loos de-
crease remarkably in the latter period when the patient de-
crease the regime of stimulation down to 0-2 times a week. 
The same fact but with reversed dynamic is seen in patient 2 
where the patient isn’t compliant in the beginning but be-
coming afterwards. Indeed the MBMD values is decreasing 
first and then stabilising in mean time and even increasing a 
bit in the latter period. Finally in patient 3 the MBMD values 
are rather constant and independent from patient compliance 
probably because of the very degenerate tissues conditions 
due long denervation. 
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Abstract— The purpose of this study is to examine cerebral 

dynamics that occur as a result of memorizing and retrieving 
information from working memory. A modified Stenberg 
memory task was performed.  We recorded auditory event-
related potentials evoked by the memory task. Subjects were 
healthy adults with no auditory impairments. During the 
Sternberg experiment, sets of two or four digits were acousti-
cally presented to subjects. After the last item in the set, the 
target digit (probe) was presented. Subjects had to indicate 
whether the probe did (positive probe) or didn’t (negative 
probe) belong to the presented set by pressing appropriate 
buttons. According to the obtained results the reaction time 
increases with the increase of the memory set size. The activity 
in the period in which subjects rehearse the previously pre-
sented set is stronger expressed for the set consisted of two 
items. For the set of two digits the MPW appears earlier and 
its amplitude is greater than for the set of four digits. The 
amplitude of the major positive wave (MPW) is greater for the 
positive probe than for the negative probe, and the latency of 
the MPW evoked by the negative probe is greater than for the 
positive probe. Obtained results correspond to the presently 
accepted theory, but there are also interesting features for 
further research.    

Keywords— Sternberg memory task, auditory event-related 
potentials, reaction time, set size 

I. INTRODUCTION  

According to the popular model of the human memory, 
the dual-memory theory, there are two fundamental types of 
human memory, short-term memory and long-term mem-
ory. Short-term memory (STM) is a system for temporarily 
storing and managing information [1]. Information is only 
briefly stored in STM, about 10 seconds. Estimates of the 
capacity of short-term memory vary – from about 3 or 4 
elements to about 9 elements. George A. Miller (1956), 
when working at Bell Laboratories, conducted experiments 
showing that the store of short term memory was 7±2 items, 
but modern estimates of the capacity of short-term memory 
are lower, typically on the order of 4-5 items [2]. Long-term 
memory is assumed to store information indefinitely, and is 
thought to have an indefinitely large storage capacity [3]. 

The original purpose of the Sternberg memory task was 
to study the retrieval of information from short-term mem-
ory, especially the effect of the number of elements in 
memory on the reaction time [4]. In typical task, a memory 
set of up to six items is presented on a screen, and about 3 s 
later, a probe item is shown and the subject has to indicate 
whether the probe belongs to the presented set. The reaction 
time increased linearly as a function of memory set size: the 
larger set size, the more items the subject must scan in 
short-term memory before a response is made [5].  

Several studies have also studied event-related potentials 
(ERP) evoked by the Sternberg memory task. The latency of 
the P300 wave increased as the memory set size increased 
and the amplitude of the P300 was greater following probe 
items identified as members of the original memory set 
(positive probe) than probe items that weren’t members of 
the original set (negative probe) [6]. The latency of the 
P300 wave is believed to index the stimulus evaluation 
time [7]. The latency of the P300 evoked by the Sternberg 
paradigm has been thought to reflect the time occupied by 
the memory scanning, whereas the reaction time includes an 
additional contribution from the subsequent response selec-
tion and execution. The increase of the P300 wave latency 
with the increase of the memory set size was attributed to 
greater amounts of time required to do more difficult mem-
ory tasks. In most studies there was a significant increase in 
P300 latency with an increasing memory load, but, there 
were also some exceptions. Some studies reported a signifi-
cant effect of the set size on the amplitude, but not on the 
latency of the P300 wave [8].  

The Sternberg memory task is usually associated with 
visual event-related potentials and in that case, the major 
positive component of the event-related potentials is mostly 
the P300 wave. That is the reason why most of the studies 
analyze the latency and the amplitude of the P300 wave 
related to the memory set size and the affiliation of the 
probe item. In the case of auditory event-related potentials, 
the subject needs longer time to recognize the stimulus, so 
there could not be the P300 wave like component of 
event-related potentials. The major positive wave (MPW) 
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appears later than the P300 wave should appear, but it has 
the same features like the P300 wave.   

II. MATERIALS AND METHODS 

In order to examine cerebral dynamics that occur as a re-
sult of memorizing and retrieving information from working 
memory, a modified Stenberg task was performed. Subjects 
were instructed to memorize a set of digits that consisted of 
two (Set2) or four digits (Set4). After each set of digits a 
target digit (probe) was presented. A subject had to decide 
whether the probe did (positive probe) or did not belong 
(negative probe) to the presented set. 

Subjects that participated in the experiment were 9 males 
and 4 females. They ranged in age from 20 to 24 years 
(mean 23.38 +/- 1.19). Subjects did not suffer from any 
known neurological or other illness. They were all right 
handed. After the experiment was explained to them in 
details, all subjects signed an informed consent form. 

In the experiment a set of digits was presented to a sub-
ject using an earphones set. The beginning of the set was 
announced by a warning signal (1000 Hz tone). The presen-
tation of each digit lasted for 1.2 s. After the set presenta-
tion, there was a 3 s pause after which the probe was pre-
sented. From subject’s response till the beginning of the 
next set, there was a 4 s pause. The subject had 2 s, starting 
from the beginning of the probe presentation, to make a 
decision whether the probe matched one of the digits in the 
presented set. Sets of two and four digits appeared randomly 
in equal ratio. There were 50 sets which consisted of two 
digits and 50 sets which consisted of four digits. The ex-
periment lasted for 20 min and in order to minimize a sub-
ject’s fatigue and to keep the subject’s awareness and atten-
tion, there was an arbitrarily break in the middle of the 
experiment for the subject to rest. 

During the experiment subjects were instructed to mini-
mize blinking and body and ocular movements as much as 
possible. Subject’s eyes were kept opened during the ex-
periment in order to minimize the alpha rhythm. The subject 
had to react as fast as possible after the probe presentation. 
The response was made using a small numeric keyboard. 
Two keys were used to obtain the response; the subject 
pressed one appropriate key with his/her left thumb when 
the probe matched one of the digits in the set, otherwise the 
subject pressed another key with his/her right thumb. A 
reaction time was calculated as a period from the moment 
the probe presentation started till the moment in which the 
appropriate key was pressed.  

Stimuli were generated by E-Prime software (Psychology 
Software Tools, Inc.). Event-related potentials (ERP) were 
recorded using a 32 channel EEG device. As a recording 

device, Brain Products amplifier QuickAmp136 with elec-
trode-cap actiCAP was used. The Brain Vision Recorder 
and Analyzer software of the same manufacturer were used.  

 ActiCAP with its active electrode system enables low 
electrode-skin impedances and fast electrode placement. 
The electrode impedance of less than 5 kOhm was adjusted 
using an electrically high conductive gel. Electrodes were 
placed according to the International 10/10 system. The 
monopolar recording was performed toward linked mastoids 
as a reference electrode. EEG signals were filtered with a 
pass band filter with a low-cutoff frequency set to 0.1 Hz 
and a high-cutoff frequency set to 70 Hz. All signals were 
digitalized by a sample rate frequency of 1000 Hz. Two 
bipolar channels (HEOG, VEOG) were used for the hori-
zontal and vertical eye movements monitoring. Trigger 
signals were sent to the amplifier by the E-Prime software. 
During the whole experiment continuous EEG, VEOG, 
HEOG and trigger signals where recorded. 

The ERP analysis was performed off-line after each ex-
periment. Two different periods were analyzed. The first 
analyzed period was the period between the set and the 
probe presentation. The analyzed time interval was 200 ms 
before and 3000 ms after the trigger onset. The ERP base-
line was determined as the average of all samples from the 
first 200 ms period. The second analyzed period was the 
period of the probe presentation and the subject’s response. 
The analyzed time interval was 500 ms before and 1800 ms 
after the trigger onset. The ERP baseline was determined as 
the average of all samples from the first 500 ms period. 
Before each signal averaging, the computerized semiauto-
matic ocular correction and artifact rejection was made in 
order to reject trials in which blinks, artifacts or deviations 
in the eye position occurred. From the individual ERPs the 
grand average was computed. Then the trails were filtered 
by a low pass filter with a cutoff frequency of 8 Hz in order 
to eliminate the unwanted alpha activity. 

III. RESULTS  

Obtained results are shown in the form of maps of spatio-
temporal distribution and in the form of wave signals. 

Spatiotemporal distributions of ERP signals evoked in 
the period between the end of the presented set and the 
probe onset are presented on Figure 1 and Figure 2. With 
presented maps different kinds of brain dynamics are clearly 
indicated. 

Duration of the presented period is 3000 ms and in that 
period subjects rehearse the previously presented set stored 
in the short-term memory. The main activity in that period 
is the positive activity in the frontocentral region. This ac-
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tivity is increased for ERP signals evoked after the end of 
the Set2 which are shown on Figure 1. 
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Fig. 1 Spatiotemporal distribution of ERP signals evoked in the period 
between the end of the Set2 and the probe onset; 0 ms to 2980 ms 
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Fig. 2 Spatiotemporal distribution of ERP signals evoked in the period 
between the end of the Set4 and the probe onset; 0 ms to 2980 ms  

Spatiotemporal distributions of ERP’s for Set2 and Set4 
are displayed on Figure 3 and Figure 4 in the form of maps.  

On both figures the negative activity in the frontal region 
is clearly visible, especially in the time interval from 290 
ms to 570 ms after the probe onset. This negative activity is 
increased for the Set2. The most significant activity visible 
on both figures is the positive activity in the parietal region, 
the major positive wave (MPW). The MPW occurs from 
600 ms to 1290 ms after the probe onset. This activity is 
increased and starts earlier for the Set2 than for the Set4.  
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Fig. 3 Spatiotemporal distribution of ERP signals evoked by all positive 
probes for Set2; from 0 ms to 1786 ms   
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Fig. 4 Spatiotemporal distribution of ERP signals evoked by all positive 
probes for Set4; from 0 ms to 1786 ms 

On Figure 5 are displayed obtained event-related poten-
tials. The full line represents ERP signals evoked by posi-
tive probes and the dashed line represents ERP signals 
evoked by negative probes for the Set2. The time interval of 
500 ms before and 1800 ms after the probe onset is shown. 
From the figure is obvious that the amplitude of the MPW 
evoked by the positive probe is greater than the amplitude 
of the MPW evoked by the negative probe, but the latency 
of the MPW evoked by the negative probe is greater than 
for the positive probe. The maximum positive peek for the 
MPW evoked by the positive probe is 6.47 µV (PP) and for 
the MPW evoked by the negative probe is 4.650 µV (NP). 
The latency of the MPW evoked by the negative probe is 
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670 ms and the latency of the MPW evoked by the positive 
probe is 570 ms. For the Set4, these differences are less 
prominent.  

 

Fig. 5 ERP signals evoked by all positive probes (full line) and by all 
negative probes (dashed line) for sets consisted of two digits 

The reaction time for positive probes for the Set2 is 
1125 ms +/-125 ms and it is shorter than the reaction time 
for positive probes for the Set4, which amounts 1203 ms +/-
120 ms. The reaction time for negative probes (1158 ms +/-
114 ms) is greater than the reaction time for positive probes 
(1125 ms +/- 125 ms) for the set of two items, but for the set 
of four items the reaction time for positive probes (1203 ms 
+/- 120 ms) is greater than the reaction time for negative 
probes (1176 ms +/-102 ms).  

IV. DISCUSION 

According to obtained results, it is visible that there is an 
influence of the memory set size and the probe item affilia-
tion on event-related potentials and the reaction time. The 
reaction time increases with the increase of the memory set 
size, which is in accordance with the presently accepted 
theory. The greater reaction time for the positive probe than 
for the negative probe for the set of four digits supports the 
Sternberg’s theory that the memory scanning process is 
exhaustive: even when a match has occurred, scanning 
continues through the entire series [4]. 

The amplitude of the MPW is greater for the positive 
probe than for the negative probe and the latency of the 
MPW evoked by the negative probe is greater than for the 
positive probe which follows the presently accepted theory.  

According to differences between the MPW evoked by 
probes for the set of two digits and by probes for the set of 
four digits, the MPW appears earlier and its amplitude is 
increased for the set of two digits. It was expected that the 
MPW for the set of two digits would appear earlier, but is 
questionable why the amplitude of the MPW for the set of 
two digits is increased.  

The activity in the period in which subjects rehearse the 
previously presented set is stronger expressed for the set 
consisted of two items. It can be explained that because of 
the smaller size of the set, the subject’s frequency of the 
rehearsal is higher and this entails the increased activity. 
Also, because of uncertainty if the current set is the set of 
two or four elements, the expectation of the possible ap-
pearance of the next two elements takes place.  

 

V. CONCLUSIONS 

The results confirm that the set size and the probe affilia-
tion to the set have the influence on the event-related poten-
tials and the associated reaction time. The reaction time 
results matched the presently accepted theory. The results 
associated with event-related potentials also corresponded 
to the presently accepted theory, but as well showed some 
new features interesting for the future research.   
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Abstract—The goal of this work is automatic detection of 
spike-wave patterns in EEG-signal evoked by volatile anesthet-
ics (isoflurane, sevoflurane or desflurane). The EEG-signal was 
translated into a sequence of symbols coding information 
about fragments of records with EEG patterns detected as 
spike-wave forms. Their shape was described by only four 
parameters such as mobility of the form, spike variance, wave 
slope and sum of wave amplitudes. The sensivity of 0.84 and 
specifity of 0.93 were received.  

Keywords— EEG patterns, spike-wave pattern, volatile anaes-
thesia, translation method 

I. INTRODUCTION  

In our previous paper [1] global estimation of the proper-
ties of EEG-signal evoked by volatile anesthetics (isofluran, 
desfluran and sevofluran) were analyzed using different 
methods like Higuchi’s fractal dimension, mean phase co-
herence and time-frequency distributions (spectrograms and 
scalograms for Morlet wavelet). Analyzed signals possessed 
such characteristic features as burst forms, spikes and  
spike-slow wave patterns appearing predominantly in the 
frontal channels as well as continuous brain activity in alpha 
and beta frequency range. 

However, the above methods are not adequate to detect 
short lasting events like sharp transients lasting about 0.1 
second (10 samples). Novel method for the automatic detec-
tion of spike-slow wave patterns in EEG-signal during anes-
thesia was proposed. The EEG-signal was translated to 
symbolic sequence coding information about the EEG seg-
ments containing spike-wave forms. Their shape was de-
scribed by only four parameters such as mobility of the 
form, spike variance, wave slope and sum of its amplitudes.  

II. MATERIALS AND METHODS 

A. Patients 

The data were taken from 6 adult patients under general 
anaesthesia in the Department of Anesthesiology, Intensive 
Therapy and Emergence Medicine, Medical University of 

Silesia. Patients were class I and II according to American 
Society of Anesthesiologists scale, with no prior neurologi-
cal deficit, undergoing surgery under general anesthesia.  

Patients were anaesthetised with isoflurane (3 patients), 
or desflurane (3 patients). Patients with history of allergic 
reactions to drugs used in the study, the patients with epi-
lepsy and with other previously diagnosed neurological 
deficits and/or psychiatric disorders, as well as patients 
receiving neuropsychiatric medication and addicted to any 
psychoactive substances were excluded from the study. The 
study was approved by the Ethical Committee of the Medi-
cal University of Silesia and written informed consent was 
obtained from all of patients involved.  

B. Experimental procedure 

Before induction of anesthesia  EEG control recording 
was performed. In order to avoid opioids and N2O effect on 
central nervous system, an epidural catheter was placed in 
the lumbar space, via which patients received bupivacaine 
0,5%. Anesthesia was induced with propofol 2-2,5 mg/kg), 
and vecuronium (Norcuron, Organon) 0,08-0,10 mg/kg mc. 
After laryngeal mask insertion the lungs were ventilated to 
obtain normoventilation of 35-37 mmHg and anesthesia was 
maintained with mixture of air/oxygen with either isoflu-
rane or desflurane. The administration of volatile anaes-
thetic was started after a waiting time needed to eliminate 
the effect of  intravenous induction. The concentration of 
anesthetic agent was increased by 0,2 MAC every 5 minutes 
until burst suppression pattern appeared in the EEG signal. 
Then concentration of anesthetic agent was decreased by 0,2 
MAC every 5 minutes until the end of surgery and laryngeal 
mask removal. 

C. EEG registration 

Four EEG derivations (F3C3, F4C4, P3O1, P4O2) were 
used to compare left-right hemisphere and front-back cere-
bral regions. Monitoring was performed using S/5 Compact 
Critical Care Monitor. Sampling frequency was 100 Hz for 
each channel. Data were recorded together with clinical 
comments.  
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All signals were analyzed by the neurophysiologist. 2-
second EEG segments containing patterns of single isolated 
spike or sharp component with consecutive slow wave 
clearly distinguished from background activity and gener-
ated synchronously in several channels (basically in all four 
channels with frontal predominance) were identified. An 
example of 4-channels EEG record containing the spike-
wave forms are presented on Fig. 1. The characteristic 
forms appeared mainly in the frontal derivations but some-
times they are generalized for all channels. 

 

 

Fig. 1  An example of EEG record with the characteristic spike-wave 
forms. 

D. Data analysis 

The EEG-signal was translated to a sequence of symbols 
coding information about the EEG fragments with detected  
spike-wave forms. These patterns appeared synchronously 
with frontal predomination. Using this information we de-
fine operation, which could be  measure of two channels 
synchronization. 

Operation is defined as: 
• multiplication of two positive numbers :   s1 ○ s2 = 

s1 · s2 
• multiplication of two negative numbers :  s1 ○ s2 = 

- s1 · s2 
• multiplication of two numbers with opposite signs:  

s1 ○ s2 = 0 
Multiplication factors are not amplitudes but differences of 
signal amplitudes for successive samples. 

Then sign of above signal was coding as a sequence of 
numbers: 1, -1, 0. We obtain tree classes of forms: positive 
synchronized (e.g. spikes), negative synchronized (e.g. slow 
waves) and lack of synchronization (background). The 
maximum is identified by sequence 1 -1, while the mini-
mum by sequence -1 1. 

Sequence of signs (1, -1, 0) was translated to series of 
numbers obtained from sum of sequence with the same sign 

e.g. -1-1-1001111 > 324. The series carry information about 
duration of forms. We considered only such forms that last 
longer than 0.03 seconds (3 samples). Remain samples had 
value zero (background). 

Testing of various parameters was performed. We are 
analyzed such parameters like: 

• for spike: duration, amplitude, standard deviation, 
curtosis; 

• for wave: skewness, slope identified by wave 
linear regression coefficient, sum of amplitudes; 

• for spike-wave form: duration, coefficient of 
variation (ratio of variance to squared mean), 
Hjorth’s parameters (activity, mobility, 
complexity). 

The optimal set of parameters was identified. Only four 
parameters were sufficient to describe the spike-wave form 
e.g. spike variance, sum of wave amplitudes, slope of wave 
and mobility of spike-wave form.  

The mobility is a measure of mean frequency and it could 
be defined in time domain as: 

 
 
 
 
 
 
 

xi –  amplitude;  
N – length of spike-wave form in samples  

III. RESULTS 

Parameters ranges required for the spike-wave form iden-
tification in the best agreement with expert evaluation were: 
spike variance greater than 100, sum of wave amplitudes 
less than -200, slope of wave less than 3.0, mobility of 
spike-wave form: from 0.1 to 0.3. 

In Table 1 values of measures like sensitivity, specificity 
and the respective numbers of recognized forms are showed 
for every patient. 

 
The accuracies were defined as follows: 
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TN – true negative (number of EEG-signal segments with-
out forms – agreement between automatic classification and 
expert evaluation) 
FP – false positive (forms recognized automatically but had 
not recognized by expert) 
FN – false negative (forms recognized by expert but had not 
recognized by system) 
 
Table 1 Accuracies of system-expert spike-wave forms 
recognition. 
 

IV. DISCUSSION 

Volatile anesthetics can cause EEG patterns and unde-
sired symptoms such as convulsions similar to epileptic 
seizures [2-6]. Monitoring EEG-signal during anesthesia 
and detection of spike-slow wave forms could result in safer 
induction of anesthetics giving an early warning of upcom-
ing undesired events like epileptic symptoms. This problem 
has been considered by several authors [7,8].  

We propose a novel method for automatic detection of 
spike-slow wave patterns in EEG-signal evoked by volatile 
anesthetics, which give better results of recognition sensitiv-
ity of undesired events like spike-slow wave forms. Accor-
dance of spike-slow wave forms distributions detected 
automatically and estimated by expert is very high. Transla-
tional method is computationally simple and fast and could 
be applied on-line to detect spike-slow wave forms during 
anesthesia in EEG-signal monitoring systems. 

In further work calculations for more patients should be 
done. Comparison of spike-slow wave forms parameters 
characteristic for healthy persons with parameters character-

istic for epileptic patients could be interesting also. Further 
extension of algorithm should be done in case of epileptic 
patients. Multichannel approach could be better for this 
purpose. 
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id sensivity specifity TP TN FP FN 

iso1 0.84 0.93 754 4638 350 141 

iso2 0.70 0.81 169 1980 452 72 

iso3 0.68 0.78 84 2377 687 39 

des1 0.83 0.82 238 3405 746 48 

des2 0.75 0.69 243 2741 1204 81 

des3 0.65 0.87 86 3877 877 41 

IFMBE Proceedings Vol. 25

Detection of the EEG Spike-Wave Patterns Evoked by Volatile Anaesthetics 409
 



ACCURACY TEST FOR IN-VITRO MICRO-COMPUTED TOMOGRAPHY 
R. Stoico1,2, S. Tassani1,4, E. Perilli3, F. Baruffaldi1and M. Viceconti1 

1 Laboratory of Medical Technology, Orthopaedic Rizzoli Institute, Bologna, Italy 

2Medical Physics Postgraduate School, University of Bologna, Bologna, Italy 

3Bone and Joint Research Laboratory, SA Pathology and Hanson Institute, and Discipline of Pathology, University of Adelaide, Adelaide, 
SA, Australia 

4Engineering Faculty, University of Bologna, Bologna, Italy 

Abstract—The present work aims to describe and discuss the 
application of an accuracy test for in-vitro micro-computed 
tomography (microCT). Accuracy of morphometric measures 
is required to the analysis of bone microstructure and the 
mechanical characterization of the tissue. The accuracy test 
was introduced in a program of quality control designed for 
trabecular bone morphometry. It was applied using a physical 
calibration phantom that reproduced the three-dimensional 
structure of the typically investigated object, i.e. trabecular 
bone structure. The phantom was used to test the quality of 
accuracy measurements. The absolute error was chosen as the 
quality control parameter in accuracy test. The Shewhart 
control chart was introduced to monitor the quality control 
parameter. Baseline value was calculated as reference value 
for the control chart during acceptance/status test. An out of 
control condition was defined as the monthly measure that was 
out of the tolerance limits determined by the adopted chart. A 
maintenance service has been suggested upon the occurrence 
of this condition. During the monitoring period of 15-months 
no out of control conditions in accuracy test were recorded, as 
confirmed by the statistical C and Kruskal Wallis tests. Thus, 
by application of the accuracy test, the performance of the 
microCT system was found to be in control. 

 

Keywords— X-ray microtomography, accuracy test, phantoms. 

I. INTRODUCTION  

X-ray micro-computed tomography (microCT) is a non-
invasive investigation method with widespread use in 
different research fields. It is a three-dimensional imaging 
method with high spatial resolution and without a special 
preparation of the specimen. MicroCT devices are 
commonly used in biomedical studies for the mechanical 
characterization of the trabecular bone framework and for 
the quantitative evaluation of the trabecular microstructure 
(morphometry). The morphometric investigation requires 

high accuracy, hence a periodic quality control (QC) is 
necessary to avoid errors in measurements. 

In clinical radiology, QC programs for computed 
tomography are defined to assure the safety for patients and 
medical professionals (i.e. see European Directive 
97/43/EURATOM), but also to guarantee the accuracy of 
the measurements. Many studies on QC protocols for CT 
can be found in literature. The aim of most of those 
protocols is to control the most important medical CT 
characteristics, as noise, uniformity, linearity of CT 
numbers, spatial and contrast resolution, image details [1], 
section-thickness [2] and dose evaluation. The application 
of those tests requires specific phantoms with tissue-
equivalent inserts designed according to specific clinical 
applications [3-11]. 

MicroCT is based on the same physical principles of 
medical CT. It is applied in medical research, in particular 
in histomorphometric characterization of bone tissue and in 
biomechanical studies. Only few applications of accuracy 
test in a program of quality control for microCT have been 
reported in the literature, and they focused mostly on 
densitometry [12, 13]. Recently, a QC phantom was 
designed to control the quality level of an in-vivo microCT 
system, operating at 150-μm resolution [14]. However, the 
tests suggested in that protocol cannot be used for in-vitro 
microCT evaluation of quality level in morphometry 
because the type of phantom and the proposed tests were 
designed for slightly different purposes, with particular 
attention to tissue-density discrimination. On the other 
hand, in-vitro microCT systems are widely used for 
morphometric analysis. A specific accuracy test and a 
morphometric phantom are required to assure the level of 
quality of measurements in this particular application of in-
vitro microCT.   

The aim of the present work is to describe an accuracy 
test designed for a particular application of in-vitro 
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microCT, morphometry. The accuracy test proposed was 
based on a physical morphometric calibration phantom [15], 
and can be adapted and applied to various applications of 
in-vitro microCT.  

II. MATERIALS AND METHODS 

An accuracy test is proposed to guarantee the quality of 
morphometric measurements for in-vitro microCT. The 
accuracy test is based on the microCT scan of a physical 
morphometric calibration phantom. The main characteristic 
of a phantom for accuracy test in morphometry is to 
reproduce the typical 3D structure of the analyzed 
specimen, in this case the trabecular bone structure. 

The accuracy test was applied on a Skyscan in-vitro 
microCT model 1072 (Skyscan, Kontich, Belgium). The 
acquisition parameters were 50kVp, 200μA, 5.9 s exposure 
time and rotation step 0.45°. A 1-mm aluminium filter was 
used to reduce the beam hardening effect. The 
magnification was set to 16x with a pixel size of 19.5μm for 
a field of view (FOV) of 20x20mm.  

A filtered back-projection Feldkamp algorithm [16] was 
used to reconstruct the cross-sections (software Cone-Rec 
v.2.9, Skyscan). The reconstructed tomographic images 
were saved in 8-bit format (256 gray levels) and 1024x1024 
pixels in size. 

A. Morphometric phantom 

A previously published physical 3D morphometric 
phantom [15] was chosen for the application of the 
accuracy test. The phantom was a polymethylmethacrylate 
(PMMA) cylinder, 13mm-diameter and 23mm-height, with 
Aluminium(Al)-inserts. The Al-inserts are of different 
geometries (foils, wires, meshes and spheres) and known 
thickness values to reproduce the typical structure of 
trabecular bone specimen [15]. The Al-inserts of the 
morphometric calibration phantom are four foils of 20±3, 
50±7.5, 100±10 and 250±25 μm in thickness, four wires of 
20±2, 50±5, 125±12.5 and 250±25 μm in thickness, a small 
horizontal and a vertical mesh composed of 100±10 μm 
thick wires, a horizontal mesh of bigger external size and 
four spheres of 1000±50 μm in diameter (Fig. 1). 
Aluminium was used because its X-ray attenuation 
coefficient is very similar to that of bone tissue 
(μAl(30keV)=3.04cm-1; μBone(30keV)=2.56cm-1) [17]. 

 
Fig. 1 Morphometric calibration phantom with materials, geometries 

and dimensions of Aluminium inserts known.  

B. Image processing 

A stack of 861 cross-sections (total length about 17mm) 
was chosen for analysis, in order to include all the Al-
inserts. A uniform thresholding procedure defined in 
previously published work [18] was used to obtain binary 
images. A program supplied by the manufacturer (3D 
Calculator v.0.9, Skyscan) was used to calculate the 
thickness of the all Al-inserts. 

The thickness was calculated by using volumes of 
interest (VOI) of various shape and size, in order to contain 
the whole Al-insert of interest. A specific VOI was used for 
each individual Al-insert. The thickness of the inserts (Th) 
was calculated by fitting maximal spheres to each point in 
the 3D structure [19]. 

C. Control chart 

Baseline value (B.L.) was measured during the 
acceptance/status test in year 2004. It was defined as the 
reference value for the control chart, which was chosen to 
monitor the accuracy parameter over time. A periodic 

Accuracy Test for In-vitro Micro-Computed Tomography 411

IFMBE Proceedings Vol. 25



monitoring time of one month was chosen to assess whether 
the measurements showed any drift. The monitoring started 
three years after the acceptance/status test after about 1800 
working-hours of the X-ray tube. 

An out of control condition was defined as the monthly 
measure that exceeds the upper or lower limits determined 
by the specific control chart in accuracy test. In the case 
that such event is recorded, a maintenance service is 
suggested. 

The accuracy parameter considered in this study was the 
average absolute error in thickness measurements on the Al-
inserts of the morphometric calibration phantom. The 
absolute error of the thickness |ETh| for each segmented Al-
insert was calculated as the absolute difference between the 
measured thickness Thj and the reference value Thref  (1) 
[20]. 

 

refjTh ThThE −=  (1) 
 
The reference value Thref was the nominal value of the 

Al-inserts declared by the manufacturer [15]. The average 
|ETh| was calculated by taking the absolute error of the 
thickness of all the segmented Al-inserts. 

At each measuring time point, each accuracy 
measurement required nine |ETh| measures, corresponding to 
the nine segmented Al-inserts. The Shewhart control chart 
[20] was used to collect the monthly average |ETh| values. 
The standard deviation was used to define the range of the 
tolerance limits. The upper control limit (UCL) and the 
lower control limit (LCL) of the chart were calculated as     
± 3 * average standard deviation ( (avg_|ETh|)) on the 
segmented Al-inserts. The intermediate tolerance limits, 
corresponding to ± 2 * (avg_|ETh|) and ± 1* (avg_|ETh|), 
were also reported.  

D. Statistical Analysis 

The accuracy measures were processed by the statistical 
test C (p=0.01, level of significance), with the null 
hypothesis that the collected data were randomly distributed 
(2) [21]. 

tsmeasuremenXXX
where

XX

XX
C

nii

n

i
i

n

i
ii

=

−

−
−=

+

=

−

=
+

,...,,

)(*2

)(
1

1

1

2

1

1

2
1

           (2) 

 
The measures were collected monthly over 15 months. 

The data were then divided into 3 groups, with each group 

containing the measures of 5 months. The B.L. group was 
composed by the first five acquisitions in year 2004, group 
1 was composed by the five consecutive monthly measures 
starting from August 2007, group 2 was composed by five 
consecutive monthly measures starting from January 2008, 
and group 3 was composed by five consecutive monthly 
measures starting from June 2008. A Kruskal Wallis 
statistical test was used to evaluate if differences among 
each group and B.L. were significant (p=0.01, level of 
significance). 

III. RESULTS 

Fig.2 shows the average |ETh| in the Shewhart control 
chart. The chart shows no out of control points. The 
statistical test C showed that the collected data were 
randomly distributed (p = 0.93). The Kruskal Wallis test 
showed no statistically significant differences between the 
three groups of monthly measures and B.L. group (Table 1). 

 

0.0

5.0

10.0

15.0

20.0

25.0

30.0

35.0

40.0

A
ug

 0
7

Se
p 

07

O
ct

 0
7

N
ov

 0
7

D
ec

 0
7

Ja
n 

08

Fe
b 

08

M
ar

 0
8

A
pr

 0
8

M
ay

 0
8

Ju
n 

08

Ju
l 0

8

A
ug

 0
8

Se
p 

08

O
ct

 0
8

Months

A
ve

ra
ge

 |E
Th

| (
μm

)
UCL

+2 (avg_|ETh|)

+ (avg_|ETh|)

B.L.

- (avg_|ETh|)

-2 (avg_|ETh|)

LCL

Average |ETh|
(um)

 

 
Fig. 2 Shewhart control chart for accuracy test: the average |ETh| 

parameter calculated by using the Al-calibration phantom was showed. The 
UCL and LCL were calculated as B.L. ± 3* (avg_|ETh|), UCL (upper 
control limit) = B.L. + 3*5.25, LCL (lower control limit) = B.L. – 3*5.25. 
The baseline value was equal to 19.59 ± 5.25 um. 

 

Table 1 Mean ± SD of the accuracy parameter selected for the test. The 
mean of group 1, 2 and 3 was composed of five consecutive monthly 
measures. The mean of B.L. group was calculated by using acquisition of 
acceptance/status test. The p value (p=0.01, level of significance) of 
Kruskal Wallis statistical test was reported. 

 
Group 
B.L. 

Group 
1 

Group 
2 

Group 
3 p 

Average 
|ETh| (um) 

19.59 
±5.25 

20.05 
±1.34 

20.28 
±1.82 

19.79 
±2.67 0.84 
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IV. DISCUSSION 

In the present work an accuracy test for in-vitro microCT 
was defined and applied. It was introduced as part of a 
program for quality control assessment. The accuracy test 
was applied in a particular medical research field, which is 
the morphometric characterization of trabecular bone. For 
this purpose a physical morphometric calibration  phantom 
was used. 

A Shewhart control chart was used to monitor the 
accuracy in thickness measurements, average |ETh|. On a 
monitoring period of 15 months no out of control points 
were observed. The average |ETh| values were comparable 
with the pixel size used for the tomographic acquisition 
(B.L. = 19.59μm, pixel size = 19.5μm, Table 1). All the 
monthly collected values were within one standard 
deviation of the baseline value (Fig. 2). The data were 
randomly distributed and no significant differences between 
each group composed of five consecutive monthly measures 
and B.L. were found. In conclusion, the results of the 
morphometric accuracy test show that the performance of 
the microCT system can be considered not out of control.  
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Abstract— Cardiac image fusion is the combination of medical 
images of heart acquired by different modalities. A prerequi-
site for image fusion is the image registration process, that 
allows the spatial alignment of the volumetric data sets in-
volved in the fusion. In this paper we present a registration 
algorithm able to align positron emission tomography (PET) 
and computed tomography (CT) cardiac images. The registra-
tion method was developed by hypotizing a rigid transforma-
tion between data sets and using the mutual information (MI) 
as registration metric. The core of the study is the development 
of a new and robust optimization algorithm that allowed to 
determine the global maximum of MI and to define the correct 
spatial transformation. The optimization algorithm exploits a 
multi-resolution method. In the first step, a global optimization 
method (i.e. genetic algorithm) explores the entire space of 
possible transformations to find a solution near the global 
maximum of the MI. In the second step, a local optimizer (i.e. 
simplex method) refines the search finding the global maxi-
mum. Different data resolutions and interpolation algorithms 
were adopted in the two steps to achieve reasonable processing 
times. The developed algorithm was tested on two volumetric 
PET and CT cardiac software models and on PET and CT real 
data sets. The developed optimization algorithm allows to 
reach the global maximum of the similarity function and to 
determine the correct spatial alignment in both the synthetic 
and real data sets.    

Keywords— Image fusion, registration process, optimization 
algorithm, genetic algorithm. 

I. INTRODUCTION  

Cardiac medical images acquired by different imaging 
modalities can provide complementary information. Hence, 
fusion of two or more co-registered multimodal data sets 
into a single representation could be an important support to 
the medical diagnosis. In particular, the interest is steered to 
the development of a single useful display of anatomical 
and functional information. 

Image fusion is based on the spatial and temporal align-
ment, called image registration or matching, of the different 
volumetric data sets involved in the combination. The aim 
of a registration process is to define the transformation that 
maps voxels from the reference image volume to the float-

ing image volume. The quality of the spatial alignment is 
evaluated by using a similarity metric that gives information 
about the goodness of the matching. The similarity metric 
has to be robust, in order to converge to a global maximum 
at correct matching, and has to be computed in a reasonable 
time. An important component of a registration process is 
the optimization algorithm, or search strategy, used to cal-
culate the transformation that maximizes the defined simi-
larity metric. 

Cardiac images registration is challenging in image fu-
sion research because of the non-rigid and mixed heart 
motion and the presence of different anatomical structures. 
Several approaches have been developed to register 3D 
cardiac data sets [1]. They are different about transforma-
tion implemented, the similarity metric function exploited 
and the search strategy used in the process.      

In this work we present a registration algorithm to align 
functional (PET) and anatomical (CT) 3D cardiac data sets. 
It uses a rigid transformation and the MI as similarity met-
ric. The purpose of this paper is to focus on the develop-
ment of a robust optimization algorithm integrated in the 
registration process. This is based on a multi-resolution 
approach that allows to reach the global maximum of the 
MI. We built two 3D PET and CT cardiac models to evalu-
ate the developed optimization method. Finally we applied 
the registration process on real PET and CT acquired data-
sets. 

II. MATERIALS AND METHODS 

A. Synthetic and real data 

Two 3D cardiac models have been built to simulate regis-
tered PET and CT short axis image volumes. The elliptical 
geometry and the method reported in [8] were exploited to 
develop both cardiac models. In particular, in CT model 
different anatomic structures were considered, while in PET 
model only the left ventricle wall was built (Fig. 1). Both 
the spatial dimensions and the resolution of models can be 
adjusted to match characteristics of real data.  
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Fig. 1: The CT (a) and PET (b) short axis cardiac models. 

Two data sets of transaxial CT and PET images were ac-
quired by using the PET/CT Discovery-RX (GE Health-
care). The CT data set (spatial resolution: 0.43 x 0.43 x 0.4 
mm3 – spatial dimension: 512 x 512 x 411) was acquired in 
breath hold condition and the diastolic images, correspond-
ing to the 75% of the cardiac cycle, was used in the registra-
tion process. The PET data set (spatial resolution: 3.24 x 
3.24 x 3.27 mm3 - spatial dimension: 128 x 128 x 47) was 
acquired after the radioisotope NH3 injection. The static 
images were used in the registration process. 

B. Registration algorithm 

The developed registration algorithm is based on the rigid 
transformation T implemented by using three translational 
and three rotational parameters αααα={tx, ty, tz, φx, φy, φz}: 

)()()( φTtTαT rt ⋅=             (1) 

where Tt, translation matrix, and Tr, rotation matrix, are 4x4 
matrices in homogeneous coordinates. When a transforma-
tion is applied, the new voxel intensities have to been 
evaluated and an interpolation algorithm is needed. When 
MI is used as registration metric, it is important to preserve 
the grey levels distribution in the interpolation process [2]. 
Hence, the Nearest Neighbor (NN) interpolation and the 
Partial Volume (PV) methods [2],  were used in the study. 
Both NN and PV interpolation methods preserve the grey 
levels distribution but the PV algorithm presents a higher 
computational load with respect to the NN method. On the 
other hand, the NN algorithm does not allow intra-voxel 
registration.  

The similarity metric used in the developed registration 
algorithm is the mutual information defined by [3][4] : 

),()()()(, FRHFHRHMI FR αααα −+=       (2) 

The terms H(R) and H(F) represent the Shannon entropy of 
the reference and floating image volumes and H(R,F) de-
fines the joint entropy. The calculation of the mutual infor-
mation value is based on the definition of the joint histo-
gram in the overlapping region. 

The mutual information metric is a voxel based function 
and does not require any assumption about the nature of the 

relation between the images. For this reason, it is a very 
general, powerful and robust metric for multimodal spatial 
alignment and it can be used to match PET and CT volu-
metric data sets.  

C. Optimization algorithm  

The possible presence of the local peaks [5] in the mutual 
information pattern requires a robust optimization method 
to reach the global maximum corresponding to the correct 
matching. In this work we developed a search strategy 
based on a multi-resolution approach. Two main steps have 
been defined. The first step, a global optimization method, 
uses the genetic algorithms (GAs) to reach a solution near 
the global maximum. They are inspired to the natural proc-
ess of biological evolution, the Darwin’s theory, and use 
stochastic information in their implementation [6,7]. The 
second step, the downhill simplex optimization method, 
starts from the solution calculated by the previous step and 
reaches the global maximum.  

In order to reduce the computational load, the floating 
volume was downsampled and the NN interpolation method 
was used. The Downsampling Factor (DF) was set to 8.  

The GAs base on the definition of a set (population) of 
solutions (chromosomes) described by a set of parameters 
(genes). In this case the genes represent the rigid transfor-
mation parameters. The optimization algorithm starts by 
setting the initial population. We defined the optimal popu-
lation size by considering the accuracy of the algorithm and 
the computational time. Indeed, by varying the population 
number, the registration algorithm has been applied 30 
times to the two cardiac models. The normalized mean error 
(en) and the normalized mean execution time (tn) have been 
calculated. Fig. 2 shows the parameter sn = en + tn for differ-
ent population number values. The initial population num-
ber was set to 75 corresponding to the minimum value of 
the parameter sn. The parameter values of each initial solu-
tion have been defined randomly. The ranges [-40mm : 
+40mm] and [-20° : +20°] were used for translational and 
rotational parameters respectively.  

 

 

Fig. 2 : The sn parameter for different population number values. 
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Each chromosome was associated to two values used to 
determine the new population: a fitness score, correspond-
ing to mutual information value, and a reproduction prob-
ability proportional to the fitness score. Three methods are 
exploited to generate the new population. The elite method 
was used to select two or more chromosomes with the 
higher fitness score to define the offspring. The roulette 
wheel selection method, based on the calculated probabili-
ties, was used to select two solutions, combined by using 
the crossover operator, and one solution changed by muta-
tion operator. We determined the optimal fraction of the 
new population obtained through the three methods. We 
defined pe the percentage of the new generation created by 
the elite method, pc the fraction of the remaining new popu-
lation obtained by the crossover method and pm=1-pc the 
population created by the mutation operator. We applied 30 
times the registration process to the two cardiac models by 
considering the initial population previous defined. Fig. 3 
shows the normalized mean error by varying the pc and pe 
value. The minimum mean error was obtained for pe=0.25 
and pc=0.6. 

The optimization process was stopped when, over 10 
new generations, there was any improvement in the best 
fitness value. 

The downhill simplex method is a local optimization 
method depending on the starting point. We implemented 
the local algorithm in order to start it from the solution 
determined by GAs. The purpose of this step is to have a 
high accuracy and precision in a reasonable time. For this 
reason, the downsampling factor of the floating volume was 
reduced (DF=3.375) and the PV interpolation method was 
used. The process is stopped when the maximum number of 
iterations, set to 500, was reached or any improvement in 
the best fitness value was obtained. 

III. RESULTS 

The developed registration algorithm has been evaluated by 
applying it 150 times to the PET and CT cardiac models 
randomly misaligned by using the parameter range previ-
ously reported. The mean error and the standard deviation 
for each rigid transformation parameter are shown in Table 
1. The translational mean error is less than the spatial reso-
lution set to 1 mm, in the three spatial dimensions, and the 
rotational mean error is less than 1.5°. The mean processing 
time was about 5 minutes on a 2 GHz PC. 

In order to evaluate the developed optimization algo-
rithm, the local and global methods have been applied sepa-
rately 150 times by starting from a random initial parameter 
values in the range previous defined. The simplex method 
shows a higher variability with respect to the global genetic  

 
Fig. 3: Normalized mean error obtained by varying  pc and pe values. 

Table 1: Accuracy (mean error ± std) of the developed registration 
algorithm.   

 
algorithm approach. The combination of two methods pro-
vides a high accuracy of the solution (Fig. 4). 

An example of registration algorithm applied to the PET 
and CT cardiac models is shown in Fig. 5. In this case the 
initial misalignment of the two data set was set to 
α={23,26,5,-3,-2,-5}.  

The developed method has been applied 100 times to the 
real acquired data sets and the obtained parameter mean 
values and standard deviations are reported in Table 2. A 
visual example of registered real transaxial and short axis 
images is shown in Fig. 6.  

IV. CONCLUSIONS  

In this paper we presented a new multi-resolution optimi-
zation method integrated in an image registration algorithm. 
The developed method is based on a global optimization 
approach, the genetic algorithm, and a local approach, the 
downhill simplex method. It allows to determine the global 
maximum of the mutual information and the correct spatial 
rigid transformation useful to align the PET and the CT 
volumetric data sets. 

 

 tx (mm) ty (mm) ty (mm) φx (°) φy (°) φz (°) 

mean error 0.083 0.054 0.037 0.117 0.286 0.201 

std 0.108 0.089 0.097 0.215 0.2718 0.397 

IFMBE Proceedings Vol. 25

416 M. Marinelli et al.



 

Fig. 4: Accuracy of different optimization algorithm methods applied 
separately. 

 
 
 

 

Fig. 5 : Example of misalignment (a) and alignment (b) conditions in PET 
and CT cardiac models.   

Table 2: Mean value and standard deviation of rigid transformation  
 parameters in real PET – CT volumetric data sets. 

 

 

Fig. 6: Example of misalignment (a,c) and alignment (b,d) conditions in 
real PET and CT volumetric data sets. 
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 tx (mm) ty (mm) ty (mm) φx (°) φy (°) φz (°) 

mean value -25.89 18.485 -5.157 - - -2.29 

std 0.238 0.146 0.236 - - 0.825 
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Abstract—The aim of this study was to compare the effects 
of volatile anaesthetics (isoflurane, desflurane and sevoflurane) 
on spectro-temporal pattern of EEG registered in 75 patients. 
The relationships between the relative powers calculated for 
the frequency bands: delta (1-3 Hz), theta (4-7 Hz), alpha (8-13 
Hz) and beta (14-25 Hz) and the anaesthetics concentrations 
were identified. Increasing concentration produced increases 
in delta and theta waves powers accompanied by the decreases 
in the powers of alpha and beta ones . Comparing branches of 
increasing and decreasing concentration the hysteresis phe-
nomenon, i.e. systematic decrease or increase of each waves 
powers differently for  each of the fluorinated inhalation an-
aesthetics, was observed at the end of anaesthesia. Moreover, a 
biphasic effect, i.e. an initial increase followed by a decrease of 
high frequency activity with a simultaneous increase in low 
frequency activity was observed for propofol induced before 
the start of volatile anaesthesia. 

Keywords— EEG-signal, volatile anaesthesia, spectral analysis, 
biphasic effect, hysteresis phenomenon 

I. INTRODUCTION  

The evolution of spectro-temporal pattern of EEG during 
anaesthesia was studied previously [1-4]  and it was found 
that increasing concentration of anaesthetics produced de-
creasing of fast and increasing of slow waves component in 
the EEG signal. Our results obtained for EEG registered 
during volatile anaesthesia are consistent with this general 
rule. Moreover, Kuizenga et al. [2] described a biphasic 
effect, i.e. an initial increase followed by a decrease of high 
frequency activity (alpha and beta) with a simultaneous 
increase in low frequency (delta) activity for several agents. 
We observed a similar effect for propofol induced before 
the start of volatile anaesthesia. 

The aim of our study was to give a general view by com-
paring the effects of volatile anaesthetics on spectro-
temporal pattern of EEG for all stages of anaesthesia as well 
as for different methods of agent administration for repre-
sentative number of patients and for the group of various 
fluorinated inhalation anaesthetics. The analysis was per-
formed using EEG recorded in patients anaesthetised with  
isoflurane (15 patients), desflurane (22 patients) and se-

voflurane (38 patients). We analyzed the relative powers in 
delta (1-3 Hz), theta (4-7 Hz), alpha (8-13 Hz) and beta (14-
25 Hz) bands of EEG signal as well as their group means 
and standard deviations. The temporal evolution of these 
indices as well as their relationships with the anaesthetic 
concentrations were identified also.  Comparing the relative 
powers received separately for branches of increasing and 
decreasing concentration we found a hysteresis phenome-
non. A systematic decrease or increase of powers for each 
of frequency bands was observed when the patient is going 
out from anaesthesia. This effect depends on kind of anaes-
thetic. 

II. MATERIALS AND METHODS 

A. Patients 

The data were taken from 75 adult patients of both gen-
ders that underwent elective surgery under general anaes-
thesia, categorized as class I (normal, healthy patients) and 
II (patients with mild systemic disease) according to the 
American Society of Anaesthesiologists (ASA) scale. Pa-
tients were anaesthetised with one of the three different 
volatile agents chosen randomly: isoflurane (15 patients), 
sevoflurane (38 patients) and desflurane (22 patients). Pa-
tients with history of allergic reactions to drugs used in the 
study, the patients with epilepsy and with other previously 
diagnosed neurological deficits and/or psychiatric disorders, 
as well as patients receiving neuropsychiatric medication 
and addicted to any psychoactive substances were excluded 
from the study. The study was approved by the Ethical 
Committee of the Medical University of Silesia and written 
informed consent was obtained from all of patients in-
volved.  

B. Experimental procedure 

In the morning of the day of surgery the patients did not 
receive any premedication to avoid its influence on the  
EEG patterns. In the operating room an i.v. cannula was 
inserted into the large forearm vein and standard monitors 
were applied. Continuous standard monitoring included 
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heart bioelectric activity (ECG), heart rate (HR), non-
invasive systemic arterial pressure, respiratory rate, haemo-
globin oxygen saturation, and end-tidal concentrations of 
the volatile anaesthetic agents, oxygen and carbon dioxide. 
Oxygen saturation was measured by pulse oxymetry and 
maintained above 95% during the study. In order to avoid 
opioid and N2O effect on central nervous system, analgesia 
during surgery was achieved by an epidural catheter placed 
in the lumbar space, via which patients received 20 ml of 
0.5% bupivacaine (Marcaine, Astra-Zeneca). In all the pa-
tients, anaesthesia was induced intravenously with 2-2.5 mg 
kg-1 of propofol (Diprivan, Astra-Zeneca). Before anaes-
thesia induction oxygen was administered by facemask. 
Each patient received a muscle-relaxant factor – 0.08-0.10 
mg kg-1 mc of vecuronium (Norcuron, Organon) and 3 min 
later laryngeal mask was inserted. The lungs were mechani-
cally ventilated to obtain the end-tidal carbon dioxide con-
centration of 35-37 mmHg. After the laryngeal mask inser-
tion anaesthesia was maintained with either iso-, sevo- or 
desflurane delivered in an air-oxygen mixture of carrier 
gases. The administration of volatile anaesthetic was started 
after a waiting time needed to eliminate the effect of  intra-
venous induction. The mean waiting time duration was 
about 8  minutes (from 1 to 23 minutes). Administration of 
the agent was adjusted in steps of 0.2 MAC (Minimal Al-
veolar Concentration is defined as the partial pressure of 
volatile anaesthetic inhibiting movement reaction for nox-
ious stimulation in 50% of anaesthetized patients). Up to 10 
min were allowed to obtain a stable end-tidal concentration 
at each step. Then the concentration of anaesthetic agent 
was subsequently decreased by 0.2 MAC every 5 minutes 
until the end of surgery, return of consciousness and the 
laryngeal mask removal. Anaesthetic concentration was 
recorded every 10 second. No more neuromuscular blocking 
agents were given intraoperatively. Emergence from anaes-
thesia was assessed by measuring the times to spontaneous 
opening of eyes, the laryngeal mask removal, stating the 
name, and arrival at the post-anaesthesia care unit. Finally, 
all the patients were visited in the post-anaesthesia care unit 
and on the first and third day after operation and inter-
viewed about intraoperative recall. 

C. EEG registration 

The EEG signal was registered from the electrodes on a 
self-adhesive band placed at the forehead with sampling 
frequency 400 Hz using Datex-Ohmeda S/E (GE Health-
care) monitoring system. The registrations were performed 
in three groups of patient anaesthetized with isoflurane (n = 
15), desflurane (n = 22) and sevoflurane (n = 38)  and ana-
lyzed off line.  

D. Data analysis 

To assess the effects of anaesthetics on spectro-temporal 
pattern of EEG signal we used the values of relative powers 
of the EEG calculated for delta (1-3 Hz), theta (4-7 Hz), 
alpha (8-13 Hz) and beta (14-25 Hz) waves frequency bands 
[7] as well as their relationships with time elapsing from the 
beginning of anaesthesia and with the concentrations of 
individual anaesthetics. Both the relationships for the rela-
tive powers in the individual patients and the relationships 
for the group means of relative powers were used.  

The spectral analysis was performed using MATLAB 
Signal Processing Toolbox. The procedure specgram was 
used to compute the windowed discrete-time Fourier trans-
form of a signal using sliding window. The sampling fre-
quency 400 Hz and Hann window of one-second length 
overlapping by 200 points were used. The power spectral 
density was estimated as the squared magnitude of the dis-
crete-time Fourier transform of EEG-signal. Then the 
relative powers of the EEG for individual frequency bands 
were calculated as the powers normalized to the temporary 
total powers of signal in the range of frequency from 1 to 20 
Hz. The power of the signal in a given frequency band was 
calculated by integrating over frequencies. Because 
anaesthetic concentration is registered every 10 sec the 
relative power spectral densities for the individual waves 
were averaged over such window to obtain their relationship 
with the anaesthetic concentration.  

Distributions of power for different anaesthetics at the 
same concentration had not equal variances, so the Kruskal-
Wallis test was used to compare the relative powers of 
individual waves obtained for the individual anaesthetics at 
the same concentration. The differences in the means were 
considered significant if p<0.01. 

III. RESULTS 

An example of the time evolution of EEG power in the 
frequency bands corresponding to delta, theta, alpha and 
beta waves and that of anaesthetic concentration during 
isoflurane anaesthesia progression are illustrated in Fig 1. 
Increasing concentration of anaesthetics produced decreas-
ing of fast and increasing of slow waves component in the 
EEG signal.  

Moreover, a biphasic effect, i.e. an initial increase fol-
lowed by a decrease of high frequency activity with a simul-
taneous increase in low frequency activity was observed for 
propofol induced before the start of volatile anaesthesia. 
The temporary increase of beta and decrease of delta waves 
powers depends on propofol doses.  
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Fig. 1  Time evolution of the relative powers for individual waves and of 
the anaesthetic concentration for patient under isoflurane anaesthesia. 

Two different methods of anaesthetic administration 
were applied. In the first case the anaesthetic concentration 
was increased gradually to the maximum and then de-
creased again in the same manner. In the second case the 
maximal concentration value was elicited at the initial phase 
of anaesthesia and then it was decreased slowly.  

The relationships between the relative powers of each 
waves and the anaesthetic concentration were similar for the 
all agents. The contributions of delta waves for the concen-
trations greater than 0.4 increased to 50 % of the total power 
at the concentration equal 1.6. The theta waves contribu-
tions increased slower than the delta ones and for the con-
centrations bigger than 1.0 being almost constant reached 
approximately  30 % of the total power. Unlike the fast 
waves the powers of beta waves decreased with each anaes-
thetic concentration increase and for the concentrations 
greater than 1.0 reached constant values equal approxi-
mately 10% of the total power. The alpha waves contribu-
tions being greater than those of beta waves also decreased 
for the concentrations greater than 0.4. For the concentra-
tions equal 1.6 the powers of alpha waves also reached 
about 10% of the total power. However the analysis of EEG 
spectro-temporal patterns performed for different methods 
of anaesthetic administration showed different sensitivity of 
the individual waves contributions to the time evolution of 
anaesthetic concentration. The relationships between the 
relative powers for the individual waves and the concentra-
tions for both patterns and for two branches, increasing and 
decreasing concentrations, for sevoflurane are shown in Fig 
3.  Both methods of sevoflurane administration produced 

concentrations differing most substantially in the first hour 
of anaesthesia. However the differences between the con-
centration time evolutions were reflected distinctly only by 
the powers of delta and beta waves. The second administra-
tion method evoked the bigger decrease of beta waves 
power at the cost of the elevated values of delta waves 
power. It seems that the first method of anaesthetic admini-
strations is less stressful for patient in the initial phase of 
anaesthesia.  

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

10

20

30

40

50

60

70

80

90

100

re
la

tiv
e 

po
w

er
 [%

]

anaesthetic concentration

 delta1
 delta2
 delta3

A

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

10

20

30

40

50

60

70

80

90

100

re
la

tiv
e 

po
w

er
 [%

]

anaesthetic concentration

 theta1
 theta2
 theta3

B

 

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

10

20

30

40

50

60

70

80

90

100

re
la

tiv
e 

po
w

er
 [%

]

anaesthetic concentration

 alpha1
 alpha2
 alpha3

C

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6
0

10

20

30

40

50

60

70

80

90

100

re
la

tiv
e 

po
w

er
 [%

]

anaesthetic concentration

 beta1
 beta2
 beta3

D

 

Fig. 3 The relationships between the relative power of the EEG signal and 
the anaesthetics concentration for patients anaesthetised with sevoflurane.  
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Fig. 4  The relationships between the difference of relative powers for two 
branches of increasing and decreasing concentration and the anaesthetics 

concentration. 
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The difference of relative powers for two branches of in-
creasing and decreasing concentration was illustrated in Fig 
4. A very weak but systematic hysteresis phenomenon was 
observed. At the end of  anaesthesia the power of delta 
waves was reduced for desflurane what is manifested by 
positive difference greater than 5 % between branch of 
increasing and decreasing concentration. Whereas in the 
sevoflurane case the power of beta waves was reduced. The 
power of alpha waves was slowly reduced for isoflurane 
and sevoflurane in the range from 0.7 to 1.3 MAC and for 
desflurane in the range from 0.4 to 1.3 MAC. On the other 
hand the power of theta waves was slowly increased for 
isoflurane and sevoflurane in the range from 0.4 to 1.0 
MAC and for desflurane in the range from 0.7 to 1.0. 

IV. DISCUSSION 

This study showed that isoflurane, sevoflurane and des-
flurane evoked similar alterations in the quantitative spec-
tral characteristics of EEG registered continuously from the 
wake state, through the induction of anaesthesia and all the 
stages including the burst-suppression period to the recov-
ery from anaesthesia. The obtained results are generally 
consistent with those of our previous preliminary studies [5, 
6] performed on data registered in a small group of patients 
with the use of qualitative assessment of EEG spectrum 
only. The present study was performed on data registered in 
the representative group of patients with the use of quantita-
tive methods of EEG analysis. Therefore it offered the pos-
sibility to generalize the results concerning the effects of 
individual anaesthetics and the effects of patient related 
variability on the reproducibility of EEG characteristics. 
The obtained results showed that in the course of anaesthe-
sia the contributions of relative powers of delta, theta, alpha 
and beta waves were distinctly different irrespectively of the 
kind of anaesthetic used in this study. This was evidenced 
by the time evolution of the individual waves powers during 
anaesthesia progression as well as by the relationships be-
tween these powers and the concentration of the individual 
anaesthetics. The analysis of relationships between the indi-
vidual waves powers contributions and the concentration 
showed that the concentration increases, irrespectively of 
the kind of anaesthetic, elicited the decreases in the fast 
waves contributions accompanied by simultaneous in-
creases in the slow contributions (Fig 3). The relationships 
between the relative power of individual waves and the 
concentration value for patients anaesthetized with sevoflu-
rane were altered differently when the pattern of agent ad-
ministration was changed. This was evidenced by the rapid 
decrease in beta and similarly rapid increase in delta waves 
contributions for the concentrations ranging from 0.3 to 0.6 

evoked by the rapid increase in the anaesthetic concentra-
tion in the initial phase of anaesthesia. Comparing branches 
of increasing and decreasing concentration the hysteresis 
phenomenon was observed when patient is going out from 
anaesthesia. Sevoflurane causes the power reduction of fast 
waves and slowly increase of theta waves. After isoflurane 
anaesthesia only the slowly increase of theta waves is ob-
served. The effect of desflurane anaesthesia is the power 
reduction of delta and alpha waves.  
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Abstract— Vasomotion is a natural property of small arter-
ies and arterioles. Vasomotion consists in cyclic diameter 
variations, which are induced by synchronous contractions of 
the smooth muscle cells (SMCs) present in the arterial wall. 
These contractions have been shown to be due to an increase in 
the SMCs cytosolic calcium concentration. The present study 
was performed on rat mesenteric arterial strips. The first part 
investigated the response of SMCs under different concentra-
tions of phenylephrine (PE), a vasoconstrictor, with an empha-
sis on the synchronization of SMCs in endothelium denuded 
strips. We observed that the recruitment of the SMCs in-
creased with the PE concentration and vasomotion appeared 
only when a sufficient number of SMCs were recruited and 
synchronized.  

Intercellular calcium oscillations propagating along the 
strips have been observed during vasomotion. In the second 
part of this study, we were able to measure the speed of the 
intercellular calcium waves, which was about 100 µm/s. Using 
a software developed in our laboratory, we managed to track 
the contraction of the arterial strip and to measure the velocity 
of the contraction wave which was, as expected, of the same 
order as the calcium wave velocity. Experiments where the 
endothelium was still present were also performed and the 
velocity of contraction was calculated. We also obtained a 
speed of approximately 100 µm/s. The fact that the contraction 
waves speed stayed unchanged between strips with or without 
endothelium showed that the endothelium was not the pathway 
for the signal leading to intercellular calcium propagations 
during vasomotion. 

Keywords— Vasomotion, calcium wave, SMCs. 

I. INTRODUCTION 

Most muscular arteries and arterioles present cyclic oscil-
lations of their diameter. This phenomenon called vasomo-
tion is not related to other physiological cycles like heart-
beats or respiratory cycle. The oscillations of the arterial 
diameter are induced by contractions of the smooth muscle 
cells (SMCs) present in the arterial wall, and these contrac-
tions have been shown to be due to an increase in the intra-
cellular cytosolic calcium concentration ([Ca2+]i). In the first 
part of the present study, the response of SMCs to different 
concentrations of phenylephrine (PE) was analyzed with a 

particular interest on SMCs recruitment and on the synchro-
nization of the [Ca2+]i oscillations. 

During vasomotion, contraction and dilatation of the strip 
propagated along the artery. These waves were in fact in-
duced by an increase in the [Ca2+]i in SMCs which propa-
gated from cell to cell. As the propagation of these calcium 
and contraction waves has not been observed yet, the sec-
ond part of the present study was to characterize these 
waves in terms of directions and velocities. As we have 
shown previously, vasomotion could happen on intact strips 
and on endothelium denuded strips [1], we also analyzed the 
effect of the endothelium has on the wave’s velocity. 

II. METHODS 

Male wistar rats weighing 300 ± 50 g were anesthetized 
by isofluorane and killed by decapitation in agreement with 
the care of animals (edited by the “Swiss Academy of 
Medical Sciences”). The mesenteric arcade was excised and 
placed in a physiological solution. First or second order 
arteries were then cleaned from the surrounding tissues and 
opened longitudinally to obtain a strip. In some experiments 
the endothelium was removed by scraping the strip with a 
cotton bud. 

All the arterial strips were loaded with Fura red AM and 
Fluo-4 AM, two calcium florescent dyes. The arterial strips 
were then fixed in an observation chamber allowing the 
strip to freely contract perpendicularly to the vessel axis. 
Arterial strips were continuously superfused with a Krebs-
Ringer solution at a rate of 2 ml/min. To induce vasomotion 
on the strips, PE was used. All experiments were performed 
at room temperature. 

A Leica upright LSM 510 confocal microscope equipped 
with a 20X water immersion objective was used to obtain 
the fluorescence images. The Fura red and Fluo-4 fluores-
cences were simultaneously recorded on two different pho-
tomultipliers. Sequences of images were taken up to 5 im-
ages per second. The calcium measurements were made by 
performing a pixel per pixel ratio of Fluo-4/Fura red intensi-
ties. This ratio is proportional to calcium variations in 
SMCs and eliminates motion artefacts and out of focus 
displacements. Dynamics of [Ca2+]i in individual SMCs was 
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measured by following corresponding regions of interest 
throughout all frames of an acquisition. To calculate the 
speed of the intercellular calcium wave, calcium was meas-
ured in ten regions of interest placed along the vessel axis of 
the strip. A tracking software elaborated in our laboratory 
[2] allowed to follow the contraction along the strip and to 
measure the speed of the contraction wave.  

III. RESULTS AND DISCUSSION 

We observed three distinct modes of SMCs recruitment 
on rat mesenteric arterial strips without endothelium, corre-
sponding to stimulation with PE in three different concen-
tration ranges. At low PE concentration (<0.4 µM), only 
few SMCs were asynchronously recruited and no local 
contraction was observed (fig. 1A). A small number of 
SMCs did not flash at any time (cells 4 and 5), some SMCs 
only flashed once (cells 1, 2, 3, 6, 8), whereas some SMCs 
oscillated more frequently (cells 7 and 9). The mean fluo-
rescence ratio (MFR) of all the observing area stayed almost 
constant, which means that at this range of vasoconstrictor 
the SMCs were not synchronized and only a small contrac-
tion of the strip could be observed. At medium PE concen-
tration (from 0.4 to 0.8 µM), the number of flashing SMCs 
significantly increased and after a brief period of transition 
the [Ca2+]i oscillations in SMCs synchronized giving rise to 
oscillations of the MFR and to cyclic strip contractions, i.e. 
to vasomotion. A typical recording of such an experiment is 
shown in fig. 1B. At high PE concentration (>0.8 µM), the 
recruitment of the SMCs was immediate. All SMCs flashed 
when the PE arrived on the strips and the [Ca2+]i in the 
SMCs stayed elevated after the first increase. In this range 
of PE concentration the strips showed a tonic contraction 
during the whole PE stimulation. All these results are pre-
sented in the work of Lamboley et al. [3] and have been 
modeled by Koenigsberger et al. [4]. 

These results showed that the SMCs need to be locally 
synchronized to induce vasomotion. By observing wide 
regions of the strip with a high time resolution (750 µm 
wide regions up to 5 images per second), we noticed that the 
SMCs were not synchronized on the whole arterial length 
during vasomotion. An intercellular propagation of the 
[Ca2+]i increase could be visualized. This phenomenon 
could be described as an intercellular calcium wave propa-
gating along the arterial strip. Our measurements estab-
lished that there was no privileged direction for the propa-
gation of the intercellular calcium wave, i.e. the wave was 
spreading either from proximal side to distal side or in the 
opposite way. The velocity of the calcium wave spreading 
from SMC to SMC was measured in the two different direc-
tions and no difference has been found. The  speed was 

Fig. 1 Typical recording of the fluorescence ratio in 9 representative SMCs 
(curves 1-9), the mean fluorescence ratio (MFR) in all the observed area 
and the local contraction (LC) of the arterial strip under stimulations with 
A: 0.2 µM PE and B: 0.6 µM PE. 
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about 100 µm/s for both directions. 

In order to determine the speed of the contraction waves 
accompanying the calcium ones, the tracking software fol-
lowed the time evolution of the contraction along the strip 
and gave the velocity of these contraction waves. As ex-
pected, we obtained the same velocity for the contraction 
wave. 
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IV. CONCLUSION 

The first part of the present work showed the different 
SMCs recruitment modes and their dependence on the con-
centration of vasoconstrictor used to stimulate the arterial 
strips. The importance of a synchronization of SMCs to 
induce arterial vasomotion was also demonstrated. In the 
second part, the propagation of an intercellular calcium 
wave spreading between SMCs during vasomotion was 
characterized. We have determined the speed and direction 
of this wave and the associated strip contraction wave was 
also characterized using a tracking software. Finally, we 
have proved that the endothelium is not necessary to the 
propagation of contraction and intercellular calcium waves. 

As the endothelial cells were removed in these experi-
ments, the intercellular calcium waves did not use the endo-
thelium as a propagation pathway. To know whether the 
presence of the ECs would change the speed of this propa-
gation, experiments on strips with an intact endothelium 
were performed. In this case the concentration of PE used 
was a little higher (about 2 µM) because more PE is needed 
to induce vasomotion on strips with intact endothelium [1]. 
The stimulated strips also showed contraction waves propa-
gating along the strip during vasomotion. Unfortunately, in 
this configuration, the calcium propagation could not be 
observed as SMCs were “hidden” under the loaded ECs. 
The velocity of the contraction wave in presence of an intact 
endothelium was measured and we also obtained a speed of 
approximately 100 µm/s. Figure 2 shows the different ve-
locities measured in presence or absence of endothelium on 
arterial strips. The fact that the contraction wave’s speed 
stayed unchanged between experiments in intact and endo-
thelium denuded strips, confirmed that the endothelium was 
not the principal pathway for the intercellular calcium 
propagation in SMCs. 

ACKNOWLEDGMENT

This research was supported by the Swiss National Sci-
ence Foundation grant (FN 310000-114097). 

calcium wave
contraction wave

50

100

150

Strips without ECs Strips with ECs

W
av

e 
ve

lo
ci

ty
 [μ

m
/s

]

REFERENCES 

1. Seppey D, Sauser R, Koenigsberger M, et al. (2008) Does the Endo-
thelium Abolish or Promote Arterial Vasomotion in Rat Mesenteric 
Arteries? Explanations for the Seemingly Contradictory Effects. J 
Vasc Res 45:416-426 

2. Schaub S, Bohnet S, Laurent V M, et al. (2007) Comparative maps of 
motion and assembly of filamentous actin and myosin II in migrating 
cells. Mol Biol Cell 18:3723-3732 

3. Lamboley M, Schuster A, Beny J L, et al. (2003) Recruitment of 
smooth muscle cells and arterial vasomotion. Am J Physiol Heart Circ 
Physiol 285:H562-569 

4. Koenigsberger M, Sauser R, Lamboley M, et al. (2004) Ca2+ dynam-
ics in a population of smooth muscle cells: modeling the recruitment 
and synchronization. Biophys J 87:92-104  

 
Author: Seppey Dominique  Fig. 2 Intercellular calcium and contraction waves velocity on strips de-

nuded from their endothelium (n=15) and contraction wave velocity on 
strips with intact endothelium (n=5). 

Institute: Ecole Polytechnique Fédérale de Lausanne 
Street: EPFL SB IPSB LCB AAB 144 Station 15  
City: 1015 Lausanne  
Country: Switzerland   
Email: dominique.seppey@epfl.ch  

IFMBE Proceedings Vol. 25

424 D. Seppey et al.



Comparison of the methods of microscopic image segmentation  

A. Korzynska1, M. Iwanowski2, U. Neuman1, E. Dobrowolska1 and P. Hoser1 

1 Institute of Biocybernetics and Biomedical Engineering, Polish Academy of Sciences, Warsaw, Poland 

2 Institute of Control and Industrial Electronics, Warsaw University of Technology, Warsaw, Poland 

Abstract— The goal of the investigation is to examine and to 
compare results of the microscopic image segmentation meth-
ods proposed by Authors. The comparison is a part of investi-
gation, concerning methods of cells culture growth monitoring 
in the sense of confluence and counting a number of cells in 
culture. The results of chosen methods of cells’ region detec-
tion in a microscopic image are compared in the paper. The 
first method, the reference method (R), is based on the image 
reorganization and conventional thresholding. The second, the 
morphological flattening (MF) method, is based on image 
morphological filtering and double thresholding. The third, the 
watershed method (WS), is based on the morphological water-
shed, done on a simplified and enhanced image. The compari-
son has been done on the results of cells’ area detection in the 
bright field microscopy images of the neural stem cells’ cul-
ture. The WS method detects cells’ area more precisely than 
others.   

Keywords— image segmentation image analysis, cells counting, 
bright field microscopy image, cells culture, con-
fluence  

I. INTRODUCTION   

Monitoring of cells’ culture growth is extremely useful to 
make living cells in culture or suspension visible without 
changes of culture dishes, extracellular environment or even 
external conditions. It can be achieved when the cells’ cul-
ture is performed in the incubation chamber attached to the 
microscope [1]. But living and transparent cells visualized 
by the microscope with bright field optics are badly seen 
because of the small difference in contrast between the 
cytoplasm and the media. Cellular structures can be easy 
imaged and identified after staining or labeling, but these 
procedures affect the viability of the specimen [2]. To ob-
serve cells’ culture without staining or fluorescent excita-
tion the visualization challenges, associated with cellular 
transparency and the optical problems concerning observa-
tion through plastic culture-dishes, should be overcome. 
Quantification of the cells’ culture growth, by monitoring 
culture confluence or by analysis of single cell or cells’ 
clones morphology or by trace changes of a number of cells 
in the image plane, requires finding the method of micro-
scopic image segmentation. The segmentation procedure 

should separate the area covered by cells from the back-
ground. The comparison of the results of chosen methods is 
presented in the paper.  

Related works: The characteristic of cells’ culture growth 
of different types of cells is well documented with the use 
of a variety of techniques, including fluorescence-activated 
cells sorting (FACS), haemocytometry and DNA and pro-
tein synthesis [3]. All of them are destructive to the cell 
culture.  

The quantitative phase microscopy (QPM) [4], being a 
computational approach that provides the map of phase 
changes based on bright field images, is not destructive to 
the specimen. QPM requires the multiply image acquisition 
of an image plane: an in-focus image, together with one 
positive and one negative de-focus images.    

Cells cultured in a thin monolayer show a relatively good 
contrast of inner cell’ structure, such as nucleus, nucleoli, 
endoplasmic reticulum, raffles, whilst the clean actin net in 
protrusion regions is almost indistinguishable from the 
background. The structures produce the characteristic tex-
ture, which can be used to improve the boundary definition 
of cells or cells’ cluster. These features are exploited in the 
methods early proposed by Authors [5]. The validation and 
comparison of results of cells’ image segmentation are pre-
sented in the paper. 

II. MATERIALS AND METHODS  

The results of three image processing methods, which 
separate cells’ area from the clean background, recently 
proposed by Authors, are compared. The first method, fur-
ther called the reference method (R) [6], is based on the 
simplest image preprocessing methodology. The second, 
called the morphological flattening method (MF) [7], is 
based on the image morphological filtering. The third, 
called the watershed method (WS) [8], is based on the mor-
phological watershed, done on the simplified image. The 
methods of cells’ area detection are implemented in MatLab 
R2007a. There are descriptions of them in the next section. 
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A. Methods of cells region detection 

Reference method: (R) The method reorganizes informa-
tion in image by transforming the gray scale in it. The me-
dian color, namely the most frequent color of the back-
ground, is moved to the black, whiles all cellular details 
(brighter or darker than the background) are moved to vari-
ous shades of gray. Then conventional thresholding, with 
the threshold level in the deepest valley of histogram, can 
separate cells’ area from the background.  

Morphological flattening method: (MF) The method 
consists of three functional steps: background suppression, 
image simplification and binarization, which are repeated 
four times. Each repetition separates cells having various 
characteristics. The background suppression is done with 
opening and closing by reconstruction. The image simplifi-
cation by flattening the texture is done by the alternating 
sequential filter consisting of openings and closings by 
reconstruction. The final step - image binarization - is done 
by the double thresholding. After each iteration the detected 
area is readjusted from the original image (covered by black 
pixels) and the next iteration starts with the method parame-
ters adjusted to find another group of cells. 

Watershed method: (WS) The method consists of two 
functional steps: texture map construction and detection of 
cell’s or group of cells’ border using the conventional mor-
phological watershed segmentation. The level of texturing 
over the whole image is computed as the local mean abso-
lute deviation, calculated using an averaging filter. The 
result of linear filtering is feature morphologically filtered 
in order to remove some point-wise noise then binarized by 
thresholding to obtain the binary mask covering the area of 
the cell or cells in clone. This mask suffers from a lack of 
accuracy. But it can be used as the marker depicting the 
position and the rough area of cells. The precise outline of 
cells will be obtained using the morphological watershed 
transformation of the input image gradient using con-
structed regional minima of the input image gradient.  
B. Experimental data acquisition 

The Human Umbilical Cord Blood derived Neural Stem 
Cells (HUCB-NSC line) established in NeuroRepair Dep. 
Lab; Mossakowski Medical Research Centre PAS were 
used to capture the cell image [9].  

Stem cells were seeded onto plastic 6-wells [Nunc] cul-
ture dishes at 105 cell/ml in media (DMEM/F12 [Gibco] 
with 2% FBS [Immuniq], insulin-trasferrin-selenium ITS, 
1:100 [Gibco] and antibiotic actimyocotic solution AAS, 
1:100 [Sigma] in standard conditions (37 C, 5% CO2 and 
humidity 95%). A period of 24 h was allowed for adherence 
of cells to the culture dish and 9 sequences of images were 

then captured with various time increments, 1-10 minutes, 
documented above 700 min of cells’ behavior. 

The bright-field images were acquired using Cells Be-
havior Monitoring System (CBMS; IBBE PAS), with 
CoolSNAP-Pro cf camera mounted on the Olympus IX70 
inverted microscope (objective ×40, 0.60 NA, WD 2.6), 
which captured monochrome 1392×1040 pixels 12 bits deep 
gray scale images. CBMS was supported by equipment to 
control shatters position and Z-axis motorized stage and 
temperature condition of a sample. The image plane shows 
culture dishes area of 220 m x 165 m.  

More than 160 images in 9 sequences were captured, and 
then one image from each sequence was randomly chosen 
to comparison. The fragments of three images were shown 
in Fig. 1.    

 

 

 

 

Fig. 1. Image mosaic with examples of cells’ morphology in microscopic 
images: the flattened cell is in the middle, two small rounded cells are on 
the right side – the upper cell is dying, while the bottom one is alive; the 

transitional cell without nucleus is in the top left.   

C. Methods of comparison 

The comparison was done according to chosen features: 
area of cell according to all types o measurements (S(WSi), 
S(MFi), S(Ri)), the area of difference between results of cell 
region segmentation (S(WS MFi), S(MF Ri), S(R WSi)). 
Three variables to measure difference of area measurement:  
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were defined as the difference between two cell’s area de-
tection in relation to the mean of all three area measure-
ments. The mean values (EX, EY, EZ) and the standard 
deviations (SD(X), SD(Y), SD(Z)) of these measurements 
for each cell from all groups were analyzed. Next the corre-
lation analyses were used to compare the results of all seg-
mentation methods in pairs.  
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III. RESULTS AND DISCUSSION  

 By the look of Fig. 1 it is noticeable that the biologically 
homogeneous population of cells is non-homogeneous in 
cells’ morphology while adhering to the plastic dishes. 
Three main types of cells’ morphology can be described:  

the converged cells, which are small, rounded and rela-
tively well contrasted (Fig. 1, the right side cell), 

the flattened cells, which are barely distinguishable in 
image particularly in their peripheral parts because their 
clean cytoplasm structures are thinner than the depth of 
focus of the objective (Fig. 1 cell in the right middle), 

the transitional cells, which start to develop pseudopo-
dia and elongate, but still being far from the flattened 
shape; this group is still non-homogeneous, so it is arbi-
trarily divided into two subgroups: cells with (Fig. 2, 
the bottom cell) and cells without nucleus visible 
among cell’s structures (Fig. 1, the top-left side, and 
Fig. 2, both upper cells). 

Characteristics of the image of cells of each type is dif-
ferent, what leads to different error-prone segmentation 
results. Then four morphological types of cells are com-
pared separately. 43 fully visible cells from 9 images are 
analysed using 3 described above methods of cells’ region 
separation. 3 binary maps with segmentation results for 
each cell are quantified [software: Image-Pro Plus v. 6.1, 
Media Cybernetics]. Fig. 2. shows segmentation results of 
the cluster of three cells: the result of the WS method is 
presented in the form of black outline, of the MF method in 
the form of white outline, whiles of the reference method in 
the form of binary mask imposed on the original image. 

The analysis of the mean and the standard deviation of 
cells’ region in cell morphology groups for all compared 
methods and for the mean of area measurements for each 
cell are shown in Table 1. The results of all three proposed 

methods are equivalent for small rounded cells’ group, but 
with increasing flattening of cells the results differ more and 
more (also visible in Fig. 4).  

Table 1 the mean and the standard deviation of a selected area in the cells 
morphology groups 

Area selected  
in m2

Cells’ group 

WS method 
in m2

MF method 
in m2

R method 
in m2

Mean for all 
methods  
in m2

Small and rounded 395  172 261  139 370  156 342  148 
Transitional without 
nucleus 

528  135 440 230 542  114 504  55 

Transitional with 
nucleus 

800  227 671  280 807  293 759  76 

Large flattened  2285  1003 1430  626 1474  325 1730  481

 
The MF method selects the area with the harsh texture 

and reduces the smooth area inside the cell, what decreases 
detected cell’s region (Fig. 2, the middle section).  

The R method, which includes the hello around the cell, 
leads to oversegmentation results for all groups (Fig. 2, the 
4th section), except from the group of the largest flattened 
cells, for which it reduces clean actin protrusions and leads 
to undersegmentation.  

The WS method produces the area covering cell’s body 
and protrusions, but sometimes it includes parts of the 
background between two cells or between protrusions. So 
the WS method is chosen to future development. 

Fig. 3 presents the correlation between chosen the WS 
method and others two tested methods. The highest correla-
tion coefficient is observed in the group of small rounded 
cells: 0.95 for WS and 0.8 for others. The correlation coef-
ficients 0.93 and 0.77 are observed in correlation between 
WS and R methods for both groups of transitional cells, 
while for the same cells group is 0.65 for correlation be-
tween WS and MF. The correlation coefficient is low - 0.2 
in the group of the largest flattened cells. 

Fig. 2. The results of cells’ area detection: the original image, the result of the watershed method in the form of black outline, the result of the morpho-
logical flattened method in the form of white outline and of the reference method in the form of the binary mask, imposed on the original image; there are 

three cells bottom one with visible nuclei and two without: the left side cell keeps the best agreement between results of all methods (S(WSi)=299 m2, 
S(MFi)=253 m2, S(Ri)=344 m2, M(WSi, MFi, Ri)=298.7 m2, SD(WSi, MFi, Ri)= 45.9 m2, S(WS MFi)=22%, S(MF Ri) =11.7%, S(R WSi) =36.7%) 

whiles the right side one appears the worst agreement between results of all methods (S(WSi)=486 m2, S(MFi)=251.5 m2, S(Ri)=583.5 m2, M(WSi, MFi, 
Ri)=440 m2, SD(WSi, MFi, Ri)= 170 m2, S(WS MFi)=46%, S(MF Ri) =19.8%, S(R WSi) =63%) 
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Fig. 3. The plots of the correlation between two pairs of the cells’ region 
detection methods  

The analysis of the relative area of difference between re-
sults of each pairs of methods, shown in Fig. 4, reveals 
various tendencies in results of the cell segmentation in the 
various cells type.    
 

 
Fig. 4. The analysis of the area difference in % of average measurements in 

the four types of the cells’ morphology   

IV. CONCLUSIONS  

The proposed methods of the cells’ area detection on the 
microscopic images are equivalent in the area detection for 

cells, which are relatively well contrasted from the back-
ground. While for particularly flattened cells, with clean 
actin protrusions, the best detected area has been achieved 
with the WS method. This non-destructive method will be 
developed and improved to achieve a single cell segmenta-
tion method. The microscope bright-field images and 
software allow detecting the area of cells’ region, what is 
needed to measure the confluence and to track the cell 
culture growth and/or regression by repeated time-lapse 
measurement and the examination of cells and cells’ clone 
morphology. The quantification of number of cells in image 
will be developed in future based on the WS single cell 
segmentation method. 
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Abstract—The standard ECG remains the most common 
non-invasive tool for assessing atrial fibrillation. Specific signal 
processing techniques have been developed to improve the 
diagnosis. However, validation of such tools is challenging and 
comprehensive invasive data may not easily be obtained. To 
facilitate this task, we developed a computer model of the 
atria. In this electrophysiological model, atrial fibrillation was 
simulated and the manifestation of its electrical activity on the 
thorax was computed. The resulting realistic-looking synthetic 
ECG signals were used as benchmarks for testing, evaluating 
and comparing ECG processing techniques such as cancella-
tion of the ventricular activity, vectorcardiography and domi-
nant frequency analysis. 

Keywords—atrial arrhythmia, computer modeling, electro-
cardiograms, signal processing, validation. 

I. INTRODUCTION 

Atrial fibrillation (AF) is the most frequent rhythm dis-
order in humans and often leads to severe complications 
such as heart failure and stroke. Standard electrocardiogram 
(ECG) is the most common non-invasive tool for diagnos-
ing cardiac arrhythmias. While different etiologies of AF 
have been identified, their relations to the AF dynamics and 
to the resulting electrical activity as observed on the torso 
remain unclear.  

Signal processing tools have been developed to auto-
matically analyze electrical signals (electrograms, ECGs) 
during an arrhythmia, and to extract some information about 
the progression of the disease [1]. The clinical use of spec-
tral analysis (dominant frequency in particular) to identify 
potential high frequency sources of AF illustrates the impor-
tance of signal processing for catheter ablation therapy [2]. 

Validating these techniques requires some gold standard. 
Computer models provide such a standard since the sub-
strate properties, wavelet dynamics and electrical signals 
can all be monitored. For instance, computer models have 
been used to demonstrate the correspondence between elec-
trogram maximal derivative and local activation time [3], 
and to test the validity of estimating the atrial rate from 
electrograms [2,4,5]. Extending this approach to ECGs 
enables a direct comparison between invasive and non-
invasive diagnosis within a simulation framework. 

This paper describes the use of a computer model of the 
atria to generate realistic synthetic ECG signals to support 
the development of new ECG processing tools, validate 
them, and measure their performance. Applications to 
QRST cancellation and interpretation of spectral analysis 
and vectorcardiography are presented. 

II. METHODS  

A. Atrial Model and Simulated ECGs 

A three dimensional model of human atria was con-
structed from magnetic resonance images [1], including 
holes at sites of the entries and exits of the vessels as well as 
at the locations of the valves connecting the atria to the 
ventricles (Fig. 1A). The electrical propagation of the car-
diac impulse was simulated using a reaction-diffusion sys-
tem based on a detailed ionic model of the cell membrane 
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Fig. 1 Geometry of the models representing the atria and the thorax 
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kinetics [6,7]. Boundary element methods were applied to a 
compartmental torso model (Fig. 1B) including the atria, the 
ventricles, blood cavities and the lungs, to compute body 
surface potentials [8]. This approach has been previously 
validated for normal rhythm [8].  

In order to create a substrate for AF, patchy heterogenei-
ties in action potential duration were introduced by modify-
ing the local membrane properties [9,10]. AF was induced 
by rapid pacing in the left atrium appendage. Standard 12-
lead ECGs were computed during episodes of simulated AF 
and compared to clinical signals recorded in a patient with 
chronic AF [11]. 

The model simulates the atrial contribution to the ECG. 
The ventricular contribution was extracted from the ECG 
during (fast) regular rhythm in patients with paroxysmal AF 
[12]. The sum of these two components formed a complete 
synthetic ECG. 

 

 

Fig. 2 Examples of simulated and clinical ECGs (after QRST cancellation) 
recorded on lead V1 

 

B. Data Analysis 

A set of signal processing techniques were applied to the 
simulated ECG signals, namely:  

1. Cancellation of the ventricular activity [12]; 
2. Computation of the equivalent dipole (VCG) from the 

12-lead ECG  [13]; 
3. Enhanced spectral analysis using phase-rectified signal 

averaging [14]. 

The gold standards provided by the computer model were 
respectively:  

1. The atrial contribution to the ECG; 
2. The equivalent dipole ("true dipole") computed by 

summing the dipole sources located within the myocar-
dium [8,15]; 

3. The distribution of local atrial rates extracted from the 
time course of transmembrane potentials. 

At each step, the output was compared to the gold standard. 

III. RESULTS 

Simulated AF was observed as multiple reentrant wave 
fronts that propagate and interact in a random fashion over 
the atrial surface [7,9,11]. Figure 2 displays examples of 
ECGs for different episodes of simulated AF as well as 
clinical ECGs recorded in different patients. The simulated 
ECGs showed many of the features of clinical ECGs, both 
in the time and in the frequency domain. 

 

 

Fig. 3 (A) simulated ECG before and after QRST cancellation; (B) com-
parison with the true atrial component; (C) estimated dipole and true atrial 
equivalent dipole 
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Figure 3 demonstrates how the processing of ECG sig-
nals is tested using the model. First, the ventricular activity 
was suppressed from the ECG (Fig. 3A). Since the true 
atrial component was known, the performance of the QRST 
cancellation algorithm could be measured using root mean 
square error for instance (Fig. 3B). Then, the equivalent 
dipole (VCG) of the atria was derived from the atrial com-
ponent of the 12-lead ECG [15]. The resulting X, Y and Z 
components were compared with the true atrial equivalent 
dipole (Fig. 3C). 

 

 
Fig. 4 (A) Power spectrum computed using phase-rectified signal averag-
ing (PRSA) on lead V1 after QRST cancellation. (B) Power spectrum of 
the atrial contribution to lead V1. (C) Histogram of atrial dominant fre-
quencies computed from the transmembrane potential time course 

Figure 4 illustrates how the relevance of spectral analysis 
to the estimation of dominant atrial rates can be assessed. 
The power spectrum computed using phase-rectified signal 
averaging [14] on lead V1 after QRST cancellation (Fig. 
4A) can be compared to the power spectrum of the true 
atrial activity on lead V1 (Fig. 4B) as well as to the atrial 

rates measured directly (i.e. invasively) in the myocardium 
(Fig. 4C). The results show that the basic frequency of AF 
can be extracted from lead V1 despite the interference of the 
residual ventricular activity and the presence of harmonics. 
Phase-rectified signal averaging enhances the dominant 
frequency, but possibly attenuates the power of secondary 
basic frequencies that may be associated with secondary AF 
sources. The analysis of multiple leads or body surface 
potential maps over the full spectrum can be used to reveal 
these secondary basic frequencies [16]. 

IV. DISCUSSION  

We have developed a tool to generate synthetic ECG sig-
nals similar to those recorded in patients during AF and in 
which the exact contribution of the atria is available. These 
signals were found to be appropriate for evaluating, com-
paring and validating ECG processing algorithms such as 
QRST cancellation and spectral analysis. In addition, in-
formation at the cellular scale about wavelet dynamics, 
transmembrane potentials and even membrane kinetics are 
also available. This makes it possible to investigate the  
link between features of the ECG and underlying tissue 
properties. 

The use of simulated ECG signals permits the develop-
ment of signal analytical tools through their application to 
signals that are free of noise, baseline variations and other 
recording artifacts. Clinical signals are generally more com-
plex than the simulated ones. The morphology of their 
QRST complexes is more varied than the simulated ones. 
QRST cancellation is therefore generally more difficult. 
However, recent advances in preprocessing methods have 
now attained a sufficient quality [1]. In our simulations, 
signal duration was limited to 20-30 seconds due to the 
computational load of detailed electrophysiological models 
[10], while 5-minute ECG recordings or Holter monitoring 
are common. 

V. CONCLUSIONS  

Simulated ECGs can be used as synthetic signals for as-
sessing and validating signal processing tools such as QRST 
cancellation or dominant frequency estimation. Computer 
models may help select the most valuable features of ECG 
signals in their relationship with the underlying AF dynamics.   
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Abstract—The molecular pathway of infection of mammal-
ian cells by pathogenic bacteria is still unsolved. The deforma-
tion of the cell membrane and especially the role of ceramide 
molecules during the penetration of the bacteria into the cell is 
of particular interest for biologists to understand the infection 
process. By means of modern laser scanning microscopy it is 
possible to generate spatial images of vital macrophages in 
spatial relation to bacteria infected the cell. These images show 
how bacteria diffuse through the membrane. In this study 
three-dimensional visualizations of microscopic images show-
ing infected mammalian macrophages are presented created 
by the use of known and adapted 3D reconstruction algorithms 
which facilitates the analysis of the membrane deformation 
and of the ceramide aggregations during the cell infection. To 
depict the topography of the cell surface membrane we used 
the “Marching Cube” algorithm whereas the use of the “Tex-
ture Mapping” algorithm allows us to visualize the dye distri-
bution in a biologically correct manner. Additionally stereo-
scopic visualization techniques were applied to improve the 
possibilities of analyzing the images. Here, we show that the 
production of ceramide and the deformation of the membrane 
around and underneath the bacterial aggregation is essential 
for allowing the bacteria to penetrate into the cell. 

Keywords—macrophages, infection, volume rendering, 3D 
visualization, stereoscopy. 

I. INTRODUCTION  

Infections of mammalian cells with pathogenic bacteria 
are currently researched by biomolecular methods. During 
internalization of bacteria into mammalian cells, induction 
of cell death and the triggering of an inflammatory response 
are highlights of many bacterial infections. 

Understanding the interactions of the cell membrane with 
the bacteria during the internalization process is essential 
for comprehending the infection and to develop effective 
biomedicine inhibiting bacterial infections. We have previ-
ously suggested that ceramide plays a critical role for the 
internalization of pathogenic bacteria [1,2]. 

Due to modern three-dimensional laser scanning micros-
copy it is possible to generate digital images of cell  
probations which were previously stained with fluorescent 

dyes. Individually these images are two-dimensional, but 
creating a stack of images allows the assembling of a  
three-dimensional volume. The aim of this article is to in-
vestigate the spatial distribution of ceramide during the 
infection by generating three-dimensional visualizations of 
acquired microscopic images with the help of two known 
and modified volume rendering algorithms called “March-
ing Cube” and “Texture Mapping”. We had to pay attention 
to the correct reproduction of the spatiotemporal changes of 
the membranous and bacterial structures on the one side and 
the different intensities and colocalizations of the fluores-
cent dyes on the other side. Besides the membranous de-
formation the aggregation of ceramide and its co-
localization with the other dyes contains important informa-
tion about the role of ceramide during the infection process 
[3-7]. In the present study, we have investigated the hy-
pothesis that ceramide facilitates internalization of bacteria 
into the cell. In this context a stereoscopic visualization 
technique seemed to be reasonable for more detailed image 
analysis. 

II. MATERIALS AND METHODS 

A. Used Cell Images 

Microscopic slices of mammalian macrophages were 
available to generate the three-dimensional reconstructions. 
The cells were infected with a green fluorescent mycobacte-
rium BCG. By the use of different fluorescent dyes the 
probations were stained to show the lipid ceramide as well 
as the Rab5 proteins inside the cell. Ceramide was colored 
with a red and Rab5 with a blue dye to clearly distinguish 
between these cell components in the later microscopic 
images. Laser scanning microscopy was performed to these 
primed slices on a Leica TSP2 module linked to a Leica 
DMIRE 2 microscope equipped with a ×100  oil objective. 
The planar extension of all three probations was 

2150150 mμ× . Its thickness ranged from mμ094.4  up to 
mμ538.9 . 

During image acquisition from each cell probation six 
slices were registered from top to bottom whereas the  

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 437–440, 2009. 



438 M. Granseier et al.

 

  
 

IFMBE Proceedings Vol. 25

 

 

fluorescent dyes were stimulated by laser light. Bacteria 
were illuminated green, ceramide was illuminated red and 
Rab5 was illuminated blue. The matrix of the RGB color 
space for each slice was saved by the microscope so that 
three separate image sequences of all fluorescent cell com-
ponents were available after the registration process. Each 
image had a size of 512512 ×  pixel which relates to a pixel 
size of 2293.0293.0 mμ× . 

B. Image Pre-processing and Visualization 

Distracting and non-relevant objects and pixels were re-
moved by using a threshold filter which erases all pixels 
below a user defined threshold and remains the other pixels 
unchanged. Thus, background noise could nearly be elimi-
nated completely. An edge preserving smoothing filter was 
performed on the images before they were three-
dimensionally reconstructed with the “Marching Cube” 
algorithm. This smoothing was done to point out the topog-
raphy of the membrane during the infection. Furthermore 
the number of slices was increased from six to 21 using a 
linear interpolation method to generate intermediate images. 
This kind of interpolation was necessary to create feasible 
3D visualizations. In order to give a better spatial orienta-
tion viewing the three-dimensional images a membranous 
outline was added interactively to each macrophage. This 
membrane was calculated with a Catmull-Rom spline inter-
polation algorithm based on manually defined nodes. For 
reconstructing the three-dimensional images of the macro-
phages we used two well known reconstruction algorithms, 
the “Marching Cube” and the “Texture Mapping”. Except 
for the Catmull-Rom interpolation all other image process-
ing and visualization was performed using the Insight Tool-
kit (ITK) and the Visualization Toolkit (VTK) implemented 
with Microsoft ® Visual Studio .NET 2003 ™. 

C. Stereoscopic Visualization 

The possibility of stereoscopic viewing is based on the 
slightly different perspectives of the human eye in discern-
ing an object. Left and right eye recognize variant images 
which are then composed in the human brain to create a 
spatial view. This principle can also be implemented in an 
artificial way by special stereoscopic monitors showing an 
image on screen with different information for both eyes. 
There are many kinds of stereoscopic visualization tech-
niques which sometimes necessitate specific eyeglasses to 
achieve the desired effect. In this study we applied the two 
known methods “Dresden” and “Crystal-Eyes”. We used a 
20 inch SeeReal Cn 3D display for a stereoscopic visualiza-
tion and a 20 inch Planar SD2020 display for a conventional 
3D-visualisation. 

III. RESULTS  

Each three-dimensional image is composed of 21 slices 
showing the infection process of the macrophages from top 
to bottom. Figure 1 shows the 3D reconstructions of the 
three available macrophages generated with the “Texture 
Mapping” algorithm. Each of the images A, B and C illus-
trates one of the 21 slices showing the bacteria infecting the 
cell. Ceramide is represented by a red dye, the bacteria are 
shown green and Rab5 is colored blue. Due to the colocali-
zation of the fluorescent dyes some areas appear in different 
shades of color. The colocalization between red ceramide 
and blue Rab5 produces violet regions whereas the colocali-
zation between green bacteria and blue Rab5 produces cyan 
regions. Furthermore there are different intensity levels 
within the several color regions. This is caused by a differ-
ing strength of aggregation of the cell components. 

 
Fig. 1  Three-dimensional reconstructions of the three macrophages available in this study generated with the “Texture Mapping” algorithm. Image A 
shows the probation named “Pos2,5min1”, illustrating slice number ten out of 21. Image B shows slice number ten out of 21 from the probation 
“Pos5min1”. Image C shows slice 12 out of 21 from the probation “Pos5min3”. In each image ceramide is represented by a red dye whereas the bacteria are 
green and Rab5 is blue. Some areas around the bacterial aggregation appear violet and cyan which is caused by the colocalization of the corresponding dyes
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The aim of this article was to define the topology of ce-
ramide and the bacteria during the infection process. Cera-
mide aggregated around the infected cell area. Figure 2 
shows three macrophages without the bacteria and Rab5 to 
highlight the different intensity levels of ceramide. Com-
pared to figure 1 one can clearly see a high concentration of 
red dye around the bacterial regions. Furthermore we ob-
served an elevation of the cell surface membrane at the 
edges of the bacterial aggregation. Especially the macro-
phages in figure 2 B and C form a kind of crater around the 
bacterial penetration zone (Fig. 3A,B). 

 
Fig. 3  Area of pure bacterial penetration without containing both bacteria 
and Rab5. In both images A and B an elevation of the membrane could be 
observed forming a crater wall with a high level of ceramide at the edges 

Besides this elevation there was also a dent underneath 
the bacteria. This dent could be observed primarily within a 
region where the bacteria shape a kind of tube (Fig. 1) and 
which is considered to be the point of bacterial internalisa-
tion into the cell. These topological membrane deformations 
could be recognized in all three-dimensional models due to 
surface reconstruction or virtual light reflections. 

The “Marching Cube” algorithm used for cell recon-
structing produced a more contoured 3D model with a dis-
tinct surface reproduction. Due to the strong granularity of 
the ceramide aggregations over the whole cell surface it was 
reasonable to smooth the original images with a diffusion 
image filter before generating a three-dimensional model. 
By the aid of the “Marching Cube” visualizations we were 
able to extract the characteristic membranous deformation 
mentioned above in more detail. Figure 4 gives a closer 
look at one of the three cell probations showing just the 
relevant part of the infected cell area. In order to depict the 
characteristic tubular deformation of the bacteria during the 
penetration the green colored bacteria aggregation as well as 
Rab5 are represented as two-dimensional isolines in this 
scene. In the foreground one can see the membranous eleva-
tions on the right and on the left of the bacterial tube 
whereas underneath the tube a dent inside the membrane 
can be recognized which fits the size of the bacterial accu-
mulation. 

 

 
Fig. 2  Reconstruction of the three macrophages without the appearance of bacteria and Rab5. The conspicuous aggregation of ceramide around the 
bacterial region and the elevation of the cell membrane in this area points out the strong involvement of ceramide during the infection process. The 
macrophages A and B are even forming a crater around the bacterial penetration zone 
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Fig. 4  Focus on the penetration area of one analyzed macrophage recon-
structed with the “Marching Cube” algorithm. Green bacteria and blue 
Rab5 are represented as two-dimensional isolines. In the foreground of the 
scene one can see the tubular deformation of the bacterial aggregation. 
Beside the tube the membrane elevates and it dents underneath the bacteria 

IV. CONCLUSIONS 

A “Marching Cube” based spatial reconstruction algo-
rithm shows clearly the topography of the cell surface dur-
ing the bacterial infection. Due to the fact that “Marching 
Cube” is a surface-rendering-algorithm we were able to 
depict the characteristic deformation of the cell surface 
membrane during the penetration of the bacteria. For a fea-
sible analysis of the topography it was necessary to smooth 
the original images with a smoothing image filter to reduce 
the strong granularity of the ceramide aggregations. How-
ever, this granularity gives important information about the 
dispersion of ceramide inside the cell. Furthermore the 
different intensities of the fluorescent dyes couldn’t be re-
produced with the “Marching Cube” algorithm. Totally, the 
“Marching Cube” method is not useful to generate a bio-
logical correct reconstruction of the analyzed macrophages. 
Nevertheless it produces suitable models for analyzing the 
surface structure and for giving answers to the purpose of 
this study. 

Using the “Texture Mapping” visualization method it 
was possible to reconstruct three-dimensional images for 
examining factors like the distribution and colocalization of 
the three used dyes for ceramide, bacteria and Rab5. With 
the help of these 3D models we could examine correlations 

between the membranous deformation and the aggregation 
of ceramide and Rab5 at the relevant areas. 

So the study of the three-dimensional images of all three 
macrophages, especially with the help of stereoscopic 
hardware, led to the result that ceramide is mainly produced 
underneath the cell membrane which leads to the membra-
nous elevations at the edge of the bacterial aggregation. Due 
to the fact that there is no co-localization between the red 
ceramide and the green bacteria dyes it is obvious that the 
bacteria at the outside of the cell and the ceramide inside the 
cell are separated by the cell membrane. The dent under-
neath the bacteria allows them to enter and to infect the cell. 
It might be possible that ceramide mediates fusion of the 
endoplasmic reticulum with the cell membrane to open a 
gap and to internalise the bacteria. 

This knowledge about the involvement of ceramide in the 
infection process of mammalian macrophages can be used 
to develop drugs blocking the production of ceramide and 
preventing the bacteria to diffuse into the cell. 
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Abstract— In recent years, nonfusion stabilization of the 
lumbar spine has gained more and more popularity. This 
nonfusion systems intend to maintain or restore the interseg-
mental motions to magnitudes of the intact spine and have no 
negative effects on the segments adjacent to the stabilized once. 
This study investigates posterior dynamic stabilization devices 
with different implant stiffness in comparison to the gold stan-
dard of dorsal spinal instrumentation, namely fusion. To de-
termine the magnitude of stabilization and the effect of the 
stabilization on the adjacent segment, six human lumbar ca-
daver spines were fixed in a spinal simulator and loaded with 
pure moments alone, and with pure moments and additional 
preload in the three motion planes. For each spine, five differ-
ent stages were tested: native, rigid fixation, dynamic fixation 
with two Prototypes and the Dynesys®. Intersegmental motions 
were measured at all levels. For the bridged segment, the dy-
namic systems stabilized the spine and were more flexible than 
the rigid fixation. The results showed that there is a strong 
dependency of implant stiffness and intersegmental rotation in 
flexion/ extension and lateral bending. The motion in the adja-
cent segments was not influenced by either stabilization 
method. Our results suggests that dynamic stabilization pro-
vides substantial stability in case of degenerative spinal disor-
ders and can therefore be considered as an alternative method 
to fusion surgery in this indications while the motion segment 
is preserved. But it is still unclear to which amount motion 
should be resrticted or allowed. 

Keywords— Spinal Instrumentation, Biomechanics, Dynamic 
Stabilization 

I. INTRODUCTION 

Lumbar fusion is commonly the golden standard for the 
treatment of a wide variety of spinal disorders such as de-
generative disc disease (DDD). However , there are numer-
ous clinical studies reporting accelerated disc degeneration 
adjacent to fused and / or rigidly instrumented segments [1-
4]. In order to preserve the mobility of a motion segment 
and to prevent negative effects on adjacent segments, dy-
namic non-fusion systems have become more and more 
popular. 

The systems range from total disc replacement (TDR), 
nucleus replacement, to devices that maintains the disc with 
a reduced controlled motion of the segment such as inter-

spinous implants and dynamic pedicle screw systems. But 
from a clinical standpoint it is still unclear how dynamic a 
so-called dynamic fixation device has to be. 

It is interesting to know how a dynamic implant affects 
the mechanical behavior of the lumbar spine in different 
situations. Extensive clinical experience has been gained 
with rigid implants. Thus, a comparison of the effects of 
dynamic and rigid implants will disclose the advantages of 
posterior dynamic implants. 

The aim of this study was to compare dynamic posterior 
fixation devices with different stiffness to the native situa-
tion of the spine and to a rigid instrumentation on the effects 
of intersegmental rotation in the treated and adjacent seg-
ment in two different loading scenarios. 

II. MATERIAL AND METHODS 

A. Specimens 

For the in vitro flexibility test series 6 fresh frozen hu-
man lumbar spines (L3-L5) were used. The mean age of the 
specimens was 69, ranging from 53 to 77. In order to fix the 
specimens in the spinal simulator, the cranial and caudal 
vertebra (L3 and L5) were potted with epoxy resin in test 
fixtures. 

B. Instrumentation 

Three different dynamic pedicle screw based stabilization 
devices (Dynesys®, Zimmer GmbH Switzerland, Prototype 
1 and 2, Aesculap AG Germany) have been tested in com-
parison to a rigid fixation device (S4, Aesculap AG Ger-
many) and to the native situation of the lumbar spine (Fig. 
1). The instrumented level was L4-L5. The dynamic stabili-
zation devices have the following stiffness: Aesculap Proto-
type 1: 10 N/mm, Aesculap Prototype 2: 70 N/mm and 
Dynesys® 170 N/mm. All the dynamic systems have been 
made compatible for the connection with the S4 pedicle 
screw system. Previously tests using a synthetic test model 
[5] showed that the adaptation of the systems does not alter 
their original mechanical behavior. Therefore it was possi-
ble to place the pedicle screws once followed by a cement 
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augmentation of the screw in the vertebra and only the dy-
namic rods have to be replaced at every instrumentation 
step. With this procedure the risk of pedicle screw loosening 
during testing of the different systems was minimized. The 
order of the instrumentation steps was randomized for each 
specimen. 

Fig. 1: Spinal instrumentation: A) S4 rigid fixation, B) dynamic fixation 
Prototype 1, C) dynamic fixation Prototype 2, D) dynamic fixation Dyne-

sys®

C. Spinal Simulator 

The specimens were loaded at room temperature in a spi-
nal simulator based on the principles of Crawford et al. [6], 
applying pure moments for flexion/extension, lateral bend-
ing and axial rotation (+/-7.5Nm) and in a second step with 
additional axial preload (FP=400N) with a defined velocity. 
The kinematical parameters range of motion ROM, neutral 
zone (NZ) have been measured with a 3D ultrasonic motion 
analysis system (Zebris, Germany) in the instrumented 
segment (L4-L5) and in the upper adjacent segment (L3-
L4), measuring the twelve components of motion (six de-
grees of freedom) according to Panjabi [7, 8]. The charac-
teristic parameters range of motion (ROM) and neutral zone 
(NZ) have been analyzed from the hysteresis curves. 

Fig. 2: Spinal Simulator 

III. RESULTS 

A. Bridged Segment (L4-L5) 

For all the three motion planes (flexion/extension, lateral 
bending and axial rotation) the rigid system showed the 
highest stabilization of ROM and NZ. The dynamic stabili-
zation devices allow more intersegmental rotation than the 
rigid fixation but are still under the magnitude of the native 
situation. The reduction of ROM and NZ increases for the 
dynamic systems with the device stiffness in the motion 
plane flexion/ extension and lateral bending. There the dy-
namic system with the lowest stiffness allows the most 
intersegmental rotation. Whereas in the motion plane axial 
rotation an adverse effect has been found. There with in-
crease of the dynamic device stiffness the reduction of 
ROM and NZ decreases. The dynamic system with the 
highest stiffness showed nearly no reduction of interseg-
mental rotation in comparison to the native state. This ef-
fects were also found for both loading scenarios. 

The both loading scenarios showed the same tendency of 
intersegmental rotation for all instrumentation in compari-
son to the native situation. But the application of the addi-
tional preload reduces the ROM and NZ in comparison to 
the loading only with pure moments. 

B. Upper Adjacent Segment (L3-L4) 

In general, the ROM and NZ of the adjacent segments 
were not affected by the different instrumentations of the 
bridged segment (Fig. 3-5). This was found for both loading 
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scenarios (pure moment and pure moment with additional 
preload) and in any of the three motion planes. 
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Fig. 3: Flexion/ Extension, ROM and NZ, for bridged (L4-L5) and adja-
cent segment (L3-L4), for both loading scenarios (pure moment, pure 

moment with additional preload) 
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Fig. 4: Lateral Bending, ROM and NZ, for bridged (L4-L5) and adjacent 
segment (L3-L4), for both loading scenarios (pure moment, pure moment 

with additional preload) 
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Fig. 5: Axial Rotation, ROM and NZ, for bridged (L4-L5) and adjacent 
segment (L3-L4), for both loading scenarios (pure moment, pure moment 

with additional preload) 

IV. DISCUSSION 

The current study examined the effects of four different 
spinal implants with different stiffness properties on the 
intersegmental motion of the bridged and the adjacent seg-
ment. Six lumbar cadaver spines were fixed in the spinal 
simulator and loaded with two different loading scenarios 
(pure moment and pure moment with additional preload) in 
the three motion planes (flexion/ extension, lateral bending 
and axial rotation). Five different situations (native, rigid 
fixator, dynamic devices: Prototype 1, 2 and Dynesys®) 
were studied, and the intersegmental motion in the bridged 
and adjacent segment was measured. 

In all three motion planes and both loading scenarios the 
dynamic systems showed greater intersegmental motion 
than the internal fixator. The difference was most pro-
nounced with the stiffness of the dynamic systems, with the 
greatest ROM/ NZ for Dynesys® in axial rotation and the 
lowest for Prototype 1 and the adverse effect in flex-
ion/extension and lateral bending. However in axial rotation 
the rigid fixation shows the most stabilization as expected. 
Therefore in this motion plane not only the stiffness of the 
dynamic system but also the design of the dynamic system 
influences the kinematical response of the motion segment. 

In the present study, we did not find differences in in-
tersegmental motion of the adjacent regions to the bridged 
segment for all tested fixation devices. This is in line with in 
vitro [9] and finite element studies [10]. 

Also the ROM and NZ results are comparable to the find-
ing of an in vitro study examining the Dynesys® system. 
There the ROM and NZ decreased for the Dynesys® system 
in flexion/ extension and lateral bending but there was no 
stabilization effect in axial rotation [11]. 
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In addition in a finite element study [12] determining the 
influence of intersegmental rotation in dependence of the 
dynamic device stiffness the authors report that only for 
extremely low values, intersegmental rotation increases 
markedly. This corresponds also to the here reported find-
ings. 

V. CONCLUSION 

The results supports the hypothesis that different implant 
stiffness results in different intersegmental motion in the 
bridged segment. However it is still unclear which stiffness 
is useful for dynamic stabilization of the spine. 

The adjacent segment does not seem to be influenced by 
the stiffness of the fixation procedure under the described 
loading conditions. 
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Abstract— The project MISS (Minimal invasive smart sutu-
re) provides solutions and concepts for several key issues with-
in cardiac surgery. These issues include pre-operative image-
based stenosis detection and planning, intra-operative semi-
automatic registration and dynamically adapting of video and 
angiography data, as well as the presentation of two novel con-
cepts for bypass connection. The proposed solutions are con-
ceptually parts of a closed-loop surgical interaction process 
and will in the mid-term be connected accordingly. 

Keywords — cardiac surgery, anastomosis, image registration, 
pre-operative planning, intraoperative imaging. 

I. INTRODUCTION  

For the surgical treatment of coronary heart diseases, a 
bypass operation of the coronary arteries has been estab-
lished for over 40 years. Coronary artery bypass graft 
(CABG) surgeries are made to create a detour for blood to 
flow around a blocked coronary artery. In the past two types 
of techniques for CABG can been established within cardiac 
surgery: The minimally invasive direct artery bypass (MID-
CAB) and the off-pump coronary artery bypass (OPCAB). 
Each of these techniques has its advantages and disadvanta-
ges. Within MIDCAB procedures, the access to the heart is 
carried out via a 8-10 cm long incision between the ribs. 
Even though patients recover more quickly and post-opera-
tive trauma can be reduced, using this procedure, it is quite 
tedious for the surgeon to prepare the arteries using minimal 
invasive procedures. Furthermore, only coronary arteries at 
the front of the heart are reachable using this procedure. In 
contrast, OPCAB intervention requires the exposure of the 
heart and its vessels through a median sternotomy (dividing 
the breastbone). With this procedure, all coronary arteries 
are reachable by the surgeon, even though heart has to me 
moved and turned for access at its back. Even though it is 
considered as more traumatic for the patient, the time nee-

ded to perform the operation is much shorter than with 
MIDCAB.  

The vision of the project MISS (Minimal invasive smart 
suture) is to support the surgeon during the highly complex 
bypass intervention (either in OPCAB- or MIDCAB techni-
que) with modern technologies from mechatronics and visu-
al computing. In order to achieve a more gentle as well as 
faster intervention for the patient, the project MISS aims to 

 enhance the pre-operative planning of the intervention 
using multi-slice CT images,  

 support the surgeon during the anastomoses by novel 
suture concepts, and finally to  

 assist the surgeon locating the stenosis areas by guiding 
him using registered pre- and intra operative image in-
formation.  

 

Fig. 1: Interaction of the key developments of the “Miss-Heart” project.  

Figure 1 depicts how these different approaches can con-
ceptually be linked together in a closed loop concept. Pre-
operatively, either cardiac CT or angiography data are ob-
tained from the patient. While angiography images still re-
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quire a ambulant catheter-intervention, CT-images can be 
obtained completely catheter-free. Both image types can be 
used to detect stenosis areas in the coronary arteries and 
thus yield planning data for the anastomoses, cf. Section 
II.A. Intra-operatively, the planning data can be used to sup-
port the placement of the bypass connection device. Two 
novel concepts for such devices will be discussed in section 
II.B, namely a thread device and a staple technique. Further-
more, as pre-operatively acquired angiography data can be 
registered statically and dynamically with the video (endo-
scopy) stream depicting the intervention site, additional vi-
sual support for the surgeon about the bypass placement can 
be created by image augmentation, cf. Section II.C. Using 
the surgeon as so-called “human-in-the loop” [1], a closed 
loop approach of sensing (video/endoscopy, EM-tracking) 
and acting (bypass-connection) under the control of plan-
ning-data can conceptually be achieved.  

II. METHODS  

A. Multimodal Cardiac Planning System 

The new generation of multi-slice computed tomography 
(MSCT) scanners makes it possible to obtain high-resolu-
tion images of the heart and enables a non-invasive analysis 
of the coronary arteries in order to detect calcifications and 
stenosis. It thus improves the diagnosis of cardiovascular 
malfunctions. Recently, a method to analyze the coronary 
arteries in MSCT data has been developed and was evalua-
ted within a clinical study [2]. Figure 2 shows the enhanced 
visualization capabilities and automated detection of patho-
logies with our approach. 

However, the current gold standard for detecting stenosis 
and calcifications is still invasive cardiac catheterization, 
where a contrast agent is injected into the coronary arteries 
and x-ray images are gathered in order to inspect the ves-
sels. Nevertheless, we assume that in the near future the 
diagnostic of the vessels will be done using non-invasive 
CT and that only the intervention, if necessary, will be done 
in a catheter laboratory or in the operation room of a heart 
surgeon. This assumption is not unrealistic, as a steadily in-
creasing number of hospitals are already using CT for dia-
gnostic purposes and papers successfully investigating CT 
for this use case have been published (e.g. [3]). A combina-
tion of pre-operatively collected CT data and intra-operati-
vely gathered x-ray images (so-called coronary angiograms) 
will further enhance the trust in CT for the assessment of 
coronary arteries.  

In order to augment such coronary angiograms with pa-
thologies found using the automated MSCT data analysis 
tool described in [2], a method for to register both modali-

ties has recently been developed. We use digitally recon-
structed radiographs (DRR) and an interactive selection of 
three corresponding point-pairs in DRR and coronary an-
giogram to carry out a 3D-2D registration. 

A cardiologist can use this to get additional 3D visualiza-
tion support during or after a cardiac catheterization [3]. A 
heart surgeon can use all the given information to pre-plan 
where he wants to apply the bypass by selecting appropriate 
places and exporting them to a file that can be imported by 
an intra-operative navigation system to find these places 
during the bypass operation. We are currently developing a 
prototype of such a navigation system that is similar to the 
system described in [4], but based on an electromagnetic 
(EM) tracking system. 

 

 
Fig. 2 Surrounding tissues of the heart are removed in order to have a free 
sight to the surface of the heart and the segmented vessel (red). The yellow 
arrow is a marker set by the surgeon preoperatively in the cardiac analysis 

tool. On the bottom of the image the surgeon sees the segmented vessel 
drawn as a straight line. The yellow arrow is a marker. The blue arrows 

show automatically detected calcifications. 

B. Novel concepts of devices for anastomosis procedures 

Today, most of the coronary artery bypass graft procedu-
res are performed with usage of the heart-lung machine and 
in open surgery, including the opening of patient's thorax. 
Alternatively and more gentle for the patient, bypass surge-
ry can be performed minimally invasive and off-pump, 
which means that access to the operational site is created via 
a small thoracotomy between the ribs and without use of a 
heart-lung machine. In this case, manual suturing of coro-
nary artery bypass anastomosis is becoming more and more 
difficult because of the beating heart's movement and lim-
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ited space, especially when thinking about procedures per-
formed on the backside of the heart. Several technical de-
velopments tend to address this problem with anastomosis 
devices [6], but none of them shows superior properties re-
garding reliability (e.g. [7]), nor practicability and minimal-
ly invasive access to the heart (e.g. [8]). 

For that reason, a French-German project team of scien-
tists from Carnot and Fraunhofer Institutes together with cli-
nical partners have developed two concepts of mechanical 
devices to assist the surgeon during a bypass anastomosis. 
Both concepts are promising regarding the future develop-
ment of compact and integrated instruments enabling mini-
mally invasive off-pump procedures. The first concept is an 
approach of assisted suturing using thread meanwhile the 
second one is based on the application of metallic staples 
that create the anastomosis. 

  

 
Fig. 3: CAD models for thread and staple device 

 
Thread device: The designed thread device basically con-

sists of two instrument parts (Fig. 3 top). The first one (ar-
tery part) has to be inserted inside the coronary artery just 
downstream the stenosis, near the chosen bypass location; 
the second one (graft part) is introduced inside the open end 
of the graft. Before the realization of the suture, both in-
strument parts get positioned relatively to each other with 
the help of their complementary shape and embedded posi-
tioning sensors. The artery part contains some specially 
designed needles that are able to pierce the vessel's walls 
and carry a first thread from the coronary artery to the by-
pass graft. The graft part includes two hooks that are able to 
interlace a second thread with the first one coming from the 
coronary artery. The suture is finalized by pulling the ends 
of both threads and making a surgical node or applying a 

clip. Then, a dedicated cutting blade comes up and down 
from the artery part to allow the blood flow from the graft to 
the coronary artery. Finally, all instrument parts are remo-
ved and the incisions are closed. 

Staple device: The staple device (Fig. 3 bottom) is com-
posed of three major components: Supporting needles, graft 
positioner and staple applicators. When starting the bypass 
procedure, the surgeon first pulls the graft vessel's open end 
over the dedicated part of the graft positioner. Then, he in-
serts the supporting needles at the preoperatively planned 
position into the coronary artery before mechanically fixing 
them to the graft positioner. The two staple applicators get 
pushed to the vessels' walls from the side, inserting metallic 
staples into graft and coronary artery, hydraulically control-
led by the surgeon. To tighten the connection between the 
two vessels, the staples get squeezed by applying appropri-
ate forces from top and bottom. The surgeon continues with 
removing the staple instrument and creates a connection 
between the two vessels by using a surgical laser or a clas-
sical cutting instrument. Finally, the open end of the graft 
gets closed with a metallic clip. 

C. Registration of cardiac video and angiography 

Gathering information from preoperative image modali-
ties and planning interventions is current practice in surgical 
interventions. Still, the transfer from preoperative modali-
ties and planning data to the point of care is currently done 
manually and notional by the surgeon. In trivial cases this 
procedure is quiet sufficient. Nevertheless, in complex and 
difficult manageable scenarios this can be a challenge, espe-
cially for young inexperienced surgeons. Within cardiac 
surgery, anatomical structures visible in preoperative an-
giography can e.g. be hidden under layers of fat at the heart 
surface itself. Nevertheless, there are regions and landmarks 
visible used by the surgeon for his orientation. To support 
the surgeon to transfer preoperative angiograms to and reg-
ister them with intraoperative views (e.g. obtained by video 
or endoscopy) an interactive registration and visualization 
system was built.  

In a first step, a video view onto the heart is captured and 
the surgeon recognizes and marks distinct visible points on-
to the surface of the heart. Applicable correspondences are 
then set in the angiography image. This is done interactively 
by the surgeon at the beginning of the intervention when 
looking for orientation on the heart surface. Since the recor-
ding angle, pose and shape are different in pre- and intra-
operative images, a mapping of the angiography image to 
the current video view has to be obtained. Thus, a landmark 
based image registration [9] transforms the angiography 
image to an applicable mapping onto the video view by eva-
luating the provided landmark pairs. The transformed angio-
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IV. CONCLUSIONS  

As described in the previous sections, different solutions 
for key issues within cardiac surgery have been addressed. 
Conceptually, these solutions can be brought together to 
form a so-called closed-loop surgery [11]. While during this 
project the surgeon is an essential part of the closed loop 
concept (‘human-in-the-loop”) [1] of sensing (video data) 
and acting (connecting the bypass with new devices) under 
the control of planning data, the far-term vision of the parti-
cipating scientists goes in the direction of moving the loop 
control step-by-step from the surgeon towards an intelligent 
information system. 

graphy is now projected into the live view and offers an 
overlay for orientation support as can be seen in Fig. 4. 

Movements of the beating heart as well as the interven-
tion of the surgeon are causes which keep the scenery chan-
ging after the point correspondences are set and makes them 
invalid for further views. A continuous interactive setting is 
not efficiently possible. To provide a continuous overlay 
and orientation, landmarks are tracked automatically in the 
video-sequence by feature tracking approaches [10]. This 
approach tracks salient feature points defined in the initial 
image frame in all successive frames by correspondence and 
similarity and is able to track their movements. If the move-
ment and the change of the scenery are out of bounds, fea-
ture points have to be reset interactively. This approach 
leads to a continuous life view with preoperative angiogra-
phy images as overlay and supports the surgeon in his orien-
tation for a sufficient time. 
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Abstract— A new methodology for definition of frequency 
bands for spectral analysis of Heart Rate Variability (HRV) in 
animals is presented. There are differences between species and 
strains in the cardiovascular properties that hamper the definition 
of guidelines for standardizing the collection and analysis of HRV 
in animal research. We propose an empirical method to define the 
limits of the low frequency (LF) and high frequency bands (HF) 
that can be used to any animal species without pharmacological 
intervention. The method is applied to RR series in unrestrained 
Sprague-Dawley rats. 

Keywords— Heart Rate Variability, Spectral Analysis, Spra-
gue-Dawley rats, Band Limits. 

I. INTRODUCTION  

The Heart Rate Variability (HRV) is the beat-to-beat 
fluctuation of the heart period (RR) (or rate), that is the 
variation over time of the period of consecutive heartbeats. 
HRV is a reliable reflection of the many physiological fac-
tors modulating the normal rhythm of the heart [1]. The 
determinants of HRV are among others [2]:  Pacemaker 
activity, reflex arcs (respiration, Bainbridge, carotid sinus) 
and central nervous system connections to autonomous 
nervous system, genetics, circadian oscillations in plasma 
hormones and thermoregulation, myocardial phenotype, 
other receptors located in the sinusal node including angio-
tensin II, dopamine, and adenosine receptors. HRV is a 
useful signal for understanding the status of the ANS. The 
normal variability in HR is due to autonomic neural regula-
tion of the heart and the circulatory system [3]. The balanc-
ing action of the sympathetic nervous system (SNS) and 
parasympathetic nervous system (PNS) branches of the 
ANS controls the HR. Sympathetic stimulation as response 
to stress, exercise or a heart disease for example, results in 
an increasing of heart rate (HR). Parasympathetic activity, 
primarily resulting from the function of internal organs, 
trauma, allergic reactions and the inhalation of irritants 
decreases the HR.  The degree of variability in the HR pro-
vides information about the functioning of the nervous con-

trol on the HR and the heart’s ability to respond. HRV anal-
ysis in humans is applied to several areas. As mentioned 
above, is used to study the function of the autonomic nerv-
ous system, it is used also in the studies of blood pressure , 
myocardial infarction,  disorders in the central and periph-
eral nervous system, cardiac arrhythmia, diabetes and renal 
failure [1]. It is also known that HRV changes with gender 
and age, with the intake of drugs and alcohol, and with 
cigarette smoking. Also sleep stages have some influence 
on HRV. 

The first clinical study that involves heart rate variability 
was those of Hon and Lee in 1965 [4]. During the last 
1960s, the 1970s and the early 1980s there was an increas-
ing number of studies that uses HRV analysis for different 
purposes: the study of physiological rhythms imbedded in 
the beat-to-beat heart rate signal, studies of diabetes, studies 
of risk of post-infarction mortality and others. Simultane-
ously several signal processing techniques were applied to 
the study of HRV, contributing to better understand the role 
of HRV the influencing factors. Although all of this inten-
sive research there was no attempt of standardization of 
HRV measurement procedures and signal analysis methods 
until 1996, when the European Society of Cardiology and 
the North American Society of Pacing and Electrophysiol-
ogy published the results of Task Force of Heart Rate Vari-
ability [5], regarding standards of measurement, physiologi-
cal interpretation and clinical use. 

There are also many investigations of HRV applied to 
animal models. In particular, environmental health re-
searchers have begun to use this physiological measure as 
an outcome in epidemiological or animal toxicological 
studies. Despite the growing popularity of HRV measures in 
animal research, there are as yet no similar guidelines for 
standardizing the collection and analyses of HRV parame-
ters. We need also to take into account that, animal studies 
may investigate a variety of different species (and strains 
within species) with cardiovascular properties that can dif-
fer significantly from those of humans, as well as among 
themselves, so the definition of HRV parameters and the 
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analysis methodology could not be sometimes directly 
transferred to the animal studies. 

One particular analysis that has need of standardization is 
the spectral analysis of HRV. In humans and for short-term 
recordings, the frequency bands of interest are standardized 
in [5] as three bands: a very low frequency band  (VLF) for 
frequencies lower than 0.04 Hz, a low frequency band (LF) 
for frequencies between 0.04 Hz and 0.15 Hz and a high 
frequency band (HF) for frequencies between  0.15 Hz and 
0.40 Hz. Due to the lack of knowledge of the causes that 
generate the oscillations in the VLF band, the more used 
spectral indices are the power inside the LF band (PLF), the 
power inside the HF band (PHF) and the ratio between these 
two powers (LF/HF). Due to the severe differences in mean 
heart rate among humans and other animal species, it is 
clear that a definition for frequency bands is needed for 
each species.  

The aim of this paper is to describe an empirical method-
ology to define the limits of the LF and HF bands with ap-
plication to animal species and, in particular, to Sprague-
Dawley rats. The method relies on the previous observation 
of the power spectra of RR time series in unrestrained ani-
mals during several days and in the characterization of the 
spectra with indices that don’t need any band definition.   

II. MATERIALS AND METHODS 

A. Collection of RR time series in Sprague-Dawley rats 

Subjects were five male Sprague-Dawley rats obtained 
from different litters from the breeding centre of the Auto-
nomous University of Barcelona. They had free access to 
food and water and were always maintained in standard 
temperature conditions (21ºC±2) and on 12-12 h light-dark 
schedule (lights on at: 8:00 a.m.). The experimental proto-
col was approved by the Ethics Committee of the Universi-
tat Autònoma de Barcelona, following the ‘Principles of 
laboratory animal care’ and was carried out in accordance 
the European Communities Council Directive 
(86/609/EEC). A telemetry system (Data Sciences Interna-
tional, St. Paul, MN, USA) was used. Surgical implantation 
of transmitters (TA11CA-F40) was performed in 2-month-
old rats under isofluorane anesthesia. After implantation, 
the rats were allowed to recover and housed individually for 
1 month, after which a control companion rat (same age) 
was housed in each home cage. Seven weeks after surgery 
the treadmill exercise sessions started.  Briefly, the treadmill 
speed was increased from 0 to 7.2 m/min over days in the 
first week and, from 5.4 to 10.8 m/min in the second week, 
the treadmill speed was maintained at 10.8 m/min in the 
third week and increased to 12 m/min in the weeks 4-6. The 

treadmill sessions were administered daily from Monday to 
Friday and the duration was 30 min. The weight of the rats 
just before starting the treadmill sessions was 451 g ± 29 g. 
Each measurement session consisted of the acquisition of 
the ECG during a whole weekend with a sampling fre-
quency of 5 kHz. The home cage was placed on a platform 
receiver (RPC-1) from Friday (4:00 p.m.) until Monday 
(2:00 p.m.). For each rat, the acquisition session was re-
peated six times with a periodicity of three weeks. So, for 
each animal a total of twelve days were acquired. The first 
measurement was done three weeks after surgery when the 
animals were housed isolated, the second measurement was 
done when the animals were housed in pairs and before 
starting the treadmill exercise. The measurements 3-6 were 
done after treadmill training started.  

Once the ECG was acquired the QRS complexes where 
detected offline with a QRS detector developed in 
MATLAB and tailored to the characteristics of the ECG of 
these rats. The QRS detector is based on the Pan-
Thompkins algorithm [6] with and adaptation to this animal 
species. The enhancement of the QRS complex is per-
formed by band pass filtering of the ECG signal in the 50 
Hz to 100 Hz range. The obtained RR time series were 
saved for further processing. 

A total of 12849 one-minute long RR time series without 
artifacts or outliers where automatically recognized from the 
total of 86400 available one-minute long RR time series. 
The temporal location of the selected time series is uni-
formly distributed with the time of day and don’t has rela-
tionship with the mean heart rate.    

B. Computation of the power spectrum of RR time series 
and spectral indices without band definition 

The power spectrum of each one-minute long RR time 
series has been computed after resampling with cubic 
splines at 30 Hz. Because this work is focused in the LF and 
HF bands, we have removed the slow frequency compo-
nents with a smoothness priors detrending procedure [7] 
with =3000. Figure 1 shows an example of the detrending 
procedure in an actual RR time series. After detrending, the 
power spectrum has been computed using the FFT and 
using a Hann window.  

To characterize without band definitions the power spec-
trum, we have computed the accumulated power spectrum 
as: 

N

i
RR

n

i
RR

RR

)i(P

)i(P
)n(AP

1

1    (1) 

450 M.A. García-González et al.

IFMBE Proceedings Vol. 25



where PRR(i) is the power spectrum estimation at frequency 
f(i) and f(N) is the Nyquist frequency (15 Hz in our case). 

  
(a)     (b) 

Fig. 1 An example of the smoothness priors detrending procedure. (a) 
Original time series (solid line) and estimated trend (dotted line). (b) RR 

time series after the trend is removed 

The following indices have been defined: 
i) Central frequency (CF): The frequency f(n) when 
APRR(n)=0.5. 
ii) Minimum frequency at M% of power (Fmin M%): The 
frequency f(k) at which APRR(k)=0.5-M/200. As an example, 
Fmin 95% reports the frequency when APRR crosses the 0.025 
threshold. 
iii) Maximum frequency at M% of power (Fmax M%): The 
frequency f(j) at which APRR(j)=0.5+M/200. 
iv) Bandwidth at M% of power (BW M%): the difference 
between the maximum and minimum frequency at M% of 
power. 

The figure 2 shows an example of the computation of 
these indices in an actual spectrum.  

If the obtained power spectrum is concentrated in a very 
narrow band (a dominant oscillator), CF will provide the 
location of this oscillator and BW 50% will be small. In the 
case of two oscillators with similar powers, the CF will be 
the mean of the frequencies of the oscillators and BW 50% 
will depend on the separation of the oscillators. In the case 
of a power spectrum with no dominant oscillator, the BW 
50%  will be high. Then, monitoring the values of the CF 
and BW 50% will be valuable in order to test the presence of 
oscillators in the power spectrum and as a way to define the 
limit between the LF and HF bands. Moreover, Fmin 95% 
can be used in order to obtain the lower limit of the LF band 
and Fmax 95% can be used to define the upper limit of the 
HF band.  

So, the CF, BW 50%, Fmin 95% and Fmax 95% have been 
computed in the 12849 available power spectra.  

III. RESULTS 

Figure 3 shows the plot of CF against BW 50%. As can 
be seen, the results are grouped in a particular shape. For 

central frequencies between 0.4 Hz to 1 Hz is quite improb-
able to find a low bandwidth indicating that the probability 
of presence of a dominant oscillator in this range is very 
low. Because the shape of the dots in the graph has no hori-
zontal symmetry (the dots have more spread in the high 
frequencies) we have fitted a parabola in the graph of the 
squared root of CF against BW 50% . The maximum of this 
parabola occurs at 0.85 Hz. Then, the limit between the LF 
and HF bands is 0.85 Hz according with the results and the 
fitting procedure.  
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(b) 

Fig. 2 An example of computation of spectral indices that don’t require 
band definition (a) Power spectrum of the time series (b) Accumulated 

power spectrum and obtained spectral indices computed for the 50% of the 
power 

The 0.1% percentile of Fmin 95% is 0.067 Hz so the lower 
limit of the LF band has been chosen rounding towards zero 
so we define the LF band in Wistar rats between 0.06 Hz 
and 0.85 Hz. The 99.9% percentile of Fmin 95% is 3.76 Hz 
so we have defined the HF band between 0.85 Hz and 4 Hz. 
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We have compared in our RR time series the results of 
our proposed bands (LFp: 0.06 Hz – 0.85 Hz, HFp: 0.85 Hz 
– 4.0 Hz) with those proposed in [8] (LFc: 0.06 Hz – 0.60 
Hz, HFc: 0.60 Hz – 2.4 Hz). Table 1 shows the mean values 
of the indices as well as the standard deviations and the 
standard deviation of the absolute difference between indi-
ces. Comparing the mean values, PLFc is slightly lower than 
PLFp because the LF band ends in this case in 0.60 Hz. The 
same reasoning applies to the power on the HF band and 
consequently, the LF/HF is slightly higher in our proposal 
of bands. Moreover, we have checked that the power in HF 
band doesn’t significantly change if we use an upper limit 
of 2.4 Hz. So, the standard deviation of the absolute differ-
ences in indices on table 1 must be attributed to the defini-
tion of the limit between LF and HF bands.  
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Fig. 3 Results of central frequency against the bandwidth at 50% of the 
total power. The dotted line is the fitting of a parabola when the x axis is 
the squared root of the central frequency in order to obtain a shape with 

better symmetry 

Table 1 Comparison of results for our definition of bands and that 
proposed in [8]. See text for further details 

Index Mean 
Standard
deviation

Standard deviation 
of the absolute differences

PLFp (ms2) 2.25 2.23 

PLFc (ms2) 2.10 2.13 
0.17 

PHFp (ms2) 1.36 1.02 

PHFc (ms2) 1.38 1.05 
0.13 

LF/HFp 2.15 2.09 

LF/HFc 2.01 1.99 
0.39 

 
These results exemplify the need for a set of standard 

procedures that recognize the start and end of spectral bands 
(especially, the limit between the LF and HF bands). Al-

though the limit between bands can vary with different 
criteria, we think that CF, BW 50%, Fmin 95% and Fmax 95% 
accompanied with a suitable detrending procedure in order 
to remove the VLF band can provide a good guidance in 
order to perform the selection of the limits without any 
pharmacological intervention. 

IV. CONCLUSIONS 

A new method to identify the LF and HF bands in RR se-
ries independent of the animal species and strands has been 
proposed. We have compared the new defined LF and HF 
bands with proposed bands in the literature for Sprague-
Dawley rats. 
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Fig. 1: Markers (+) indicating coil posi-
tion (a) and mounted MR surface coil 
above the lateral head of the M. gas-
trocnemius (b). 

 (a) 

 (b) 
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Abstract— 31P MRS measurements on the M. gastrocnemius 

of professional volleyball players prior and after a plyometric 
training were performed to investigate muscle adaptation 
processes concerning the muscle fiber distribution.  Decreased 
(PCr+Pi)/ATP ratios after the training in the medial part of 
the muscle indicate an adjustment from IIb into IIa or type I 
fibers 

Keywords— Phosphorus magnetic resonance spectroscopy, 
muscle fiber types, high-performance athletes, 
volleyball. 

I. INTRODUCTION  

Athletic performance parameters, like muscle strength or 
endurance, are strongly influenced by the fractions of dif-
ferent fiber types that make up different muscles. The con-
tractile characteristics of a particular fiber type depends on 
its content of myosin heavy chain (MHC) isoforms which 
influence the energetic economy of contraction, maximum 
muscle shortening velocity and maximum power output as 
well as on its metabolic properties [1-4]. Although muscle 
fiber distribution is largely determined by genetic factors, 
muscle fibers display considerable plasticity if they are 
exposed to functional demands. Simoneau et al. [5] esti-
mated that about 45% of the variance in the proportion of 
type I muscle fibers in human skeletal muscle is associated 
with inherited factors compared to 40% of the variance 
related to environmental effects and 15% of the total vari-
ance explained by the error component related to muscle 

sampling and technical variance. Increased functional de-
mands during training exercises induce adaptation proc-
esses, like altered regulation of muscle contraction, muscle 
growth and perfusion. 

The possibility of training induced conversions between 
different types of muscle fibers has been already postulated 
in the past [6] and was confirmed in several studies pub-
lished recently [7-9]. Differences in the enzymatic equip-
ment and the corresponding different metabolic properties 
of different fiber types cause different concentrations of 
some phosphorus-containing metabolites, like ATP, phos-
phocreatine (PCr), and inorganic phosphate (Pi) [10]. For 
instance, as demonstrated by Takahashi et al. [11] for sub-
jects with a wide variance of muscle fiber distributions, the 
(PCr+Pi)/ATP ratio in the M. vastus lateralis increases with 
the fraction of type II fibers.  

In the current study a group of professional volleyball 
players was investigated before and after performing a spe-
cial strength and power training by using 31P-MRS. The 
(PCr+Pi)/ATP ratio of the M. gastrocnemius was used as a 
marker to detect possible fiber conversion due to adaptation 
processes during a four-week special training. 

II. MATERIALS AND METHODS 

Six male professional volleyball players (age: 21 - 28 
years) were recruited to complete a conventional plyometric 
four-week training consisting of a special succession of 
drop jumps and knee bend exercises. The training method 
was modified for four of the six volunteers by including 
alternating changes between plyometric exercises and short 
EMS pulses (Elektromyostimulation). Prior to the beginning 
and after finishing the training the volleyball players were 
investigated by 31P-MRS. 

31P-MRS measurements were performed in supine posi-
tion in a 3.0 T whole body scanner (Magnetom TIM Trio, 
Siemens Medical Solutions, Erlangen) using a double tuned 
1H/31P-surface coil (Biomedical Rapid GmbH, Würzburg, 
Germany; diameter: 80 mm). The coil was fixated on the 
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Fig. 2: 31P-MR spectra of the medial and lateral head of the M. gas-
trocnemius. The inserts show transverse T1-weighted images, illustrat-
ing the coil sensitivity range for both positions. Spectra are normal-
ized with respect to the β-ATP signal intensity. The spectrum of the 
medial muscle shows higher PCr and lower Pi intensities.

Fig. 3: (PCr+Pi)/ATP ratio of the M. gastrocnemius (medial and 
lateral head) prior (t1) and after (t2) the four-week training for the six 
test subjects (No. 1-6). 

Fig. 4: 31P-MR spectra of the M. gastrocnemius (medial head) prior 
(blue) and after (green) a four-week training. Spectra are normalized 
with respect to the ATP signal intensity. The intensity of the PCr 
signal is clearly decreased after training. 

right lower leg by elastic Velcro stripes at two different 
positions above the muscle (above the medial and the lateral  
 
 
part of the M. gastrocnemius, as illustrated in Fig. 1 and 2). 
The coil position on the muscle was marked to ensure iden-
tical positions for both measurements before and after the 
training. Prior to spectroscopy, T1-weighted MR images 
were acquired to select the sensitivity range of the coil for 
the shimming volume. For the spectroscopic measurements 
an FID-sequence (TR=5 s, NEX =128) without gradient 
mediated volume selection was used. Post-processing and 
quantification of peak areas were performed by using the 
software package MRUI (http://www.mrui.uab.es). ATP 
was quantified as the total peak area of β-ATP. Saturation 
effects were corrected by comparison of spectra with TR=5 
s (with) and TR=25 s (without saturation).  

III. RESULTS 

Peak area ratios of (PCr + Pi) and β-ATP estimated from 
the 31P MR spectra of all six subjects are presented in Fig. 3 
for both muscles before and after the special training. In the 
medial head (black) higher ratios were observed compared 
to the lateral head of the muscle (grey). As illustrated by 
Fig. 2, PCr intensities are higher and Pi intensities lower in 
spectra of the medial head muscle compared to the lateral 

head. Comparing spectra before (black) and after training 
(black striped) lowered (or unchanged) ratios were observed 

in the medial head of all subjects. The decrease, however, 
was more pronounced for subjects without additional EMS 
application (No.1-2), with the only exception of No. 3 who 
showed a strongly decreased ratio after training. The corre-
sponding spectra of the medial head of No. 3 before and 
after training are plotted in Fig. 4 to illustrate this intensity 
change. In the lateral head smaller changes in both direc-
tions were observed. The reproducibility was investigated in 
a separate investigation by 5 repeated measurements of the 
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same subject (the investigated subject was not included in 
the training experiment). The estimated differences of the 
(PCr+Pi)/β-ATP ratios in these measurements were below 
10%. 

IV. DISCUSSION  

The main results of this spectroscopic investigation are 
the different (PCr+Pi)/β-ATP ratios of the medial and lat-
eral part of the M. gastrocnemius prior to the training, the 
different metabolic adaptation caused by the plyometric 
training and the influence of the EMS application on adap-
tation.  

According to the work of Takahashi et al. [12] 
(PCr+Pi)/ATP ratios of muscles show a strong positive 
correlation with the content of type II fibers. The range of 
the fiber distribution in different human skeletal muscles is 
known from autopsy [4]. Commonly, both parts of the M. 
gastrocnemius exhibit nearly the same content of type I and 
II fibers, whereas the M. soleus is predominantly composed 
of type I fibers. The observed higher (PCr+Pi)/ATP ratios 
for the medial part of the M. gastrocnemius compared to the 
lateral part may therefore be caused either by changes of the 
fiber distribution due to the sportive specialization or by 
different partial volume effects of the M. soleus. However, 
since critical care was taken to ensure identical coil posi-
tions on the muscle before and after the training, we assume 
that the influence of partial volume effects plays only a 
secondary role or should at least be nearly the same for both 
measurements.  

In all subjects training resulted in a more or less distinct 
decrease of the (PCr+Pi)/ATP ratio in the medial head. 
Based on experimental evidence it is commonly assumed, 
that resistance as well as endurance stimuli may ultimately 
cause conversions within the fast fiber population from type 
IIb to type IIa if these stimuli are applied sufficiently long 
and/or are sufficiently intense [13-15]. As the PCr concen-
tration increases with the content of IIb whereas ATP con-
centrations remain approximately constant [16], conversion 
from type IIb into IIa should be associated with reduced PCr 
intensities in 31P MR spectra (the labeling IIb in older litera-
ture is used for IIx [17]). However, it should be also noted, 
that observed metabolic changes reflect both changes of the 
cross sectional area as well as changes of the number of 
special fiber types.  

As the medial head of the M. gastrocnemius is mainly 
stressed during the training, changes of the fiber distribution 
from type IIB to type IIA should be expected for the medial 
head rather than for the lateral head. Despite the variance of 
the estimated (PCr+Pi)/ATP ratios in the medial head before 
the training, the decrease after the training seems to be more 

pronounced for subjects without EMS. This may be ex-
plained by a less specific activation pattern with EMS com-
pared to voluntary actions including more type II fibers 
during activation. Although the results of volunteer No. 3 
contradict this interpretation, a comparison of the perform-
ance of the other participants before and after the training 
revealed the exceptional nature of this volunteer, indicating 
that additional factors affected his results. 

V. CONCLUSIONS 

Although this study is preliminary due to the small num-
ber of volunteers, the results are encouraging that 31P-MRS 
can be useful to monitor and evaluate trainings effects in 
professional sports. It likewise supports aspirations to opti-
mize the trainings methods in professional sports by the use 
of EMS. 
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Abstract— A model-based method to estimate pulse wave 
velocity (PWV) is proposed. We assume that the pressure-flow 
relationship of the arterial system is similar to the voltage-
current relationship of a uniform lossy transmission line ter-
minated by a resistor. The carotid artery pressure waveform 
was obtained using applanation tonometry and the ascending 
aortic flow waveform was obtained using Doppler ultrasound. 
These waveforms were applied as input and output to the 
transmission line model and the model parameters were esti-
mated. From the estimated model parameters, the PWV was 
calculated. This method was applied to 10 healthy children and 
10 children with Marfan syndrome. The model-based PWVs 
were higher in children with Marfan syndrome (389 vs 319 
cm/s, P<0.01).  

Keywords—pulse wave velocity, transmission line model, ar-
terial system, Marfan syndrome. 

I. INTRODUCTION  

Pressure and flow waves in the arterial system have a fi-
nite phase velocity. This phase velocity, commonly referred 
to as pulse wave velocity (PWV), is partly dependent on the 
stiffness of the artery that the wave is traveling in. In gen-
eral, PWV is higher in a stiffer artery.   

Some have suggested that PWV was the most hallowed 
index of arterial stiffness [11]. It can be calculated as the 
distance between two recording sites divided by the delay of 
the waves measured at these two sites. The delay is meas-
ured between corresponding points on the waveforms that 
are not influenced by wave reflection. The initial upstroke 
of the waveform is the usual point of reference. 

PWV can be measured non-invasively at the aorta using 
ultrasound [1,2] or magnetic resonance imaging [3,4], or at 
the superficial arteries, such as the carotid and radial artery, 
using applanation tonometry [5]. 

In our study, we attempted to look at PWV from a differ-
ent perspective. Instead of direct measurement, central pres-
sure and flow waveforms were used to estimate PWV. A 
fluid dynamics model of the arterial system was formulated; 
it was able to describe several relevant features of the arte-
rial system. The parameters of the model were estimated 
from the carotid artery pressure waveform and aortic flow 
waveform. From these parameters, PWV was calculated. 

II. METHODS  

A. Model formulation 

The model consists of a uniform lossy transmission line 
terminated by a resistor [9]. Most of the compliance of the 
arterial system is located in the aorta and large arteries 
while most of the resistance is located in the arterioles. The 
capacitance of the line corresponds to the compliance of the 
aorta and large arteries. The inductance of the line corre-
sponds to the inertance of the aorta and large arteries. Iner-
tance may be considered as a quantity that describes the 
energy lost or stored with the mass of blood being pushed 
back and forth. The resistance of the line corresponds to the 
resistance in the aorta and the large arteries against blood 
flow. It increases as viscosity increases or as lumen area 
decreases. The terminating resistor corresponds to the arte-
rioles. 
 
B. Parameters estimation 

The equations describing a uniform lossy transmission 
line are 
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where v is the pressure, i is the current, x is the spatial vari-
able, t is the time variable, L is the line inductance, R is the 
line resistance and C is the line capacitance [6],  and are 
almost analogous to the equations describing incompressi-
ble flow in a uniform elastic tube  
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where p is the pressure, q is the volumetric flow, u is the 
axial velocity, ρ is the blood density, A is the lumen area, a 
is the radius, μ is the coefficient of viscosity, x is the axial 
spatial variable, r is the radial spatial variable and t is the 
time variable [7]. By assuming a parabolic velocity profile, 
the last term of equation (3) becomes R’q, where R’ can be 
considered as a coefficient of resistance that is dependent of 
both viscosity and lumen area [8]. Equations (3) and (4) 
then become completely analogous to equations (1) and (2) 
with voltage corresponding to pressure and current corre-
sponding to flow.  

The transmission line model has 5 parameters: line 
capacitance, line resistance, line inductance, terminating 
resistance and line length. By comparing (1) and (3), the 
line inductance can be approximated as the blood density 
divided by the lumen area. The standard value of blood 
density, 1.056 g/cm3 was used. The terminating resistance 
can be approximated as the peripheral resistance. Peripheral 
resistance was calculated as the mean pressure divided by 
the mean flow. The mean pressure remains approximately 
the same in the aorta and the large arteries. Most of the 
mean pressure drop in the arterial system occurs in the 
arterioles. At the end of the arterioles, mean pressure 
becomes close to zero. Theoretically, the line length should 
be the distance from the root of the aorta to the effective 
reflecting site. As summarized by Nichols et al [9], a 
number of studies have attempted to determine the location 
of the effective reflecting site. In the study by Murgo et al 
[10], the effective reflecting site was identified at 48 cm 
from the heart, which was the region of the terminal 
abdominal aorta for a normal adult man. In this study, it was  
assumed that the distance to this effective reflecting site was 
proportional to the height of the subject, and that the height 
of a normal grown man was about 175 cm, the line length of 
the subject was then roughly approximated as 

hl *
175
48=   (5) 

where l was the line length and h was the height of the sub-
ject.  

Using the measured aortic pressure as input, the aortic 
flow was predicted by the model. The remaining two 
parameters, R and C, were found by  calculating the least-
square errors between the model predicted flow and the 
measured flow over the ranges of possible values of R and 
C. Theoretically, if the model was sufficiently accurate, the 
global minimum of the least-squares error function was the 
solution of R and C. 

C. Calculation of PWV 

Using the estimated model parameters and the measured 
aortic pressure as model input, pressure at the end of the 
line was predicted. This pressure can be considered as cor-
responding to the pressure of the peripheral arteries. PWV 
was calculated as the line length divided by the delay of the 
pressure waves at the beginning and the end of the line. The 
initial upstroke was used as the point of reference. 

Alternatively, the PWV (c) was approximated using the 
formula for a lossless transmission line 

.
LC

c
1=   (6) 

D. Data acquisition 

Following ethics approval, 10 healthy children and 10 
children with Marfan syndrome participated in this study. 
Ascending aortic blood velocity was obtained using Dop-
pler with the transducer positioned at the suprasternal notch. 
The carotid artery pressure waveform was obtained simul-
taneously using applanation tonometery. The aortic annulus 
was measured using two-dimensional echocardiography. 
The carotid artery pressure waveform was used as a surro-
gate of aortic pressure. Systolic and diastolic blood pres-
sures were measured using cuff sphygmomanometry and 
used to calibrate the carotid artery pressure waveform. 

The lumen area was calculated using the measured aortic 
annulus. Aortic blood velocity was converted to volumetric 
flow by multiplying by the lumen area.  

III. RESULTS 

The physical characteristics of the subjects are listed in 
table 1. The values of the aortic annulus were listed in table 
2. By comparing equations (2) and (4), it can be seen that 
the line capacitance corresponds to the differential change 
in the lumen area divided by the differential change in pres-
sure, which is similar to definition of arterial compliance 
[11]. We referred to the term of differential change in the 
lumen area divided by the differential change in pressure as 
transmission line compliance. The arterial distensibility is 
the arterial compliance divided by the lumen area. Corre-
spondingly, the transmission line distensibility was calcu-
lated as the transmission line compliance divided by the 
lumen area. The PWV and transmission line distensibility 
are listed in table 3. The values are listed as mean ± SD. A 
p-value of 0.05 or larger was considered as statistically 
insignificant (NS). The error surfaces of one of the healthy 
children and one of the patients with Marfan syndrome are 
shown in figures 1 and 2. The error surfaces of all the 
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healthy children in this study were similar. It was also true 
among the patients with Marfan syndrome in this study. 

Table 1 Physical characteristics of the subjects 

Group Control Marfan     
syndrome 

 

Age (yrs) 11.3±1.7 18.0±4.8 p<0.002 

Height (cm) 142.0±13.0 177.9±13.3 p<0.00002 

Weight (kg) 33.6±9.6 61.4±14.4 p<0.0002 

BSA (m2) 1.1±0.2 1.7±0.3 p<0.00003 

Systolic pressure 
(mmHg) 

106±8 114±12 NS 

Diastolic pressure 
(mmHg) 

65±5 73±9 p<0.05 

 

Table 1  Echocardiography results 

Group Control Marfan      
syndrome 

 

Aortic annulus (cm) 1.6±0.2 2.3±0.3 p<0.00005 

 
Table 3 Biophysical properties 

Group Control Marfan syn-
drome 

 

PWV (cm/s) 319±46 389±58 p<0.01 

PWV – approxima-
tion formula 
(cm/s) 

321±46 385±57 p<0.02 

Transmission line 
distensibility 
(mmHg-1) 

0.013±0.004 0.009±0.002 p<0.01 

 

IV. DISCUSSION  

The model-based PWVs in patients with Marfan syn-
drome were significantly higher. This agrees with several 
other studies that used the direct method to measure PWV. 
In the study by Sandor et al [1], PWV was 496 cm/s in pa-
tients with Marfan syndrome and 362 cm/s in healthy sub-
jects (p<0.02). In the study by Segers et al [3], PWV was 42 
cm/s higher in patients with marfan syndrome (p<0.05). In 
the study by Bradley et al [2], PWV was 481 cm/s in pa-
tients with Marfan syndrome and 357 cm/s in healthy sub-
jects (p<0.0001). In the study by Groenink et al [4], PWV 
was 6.2 m/s in patients with Marfan syndrome and 3.9 m/s 
in healthy subjects (p<0.01). The transmission line distensi-

bility was significantly lower in patients with Marfan syn-
drome. In the study by Groenink et al [4], arterial distensi-
bility measured at the ascending aorta was 0.002 mmHg-1 in 
patients with Marfan syndrome and 0.006 mmHg-1 in 
healthy subjects (p<0.01). In the study by Baumgartner et al 
[12], arterial distensibility measured at the ascending aorta 
was 0.0328 kPa-1 in patients with Marfan syndrome and 
0.0611 kPa-1 in healthy subjects (p<0.01). 

Even though the model-based PWV was only a concep-
tual parameter, it seem to agree with the experimental re-
sults of several other studies that used direct measurement 
of PWV as both were significantly higher in patients with 
Marfan syndrome. Transmission line distensibility and 
arterial distensibility had similar mathematical expression. 
Both parameters were shown to be significantly lower in 
patients with Marfan syndrome, suggesting much stiffer 
arteries. 

PWV and the distance to the effective reflecting site have 
a complex relationship [13]. In the study by Segers et al 
[14], the location of the effective reflecting site was meas-
ured using wave separation analysis, and was found to move 
towards the heart with age. In the study by Mitchell et al 
[15], the location was measured by identifying the first 
inflection point on the pressure waveform and was found to 
move away from the heart with age. In this study, the line 
length was assumed to vary only with height and this may 
be a substantial source of error. 

In this study, the difference in mean PWVs between the 
control group and the patients with Marfan syndrome seem 
small, compared with other studies that used the direct 
method [1], [2], [4]. However, in terms of statistical signifi-
cance, the model-based PWV and the direct PWV were 
about equally sensitive [1], [3], [4]. The difference in PWVs 
between our study and the others may be because of the fact 
that the effective length measured by Murgo et al [10] was 
for normal subjects, and the patients with Marfan syndrome 
may have much different effective length. 

V. FUTURE WORKS 

The relationship between the line length and the model-
based pulse wave velocity will be further investigated. A 
more sophisticated method to estimate line length will be 
searched for.  

Since the error surface of R and C seems to be convex. 
The global minimum can be found using optimization algo-
rithm for convex problems. It will be investigated if the 
simple gradient-descent method can be applied to find the 
global minimum, and thereby reducing the computation 
time of this method. 
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Fig. 1  Error surface of a healthy child 
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Fig. 2 Error surface of a patient with Marfan syndrome 
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Abstract—Motor coordination represents an important issue 
in basic motor control research but also in application areas like 
clinical diagnosis, ergonomics, human-machine-interaction, 
sport sciences, etc. In this contribution, a novel setup is de-
scribed which allows to investigate motor timing in the upper 
arm muscles. The setup will be used for investigating the motor 
coordination of a periodic activation (like physiological and 
pathological tremor) and a discrete motor response (like reac-
tions and reflexes) as well as the influence of muscle fatigue. 

Keywords—Biceps, stretch reflex, reaction time,  
biomechanics. 

I. INTRODUCTION  

Stabilizing posture and coordinating limb movements are 
important issues, when humans are behaving in self sup-
porting body conditions. They have to move their masses in 
the presence of gravity and, very often, they need to stabi-
lize posture and limbs against external forces and distur-
bances in order to achieve posture control. When the proxi-
mal segments are stabilized, the distal ones can execute 
even fine movement task (writing letters, playing a song on 
musical instrument, etc).  

Fig. 1 Schematic of the mechanical configuration of the new system under 
the assumption that the upper end of the force transducer is fixed. In ex-
perimental condition, it is affixed to the wrist of the subject. In principle, 
the configuration behaves like a second order system. The solenoid serves 
to stretch the upper arm muscle (biceps) to evoke a stretch reflex response 

Such organization is very often required and, therefore, it 
became subject of many investigations. Some studies on the 
control of upper extremity involved mechanical perturba-
tions of forearm, wrist or finger on the background of vari-
ous motor tasks. Mainly, torque motors or equivalent me-
chanical drives (e.g. solenoids) were used to generate 
external forces. 

 
 

Fig. 2  Experimental situation. The wrist is affixed to the mechanical 
system by use of an orthopedic splint. On top of the wrist brace is a hori-
zontal surface needed for measuring the vertical position by a laser distance 
sensor. The red Velcro strip is the ground electrode for the EMG recording 

Presumably, this instrumental dominance is related to the 
fact that forces generated by the motor system of man (i.e. 
antagonistic muscles) are defined as a net torque for a  

position
sensor

spring

force
transducer

solenoid

mass
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certain joint (in the simplest case of a single-joint move-
ment) and, therefore, mimicking mechanical instability 
could be performed in the most natural way when an exter-
nal torque is generated for the given joint. If sudden torque 
is applied at a joint, muscles which cross it will became 
shortened or lengthened, depending on their specific place-
ment in the skeletal system.  

Fig. 3 Excitation of the solenoid. Blue line: current driving the coil; red 
line: position of the plunger; magenta line: force exerted by the plunger to 
the spring 

When muscles are passively modulated in length, their 
activation could be evoked on the basis of their specific 
reflex pathways and motor functions. The last phenomenon 
mentioned concerns the central nervous system feedbacks 
arising from various biological sensors in the muscles, ten-
dons and also in the joints they cross. For quantifying re-
flexes non-invasively in humans, several methods have been 
proposed by some authors [1-6]. The general approach is 
based on analysis of the dynamic relationship of force or 
torque and position in the presence of perturbation intro-
duced by a manipulator. 

II. DESCRIPTION OF THE EXPERIMENTAL SET 

The main point when specifying the system is to make 
sure that the movement of the limb is fast enough to evoke a 
stretch reflex response, but also to avoid any danger to the 
limb through excessively abrupt force application. There-
fore, coupling of the external force must be elastic by using 
a spring. Fast deflection of the limb is achieved a powerful 
solenoid driven by a voltage which is about 15 times the 
standard excitation but only applied for short duration (this 

Fig. 4  100 sample traces superimposed. Upper graph: surface EMG of the biceps; middle graph: vertical position of the wrist; lower graph: force exerted
by the spring to the wrist. The small variations confirm the exact operation of the setup 
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could be easily accomplished by a battery of capacitors). 
The system is designed using a simulation of the mechani-
cal system (Fig.1). Linkage of the spring to the wrist is 
realized by an orthopedic splint fastened by Velcro strips 
(Fig.2). Fig.3 demonstrates the mechanical performance of 
the system showing the full scale vertical deflection of 2 cm 
within 10 ms. Applied force and vertical wrist position is 
recorded as well as the surface EMG from M. biceps and M. 
triceps. Control of the experiment as well as data logging is 
performed by a PC using the DIADEM system (National 
Instruments Inc.). The noise produced by the system re-
quires the subject to be shielded by ear muffs. 

Finally, Fig. 4 depicts a superimposition of 100 sample 
trials. Clearly, the early EMG response with a delay of 
about 35 ms can be recognized. 

III. CONCLUSIONS  

The new setup will allow to investigate the interaction 
between voluntary motor activity of healthy subjects as well 
as tremor in patients and discrete motor responses, either 
reactive or reflexive depending on the task. It is expected 
that those experiments will provide further insights into the 
timing of concurrent motor activities. 
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Abstract— This work approaches the performance 
evaluation of a binary neural classifier to identify eye blink in 
EEG signals. The following statistical indexes are presented: 
sensitivity (Sn), specificity (Sp), positive selectivity (PSl) and 
negative selectivity (NSl). From these statistical indexes the 
performance indexes of the binary classifiers are presented: 
accuracy, Youden index, product Sn and Sp, Matthews 
Correlation Coeficient (MCC), Approximate Correlation (AC), 
ROC Curve with AUC index and EER criteria. A method is 
developed to evaluate a case study with binary neural 
classifier, determining the performance in each training epoch 
and through the training. Graphics present the obtained 
results. As a result for this case study, with a binary neural 
classifier, some indexes indicated a determined training epoch 
with the same threshold value as the condition which presented 
the best performance, while other indexes presented a near 
training epoch as the one with the best performance. 

Keywords— Accuracy, Youden index, MCC, ROC Curve, 
Classifier Evaluation, Binary Neural Classifier. 

I. INTRODUCTION 

The performance evaluation process of a binary neural 
classifier is the search for the best sensitivity and specificity 
result. The sensitivity and specificity value for a determined 
classifier condition represents its local performance. It is 
difficult to evaluate the classifier performance with two 
indexes due to the sensitivity and specificity behavior. This 
way, it is necessary to use performance indexes that jointly 
express the sensitivity and specificity characteristics to 
determine what is the performance of the classifier. 

Several indexes evaluate the performance of the 
classifiers: accuracy [1], Youden index [2], product of 
sensitivity and specificity, Matthews Correlation Coefficient 
(MCC) [3], and Approximate Correlation (AC) [4]. In 
machine learning applications the accuracy is normally used 
as a figure of merit in a classification performance 
evaluation [5]. In the imunoinformatics and bioinformatics 
areas, the AUC index is highly utilized in tests and 
classifiers [6]. The MCC is also highly utilized in 
classification systems in bioinformatics. Many authors 

prefer to evaluate the performance of the diagnostic test 
with the Youden index: [7], [8], and [9]. In medical decision 
support systems, sensitivity and specificity are clinically 
more relevant and better accepted [5]. In Biomedical 
Informatics the ROC curve is the most frequently utilized 
tool in researchs to evaluate the binary classification in 
diagnostic and decision support systems [10]. In many 
applications of the serodiagnostic test in the Immunology 
area, it is more appropriate to select the cutoff levels where 
the sensitivity and specificity values are equal (equal error 
rate criteria) [7]. 

This work presents a case study of a binary neural 
classifier to identify eye blinks in EEG signals [11] where 
the use of these performance indexes was evaluated to 
determine the best performance condition of the classifier. 

Section II presents the theoretical basis of the utilized 
tools approaching the binary neural classifier and the 
diverse performance indexes. Section III presents the 
method used for the application of the performance 
evaluation indexes of the neural classifier. Section IV 
presents the results obtained and the commentaries are 
presented in section V. 

II. MATERIALS AND METHODS 

A. . Binary Neural Classifier 

The binary neural classifier may be implemented by a 
Multi-Layer Perceptron artificial neural network and an 
output discretization function controlled by a threshold, as 
presented in Fig. 1. 

The MLP artificial neural network possesses, as output 
values, the image of the activation function of the last layer 
neuron. The ANN output value may be continuous in the 
interval [0, +1] for the logistic function and continuous in 
the interval [-1, +1] for the hyperbolic tangent function. 

The output of the binary neural classifier has a value one 
for the situations where the entry value is equal or superior 
to the threshold, and has a value zero where the situation is 
the opposite. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 464–467, 2009. 



 

Fig. 1 Binary neural classifier composed by a Multi-Layer 
Perceptron artificial neural network and a discrimination 

function controlled by a threshold. 
 
Several algorithms derivate from the supervised training 

of error back-propagation [12] may be used for the ANN 
training.  

The threshold value determines the behavior 
characteristics of the classifier in terms of sensitivity, 
specificity [13], positive selectivity and negative selectivity. 

 
B.  Evaluation of the performance of the Binary Classifier 

The binary classifier receives two kinds of patterns: 
positive and negative. Four combinations occur. The correct 
classification of the positive pattern is a true positive (TP). 
The correct classification of the negative pattern is a true 
negative (TN). The erroneous classification of the positive 
pattern is the false negative (FN) and the erroneous 
classification of the negative pattern is the false positive 
(FP). These combinations are represented by a contingency 
table 2x2 or confusion table. 

Sensitivity (Sn), or the rate of true positives, is defined as 
the fraction of the positives, as presented in equation 1. 

Specificity (Sp), or the rate of true negatives, is defined 
as the fraction of the negatives, as presented in equation 2. 

FNTP

TP
Sn

+
=            (1) 

FPTN

TN
Sp

+
=            (2) 

The positive selectivity (PSl) or positive predictive value 
is the capacity of the classifier in identifying the positive 
patterns, as presented in equation 3. 

The negative selectivity (NSl) or negative predictive 
value is the capacity of the classifier in identifying the 
negative patterns, as presented in equation 4. 

FPTP

TP
PSl

+
=            (3) 

FNTN

TN
NSl

+
=            (4) 

C.   Performance Indexes 

The accuracy (acc) expresses the capacity of the 
classifier in indicating correctly the true patterns, which are 
the correct classifications, as presented in equation 5. 

FNFPTNTP

TNTP
acc

+++
+=           (5) 

Youden [2] proposed a performance index (J) to 
adequately characterize the diagnostic test. Eq. 6 presents 
the Youden index, assuming values in the interval [-1, +1]. 

1−+= SpSnJ           (6) 

Other usual performance representation form is the 
product of the sensitivity and specificity (Sn.Sp). 

The Matthews Correlation Coefficient (MCC) quantifies 
the quality of binary classifiers [3]. 

( )( )( )( )FNVNFPVNFPVPFNVP

FNFPVNVP
MCC

++++
×−×=   (7) 

The MCC presented in equation 7 may assume values in 
the interval [-1, +1]. The value +1 represents complete 
correlation. The value 0 represents random prediction, non 
existing correlation, while the value -1 represents total 
disagreement or complete negative correlation [14]. 

Burset e Guigó [4] developed the Approximate 
Correlation (AC) to solve the MCC problem when any part 
of the denominator is null. The Average Conditional 
Probability (ACP) is presented by equation 8, resulting 
values in the interval [0, +1]. 
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+
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FNVP

VP
ACP

4

1
  (8) 

The approximate correlation (AC), presented by equation 
9 is a scheduling of the ACP resulting values in the interval 
[-1, +1]. 

( )5.02 −= ACPAC            (9) 

The performance of a classifier system can be objectively 
represented by a ROC Curve (Receiver Operating 
Characteristic) [15]. It is a cartesian graphic that allows the 
visualization and the selection of the performance of the 
classifier [16-20]. The ROC curve presents the fraction 
values of false positives (1 – specificity), which is the 
complement of the specificity, in abscises axis and presents 
the fraction values of true positives (sensitivity) in the 
ordinates axis, as it is presented in Fig. 2. 
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Fig. 2 The ROC curve represents the reciprocity relation 

between the sensitivity and the specificity of the classifier. 
 
In Fig. 2, the traced diagonal and the area underneath 

represents a classifier that is unable to discriminate, which 
is a classifying system in which the percentage of true 
positives is equal or smaller than the percentage of false 
positives [21]. The more distant the ROC curve is above the 
traced line, the better the discrimination of the classifier will 
be. An ideal classifier possesses FN=0 and FP=0, which is, 
Sn=100% and Sp=100% [22]. 

A performance index extracted from ROC analysis is the 
Area Under the ROC Curve (AUC), assuming values 
between 0.5 (no discrimination, when TP=FP) and 1.0 
(ideal discrimination, when FP=FN=0). The advantage of 
comparing the AUC index of classifiers is that it does not 
depend on the threshold. In the ROC curve, the influence of 
the threshold in the sensitivity and specificity values is 
eliminated [23], [24]. 

An evaluation criteria of the classifier may be specified 
by the Equal Error Rate (EER). In the ROC curve, the 
sensitivity and specificity values as EER criteria may be 
observed at the crossing of the dotted diagonal, as presented 
in Fig. 2. 

III. METHODOLOGY 

In the ANN supervised training process the binary neural 
classifier evaluation tools were inserted [13]. The 
performance indexes of the classifier are evaluated in each 
ANN training epoch and to each threshold value. The 
graphics are generated comparing the performance indexes 
and the threshold for each training epoch. The maximum 
value of the performance index for each epoch is tabulated 
producing the graphic of the performance index by the 
training epoch. This way it is easy to identify the best 
performance.  

In the performance by training epochs graphic the best 
performance epoch must be selected, and in its 
corresponding graphic the value of the threshold with the 
best performance must be seeked. 

IV. RESULTS 

Fig. 3 and Fig. 4 present the performance graphics 
through the training and in the epoch with the best 
performance for each one of the evaluated indexes. 

(a)  (b)  

(c)  (d)  

(e)  (f)  
Fig. 3 Behavior of (a) accuracy, (c) of the MCC and (e) of 
the AC through the training and behavior in the epoch 189 

of the (b) accuracy, (d) of the MCC and (f) of the AC. 
 

The accuracy, the MCC and the AC indicated the epoch 
189 with threshold 0.46 as the condition with the best 
performance. The Youden index and the product Sn and Sp 
indicated the epoch 221 with threshold 0.28 as the condition 
with the best performance. 

(a)  (b)  

(c)  (d)  
Fig. 4 Behavior of the (a) Youden index and (c) product 

Sn.Sp through training and behavior in epoch 221 of the (b) 
Youden index and of the (d) product Sn.Sp. 

 
Fig. 5 presents the behavior of the AUC index and of the 

ROC curve through the training. The greatest value for the 
AUC index occurred in epoch 225. Utilizing the equal error 
rate (EER) criteria in this epoch resulted in Sn=0.8526 and 
Sp=0.8529. 
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(a)  (b)  
Fig. 5 Behavior of the (a) AUC index through training and 

behavior of (b) ROC curve in epoch 225. 
 
Table 1 presents these results indicating for each 

performance index the epoch, threshold value and statistical 
indexes of performance that were obtained. 

 
Table 1 Results for the best performance of the binary 

neural classifier for each performance index. 

Maximum epoch 
thre-
shold 

Sn 
[%] 

Sp 
[%] 

PSl 
[%] 

NSl 
[%] 

acc 189 0.46 84.91 86.19 72.46 93.03 
MCC 189 0.46 84.91 86.19 72.46 93.03 
AC 189 0.46 84.91 86.19 72.46 93.03 
Youden 221 0.28 90.18 82.28 68.53 95.14 
Sn.Sp 221 0.28 90.18 82.28 68.53 95.14 
AUC_EER 225 0.40 85.26 85.29 71.26 93.11 

V. COMMENTS 

As results of this case study, it was observed that there 
were results grouped by performance indexes. The 
accuracy, the MCC and the AC indicated epoch 189 as the 
best performance, while the Youden index and the product 
Sn and Sp indicated epoch 221 as the best performance, and 
the AUC index of the ROC curve indicated epoch 225. The 
differences in the indications are due to the composition of 
the binary statistical indexes (TP, TN, FP and FN) in the 
formulas of the performance indexes. 

In other studies it is possible that all of the indexes 
indicate the same epoch and the same threshold value. 
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Abstract— Preoperative planning of surgical interventions is 
common in clinical practice. Multiple imaging modalities are 
used to prepare the intervention and to support the surgeon in 
localizing the interesting area. In case of coronary artery by-
pass grafting, invasive cardiac catheterization is state of the 
art. A missing link exists most often in the availability of the 
planning data at the point of care (PoC) where the transfer of 
the information is done notional by the surgeon. Whereas 
there are many cases for which this procedure is sufficient, an 
advanced support for navigation would be helpful in complex 
scenarios. With the work presented here, a fundament is built, 
where preoperative images and planning data can be provided 
during the intervention. A video view of the organ, in this case 
the heart, is recorded and displayed together with the preop-
erative angiography images at the point of care. The surgeon 
can set distinct point-correspondences between both modali-
ties. These landmarks are used to perform image registration 
to map the preoperative image onto the live view, but due to 
the movements of the heart beating and the intervention itself, 
the landmark points in the live view are invalid after short 
durations – seconds in worst cases. To meet this challenge and 
to release the task of continuous interaction, those landmark 
points are tracked automatically until the scenario has 
changed too much. The result is an interactive tool, which 
leads to an advanced visualization and supports the orientation 
of the surgeon. 

Keywords— Computer Aided Surgery, Navigation, Visualiza-
tion, Image Registration, Landmark Tracking. 

I. INTRODUCTION  

 Coronary artery bypass grafting is a common procedure 
of heart surgery in industrial countries. As in most proce-
dures, preoperative planning is an important factor and done 
as a matter of routine. Different imaging modalities are used 
to prepare the intervention and to support the surgeon in 
localizing the interesting area. From a surgical point of view 
properly performed coronary angiography remains the de-
finitive diagnostic procedure in coronary artery bypass 
grafting [1] because noninvasive tests cannot yet define an 
extent or distribution of anatomic coronary disease with 
great accuracy. Cardiac CT is an emerging and expanding 
field but not widespread. In bypass grafting, usually angio-
graphy images are used to detect stenosis and potential 
locations for anastomosis. Next to effective planning of the 

procedure, there is a missing link in the effective availabil-
ity of the preoperative modalities and planning data at the 
point of care (PoC). The angiography images are easily 
available and can even be investigated during the interven-
tion in the operating room, but the transfer of the pre-
operative planning data to the patient has to be done no-
tional by the surgeon. The fact, that a cardiologist is respon-
sible for the cardiac catheterization and the interpretation 
whereas the cardiac surgeon actually performs the bypass 
makes clear, that here is a possible complicacy. Whereas 
there are cases for which this procedure is trivial and the 
current practice is sufficient, in more complex and diffi-
cultly manageable scenarios, this can be a real challenge, 
especially for young and inexperienced surgeons. Addition-
ally, coronary vessels are visible in angiography images 
most of the time, but sometimes they are hidden under a 
layer of fat on the heart surface. Thus, in the emerging field 
of minimally invasive surgery (MIS), the visibility of ana-
tomical structures is clearly limited and obstructed and 
therefore the orientation on the heart surface a challenge. 

The aim of this work has been to develop an interactive, 
semi-automatic advanced visualization approach to support 
the cardiac surgeon in his transfer of preoperative references 
and intraoperative views and hence enhance his orientation. 

II. METHODS 

The fundamental idea is the availability of a monitor with 
life view of the intervention, cf. Figure 1. In open interven-
tions, this can be done by a camera above the operating 
table (cf. Figure 1) and a screen close to the surgeon. In 
minimally invasive interventions, a monitor view is present 
in any case. This view can be enhanced by advanced visu-
alization of corresponding preoperative gathered images. In 
today’s practice, the preoperative modalities such as angio-
graphy and cardiac CT are available in digital form and can 
be included in the view by loading them in the system as a 
preoperative view. 

To start the registration procedure, the surgeon has to re-
cognize several visible distinct landmarks at the surface of 
the heart, cf. Fig. 2. Applicable correspondences of the 
landmarks must be defined in the angiography images. This 
coarse registration procedure must be done done interacti-
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vely by an experienced operator by pointing on image posi-
tions of landmarks in both views and thus connecting them 
logically. Those landmark points are defining corresponding 
locations and are hence forming the basis for a mapping 
between both views. Since the recording angle, pose and 
shape are different in pre- and intraoperative views, the 
mapping has to be adapted accordingly. 

 

Fig. 1: Cardiac surgery site, with camera (inside the lamp handle) observ-
ing the heart and procedure displayed on the monitor. 

A. Interactive Registration 

Image registration methods are used to map an image of 
one modality (here angiography, cf. Fig. 2) onto another 
image from second modality (here video, cf. Fig. 2) and 
transforming one of them to achieve an optimal fit between 
these two. For the registration of images obtained from dif-
ferent modalities, where image intensity information is 
difficult or impossible to use, landmark based registration 
can be applied [2]. An interactively marked set of corre-
sponding landmarks is used to define a transformation 
which maps the angiography image onto the live video 
view. Depending on the desired accuracy, affine transforma-

tions can be used or alternatively they can be restricted to 
rigid transformations limited to rotation and translation [3]. 
Affine transformations are known to result in a better fitting 
between the two images, but rigid transformations can be 
performed much faster and with fewer landmarks for a 
rough approximation. 

After receiving the transformation and mapping the im-
ages, a projection of the adapted angiography image onto 
the live view is possible. For visibility convenience, alpha 
compositing allows a partly transparency and a kind of 
augmented reality view as can be seen in Fig. 3. 

 

 
Fig. 2: Interactively marked landmarks in the life view and the pre-

operative angiography image. 

 
Fig. 3: Life view with registered angiography image as overlay. 

B. Landmark Tracking 

 Unfortunately, the scenery in the live video view will 
never be constant. The beating of the heart, movements of 
the camera and the intervention itself are changing the view 
permanently. Therefore, the interactively selected land-
marks are invalid after a short time – seconds in the worst 
but common case. Continuous reselecting correspondences 
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is not an efficient alternative, but the mapping of the moda-
lities should be adapted to the scene and be held stable to 
the movements for a sufficient time. 

One solution is a tracking of the provided landmarks over 
time, which means they have to be identified automatically 
in successive frames. A robust and fast approach is template 
matching where similarities of the region around the land-
mark are exploited [4,5]. The principle is to determine a 
window, the template, in the first frame of the image se-
quence and find the corresponding positions in successive 
frames on the assumption of similarity. Therefore, the tem-
plate is shifted partially over the search frame and a rating 
for the matching is computed. To reduce the computation 
time the search area can be restricted. Assuming that the 
displacement is not too large, only a region around the 
original position must be considered. Furthermore, with the 
approach suggested in [4,5] the template is adapted to the 
scene over the time, thus allowing small slow changes of 
the appearance of the landmark window. 

The landmarks can be tracked during their movements 
unless the change is not too relevant or the view is ob-
structed, cf. Fig. 4. The positions of the newly identified 
landmarks are used to adopt the mapping of the angiogram 
to the current scenery. This allows a constant overlay of 
preoperative images onto the live view for sufficient time 
periods. For changes which aren’t trackable, the rating of 
the correspondence matching will be below a significant 
threshold and the tracking and the alignment stops. After 
reselecting correspondences interactively again, the overlay 
can be visualized again. 

 

 
Fig. 4: Tracking of landmark points in successive frames until obstruction 

caused by the intervention. 

III. RESULTS 

The methods described in this work have been imple-
mented in an interactive framework which allows an exem-
plary usability at the point of care. Few interactions and no 
complex short cuts are necessary to visualize the modalities 
and set the correspondences which allows the usage of a 
touch screen without further input devices during the inter-
vention. 

The development of the tool and the methods described 
have been evaluated with recordings of two real interven-
tions of coronary artery bypass grafting. The preoperative 
angiography images were provided by the department of 
cardiac surgery of the Erlangen University hospital, includ-
ing the area of stenosis and planned anastomosis locations. 
The cardiac intervention was recorded using a digital video 
camera incorporated in the surgical lamp above the heart, cf. 
Fig 1. At particular times with distinct interesting situations, 
i.e. the localization of the anastomosis on the heart, corre-
spondences between the video and the angiography were 
set. Interesting coronary structures which are visible within 
the angiography images, as possible locations for anastomo-
sis, were hidden under a layer of fat on the heart surface. 
Detecting distinct points as the LAD (left anterior descend-
ing) emerging off the fat onto the surface and bringing in 
correspondence with the angiography image, allows a map-
ping of both modalities based on the provided landmarks. 
These landmarks were tracked in the live view until the 
scenario had changed too much. Such changes – or obstruc-
tions – were typically due to the surgeon obstructing the 
view of the camera. But constant tracking of the landmarks 
during free view onto the site and mapping of the views for 
up to a minute in clinical practice can lead the surgeon more 
accurately to his cut. 

IV. CONCLUSIONS  

Currently, a complete continuous simultaneous visualiza-
tion of registered angiography and video image date will 
still need regular interaction during the intervention and is 
not yet sufficient. But for critical situations such enhanced 
visualization can support the surgeon in his decisions of 
localizing anatomical structures in complex and difficultly 
manageable scenarios. Currently the approach is applied to 
data obtained from open interventions with a direct and 
open view of the camera onto the surface of  the heart, pro-
viding angiography images of preoperative planning. Next 
to such scenarios, the approach is also imaginable for fur-
ther kinds of interventions. Especially it can demonstrate its 
possibilities during minimally invasive surgery (MIS). For 
MIS-interventions, the life view with a monitor is essential 
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for the intervention itself and adding an overlay with enhan-
ced data can be extremely helpful.  Anyhow, the interaction 
and setting correspondences will be a challenge itself in 
such cases, cause of the limited view and more difficult 
orientation.  
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Abstract— This paper describes a detailed model (pendulum 
test model) to be able to utilize for simulations of knee joint 
motions obtained by pendulum test. First, we construct a sim-
ple pendulum test model based on existing organ models and 
clarify from the simulation results by the use of the model that 
there exist two difficulties impairing its accuracy. Next, in 
order to overcome them, we add two functions to some of the 
organ models in the simple pendulum test model. One is a 
function that the muscle viscosity in the muscle model changes 
nonlinearly according to dynamic state transition of ac-
tin/myosin. The other is a function that the threshold value of 
the firing in the -motoneuron model slightly decreases in the 
early stage of the pendulum test by the amount proportional to 
the total of the first burst firing. Finally, we confirm from 
simulations of knee joint motions measured experimentally 
that the improved pendulum test model has an excellent per-
formance of accuracy. The model will be very useful for esti-
mation of spasticity. 
 
Keywords— Pendulum test, Model, Simulation, Viscosity, -

motoneuron, Spasticity 

I. INTRODUCTION 
 

 Pendulum test has been often used as a clinical means to 
examine degree of spasticity from knee joint motions in-
duced by dropping a lower leg freely. It is not easy however 
to estimate the spasticity quantitatively by the pendulum test, 
because the knee joint motions have not been related expli-
citly with the degree of the spasticity. One of methods to 
relate them is to develop a precise model for the pendulum 
test and analyze measured knee joint motions with it. 

Behavior of the spinal cord reflex arc with spasticity is 
well known[1] and sub-models of various organs such as  
muscle, spindle, -motoneuron, -motoneuron, excitation 
contraction coupling, nerve fiber etc. constructing the reflex 
arc have been proposed[2]-[5]. Any model that can be used 
to analyze precisely the knee joint motions however has not 
been proposed.

This paper aims to construct a model which can simulate 
the knee joint motions obtained by the pendulum test pre-
cisely.  First, it is shown that a simple pendulum test model 

constructed based on the existing sub-models and the exist-
ing knowledge has two difficulties impairing its accuracy, 
(1) a lack of nonlinear characteristics in the muscle sub-
model and (2) a lack of dynamic changeability in the thre-
shold value of -motoneuron sub-model. Second, the nonli-
near characteristics and the dynamic changeability are add-
ed to the muscle sub-model and the -motoneuron sub-
model, respectively, and the simple pendulum test model is 
improved by the use of these sub-models. Finally, it is con-
firmed by simulations of the knee joint motions measured 
experimentally that two difficulties in the simple pendulum 
test model are overcome. 

 
 

II. DIFFICULTIES OF SIMPLE PENDULUM TEST MODEL 
 

 Fig. 1 shows a simple pendulum test model constructed 
based on the existing sub-models and the existing know-
ledge. Definitions of the symbols related are added in the 
figure.  

Removal of the suspended torque (QI=0) starts a pendu-
lum test. The knee joint motion is controlled by the degree 
of exaggerations in spasticity, which is decided by the val-
ues of the firing-rates f , fi, f  from central nerve system to 
the spinal cord. 

Fig. 2 (a) and (b) show knee joint angular acceleration 
waveforms which are obtained from simulations by the use 
of the simple pendulum test model. Transverse and vertical 
axes represent time t and angular acceleration d2 /dt2 (flex-
ion) of knee joint, respectively. Bold and broken lines show 
simulated results and measured results, respectively. Each of 
the bold lines is a waveform calculated on such parameters 
of the simple pendulum test model that it coincides with the 
measured one as much as possible.  

 As seen from the figure, there exist the following two 
difficulties in the model. One is much difference between 
amplitudes of two waveforms in each subject. It seems that 
it occurs due to existence of nonlinearity in the muscle vis-
cosity, because the knee joint motion of the normal subject 
is passive oscillation and its damping ratio is dominated by 
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Fig.1 Simple model 

 
 
muscle viscosity[2]. The other is much difference be-
tween intervals of cycles in the spastic patient. It seems 
that it occurs due to dynamic change of the threshold 
value in the -motoneuron firing, because it is an unique 
phenomenon appeared only in the knee joint motion of 
the spastic patient and only after the first cycle of a 
damped oscillation. 

 
 

     III. IMPROVEMENT OF SIMPLE PENDULUM TEST MODEL 
 
A. Modeling of nonlinearity in muscle sub-model  
 

As already mentioned above, the nonlinearity of the 
muscle sub-model may be originated to that of the mus-
cle viscosity. As candidates of such a nonlinearity source, 
the following three items can be listed.    

(1) movement of knee joint axis 
(2) nonlinear characteristic in muscle spindle 
(3)dynamic state changes of actin/myosin molecules in 

 muscle fibers[6]. 
 The item (1) can be excluded, because the muscle vis-
cosity does not change in the passive knee joint motion 
of the spastic patient with atrophy[7]. The item (2) can 
be also excluded, because the viscosity changes in the 
passive wrist movement even if the subject is put under 
an anesthetic by nerve block[8]. Thus, the muscle sub-
model will be improved according to the item (3). 

 First, the following assumptions concerned with the 
state change of actin/myosin molecules are set up. 
<A1> If all of both actin/myosin molecules are in gel 

state and sol state, value of muscle viscosity coeffi-
cient are maximum and minimum, respectively. 

<A2>The ratio of the number of myosin molecules in gel  

state to the number of all myosin molecules is equal to 
the similar ratio of actin molecules in gel state, and the 
value of the viscosity coefficient is equal to the sum of 
the minimum value and some amount of value propor-
tional to the ratio of the corresponding molecule. 

<A3>If the muscle is stretched or shortened repeatedly,  
molecules in gel state are converted to sol state at a rate 
proportional to the absolute value of stretching or 
shortening velocity, and molecules in sol state is always 
converted to gel state at a constant rate regardless of the 
stretching /shortening . 

  Define symbols as follows. 
       NG(t) : total number of molecules in gel state  
       N      :  total number of molecules 
       BM    :  the maximum value of muscle viscosity 
       Bm    :  the minimum value of muscle viscosity 
       B(t)  :  the value of muscle viscosity 
        t       :   time  

According to the assumptions <A1> and <A2>, B(t) is 
given by  

NtNBBBtB GmMm /)()()(                  (1) 
The number of molecules converted from sol state to gel 
state within a short time t  is given from <A3> by 

)()())(()()( tVtbNttNNatNttN GGGG    (2) 
where |V(t)| represents the absolute value of stretching or 
shortening velocity V(t) and a , b represent constants corres-
ponding to the rates in <A3>. Replacing (B(t+ t)-B(t))/ t 
with dB(t)/dt after eliminating of NG(t) from eq.(2) by the 
use of eq.(1), a mathematical model of the muscle viscosity 
can be obtained as follows.  

)())(())((/)( tVBtBbtBBadttdB mM       (3) 
It can be found from eq.(3) that the value of the viscosity 

decreases toward Bm from BM if the muscle under a rest state 
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starts to move. Such a decrease corresponds to the nonlinear-
ity in the muscle sub-model. Fig. 3 shows an improved mus-
cle sub-model. It can be constructed by replacing the vis-
cosity element B (constant) in Fig. 1 with an element 
describing the function of eq.(3). 

 
B.  Modeling of dynamic change on threshold value of -
motoneuron 

 
Lin et al. discovered the phenomenon that, if reflexes oc-

cur over the plural cycle of the knee joint motion induced by 
a pendulum test, a burst firing of -motoneuron during the 
first cycle starts at knee joint angular velocity slightly faster 
than those during cycles after the first one [9], and Burke et 
al. speculated that the phenomenon is caused by lowering of 
the threshold value in -motoneuron[10]. We will improve 
the firing sensitivity based on the results of these studies.   
   Preceding to modeling of the phenomenon, we prepare the 
following two assumptions. 
<A4>The threshold value of the -motoneuron slightly 

decreases only just after the first burst firing. 
<A5>Amount of the decrease in the threshold value is pro-

portional to the volume of first burst firing. 
    Fig. 4 illustrates the aspect of the decrease in the threshold 
value schematically with the angular acceleration curve and 
the timing of burst firings. For convenience, the timing of 
the decrease is selected to the first time t0 when the angular 
acceleration curve reaches to zero after the first burst firing 
and it is assumed that the threshold value decreases instanta-
neously.   
    The amount of the decrease Vth (t) in the threshold value 
of the -motoneuron can be expressed from <A5> by 

0

0

)()(
t

th dttfktV            (4) 

where f (t) and k are firing rate of -motoneuron and a 
constant respectively. Thus, the threshold value Vth (t) is 
given by 

)()( 00 ttuVVtV ththth                   (5) 
where Vth 0 and u(t) are the value of Vth (t) at resting and  
unit step function, respectively. Fig. 5 shows an improved -
motoneuron sub-model obtained from eq.(4) and eq.(5). 
 
C.  Detailed pendulum test model 

 
Detailed pendulum test model can be easily built up by 

exchanging the muscle link sub-model and the -
motoneuron sub-model in Fig. 1 with the corresponding sub-
models in Fig. 3 and Fig. 5, respectively. 

Simulating any measured waveform of the knee joint mo-
tion by the use of the detailed model, it is expected that the 
waveform obtained will coincide closely with the measured 
one. 

(a) normal subject

(b) severe spastic patient

measured  result
simulation  result

measured  result
simulation  result

 
Fig.2 Simulated results by simple model 
 

+

QI

+

×

×

s
1

J
1

s
1

a

b

+

-
- -

-

-

-

+

+

+

abs

sin

...

BM

Bm

K

2
mg

s
1

B

 
Fig.3 Improved muscle sub-model 
 

 

Vth

 
  

Fig.4 Aspect of threshold decreasing 

IFMBE Proceedings Vol. 25

474 K. Jikuya et al.



×

×

×

+

+

s
k

e tcs -1

Tc
presynaptic
inhibition

Vth
fe

1/fi

V
th r

+

-

+

+

+

 
 

Fig.5 Improved -motoneuron sub-model 
 
 

(a) normal subject

(b) severe spastic patient

measured  result
simulation  result

measured  result

simulation  result

 
  

Fig. 6 Simulated results by detailed model 
 
 
 

IV. EVALUATIONS 
 

Using the detailed pendulum test model, we carried out 
simulations of the waveforms which are the measured ones 
in Fig. 2. Results are shown in Fig. 6 (a) and (b) that corres-
pond to the waveforms in Fig. 2 (a) and (b), respectively. In 
each figure, bold and broken lines show simulated and 
measured waveforms, respectively. Both curves in each 
figure closely coincide. It is concluded from the facts that 
both of the differences in amplitude and difference in the 
interval mentioned above decrease drastically.   

 

V. CONCLUSIONS 
 

We have proposed a pendulum test model which can si-
mulate the knee joint motions obtained by pendulum test 
precisely. Using the model, the waveform of the pendulum 
test can be related to reflex exaggeration mechanism in the 
knee joint clearly. One of the future themes is to establish a 
practical measure for quantitative estimation of spasticity. 
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Abstract— In this paper, a three-dimensional (3D) FE 
model of the healthy human upper cervical vertebrae (C0-C3) 
was established considered cortical and cancellous bone. The 
model was validated using numerical results obtained by other 
authors. The stress distribution and potential fracture patterns 
of the atlas were analyzed under different loads and torques 
with 3 conditions. The results of FE analysis would be refer-
enced by surgeon. 
Keywords—Finite element method, upper cervical vertebrae, 

atlas, fractures, biomechanics 

I. INTRODUCTION  

With social progress and the rapid development of trans-
portation, the incidence of upper cervical vertebrae injury 
has an upward trend year after year because of traffic acci-
dents increasing. Injury of the upper cervical vertebrae with 
spinal cord has become a serious impact on people's body 
health and quality of life in the field of orthopedic disorders. 
According to reports, of which Jefferson fracture in upper 
cervical vertebrae injury accounts for 25%, 10% in cervical 
vertebrae injury, and 2% in spinal injury. The biomechani-
cal analysis of upper cervical vertebrae has an important 
clinical significance such as fracture types, treatment 
choices, prognosis judgments, and so on. At present, the 
finite element method (FEM) has been generally used in 
spine biomechanical research, but because of complicated 
anatomy structure of cervical vertebrae, the heavy workload 
for three-dimensional modeling and other reasons, the 
building and application of finite element model for the 
cervical vertebrae start relatively late. 

 The 80s in 20th century, Yang[1] and Jost, Nurick[2] built 
a three-dimensional finite element model of C1-C2 cervical 
vertebrae used spherical-shaped or fastened joints to simu-
late the occipital atlantoaxial joint, but changes in the bio-
mechanical traits for a single structure (such as transverse 
ligament, alar ligament, facets of zygapophysial joints, etc.) 
of cervical vertebrae could not been reflected. Karin[3], etc. 
built a three-dimensional finite element model of C1-C3 
cervical vertebrae, using nonlinear elastic element to simu-
late loading conditions in three directions with different 
loads. 

 In this study, a three-dimensional finite element model 
of C0-C3 cervical vertebrae was built according to CT 
scanning images, including the bony structures, ligaments, 
zygapophysial joints, and intervertebral disc, and so on. 
And a preliminary biomechanical analysis was made in the 
conditions of a separate atlas models with different loads 
and torques. 

II. MATERIAL AND METHOD 

A. Finite element model 

The geometrical data of the model developed here were 
obtained by computerized tomography (CT) for bones, with 
images taken from a normal adult volunteer. The thickness 
of CT parallel digital images is 0.6mm in the sagittal, cor-
onal and axial planes with the axis at 0° flexion. Cortical 
bone was meshed with 14670 triangle shell elements and 
cancellous bone was presented with 76799 tetrahedral ele-
ments in ANSYS(Fig.1). 

 

Fig. 1 FE model of C0-C3(lateral side)  

B. Material parameters and contact types 

This model includes the cervical vertebrae (C0-C3) and 
ligaments. Vertebral body consisted of the cortical bone and 
cancellous bone was simulated by tetrahedral elements, and 
material model was simplified as the continuous, homoge-
neous and isotropic linear elastic material. Some main liga-
ments were simulated by linear elastic material and volume 
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elements, others were linear spring elements. Referenced to 
material parameters in literatures [4-6] (see Table 1), the 
material properties of each part of the upper cervical verte-
brae were set (see Table 2). 

The contact types between joints were defined: sliding 
contact for the before and after atlanto-odontoid joint; slid-
ing contact for the odontoid process and transverse ligament; 
surface to surface contact for the zygapophysial joints of the 
vertebral body. 

Table 1 Material parameters of tissue in C0-C3  

anatomy structures 
E 

(MPa) 
Poisson’s 

ratio 

cross 
area 

(mm2) 
cortical bone 10000 0.3  
cancellous 450 0.3  

cruciate ligament 20 0.3  
alar ligaments 7.0 0.3  

anterior longitudinal ligament 30.0 0.3 6.10 
posterior longitudinal ligament 20.0 0.3 5.40 

interspinal ligaments 8.0 0.3 13.10 
ligamenta flava 9.0 0.3 50.10 

ligamentum nuchae 20.0 0.3 46.60 
zygapophysial joint 9.5 0.3  

anulus fibrosus 3.0 0.45 0.76 
nucleus pulposus 1.0 0.3  

 

Table 2  Element type of tissue in C0-C3  

anatomic structure Element Type 
cortical Shell 93 

cancellous 10-node Solid 92 
ligament transversum atlantis 10-node Solid 92 

cruciate ligament 10-node Solid 92 
alar ligaments 10-node Solid 92 

anterior longitudinal ligament 2-node Link 10 
posterior longitudinal ligament 2-node Link 10 

interspinal ligaments 2-node Link 10 
ligamenta flava 2-node Link 10 

zygapophysial joint 8-node Solid 45 
anulus fibrosus Shell 63 

nucleus pulposus 8-node solid 45 

 

C. Boundary conditions and loads 

a) The sagittal neutral surface between anterior and pos-
terior arch are fixed. The lower articular surface is con-
strained with up and down movement. The compressed load 
applied on the occipital is 200N, to simulate the force action 
of atlas when the skull position in neutral state; the torque 
pointed to the back applied on the surface of occipital is 
20N·m, to simulate the force action of atlas when the skull 
in extension state; the torque applied and pointed to the 

front on the occipital surface is 20N·m, to simulate the force 
action of atlas when the skull in flexion. 

b) The sagittal neutral surface of anterior arch is fixed. 
The lower articular surface is constrained with up and down 
movement. The sagittal neutral surface of posterior arch is 
constrained with left and right movement. The compressed 
load applied on the upper articular surface of atlas is 
500N.The upper articular surface is divided into two parts: 
front and back, from the central part. When the skull in 
neutral position, the compressed load on the front and back 
part is uniform; When in extension, the compressed load on 
the front part is 200N and back part 300N; When in flexion, 
the compressed load on the front part is 300N and back part 
200N. 

c) The lateral mass of atlas is constrained with up and 
down movement, to simulate the excessive extension of 
skull. The load on the sagittal neutral surface of posterior 
arch of atlas is 500N. 

 
Fig. 2 Stress distribution of atlas: front view (upper), back view (lower)  

III. RESULTS  

Case 1: whenever the skull in neutral, flexion or exten-
sion state, the maximum stress of atlas is located in the 
anterior arch, and then located at the lateral mass and the 
junction of the lateral mass and posterior arch. 

Case 2: in boundary conditions of a) and b), the maxi-
mum stress on the upper articular surface is concentrated on 
the anterior arch under different forces and torques with 
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varied angles, secondary stress concentration regions at the 
lateral mass and the junction of posterior arch and lateral 
mass. Because of atlas constrained with up and down 
movement, the concentration of stress is resulted from the 
tension of anterior and posterior arch, which produced after 
lateral mass pushed and slipped due to the force on the 
upper articular surface. 

Case 3: when the load was applied on the posterior arch, 
the stress is concentrated significantly on the posterior arch 
near the lateral mass (Fig.2), where the groove for vertebral 
artery, and it is the weakest place of posterior arch [1]. 

IV. CONCLUSIONS  

Through the analysis, the results showed: whether skull 
located in neutral, flexion or extension position, the maxi-
mum stress is on the anterior arch. If the external force was 
not great, it could cause a simple fracture of the anterior 
arch; an independent posterior arch fracture in the c) cir-
cumstances was resulted in, only when the upward extru-
sion force of the axis is produced due to posterior tubercle 
excessive backward extension. These two points are corre-
sponding to the I-type fracture classified by Levine and 
Edwards [7]. If external force was enough great, the anterior 
arch, posterior arch, and lateral mass would be fractured one 
by one, which is corresponding to the II-type fracture. 
When the force caused by the anterior arch or posterior arch 
continued to exist after fracture, it might be resulted in lat-
eral mass fracture, which corresponds to the III-type frac-
ture. Lateral mass fractures usually involved one side frac-
ture of the anterior arch or posterior arch. 

The results of this study also showed that the stress of 
posterior arch increases corresponding with skull extension, 
and the stress concentration region is occurred at the junc-
tion of the posterior arch and lateral mass, but the maximum 
stress is in the anterior arch. At this point of which is con-
sistent with the experimental results of the specimens by 
Panjabi [8], also with the results of FE analysis on similar 
conditions by Teo [9]. It is proved by research of Beckner [10]. 

The finite element model of the upper cervical vertebrae 
(C0-C3) was established in this paper. The model appear-
ance was matched with geometric profile and size, and 
cortical and cancellous bone were built individually, in 
order to simulate the physiological state and to analyze the 
biomechanical. This model was validated using experimen-
tal and numerical results obtained by other authors. 

In spite limitations, the obtained results showed that spe-
cific FE model could explicitly describe the complex stress 
distribution of atlas. The probability and the possible type of 
atlas fracture were predicted. The FE model would be help-
ful to surgeon and medical scientist who are studying the 
fracture of atlas. 
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Abstract—The stimuli of a face images expressing fear and 
disgust induce the activation in the medial temporal lobe was 
reported in previous studies. In particular, it was reported that 
face image expressing disgust activated the insula area of brain. 
In these studies, no background images were used with facial 
stimuli. However, normal day-to-day images always have a 
background. Moreover, background images are considered 
important in art forms (painting, photography, and movies, 
etc.) for eliciting effective expressions. In recent years, the 
background images are often used in computer screen for 
expecting emotional effects. We assessed the effect of back-
ground images on brain activation by using functional mag-
netic resonance imaging (fMRI). In this study, we implemented 
two types of experiments. In the first experiment, during fMRI 
scanning, face images with background images were presented 
repeatedly to 8 healthy right-handed males. Facial stimuli 
comprised 5 photographs of a face image expressing disgust. 
The background images comprised 2 photographs—one is 
worms and the other is a flower garden. It is thought that face 
images expressing disgust coincide with worms’ background 
image on the point of impression. In the second experiment, 
only the background images were shown to subjects and face 
images were eliminated. After scanning, the subjects rated the 
impression created by the images on the Plutchik scale. In the 
first experiment, significant effects of the image of the face 
against the worms background minus that against the flower 
garden were assessed using a t-test. In the second experiment, 
significant effects of the image of the worms minus the flower 
garden were assessed. The activation of the insula was detected 
in the first experiment, but not detected in the second experi-
ment. Therefore, the image of the face and the background 
together create the overall impression. This demonstrates the 
importance of background images. 

Keywords—Face image, background image, functional mag-
netic resonance imaging, brain activation. 

I. INTRODUCTION  

In recent years, many studies have been conducted in an 
attempt to clarify the neural systems involved in emotional 
perception. Previous studies have demonstrated that the 
stimulus of a face images expressing fear and disgust lead to 
activation of neural responses in the medial temporal lobe. 
Previous studies have suggested the involvement of the 
limbic system in emotional perception. The relationship 

between emotional perception and the hippocampus was 
shown by Papez et al. [1]. In particular, it was reported that 
seeing disgustful face image activated the insula area of 
brain. 

One of the concepts of emotion, called Plutchik’s psy-
choevolutionary theory of basic emotions, was suggested by 
Plutchik et al. [2]. These postulated basic emotions are 
acceptance, anger, anticipation, disgust, joy, fear, sadness, 
and surprise. 

In many art forms (painting, photography, movies, etc.), 
background images are thought to be very important for 
enhancing the effect of the subject. 

In most of the recent studies on anthropomorphic user in-
terfaces [3][4], only a face image is used and background 
images are either not used or are considered unimportant. 
However, in daily conversations with individuals, the ab-
sence of a background is unnatural. It is expected that add-
ing a background to face images will be useful in producing 
emotional effects. However, the mechanism through which 
background images affect face images has not been cleared. 
In addition, there are few studies on brain functions in the 
field of computer interface technology. 

An objective evaluation method is important for evaluat-
ing the effect of background images on humans. In particu-
lar, clarifying the relation between background images and 
the activation of the brain is thought to be a key for such an 
objective estimation. We have investigated the relation 
between face images expressing fear and background image, 
and made clear the mechanism by which information related 
to background images is processed in the brain [5]. How-
ever, the effects of background images on the other condi-
tions are not investigated so far. 

In this research, we attempted to elucidate this mecha-
nism on the other conditions by using an fMRI scanner to 
detect brain activation induced by images that include not 
only a face image but also background images. In our re-
search, the subjects were shown face images with back-
ground images. We focused on the brain activation and 
impression change induced by the different combinations of 
facial expressions and background images. Two background 
images were used for the experiment. One image induced 
the same type of emotional effect as the face images, 
whereas the other image induced a different type of emo-
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tional effect from the face images. The effect on brain acti-
vation was analyzed by means of the fMRI scanner. This 
experiment analyzed the relation between emotions and 
brain activation induced by images. Moreover, the effect 
induced only by background images was also analyzed by 
means of a questionnaire and the fMRI scanner. 

II. METHOD 

A. Experimental paradigms 

In this study, we implemented two types of experiments. 
In the first experiment, the face image was superimposed 

on the background image. The face images used in our 
experiment expressed disgust. The five face images used 
were selected from Paul Ekman’s database (Ekman & 
Friesen, 1976). These images comprise two male and three 
female images. 

Two types of background images were used—one de-
picted worms; the other, a flower garden. 

We selected two background images to investigate 
whether the emotional effect of the face images with one 
background is consistent with that elicited by the face im-
ages with another background. 

Fig. 1 and Fig. 2 are samples of the face image with a 
back-ground image of worms and a flower garden, respec-
tively. It is believed that face images expressing disgust 
correspond to a background depicting worms; however, face 
images expressing disgust are in contradiction with a back-
ground depicting a flower garden. 

In this experiment, we focused only on the changes in 
brain activity resulting from disgust; subsequently, we fo-
cused on changes in the insula areas, which are associated 
with the emotion of disgust. 

During the fMRI scanning, the subjects, who were asked 
to wear earplugs, lay on the bed of the fMRI scanner. The 
total scanning time was 5 min per subject, and the scanning 
was carried out in blocks of 10 s wherein a face image along 
with the background image of either worms or a flower 
garden was repeatedly presented to the subject. The face 
presentation block was preceded and followed by a 10s 
block of a crosshair cursor, as seen in Fig. 3. During the 10-
s face block, the stimulus of one face image (with a back-
ground image) of either a male or female was presented 5 
times (stimulus duration, 200 ms; interstimulus interval, 
1800 ms) because repeated stimulation is assumed to en-
hance corresponding cortical activation [6][7]. 

The combination of the face and background images was 
randomly selected for every 10s face block; however, the 
number of images with the worms and flower garden back-
grounds was counterbalanced. In addition, the number of 

face images of a particular person with both the back-
grounds was counterbalanced. 

In the second experiment, only the background images 
were shown to subjects and face images were eliminated. 

 

Fig. 1 Sample of a face image expressing disgust with 
the background image of worms 

 

Fig. 2 Sample of a face image expressing disgust with 
the background image of flower garden 

 

Fig. 3 Schematic diagram of the experimental paradigm. 

B. Questionnaire 

In order to assess the difference in the psychological ef-
fects caused by different background images, the subjects 
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were required to rate their impressions by using a question-
naire based on Plutchik’s eight basic emotional categories. 
The subjects were required to rate the intensity of their 
impression of each category of emotion on a scale of 0 to 6 
(seven levels). A rating of 0 implied that the subject did not 
feel anything for that particular category, and a rating of 6 
implied that the subject experienced that emotion very 
strongly (maximum intensity). The subjects answered the 
questionnaire immediately after the fMRI scanning.  

C. Subjects 

The subjects were 11 healthy right-handed male adults 
(mean age is 22.3 years, standard deviation is 1.30). All the 
subjects provided written informed consent for participation 
in the experiment. In all the paradigms, the subjects, who 
were monitored through a window, were forbidden to move, 
except when the task required them to do so. 

 

D. Image Acquisition and Analysis 

In this experiment, gradient-echo echo-planar magnetic 
resonance (MR) images were developed using a 1.5 Tesla 
Hitach Stratis II System at the Applied Superconductivity 
Research Laboratory, Tokyo Denki University, Chiba, Ja-
pan. T2*-weighted time-series images depicting the blood 
oxygenation level-dependent (BOLD) contrast were devel-
oped using a gradient-echo echo-planar imaging (EPI) se-
quence (TR, 4,600 ms; TE, 74.2 ms; inter-TR time, 400 ms; 
total scanning time, 5.00 min; flip angle, 90°; field of view 
(FOV), 22.5 cm × 22.5 cm; slice thickness, 4.0 mm; slice 
gap, 1.0 mm; voxel, 3.52 × 3.52 × 5 mm). In all, 28 axial 
contiguous slices covering the entire brain were collected. 

The developed data were analyzed using the statistical 
parametric mapping (SPM) technique (using SPM2 from 
the Wellcome Department of Cognitive Neurology, London, 
UK) implemented in Matlab (Mathworks Inc., Sherborn, 
MA, USA). The analysis involved the following steps: cor-
rection for head movements between the scans, realignment 
of the functional images acquired from each subject to the 
first image using rigid body transformation. A mean image 
was created using the realigned volumes. The high-
resolution, T1-weighted anatomical images were coregis-
tered to this mean (T2*) image to ensure that the functional 
and anatomical images were spatially aligned. The anatomi-
cal images were then normalized into the standard space [8] 
by matching them to a standardized Montreal Neurological 
Institute (MNI) template (Montreal Neurological Institute, 
Quebec, Canada), using both linear and nonlinear 3D trans-
formation [9][10]. The transformation parameters deter-
mined here were also applied to the functional images. Fi-

nally, these normalized images were smoothed with a 12 
mm (full width at half maximum) isotropic Gaussian kernel 
to accommodate intersubject differences in anatomy and to 
permit the application of Gaussian random field theory to 
provide corrected statistical inference [9][10]. The SPMs 
{Z} for the contrasts were generated and thresholded at a 
voxel-wise P value of 0.01. 

III. RESULTS 

The differences in the activation between the conditions 
of viewing face images expressing disgust with the back-
ground image of either worms or a flower garden (disgust-
ful face images with the worms background minus those 
with the flower garden background) were analyzed. The 
results are shown in Fig. 4. The difference in activation was 
detected in the insula of the brain. 

The results of questionnaire shown that the intensity of 
the impression was stronger for the basic emotional catego-
ries of disgust when the worms background was used than 
when the flower garden background was used. 

In the second experiment, the difference in activation 
was not detected in the insula area. The results of question-
naire, however, shown that the intensity of the impression 
was stronger for the basic emotional categories of disgust 
when the worms’ image was used than when the flower 
garden image was used. 

IV. DISCUSSION 

In our research, we attempted to reveal the effect of 
combining the background image with disgustful face im-
ages. As a result, stronger activity was detected in the insula 
area when the worms background image was used than 
when the flower garden background image was used. 

 The area in which activation was detected coincide with 
the areas in which activation was observed in a previous 
study in which subjects were shown faces expressing dis-
gust. 

The results of the questionnaire revealed that the subjects 
formed a stronger impression of disgust when they saw face 
images expressing disgust with the worms’ background than 
when they saw same face images with the background im-
age of a flower garden. This reveals that the impression of 
disgust was enhanced by using the image with a worms’ 
background because this image corresponds with the image 
of a disgustful face. 

In the second experiment, the paradigm was the same but 
the face image was removed. In this experiment, the differ-
ence in activation was not detected in the insula area. This 

IFMBE Proceedings Vol. 25

The Effect of Background Images Combined with Face Images Expressing Disgust 481



experiment showed that the background image had little 
effect on activity in the insula. 

It is thought that the difference of effect on activity in the 
insula between the face images combined with background 
image and background image is caused by the difference of 
effect of empathy. In psychological field, it is well known 
that the face images induce strong empathy to observer. 

Though the background image had little effect on activity 
in the insula, it considerably influenced the activation re-
sulting from the stimuli of face images expressing disgust. 

V. CONCLUSIONS 

We investigated the effect of combining face images ex-
pressing disgust and background images to study the activa-
tion of the brain by using fMRI. 

 As a result, stronger activation was detected in the insula 
area when the worms’ background image was used than 
when the background image of a flower garden was used. It 
is believed that this difference in brain activity relates to the 
degree of disgust impression induced by the images. The 
results of the questionnaire revealed that the impression of 
disgust induced by the disgustful face image with the worm-
s’ background image was stronger than that induced by the 
face image expressing disgust with the background of a 
flower garden. 

In addition, the effect of the background image was in-
vestigated. And, the background image had little effect on 
activity in the insula, although it considerably influenced 
the activation resulting from the stimuli of face images 
expressing disgust. 

 
Fig. 4 Results of the difference in activity between the 

case of the face images expressing disgust with the worms’ 
background and that of the disgust images with the flower 
garden background (worms minus flower garden) 

 
Fig. 5 The results of the difference in activation between 

the cases of the two background images (worms minus the 
flower garden) 

 
 
 

1. J. W., Papez (1937) A proposed mechanism of emotion, Arch Neurol 
Psychiatry, Vol. 79, pp. 217–224. 

2. R., Plutchik (1962) Emotion: A Psychoevolutionary Synthesis, Haper 
and Row. 

3. H., Dohi & M. A., Ishizuka (1996) Visual software Agent: An Inter-
net-Based Interface Agent with Rocking Realistic Face and Speech 
Dialog Function, AAAI technical report “Internet-Based Information 
Systems”, No. WS-96-06, pp. 35–40. 

4. P., Murano (2003) Anthropomorphic Vs Non-Anthropomorphic 
Software Interface Feedback for Online Factual Delivery, Seventh In-
ternational Conference on Information Visualization (IV'03), pp. 138. 

5. Takamasa Shimada, Tadanori Fukami and Yoichi Saito (2009) Brain 
activation in response to face images with backgrounds, International 
Journal of Innovative Computing, Information and Control (IJICIC), 
Vol. 5, No. 3, pp.589-600 

6. E. K., Miller, L., Li, & R., Desimone (1991) A neural mechanism for 
working and recognition memory in inferior temporal cortex, Science, 
Vol. 254, pp. 1377–1379. 

7. C. L., Wiggs & A., Martin (1998) Properties and mechanisms of 
perceptual priming; Curr Opin Neurobiol, Vol. 8, pp. 227–233. 

8. J., Thalairach & P., Tournoux (1988) Co-Planar Stereotactic Atlas of 
the Human Brain, Thieme, Stuttgart. 

9. K., Friston, J., Ashburner, J., Poline, C., Frith, J., Heather, & R., 
Frackowiak (1995) Spatial registration and normalization of images, 
Hum Brain Mapp, Vol. 2, pp. 165–189. 

10. K., Friston, A., Holmes, K., Worsley, J., Poline, C., Frith, & R., 
Frackowiak (1995) Statistical parametric maps in functional imaging: 
A general approach, Hum Brain Mapp, Vol. 5, pp. 189–201. 
 
Author: Takamasa Shimada 
Institute: School of Information Environment, Tokyo Denki Univer-

sity 
Street: 2-1200 Muzai Gakuendai 
City: Inzai City, Chiba Prefecture 
Country: Japan 
Email: shimada@sie.dendai.ac.jp 

 
 

IFMBE Proceedings Vol. 25

482 T. Shimada et al.



Sleep Stage Diagnosis using Neural Network of Elman-type Feedback SOM  

Takamasa Shimada1, Kazuhiro Tamura1, Tadanori Fukami2 and Yoichi Saito3 

1 School of Information Environment, Tokyo Denki University, Inzai, Japan 
2 Faculty of Engineering, Yamagata University, Yonezawa, Japan 

3 Research Institute for EEG Analysis, Tokyo, Japan 

Abstract— In psychiatry, the sleep stage is one of the most 
important evidence for diagnosing mental disease. However, 
when doctor diagnose the sleep stage, much labor and skill are 
required, and a quantitative and objective method is required 
for more accurate diagnosis. For these reasons, an automatic 
diagnosis system must be developed. In this paper, we propose 
an automatic sleep stage diagnosis method by using Self-
Organizing Maps (SOM). Neighborhood learning of SOM 
makes input data which has similar feature output closely. 
This function is effective to understandable classifying of com-
plex input data automatically. We didn't only applied SOM to 
EEG of normal subjects but also applied to EEG of subjects 
suffer from disease. The spectrum of characteristic waves in 
EEG of disease subjects is often different from it of normal 
subjects. So, it is difficult to classify EEG state of disease sub-
jects with the rule for normal subjects. On the other hand, 
SOM classifies the EEG state with considering the features 
which data include. So, even the EEG of disease subjects is 
able to be classified automatically. In our experiment, first, the 
features included in EEG were extracted and learned by the 
Elman-type feedback SOM on competitive layer. The spec-
trum data were inputted to the Elman-type feedback SOM and 
data were classified on competitive layer. Next, the data were 
diagnosed by doctor and the sleep stages were labeled. The 
data of stage wake were input to the learned Elman-type feed-
back SOM, and the neuron which fires mostly was decided. 
This neuron is called wake winner neuron (WWN). Finally, 
data for testing were inputted to the learned Elman-type feed-
back SOM and corresponding sleep stage was diagnosed by the 
distance from WWN to Best Matching Unit. Experimental 
results indicated that the proposed method achieved similar 
results with doctor’s diagnosis. 

Keywords— EEG, Self-Organizing Maps, sleep stage. 

I. INTRODUCTION  

In psychiatry, sleep staging is one of the most important 
means for diagnosis. The sleep staging of EEG, however, is 
liable to be subjective since it depends on the doctor’s skill 
and requires much labor. An automatic diagnosis system 
must therefore be developed to reduce doctor's labor and 
realize quantitative diagnosis of sleep EEG.  

For sleep staging by EEG analysis, it is especially impor-
tant to detect the characteristic waves from EEG. Most 
conventional methods of diagnosing the sleep stage, how-

ever, use long-term spectrum analysis [1][2]. However, the 
spectrum of characteristic waves in EEG of disease subjects 
is often different from it of normal subjects. So, it is diffi-
cult to classify EEG of disease subjects with the rule for 
normal subjects. Moreover some methods are based on a 
kind of template matching. This also makes it difficult to 
cope with the large variation of EEG. So, the method of 
detecting the characteristic waves in EEG which is required 
in clinic must therefore be able to cope with fluctuations of 
pattern of frequency between individuals. 

Recently, neural networks have been applied to various 
kinds of problems in many fields due to their ability to ana-
lyze complicated systems without accurate modeling in 
advance [3]. Especially, Self-Organizing Maps (SOM) has 
an ability of making classification rule automatically and 
classifying the data without teaching. Neighborhood learn-
ing of SOM makes input data, which has similar feature, 
output closely. This function is effective to understandable 
automatic classification of complex input data. 

An Elman-type feedback SOM is a same type neural net-
work as SOM. It has not only a function of SOM, but also a 
function of coping with temporal signal processing. For 
accurate sleep stage diagnosis, considering contextual in-
formation is important. 

In this paper, we propose a new sleep stage diagnosing 
method using an Elman-type feedback SOM [4]. It is ex-
pected that the function of automatic making of classifica-
tion rule is effective to classifying complex signal from 
human body and that even the EEG with disease subjects is 
able to be classified automatically. 

II. METHOD 

A. Self-Organizing Maps 

The Self-Organizing Maps (SOM) is one of Neural Net-
works which was developed by T. Kohonen. SOM doesn’t 
need to be taught by operator when it learn classification 
rule. Fig. 1 shows the architecture of SOM. 

SOM consists of two layers, input layer and competitive 
layer. Input data are inputted to input layer of SOM. And 
the neuron which fires mostly on competitive layer (winner 
neuron) is decided. The weights of winner neuron and 
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neighborhoods are increased. This learning process is re-
peated. Generally, if input data has more complex feature, 
the learning process is repeated more. This neighborhood 
learning of SOM makes input data, which has similar fea-
ture, output closely. This function is effective to under-
standable automatic classification of complex input data. 

x1 x2 xi

y1 y2

yn

Input layer

Competitive layer

xm

 

Fig. 1 SOM architecture. 

B. An Elman-type feedback SOM 

For achieving more accurate sleep stage diagnosis, con-
sidering contextual information is important. In clinical 
medicine, doctor uses the information of context for sleep 
stage diagnosis, because the state of short term EEG data 
often fluctuates from general EEG pattern of sleep stage in 
which subject is. So, the diagnosed sleep stage with short 
term EEG is improved by considering contextual informa-
tion. In our experiment, an Elman-type feedback SOM was 
used for coping with contextual information. Fig. 2 shows 
the architecture of Elman-type feedback SOM. 

An Elman-type feedback SOM is a model which has a 
feedback loop from competitive layer to input layer. There 
are context units at the middle of feedback loop. The num-
ber of context units is same with it of units of competitive 
layer and they are one-to-one correspondence. Each context 
unit always maintains a copy of the previous values of the 
corresponding unit in competitive layer. Thus the network 
can maintain a sort of previous state. 

x1 x2 xi xm

1n

n 2 1

h1hn

y1

h2

2

y2

yn

Input layer

Competitive layer
Context units

Fig. 2 Elman-type feedback SOM architecture. This ar-
chitecture recognizes the contextual information of EEG. 

C. Learning process 

The training or testing data is generated as follows. First, 
the EEG data is sampled (at the rate of 200Hz) with a 
2.56sec (512-point) hamming window. Its logarithmic 
power spectrum coefficients are calculated by FFT. In our 
experiment, the powers at 16 power bands were used for 
input data as shown in table 1.These 16 power bands were 
decided by considering the important spectrum range which 
are often used in clinical medicine for diagnosing sleep 
stages. Each power band of 16 power bands is correspond-
ing to important spectrum range for diagnosing sleep stages 
as shown in Table 1. Generally, most of power spectrum of 
sleep EEG is included in this spectrum range (from zero to 
100.0Hz). 

Table 1  16 power bands corresponding to important spectrum range for 
diagnosing sleep stages 

Name of bands Spectrum range[Hz] 

delta 0 0 - 1.17 
delta 1 1.17 - 2.34 
delta 2-3 2.34 - 4.30 
theta 1 4.30 - 6.25 
theta 2 6.25 - 8.20 
alpha s 8.20 - 9.38 
Alpha m 9.38 - 11.33 
alpha f = omega 1 11.33 - 13.28 
omega 2 13.28 - 15.23 
beta 11 15.23 - 17.19 
beta 12 17.19 - 19.14 
beta 2 19.14 - 23.05 
beta 3 23.05 - 26.95 
gamma 1 26.95 - 39.45 
gamma 2 39.45 - 60.16 
gamma 3 60.16 - 100.0 
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These spectrum data were inputted to input layer of El-
man-type feedback SOM. The clustering map was made on 
competitive layer automatically. The EEG data which have 
similar feature are classified closely on competitive layer by 
neighborhood learning of SOM. 

The learning data were diagnosed by doctor and the sleep 
stages were labeled. The data of stage wake were inputted to 
the learned Elman-type feedback SOM, and the neuron 
which fires mostly was decided. This neuron is called wake 
winner neuron (WWN). 

D. Testing process 

Data for testing were inputted to the learned Elman-type 
feedback SOM, and the unit which fires mostly in competi-
tive layer (BMU: Best Matching Unit) was searched. 

The corresponding sleep stage to input data was diag-
nosed by the distance from WWN to BMU. 

E. subjects 

The number of subjects is five. And symptom of each 
subject is as described in Table 2. Twos of subjects are 
healthy and the others are suffering from disease. 

 
Table 2 symptom of each subject 

Subject symptom 

A Healthy male, aged 16. 
B Epileptic mental disorder, female, 

aged 32. 
C Healthy female, aged 39. 
D Epileptic mental disorder, female, 

aged 55. Power band of characteris-
tic waves in EEG shift lower band 

E Organic mental disorder, female, 
aged 76. Frequently epileptic waves 
are observed. 

III. RESULTS 

The test data of subjects A, B, C, D and E were applied 
to learn Elman-type feedback SOM, and results of diagnosis 
were decided by the distance from WWN to BMU. Results 
were acquired at each time and plotted them on the graphs. 
Figs 3, 4, 5, 6 and 7 show the results of data of subjects A, 
B, C, D and E, respectively. 

 

Fig. 3 The result of sleep stage diagnosis of data of sub-
ject A with Elman-type feedback SOM. 

 

Fig. 4 The result of sleep stage diagnosis of data of sub-
ject B with Elman-type feedback SOM. 

 

Fig. 5 The result of sleep stage diagnosis of data of sub-
ject C with Elman-type feedback SOM. 
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Fig. 6 The result of sleep stage diagnosis of data of sub-

ject D with Elman-type feedback SOM. 
 

 
Fig. 7 The result of sleep stage diagnosis of data of sub-

ject E with Elman-type feedback SOM. 

IV. DISCUSSIONS 

The correct rates of diagnosis were calculated by Equa-
tion (1). 

[%]100
periods ofnumber  totalThe

perioddiagnosedcorrectlyofnumberThe
rateCorrect

 (1) 

Fig. 8 shows the correct rates of sleep stage diagnosis of 
data of all subjects with SOM and Elman-type feedback 
SOM. The average correct rate of diagnosis with conven-
tional SOM is 39.3%. On the other hand, the average cor-
rect rate of diagnosis with Elman-type feedback SOM is 
78.4%. This result shows that the more accurate sleep stage 
diagnosis is achieved by considering contextual information 
with Elman-type feedback SOM. 

Though the power bands of characteristic waves of sub-
ject D are different from that of normal subject, the high 
correct rate was achieved. This fact shows that Elman-type 
feedback SOM can cope with abnormal EEG of disease 

subjects with the function of automatic making of classifica-
tion rules. 

 
Fig. 8 The correct rates of sleep stage diagnosis of data 

of all subjects with SOM and Elman-type feedback SOM. 

V. CONCLUSIONS 

In this paper, we propose an automatic sleep stage diag-
nosis method by using Elman-type feedback SOM. 

The data of five subjects including disease subjects 
whose power bands of characteristic waves are different 
from normal subjects were applied, and sleep stages were 
diagnosed. 

Experimental results showed that the proposed method 
achieved similar results with doctor’s diagnosis, and higher 
correct rates of sleep stage diagnosis were achieved by 
considering the contextual information of EEG comparing 
with SOM. 
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Abstract— Shape-memory polymers are active materials that 
provide a mechanical response to temperature changes. They 
have a high capability for recovering from deformations 
(much greater than shown by shape-memory alloys) which 
combined with a lower density and cost has favoured the ap-
pearance of numerous applications for manufacturing actua-
tors, especially for the aeronautics, automobile and medical 
industries.       

Among the medical devices under development that endorse 
the advantages of using these polymers, the most notable are 
self-expanding stents, thrombectomy devices, “intelligent”    
sutures, drug release devices and active catheters. On addition 
active annuloplasty rings, based on the properties of these 
materials, for treating mitral valve insufficiency are being 
developed by our team at Universidad Politécnica de Madrid. 

 However current limitations related to stress recovery are 
restricting the industrial impact of these active polymers. We 
believe that using simulations tools for precisely studying how 
the active implant acts on the surrounding tissue can help 
designing new implants that benefit from the properties of 
shape-memory polymers. The main results of our stress-strain 
simulations, carried out to analyze the viability of using shape-
memory polymer based annuloplasty rings for reducing mitral 
valve annulus, are explained in this work with promising con-
clusions.     
  

Keywords— Shape-Memory Polymers, Active Materials, Bio-
devices, Annuloplasty, Mitral Valve Insufficiency. 

I. INTRODUCTION TO MITRAL VALVE INSUFFICIENCY 

The mitral valve is made up of two components whose 
mission is to channel the blood from the auricle to the left 
ventricle. Firstly, there is the so-called mitral valve complex 
comprising the mitral ring, the valves of the mitral valve, 
and the commissures joining both valves. Apart from the 
mitral valve complex itself, this valve has the so-called 
“tensor” complex, which in turn comprises the tendinous 
chords which continue with the papillary muscles attached 
to the left ventricle.  

 A failure of any of these elements leads to functional 
changes in the mitral apparatus, such as mitral insufficiency, 
explained below, and hemodynamic repercussions.  

Mitral insufficiency is defined as the systolic regurgita-
tion of blood from the ventricle to the left auricle, due to 
incompetence in mitral valve closing. This can arise for 
three main reasons: a) primary disease of the mitral valve; 
b) an anatomic or functional alteration in the papillary 
chords and muscles, and c) a disorder in the correct function 
of the auricle and the left ventricle [1]. 

Valve reconstruction is currently the preferred treatment 
for mitral insufficiency provided this is possible. With the 
aid of preoperative transesophagic echocardiography lesions 
can be located and their extent seen so a surgeon can evalu-
ate if valve repair is possible and design an exact plan for 
any operation required. Nowadays, the object of this surgery 
is not simply limited to eliminating mitral insufficiency but 
in many cases to reconstructing the geometry of the entire 
mitral valve apparatus to ensure a durable repair. Surgically 
restoring the geometry to normal consists in: a) augmenting 
or reducing the abnormal vellums; b) replacing broken or 
short tendinous chords using “Goretex” type sutures, and c) 
annuloplasty. 
 Carpentier’s description of a rigid prosthetic ring to 
allow a selective reduction of the entire mitral ring opened 
the way to modern mitral repair. Annuloplasty consists in 
inserting the said ring-shaped device for reducing the mitral 
ring and improving the contact between the valve vellums, 
which in turn leads to a reduction in the patient’s degree of 
mitral insufficiency.  
 However inserting a device to close the mitral valve 
means additional demands on the heart that may lead to 
postoperative problems. It would be ideal to insert a ring 
with the same shape as the patient’s mitral ring, and when 
they have recovered from the operation, progressively act 
on this ring (in several stages) and remotely. This seeks to 
maintain a balanced situation and not excessively overload 
the patient’s heart during the operation. 
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In this way, the progressive closing of the patient’s mitral 
ring could be controlled and by using non-invasive inspec-
tion technologies the extent of improvement in the patient’s 
mitral insufficiency can be evaluated after each stage of 
acting on the ring. 

 

II. SHAPE MEMORY POLYMERS FOR MECHANICAL ACTUATION 

Shape-memory polymers (SMP) are materials that give a 
mechanical response to temperature changes. When these 
materials are heated above their “activation” temperature, 
there is a radical change from rigid polymer to an elastic 
state that will allow deformations of up to 300%. If the 
material is cooled after manipulation it retains the shape 
imposed; it “freezes”, the said structure returning to a rigid 
but “unbalanced” state. When the material is heated above 
its activation temperature, it recovers its initial undeformed 
state.  
 The cycle can be repeated numerous times without 
degrading the polymer and most suppliers can formulae 
different materials with activation temperatures of between  
–30 ºC and 260 ºC, depending on the application required. 

They are therefore active materials that present ther-
momechanical coupling and a high capacity for recovery 
from deformation, (much greater than shown by shape-
memory alloys),   which combined with a lower density and 
cost has favoured the appearance of numerous applications 
for manufacturing sensing devices– actuators, especially for 
the aeronautics, automobile and medical industry.      

However, due to their recent appearance, in many cases 
their mechanical and thermomechanical properties are still 
not completely typified, what gives rise to doubts concern-
ing how devices based on these materials will react. One of 
the basic aims of current research is to increase knowledge 
of the properties of these polymers by seeking to typify 
them as clearly as possible.  

Among the medical devices developed that endorse the 
advantages of using these polymers, the most notable are 
self-expanding stents, thrombectomy devices, intelligent 
sutures, drug release devices and active catheters [2].  

Regarding annuloplasty rings, commercial devices based 
on shape-memory polymers are not yet available. The Sorin 
Group’s Memo 3D manages to reduce its shape by using a 
shape-memory alloy (Nitinol type, similar to those used in 
the manufacture of self-expanding stents). Nevertheless, the 
change of shape is produced during the operation itself on 
making contact with human body temperature, which means 
that no postoperative measures are possible.  

 

Fortunately, the aptitude of shape-memory polymers for 
recovering their shape when faced against stresses of up to 
around 7 MPa means that a 3 mm thick annuloplasty ring 
developed with these materials would stand a circumferen-
tial force of between 4 to 12 N that is similar to the forces 
present in the patient’s mitral ring.   

In accordance with the above, we propose a ring made of 
shape-memory polymer and electrical resistances or heaters 
distributed in its interior to activate the “shape-memory 
effect” and the associated geometrical changes.  

Firstly, the ring adapts to the end size required (that 
needed to eliminate the mitral insufficiency) and with the 
resistances already in place. The ring is then uniformly 
heated to a temperature higher than the glass transition 
temperature (situated for the end product between 41 ºC and 
43 ºC) and is forced to take on the expanded transitory 
shape (to do this cone-shaped tools can be used with a cross 
section similar to that of the mitral ring), letting it cool 
down to room temperature. The device also consists of a 
battery to power the resistances and heat them.  

The rise in temperature of the resistances causes a local 
rise in temperature, which, if suitably controlled leads to a 
change in phase of the SMP and therefore a reduction in 
size.  

Using an associated electronic control enables the resis-
tances to be operated in pairs and at different times, in order 
to carryout the progressive or “step by step” operation re-
quired on the ring. Figure 1 shows a preliminary design. 
 

 
 

Fig. 1 Active annuloplasty ring design. SMP with heating elements.  
 

A patent for this device has been granted under the title 
of “Active annuloplasty system for the progressive treat-
ment of valve insufficiencies and other cardiovascular pa-
thologies” with Document Number P200603149 after being 
evaluated by the Spanish Patents and Trade Marks Office. 

The main results of our stress-strain simulations, carried 
out to analyze the viability of using shape-memory polymer 
based annuloplasty rings for reducing mitral valve annulus, 
are explained in this work with promising conclusions.     
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III. THE HELP OF SIMULATION TOOLS FOR DESIGN TASKS 

The use of “CAE – Computer Aided Engineering” tools 
is everyday more extended as support programs for the 
development of new products. They usually allow calcula-
tions using the “FEM – Finite Element Method”, a numeri-
cal technique for solving complex differential equations 
mainly related with mechanical, thermal, electromagnetic or 
fluid environments and problems. 

Set out below is the application of such technologies for 
simulating the behaviour of mitral valve tissue when ex-
posed to the actuation of an active annuloplasty prosthesis 
and also for studying the effects on such a device, as well as 
their design implications. 

For this purpose, the design and simulation program 
“NX-6 Unigraphics – Siemens” and its FEM package linked 
to Nastran has been of great help. First of all the structure of 
the annuloplasty ring has been designed (using the computer 
aided design possibilities of NX-6). The geometry has been 
generated according to the measurements and values used 
previously in other researches. Afterwards an annuloplasty 
ring, based on commercial products, has also been designed 
for simulating its actuation against the mitral valve annulus 
and related reduction, which presumably induces a better 
closure of mitral valve. 

Once the designs are done, geometries can be meshed, 
properties and charges applied and simulations solved. In 
the following simulations both structures (mitral tissue and 
annuloplasty ring) have been simulated separately but tak-
ing into account the effects of the other structure as input 
charges. The main properties, loads and boundary condi-
tions considered are explained below.  

Material properties: 
A value of 2 MPa for mitral valve’s Young modulus and 

a tissue thickness of 4 mm have been selected with a global 
height of mitral annulus around 25 mm. A value of 0,4 has 
been considered for Poisson ratio [3].  

The ring is designed using a SMP-polyurethane resin 
with Young modulus of 1750 MPa under glass transition 
temperature and a Young Modulus of 16 MPa above such 
temperature (during actuation). A value of 0,38 has been 
used for Poisson ratio [4]. 

Charges applied: 
Active ring actuation has been considered at the moment 

of maximal pressure within the cardiac cycle (120 mmHg as 
shown in Figure 2), so as to analyze the capabilities of 
shape-memory polymer based actuation under the most 
demanding conditions.     

Such a pressure has been applied inside the mitral annu-
lus and its effects simulated for obtaining the reference 
situation, to which cross-sectional reductions will be related 
(Figure 3, upper image).       
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Fig. 2 Left ventricular pressure evolution during cardiac cycle.  

 
 The effect of external pressures applied on top of the 
mitral annulus (on the 3 mm upper region where the active 
annuloplasty ring is located) has been studied. Such actuat-
ing pressures lead to a reduction of mitral valve section 
(Figure 3, bottom image) and simulate the actuation of an 
active implant when closing around the mitral valve annu-
lus. Cross-sectional reduction for pressures of 5, 10, 15, 20, 
25, 30, 35, 40, 45 and 50 kPa is summarized in Figure 7 
(green -■- line). 
 

 
Fig. 3 . Simulation results: Effect of annuloplasty ring actuation in the 

morphology of mitral valve annulus (40 kPa applied). (Increased scale). 
 
 Tissue effects on annuloplasty rings during actuation 
have also been studied and simulated by applying increasing 
inner pressures to the designs. Some stress results are ex-
posed below. 
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Fig. 4 Simulation results: Von Mises stress simulation during the shape 

memory recovery (40 kPa applied).  
 
 The maximal stress registered in the simulations corre-
sponds to around 1,7 MPa. This result provides confidence 
on the possibilities of shape-memory polymers for manufac-
turing active annuloplasty rings, as several polymers with 
stress-recovery capabilities that go beyond such value have 
been reported.  
 However due to the elastic modulus reduction of shape-
memory polymers above their glass transition temperature 
(Tg), which marks the beginning of actuation, deformations 
have to be taken into account before providing a positive 
opinion on the viability of such a device. Induced displace-
ments (Figure 5) have also been studied for the active annu-
loplasty rings.  
 

 
Fig. 5 Simulation results: Displacements (x and y directions) due to ring 

deformation during the shape memory recovery (40 kPa applied).  
 

 Besides the effect of such deformations above glass 
transition have been included in Figure 7 (blue -▲- line) for 

inner pressures applied to the prosthetic rings of 5, 10, 15, 
20, 25, 30, 35, 40, 45 and 50 kPa. It leads to obtaining a 
cross-sectional reduction lower as expected from the initial 
designs, which can help in further tasks related to design 
optimization and for calculating the necessary prosthesis’ 
geometry for a desired cross-sectional reduction. 
 For example Figure 7 shows that a prosthetic SMP ring 
designed for inducing around 9% reduction would lead to a 
real reduction of about 6%, which means rings should be 
designed with a permanent form even narrower for compen-
sating deformations above Tg.  
 g
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Fig. 7 Expected (■) and real (▲) mitral valve section reduction due to 

“SMP” – active annuloplasty” and maximal stress induced to the implant.  

IV. MAIN CONSLUSIONS AND FUTURE WORK 

The use of simulation tools for improving developments 
of implants based on the actuation capabilities of SMP has 
been explained. The application to an active annuloplasty 
ring has been studied in depth, with results that provide 
additional confidence on the possibilities of such a device.  

Future “in vitro” and “in vivo” trials will help to validate 
the simulation results but the use of simulations is anyway 
of great help, so as to reduce the number of such time and 
cost demanding trials and optimise developments. 
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Abstract—This study is motivated by the requirement for a 
CABG distal anastomosis configuration which can bring about 
considerable improvements in the flow field and hemodynamic 
parameter (HP) distributions. A new CABG configuration is 
designed and compared to the conventional end-to-side (ETS) 
distal anastomosis by means of numerical simulation of pulsa-
tile, Newtonian blood flow. There are two components in the 
design: a side-to-side (STS) anastomosis located distal to the 
coronary stenosis, after which the graft end is anastomosed 
further distal to the same coronary artery in an ETS fashion. 
Simulation results demonstrate that the new model has im-
proved the flow fields and HP distributions as compared to the 
conventional ETS anastomosis, especially at the coronary 
artery bed and the heel region. Furthermore, this configura-
tion provides a spare route for the blood flow to the coronary 
artery in case of re-stenosis in either of the anastomoses to 
avoid re-operation. Since this design involves one additional 
anastomosis and prolonged operation time, it is difficult to 
explicitly judge whether this configuration favors the CABG 
life span. It thus requires further concrete evidences from in-
vivo experiments to demonstrate the outcome practically.  

Keywords—Coronary artery bypass graft (CABG), Hemo-
dynamic, Anastomosis, Stenosis, CFD. 

I. INTRODUCTION  

Although many designs are suggested to improve the 
flow field at the distal anastomosis of the CABG, they do 
not exhibit large deviation in terms of general flow charac-
teristic such as a vortex formed at the heel, or the impinge-
ment of blood on the bed of the artery; while it is well es-
tablished that these phenomena and regions are critical in 
re-stenosis of the CABG distal anastomosis. Therefore, in 
order to alleviate the drawbacks of the available designs and 
improve the hemodynamics distribution within the anasto-
mosis region, a new configuration is designed and the flow 
field in this anastomosis is studied by means of numerical 
simulation of pulsatile, Newtonian blood flow. The design 
is motivated from the advantages observed in the flow char-
acteristics within the STS anastomoses existing in sequen-
tial bypass grafts. According to literature, there is a smooth 
flow pattern in the STS anastomosis region resulting in an 
almost uniform variation of wall shear stress (WSS).  

Moreover, higher patency rates are seen through post an-
giograms in the STS anastomoses than in the ETS ones [1].  

II. MATERIALS AND METHODS 

A. Geometric Models 

In the suggested distal anastomosis design, there is ini-
tially a STS anastomosis distal to the stenosis and then the 
graft end is anastomosed to the same coronary artery further 
distal in an ETS fashion with an anastomotic angle of 45°. 
In this study, two other models including a conventional 
ETS anastomosis and a parallel STS anastomosis are de-
signed to be compared, respectively, with the ETS and STS 
(in order to study the possible effects of the ETS anastomo-
sis of the new design back on the STS component) compo-
nents of the new design. The diameters of the graft and 
coronary artery, and the distance between the two anasto-
moses in the suggested model are 4, 2, and 30mm respec-
tively. The proximal segment of the coronary artery is fully 
occluded in all models. The models are designed planar, 
according to Galjee et al. [2] who demonstrated that the 
typical location and course of RCA bypass graft could be 
assumed approximately planar.  

B. Numerical Model and Flow Condition 

Blood is assumed as a Newtonian fluid, since bypass 
surgery is normally associated with vessels greater than 
2mm in diameter, whose blood flow in general is correlated 
with high shear rates.  

Blood flow through the coronary artery bypass has the 
characteristics of three-dimensional, time-dependent, in-
compressible, isothermal, and laminar, whose governing 
equations are:  

Continuity equation,  

0=⋅∇ u                                     (1) 

and Navier-Stokes equation, 

( ) uuuu 2μpρ
t

ρ ∇+−∇=∇⋅+
∂
∂

                 
(2) 
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Where u is the velocity vector, t the time, and p is the 
pressure. The density (ρ) and dynamic viscosity (µ) of the 
blood are assumed to be 1050 kg/m3 and 0.00408 Pa·s re-
spectively [1]. 

The governing equations are solved numerically by finite 
volume method in this study using the commercial CFD 
package, FLUENT (Version 6.3.26). Segregated solver is 
chosen and the semi-implicit SIMPLEC algorithm is used as 
the pressure-velocity coupling scheme. Time step size is 
0.01s and the convergence criterion is set at 5×10-5. A fully 
developed pulsatile flow is applied at the grafts inlet whose 
flow waveform and the velocity profile are based on the 
measurements by magnetic resonance phase velocity map-
ping within a coronary artery bypass graft [3]. However, 
some modifications are exerted and the waveform is 
smoothened. The adapted waveform with the time period of 
0.9s is demonstrated in Figure 1. The Womersley solution 
[4] is assumed for the inlet axial velocity profile which is 
derived as a fully developed pulsatile flow. The exit flow is 
assumed to be in a fully developed condition; and in the 
case of the parallel STS model, 15% of the blood flow is set 
to pass through the STS anastomosis and the coronary ar-
tery, and the remaining 85% passes through the graft. In this 
study, vein and arteries are considered as rigid tubes, and 
no-slip boundary condition is applied to all walls.  
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Fig. 1 Average velocity values of the waveform (labels indicate times at 
which flow and HPs are studied) 

III. RESULTS AND DISCUSSION 

A. Flow Behavior 

Streamlines of the flow field at the center plane of the 
three models are presented from Figure 2 to Figure 5 where 
the new design, conventional ETS, and the parallel STS 
models are labeled as (a), (b), and (c) respectively.  

During the acceleration and early deceleration in both 
systolic and diastolic phases (time intervals including t1 to t5 
and t7 to t9), a vortex is formed at the heel region of the 
conventional ETS anastomosis with a moving stagnation 
point on the artery floor due to the graft flow impacting the 
artery bed as demonstrated in Figure 2 for time t3 as a sam-
ple. However the flow is smoothened at the ETS anastomo-
sis of the new design due to the partial flow from the STS 
anastomosis reaching the ETS anastomosis and changing 
the velocity components of the flow towards the toe and the 
coronary artery axis rather than the artery floor, thereby no 
impact on the artery bed. Note that the impact on the floor is 
believed to be a contributing factor to the graft failure, since 
Bates et al. [5] have shown evidence of the change in the 
flow character once it has impacted against the junction 
floor. During these time intervals, there is no vortex formed 
at the heel of the ETS anastomosis of the new design within 
the coronary artery. This is expected since the new design 
takes the advantage of flow from the upstream STS anasto-
mosis to eliminate the vortex at the heel of the anastomosis. 
Meanwhile, at the STS anastomosis of the new design, a 
vortex at the heel region forms with a stagnation point on 
the artery bed due to the interaction of the flow from the 
graft with the relatively slow flow in the occluded end of 
the artery which is consistent with that observed in the par-
allel STS anastomosis model in the current study. Neverthe-
less, this stagnation point at the STS anastomosis is prefer-
able to the one at the conventional ETS anastomosis owing 
to the less impact caused by the STS one due to the smaller 
anastomotic angle resulting in a smoother flow field and 
less impact on the artery bed which is a reason of higher 
patency rates for STS anastomoses compared to ETS ones. 

As the flow further decelerates (at time t6 in systolic and 
t10 in diastolic phase), partial recirculation and back flow 
appear in the graft in all models, particularly at the inner 
wall of the graft curvatures where the blood flow has lower 
inertia, and exhibits oscillatory characteristics as shown in 
Figure 3 for time t6. In addition, the size of the vortex at the 
STS anastomosis of the new design is reduced remarkably 
compared to the parallel STS model, and shifted up to the 
center of the anastomosis at these time intervals due to the 
blood circulation within the vascular loop which eliminates 
the stagnation point on the artery bed. Therefore, the stagna-
tion point is vanished at either one or both of the ETS and 
STS anastomoses of the new design in different time inter-
vals compared to the conventional ETS and parallel STS 
anastomoses; while a stagnation point is always associated 
with a low WSS and high spatial WSS gradient (WSSG) 
region contributing to intimal thickening (IT) and athero-
sclerosis development, and increasing the risk of the aggre-
gation of red blood cells.  
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As the net flow rate just becomes negative (t11), large 
vortices and flow recirculation areas appear in all models. 
At the ETS anastomosis of the new design, there is a vortex 
at the graft inner wall, while in the conventional ETS anas-
tomosis the vortex is much larger, occupying most of the 
anastomosis region and half of the graft near the inner wall. 
In the parallel STS anastomosis model a large vortex occu-
pies whole the anastomosis region, while in the STS anas-
tomosis of the new design the blood flow from the coronary 
artery eliminates the vortex.  

At the peak reversed flow (t12), there is no vortex at the 
ETS anastomosis of the new design; however, a stagnation 
point forms at the heel region where the backward flow 
bifurcates into the graft and the coronary artery as shown in 
Figure 5. At the STS anastomosis of the new design, the 
flow field is a bit smoother than that of the parallel STS 
anastomosis where the blood flows back from the graft with 
a small dip at the anastomosis region and then flows pass 
the heel towards the aorta.  

B. Hemodynamic Parameter Distributions 

Since localized distribution of low-WSS and high-OSI 
strongly correlates with the focal locations of atheroma [6] 
and spatial WSSG contributes to atherosclerotic lesions, the 
segmental averages of these HPs at the critical sites of the 
anastomosis such as suture line, toe, heel, and bed (see 
Figure 6) are calculated and listed in Table 1. In this Table, 
it can be observed that TAWSSG at the heel and bed of the 
ETS anastomosis of the new design is reduced compared to 
the conventional ETS anastomosis. TAWSS does not have 
much variation at the heel region, but it is increased on the 
artery bed of the ETS anastomosis of the new design to 
1.63Pa from 1.41Pa in the conventional ETS model. 

 
  

 

Fig. 2 Streamlines at the symmetry plane at time t3=0.08s, (a) new design, 
(b) conventional end-to-side model, (c) parallel side-to-side model  

 

Fig. 3 Streamlines at the symmetry plane at time t6=0.31s, (a) new design, 
(b) conventional end-to-side model, (c) parallel side-to-side model  

 

Fig. 4 Streamlines at the symmetry plane at time t11=0.84s, (a) new design, 
(b) conventional end-to-side model, (c) parallel side-to-side model  

 

Fig. 5 Streamlines at the symmetry plane at time t12=0.88s, (a) new design, 
(b) conventional end-to-side model, (c) parallel side-to-side model 
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Table 1 Comparison of segmental average of HPs in critical anastomotic 
regions of different models 

Model Location TAWSS (Pa) TAWSSG* [7] OSI [6]
1- Suture line 2.66 27.6 0.03  
2- Toe 6.35 57.7 0.01 
3- Heel 0.46 3.9 0.06 

ETS  
component  
of the new 
design 4- Bed 1.63 5.4 0.06 

1- Suture line 2.69 28.7 0.03  
2- Toe 6.31 57.8 0.01  
3- Heel 0.47 5.1 0.08  

Conventional 
ETS  
model 

4- Bed 1.41 5.9 0.13  
5- Suture line 0.7 5.3 0.05  
6- Toe 0.6 5.6 0.04 
7- Heel 0.4 4.0 0.07  

STS  
component  
of the New 
design 8- Bed 0.2 0.4 0.2 

5- Suture line 0.8 8.9 0.04  
6- Toe 0.8 9.1 0.01 
7- Heel 0.4 4.2 0.07 

Parallel  
STS  
model 

8- Bed 0.2 0.6 0.14 
* Non-dimensional TAWSSG is presented here, which is normalized by 
the graft diameter and the WSS for Poiseuille flow at the mean flow 
Reynolds number, calculated as 0.48Pa for the current study. 

      

Fig. 6 Critical regions of ETS and STS anastomoses:1,5- Suture line;       
2,6- toe; 3,7- heel; 4,8- bed 

Although this increase is marginal, Giddens et al. [8] 
have found a critical biological WSS value of 15 dyne/cm2 
(1.5 Pa) below which IT would develop; thereby the moder-
ate improvement of TAWSS on the artery bed of the new 
design might be vital. OSI is generally low in all models 
due to the waveform having mostly a forward flow.  

At the STS anastomosis of the new design, TAWSS and 
OSI are very low at all regions and they are similar to those 
of the parallel STS anastomosis. Nevertheless, TAWSSG is 
reduced at suture line and toe of the STS anastomosis of the 
new design compared to the parallel STS model. 

IV. CONCLUSIONS  

In this study, a new design for the CABG distal anasto-
mosis is suggested, and the flow field and HPs are investi-
gated and compared to those of the conventional ETS distal 
anastomosis and a parallel STS anastomosis by means of 
numerical simulation. As it was expected, the new model 
can provide a smooth flow at the ETS anastomosis without 
an impact on the artery floor, and no vortex is formed at the 
heel region within the coronary artery. Besides, the STS 

anastomosis also shows a more favorable flow field than a 
parallel STS anastomosis by reducing the size of the vortex 
and eliminating the stagnation point on the artery bed dur-
ing some time intervals. Furthermore, HPs are improved to 
some extent, especially at the heel and coronary artery bed 
of the ETS, and at the toe and suture line of the STS anas-
tomosis of the new design. Yet, the suggestion of one addi-
tional anastomosis may cause some problems.  

Although some advantages are observed in the flow field 
and HPs distribution, it is difficult to explicitly judge 
whether this configuration favors the CABG life span since 
this design involves one additional anastomosis and pro-
longed operation time. Thus, it requires further concrete 
evidences from in-vivo experiments to demonstrate the 
outcome practically. 
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Abstract—Thrombogenesis in cerebral aneurysms is consid-
ered to play an important role in rupture. It is crucial, for 
better rupture prediction, to scrutinize any correlation be-
tween the probability of rupture and the extent to which 
thrombi are generated in the aneurysm. Numerical techniques 
such as computational fluid dynamics (CFD) are promising 
tools in this area. However, there are, at present, no models 
that allow us to evaluate the degree of thrombogenesis in aneu-
rysms. In this study, the process of platelet aggregation, which 
is the first stage of thrombogenesis, was modeled. Making 
reference to actual aggregation curves of human plasma for 
various ADP concentrations, the authors proposed an expres-
sion for the rate at which the density of aggregated platelets 
continues to increase. The present aggregation model was 
combined with CFD and applied to two model aneurysms. The 
present aggregation model produced distributions of aggre-
gated platelets similar to a thrombogenesis pattern observed in 
an experiment. It was also shown that platelet aggregation in a 
model aneurysm with a smaller aspect ratio was less active. 

Keywords—cerebral aneurysm, rupture, platelet aggrega-
tion, computational fluid dynamics. 

I. INTRODUCTION  

It is known that not all cerebral aneurysms rupture. How-
ever, with the present understanding of the phenomenon, it 
is still difficult to predict precisely which aneurysms will 
rupture. Ujiie et al.[1] reported a significant correlation 
between the probability of rupture and aspect ratio (AR) of 
the aneurismal dome depth to the neck width: almost 80% 
of ruptured aneurysms had ARs more than 1.6. According 
to a theory proposed by Ujiie et al.[2], thrombogenesis is 
likely in aneurysms with high ARs due to considerably slow 
internal flows. Ensuing fibrinolysis in which thrombi are 
dissolved is considered to cause rupture because the fibri-
nolysis can also damage aneurysmal walls. Takahashi et 
al.[3] showed evidence supporting the hypothesis. In their 
study, canine blood flows in endothelialised glass model 
aneurysms were visualized and thrombus formation was 
observed in model aneurysms with high ARs. 

For further progress in the area of the rupture prediction, 
more understanding of blood flows and thrombogenesis in 
aneurysms is essential. Approaches based on numerical 

techniques such as computational fluid dynamics (CFD) are 
promising for this purpose. In this study, the authors aimed 
at modeling of platelet aggregation, which is the first stage 
of thrombogenesis, so that evaluation of the density of ag-
gregated platelets in cerebral aneurysms would be enabled. 
The process of platelet aggregation considered in the pre-
sent model includes primary and secondary aggregations, 
dissociation and positive feedback caused by the release of 
dense granules from aggregated platelets into the plasma. In 
this paper, details of the aggregation model are explained 
and its application to two model aneurysms is discussed.  

II. AGGREGATION MODEL 

Adenosine diphosphate (ADP) originating from hemo-
lyzed red blood cells is assumed to induce platelet aggrega-
tion. Hemolysis is considered to occur where the main flow 
impinges against the edge of the aneurysmal neck. Platelets 
are activated and begin to adhere to each other (primary 
aggregation). Some of those activated platelets return to 
their original inactive state (dissociation) because their 
bonds at this stage are not sufficiently strong. On the other 
hand, those which remain active proceed to the second stage 
with releasing dense granules into the plasma (secondary 
aggregation). Platelets reaching this point can no longer 
return to the prior inactive state. ADP originating from the 
released dense granules contributes to activation of still 
more platelets. This process is quantitatively expressed by 

1012011 NNN SSSN −−=                              (1) 

122 NSN =                                     (2) 

where N1 and N2 represent densities of platelets in the pri-
mary and secondary aggregations, respectively. Eq.(1) in-
cludes three source terms, SN01, SN12 and SN10. The first term 
SN01 represents the rate of change from the inactive state to 
the primary aggregation while the third term SN10 describes 
the rate of the dissociation. SN12 accounts for the rate of 
progress to the second stage and also appears in Eq.(2). It is 
assumed in the present model that the source terms should 
depend on three parameters: N1, N2 and nA. Here, nA is a 
concentration of ADP. It is also necessary to include Eq.(3) 
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for nA in the model so that the system of equations can be 
closed: 

AA Sn =                                       (3) 

where SA is the source term of ADP. 
For SA , the following expression is adopted: 

12NAA SKS ⋅=                                  (4) 

where KA is a constant. Eq.(4) was originally proposed by 
Folie and McIntire [4] and means that the ADP generation 
by the release of dense granules is proportional to the 
growth rate of the secondary aggregation. Integration of 
Eq.(4) leads to the linear relation between nA and N2 : 

02 AAA nNKn +⋅=                               (5) 

Eq.(5) is of great importance because it reduces the number 
of variables from three to two: only N1 and N2 should be 
considered for a fixed initial ADP concentration nA0. Note 
that Eq.(5) represents a plane in N1-N2-nA space. 

An expression for the source term SN12 is given by 

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−=

max2

2
112 1

N
NNS N λ

                              
(6) 

Eq.(6) is based on several facts and physical intuitions. 
Firstly, the irreversibility of the secondary aggregation en-
sures positive values of SN12. Secondly, N2 cannot increase 
boundlessly. These two facts mean that N2 should asymp-
totically approach a fixed value N2max, which depends on the 
initial ADP concentration nA0. Consequently, the source SN12 
should approach zero as N2 becomes close to N2max. There is 
another fact that only platelets in the first stage of aggrega-
tion can proceed to the second stage. This implies that the 
source term SN12 is proportional to N1. λ is a constant with a 
dimension of [1/time] and was determined to be 1/40 
[1/sec.] from the time scale of the secondary aggregation. 

A similarity between the dissociation and exponential ra-
dioactive decay is assumed and the source term SN10 is ex-
pressed by a half-life period Td ( ≈ 10sec): 

110
2ln N

T
S

d
N ⋅=                                 (7) 

When ADP induces platelet aggregation, change in the 
density of aggregated platelets with time is given by aggre-
gation curves. An example of aggregation curves is shown 
in Fig.1 by a solid line. As an aggregation curve provides 
information about the total amount of aggregated platelets, 
N1+ N2, the gradient of the curve is equivalent to 21 NN + . 
On the other hand, the sum of Eqs (1) and (2) results in 

100121 NN SSNN −=+ .                         (8) 

Thus, SN01 can be evaluated by adding SN10 to the gradient of 
the aggregation curve. Aggregation curves for nA0=1, 2, 5 
and 10μM given by Yazuka et al.[5] were used for refer-
ence. 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 An example of aggregation curves 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2 Aggregation paths in 3-dimensional space (N1, N2, nA) for four initial 
ADP concentrations 

Using the strategy explained above, N1 and N2 can be 
calculated separately, as plotted in Fig.1 by dotted and 
dashed curves respectively. Also paths of aggregation in N1-
N2-nA space can be drawn for the four initial ADP concen-
trations. The aggregation paths are schematically depicted 
in Fig.2 where arrows on each path indicate the directions 
of change. Each aggregation path lies on the plane ex-
pressed by Eq.(5). At this point, values of the source terms 
are not available for an arbitrary set of (N1, N2, nA) but only 
on these aggregation paths. However, the model should 
provide source term values for any possible set of (N1, N2, 
nA) because, in actual aneurysms, the effects of convection 
and diffusion can cause deviation from these paths. There-
fore, it is assumed that Eqs(4)-(7) hold for any possible set 
of (N1, N2, nA). On the other hand, SN01 is considered to be 
always under the strong influence of nA and N2. Thus, if the 
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set (N1, N2, nA) is not on any aggregation path, SN01 for the 
corresponding set (N1', N2, nA) located on the path is 
adopted. Furthermore, due to the limited variation of initial 
ADP concentrations, there are gaps between neighboring 
planes in Fig.2. In the model, they are filled in by interpola-
tion. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Glass model aneurysm tested by Takahashi et al. (Model A). 
All dimensions are in mm 

III. COMPUTATIONAL RESULTS AND DISCUSSIONS  

The present aggregation model was applied to two model 
aneurysms shown in Figs 3 and 4. Model A was one of 
glass aneurysms tested by Takahashi et al.[3]. The geometry 
of Model B was more realistic than that of Model A. The 
direction of protrusion of the dome was determined accord-
ing to the most likely features of anterior communicating 
artery aneurysms explained in Reference [6]. 

For practical blood flows, convection and diffusion terms 
should be added to Eqs(1)-(3). The present aggregation 
model was applied to each model after the flow had been 
calculated by the authors’ unsteady incompressible Navier-
Stokes solver with a pulsating flow condition imposed at the 
inlet so that the convection terms could be properly in-
cluded in Eqs(1)-(3). The number of computational cells 
was 886,893 in Model A and 1,220,816 in Model B. 

Fig.5 shows (a) velocity vectors on the central cross-
sectional plane and (b) particle paths in the dome at the 
diastolic phase. The main flow hit the left edge of the aneu-
rismal neck. This impingement was observed throughout the 
cycle. This is considered to have caused hemolysis. After 
this impingement, some blood containing ADP entered the 
dome and impinged again upon the wall in the right hemi-
sphere. The flow spread three-dimensionally with reducing 
its speed dramatically. This provided platelets with an 
enough time to aggregate. 

Distributions of N2 in Model A are shown in Fig.6. Each 
image represents the density of 2nd-aggregated platelets in 
the vicinity of the wall surface. Dotted ovals in the figure 

represent a region where a lot of thrombi were observed in 
the experiment by Takahashi et al.[3]. The present aggrega-
tion model successfully reproduced this tendency although 
there was a slight difference in the location. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 4  Model aneurysm of more realistic geometry (Model B) 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 5  Calculated flow field in Model A at the diastolic phase 

A swathe of large N2 is clearly seen in Fig.6. This region 
appeared in the right hemisphere and moved slowly to the 
left with N2 increasing. The movement of the region was 
influenced by the blood flow after the second impingement. 
The maximum value of N2 amounted to 0.08% of the whole 
platelets after 10 pulsebeats (Fig.6 (c)) and continued in-
creasing afterwards. N1 showed a similar distribution with a 
peak value of 3%, approximately 40 times larger than N2. 

Significant distributions of N1 and N2 were only observed 
in the vicinity of the wall where the flow was slow. Large 
values of N1 or N2 were impossible at a place far from the 
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dome wall because the blood containing ADP was immedi-
ately swept out of the dome by a high-speed flow. It is ob-
vious from aggregation curves that conditions necessary for 
active aggregation are not only a high ADP concentration 
but also long duration of the high ADP concentration. The 
present model succeeds in representing this characteristic 
although any time parameter is not explicitly included in the 
model. In fact, no time parameter is allowed in the model as 
long as governing equations are described in the Eulerian 
manner in which the history of an individual fluid particle is 
not concerned. It is noteworthy that the combination of N1 
and N2 implicitly expresses the current stage of aggregation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 6  Distributions of density of 2nd-aggregated platelets in the vicinity 
of the wall surface in Model A. Dotted ovals represent a region where a lot 
of thrombi were observed in the experiment by Takahashi et al.[3] 

The flow structure in Model B is schematically illus-
trated in Fig. 7 and distributions of N2 are shown in Fig.8 
where the view direction is the same as in Fig.4(a). As in 
Model A, blood containing ADP entered the dome after the 
impingement. However, the level of N2 in Model B was 
much smaller than in Model A and no further progress in 
aggregation was observed after 4 cycles. This was due to 
the high-speed internal flow: as seen in Fig.7, the flow pro-
ceeding along the aneurysmal wall discharged quickly. 
From the present results, the AR seems a good parameter to 
express a likelihood of platelet aggregation because the AR 
was 2.3 in Model A and approximately 2.0 in Model B. Not 
only the high AR but also the bulky shape of Model A was 
responsible for the considerably slow flow and contributed 
to the active platelet aggregation. Therefore, the volume of 
the anuerysm should also be taken into consideration. 

IV. CONCLUSIONS  

A platelet aggregation model was proposed to enable 
evaluation of the degree of platelet aggregation in cerebral 

aneurysms. Combined with CFD, the present aggregation 
model was applied to two model aneurysms and succeeded 
in reproducing aggregated platelet distributions similar to a 
thrombogenesis pattern observed in an experiment. It was 
also shown that aggregation was more active in the model 
aneurysm with a higher aspect ratio. The present results 
support a theory that thrombogenesis is likely in aneurysms 
with high aspect ratios which are considered to have the 
potential risk of rupture. 
 

 
 
 
 
 
 
 
 

Fig. 7  Schematic illustration of the flow structure in Model B 

 
 
 
 
 
 
 
 

Fig. 8  Distributions of density of 2nd-aggregated platelets in the vicinity 
of the wall surface in Model B from the same viewpoint as in Fig.4(a) 
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Computational Fluid Dynamics Analysis of Bolus Dispersion  

in Stenosed Coronary Arteries 
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Abstract— Using Computational Fluid Dynamics 
methodology dispersion of a contrast agent bolus was 
simulated in a straight vessel with different stenoses under 
steady state conditions. Two different perfusion conditions 
were examined under resting and stress condition. The 
dispersion in resting condition is more pronounced than under 
stress conditions. Therefore, resting myocardial blood flow 
may be more underestimated in quantitative myocardial 
perfusion studies than stress perfusion. In conclusion, a 
stenosis leads to underestimation of blood flow values, the 
amount depends in a complex way on their shape and degree. 

Keywords— perfusion; arterial input function; bolus 
dispersion; myocardial blood flow; computational 
fluid dynamics 

I. INTRODUCTION  

Quantification of myocardial blood flow by means of 
dynamic T1-weigthed MRI requires the knowledge of the 
arterial input function (AIF). In first pass myocardial 
perfusion imaging the AIF is usually estimated from the left 
ventricle (LV) [1-3]. 

Dispersion of the contrast agent bolus may occur 
between the LV and the tissue of interest, e.g. as a result of 
the vascular flow profile, and/or at a stenosis. This effect 
can be described mathematically by a convolution of the LV 
AIF with a vascular transport function (VTF): 
AIFout(t) = AIFin(t)  VTF(t) [4,5]. A quantitative para-
meter of the VTF which reflects the dispersion is the 
variance 2

VTF which can be calculated from AIFin and 
AIFout: 2

VTF = AIFout
(2) / AIFout

(0) – AIFin
(2) / AIFin

(0) + 
+ (AIFin

(1) / AIFin
(0))2 - (AIFout

(1) / AIFout
(0))2 , with AIF(n) 

being the nth integral moment of the AIF [5]. If dispersion 
occurs it will lead to systematic underestimation of blood 
flow, which was demonstrated in a simulation study based 
on the assumption of an exponential VTF [4]. 

The aim of this study was to simulate the dispersion 
along a simplified coronary artery with different stenosis by 
using the computational fluid dynamics (CFD) approach. 

II. MATERIAL AMD METHODS 

Simulations were performed on straight vessels with a 
length of 100 mm and a diameter of 3 mm having typical 
dimensions of coronary vessels. Stenoses with different 
degrees of area reduction (60%, 70%, 80% and 90%), a 
length of 5 mm and two different cosine shapes – 
axialsymmetric and asymmetric – were integrated in the 
vessels 20 mm behind the inlet. The computational meshes 
consisted of approximately 250,000 quadrilateral cells 
mapped throughout the domain. The constructed vessels are 
summarized in Table 1. 

The flow equations were solved with the laminar model 
of a commercial CFD software package (FLUENT, Fluent 
GmbH, Darmstadt, Germany). Two different boundary 
conditions at the inlet were simulated – to simplify matters 
both were steady conditions. For the myocardial perfusion 
at rest a flow of 0.1 m/s was chosen whereas for perfusion 
at stress a total gauge pressure of 1010 Pa was applied to 
realize the decrease of the velocity with increasing degree of 
area reduction of the stenosis. The pressure for the stress 
state was calculated from the results of the vessel without a 
stenosis with an inlet velocity of 0.5 m/s. A mixture of two 
species (blood and contrast agent) was simulated in order to 
derive the transport of the contrast agent. Due to the small 
mass fraction of the contrast agent (MFCA) of less than 
0.003 the rheological properties of the contrast agent were 
neglected. For simplification blood was assumed to be a 
Newtonian fluid. Therefore, the mixture had a constant 
density of 1050 kg/m3 and a dynamic viscosity of 
0.04 Poise.  

The injection of the contrast agent was described by a 
gamma-variate function obtained by fitting the AIF of a 
volunteer measured in the LV. The typical duration of a 
myocardial perfusion measurement of 40 s was simulated 
with a constant time step size of 0.02 s. The area weighted 
average of the MFCA was calculated on several cross 
sections between the inlet and the outlet perpendicular to 
the axial vessel direction. To quantify the effect of 
dispersion, the variance 2

VTF was calculated for the inlet 
and each simulated cross sectional curve.  
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Fig. 2: (a) Variance 2 and (b) offset 2 at the outlet of the  vessel versus the 
stenosis degree of area reduction for two different shapes of stenosis (axialsym., 
asymmetric). ( : Resting condition; : Stress condition). 

Fig. 1: Development of the variance 2 along the vessels for (a) the resting state and (b) 
the elevated state. The symbols represent the different degree of area reduction ( :70%; 

:90%). The black curves depict for the development in the unconstructed vessel, the red 
for the axialsymmetric and the green for the asymmetric stenosis. The position of the 
stenosis is highlighted. 

Table 1 Geometries 

Stenosis shape Degree of 
area reduction 

Shape #0  0% 

Shape #1 
 

60%, 70%, 80%, 
90% 

Shape #2 
 

60%, 70%, 80%, 
90% 

III. RESULTS 

The simulations show that the variance in resting 
condition is larger than under stress conditions.  

The main influence of the stenosis was observed 
immediately behind it (Fig.1). After the initial increase of 
the variance behind the stenosis a reduction of the variance 
occurred approximately until the end of the recirculation 
zone of the velocity field remaining only a small offset 2 
in comparison to the variance curve in the straight 
unconstricted vessel with the same inlet velocity.  

At resting condition the effect of the stenosis on the 
variance at the end of the vessel was only small (Fig.2a). At 

stress condition with a constant inlet pressure, the decrease 
of the inlet velocity yielded a much stronger dependence of 
the variance as a function of degree of the stenosis. The 
variance for the stress state was clearly less than that for the 
resting state except for the cases with a stenosis of 90% due 
to the loss of the myocardial perfusion reserve (MPR). Both 
simulated shapes of the stenosis increase the absolute values 
of 2 with increasing area reduction, though the 
axialsymmetric yields a positive whereas the asymmetric 
shape produces  a negative offset 2 (Fig.2b). 

IV. DISCUSSION 

Under steady boundary conditions dispersion is higher in 
the resting state than under stress conditions. Dispersion is 
mainly influenced by the amount of the inlet velocity. By 
comparison the effect of the stenosis under a constant inlet 
velocity causes only small change of the variance of the 
VTF, which depends both on the degree of area reduction 
and on the shape of the stenosis. The reason for the strong 
inlet velocity dependence might be the smaller mean 
vascular transit time. However, this implicates a larger error 
at quantification of myocardial blood flow (MBF) in the 
resting state [4].  
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In the absence of a stenosis we calculated 2
VTF = 6 s2 for 

the resting condition and 2
VTF = 0.5 s2 under stress 

conditions. Using an exponential residue function for the 
VTF and the mathematical model MMID4 Schmitt et al. [4] 
found for these variance values an error of mean fitted MBF 
of approximately -8% for 2

VTF = 0.5 s2 and an error of 
approximately -15% for 2

VTF = 6 s2. The more severe 
underestimation of resting MBF leads to an overestimation 
of the MPR of about 8% for a healthy volunteer with a MPR 
of 5. For patients the overestimation would decrease with 
decreasing MPR. 

An implicit assumption of our study is that of steady 
state conditions, because in this case dispersion is mainly 
affected by the mean velocity. This is a simplification which 
needs to be overcome in future simulations under conditions 
of pulsatile blood flow and additionally the complex 
geometry of coronary vessels should be considered. 

V. CONCLUSIONS  

In summary, we found an underestimation of the MBF 
and an overestimation of the MPR. Since the overestimation 
for healthy individuals is larger than that for patients with 
coronary artery disease and a reduced MPR, the discrepancy 
between the normal values and the patient values is 
enhanced. Hence, this effect affects the possibility to 
distinguish between normal and impaired perfusion in a 
positive way with respect to diagnostic accuracy. However, 
to achieve an accurate MBF and MPR a potential patient 
specific correction of the bias due to dispersion should be 
accomplished in the future. 
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Abstract— To estimate the potential and electric field
generated by any electrode array is very useful in effective
tumor destruction. At present, an electrode array that takes
into account the ellipsoidal geometry of the solid tumors has
not been proposed. We present both analytical and numerical
solutions for the potential and electric field in a solid tumor
established by an electrode array with elliptic shape which
may be used in vitro, in vivo and in clinical studies for cancer
treatment with electrotherapy. These analytical and numerical
solutions are obtained using multipole expansion and the finite
difference method. Distributions of potential and electric field
magnitudes are computed in function of the eccentricity of an
elliptical array and compared with those obtained with a
circular array of electrode. Maximum difference and Root
Means Square Error are used to compare the distributions of
the potential and electric field in leading-order and first-order
correction and between the analytical and numerical solutions.
The results show a good agreement between these distributions
in both orders and the analytical and numerical solutions. It
was concluded that the mathematical approach presented in
this study is a tool for a rapid design of electrode elliptical
arrays in order to induce the maximum destruction of the
tumor. Moreover, it is shown that, for all values of eccentricity,
there is a good correspondence between the distributions of the
potential and the electric field for leading-order and first-
order correction and for both the analytical and numerical
solutions.

Keywords— Electrotherapy, electric field, electrode array,
analytical and numerical solutions

I. INTRODUCTION

Electrotherapy (ET) of cancer is a promising new method
which delivers direct electric current into tumor tissues by
inserting electrodes (anodes and/or cathodes) to induce
tumor regression.

Our experience indicates that the success of this therapy
in localized cancers depends on: 1) the tumor characteristics
(histological type, stage, volume and shape); 2) ET doses
(strength and time of exposure to voltage or to direct
electric current and the number of treatments); and 3)
electrode array (geometry and size of the array, and the
position, polarity, amount and diameter of the needles)
[1-3].

The number of parameters involved in the design of an
electrode array may explain the diversity of the electrode
configurations used in the literature [4]. This justifies the
need to propose a mathematical model that involves the
parameters mentioned above to be used as a tool for
selecting the most appropriate electrode array in a few
minutes.

II. MODEL DESCRIPTION

We assume that:
1) N electrodes will be placed on an electrode

elliptical array of major radius, b1, and of minor
radius, b2, since for solid tumors the ellipsoidal
geometry is the most frequently reported in the
literature [4]. It is known that b1 and b2 are related
through the ellipse eccentricity (e), given by

(
2

2
1

1 e

b
b

−
= ).

2) The electrodes are long, of uniform thickness, fully
inserted into the tumor, and represented as circles of
radius a. In preclinical and clinical studies, we used
the platinum electrodes of 0.7 mm diameter and 20
mm long completely inserted in the tumor [2]. As a
result, the potential can be considered
two-dimensional away from the tips of the electrodes
and therefore it is possible to examine its distribution
on a plane.

3) The following experimental facts justify to consider
the tumor as the only medium: a) the tumor
destruction by the direct electric current action is
around the electrodes; b) the electrode size is
neglected in  comparison with the tumor size (50-
100 mm3); and c) in the procedure of insertion of the
electrodes, it is guaranteed that the electrodes are
solely in contact with the tumor [4,11,13].

4) The tumor is both homogeneous and isotropic and
therefore its conductivity is constant and the same in
different directions. This is verified from the electric
characteristics of the tumor measured by electrical
bioimpedance [6,9]. As a result, the potential Φ R(x,y)
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in the entire region outside the electrodes is the
solution of Laplace´s equation, ( ) 0,2 =Φ∇ yxR

,
where Φ R(x,y) vanishes at infinite and takes
prescribed values at the electrodes’ boundaries.

5) The complex variable z = x + iy is introduced
because of the following reasons: a) Solutions of
Laplace´s equation are called harmonic functions;
they are all analytical within the domain where the
equation is satisfied. b) The analysis of complex
functions is markedly different for real functions;
these functions are much more rigidly constrained
and in particular, it is possible to make very definite
comments about their global behavior, convergence,
and so on. c) These functions display a considerable
degree of regularity not found in general functions of
a real variable. d) The complex plot also reveals new
phenomena that cannot be seen in the real plot.

A. Analytical solution

As mentioned above, we look for a complex analytical
function Φ (z), so that its real part, ( )[ ]ze Φℜ , takes the
prescribed values on the needles and automatically satisfies
Laplace´s equation through the region. The solution desired
is ( ) ( )[ ]zyx eR Φℜ=Φ ,  obtained for a distribution of N
electrodes placed on an ellipse. The potential is the sum of
the potentials generated by each electrode, given by

( ) ( )∑
=

Φ=Φ
N

n
n zz

1

    (1)

where

( )
k

k n
nk

n
nn zz

aA
zz

aCz ∑
∞

=






−

+





−

=Φ
1

ln  (1a)

ni
nn erz ϕ= ,      (1b)

( ) ( )nnn bbr ϕϕ 22
2

22
1 sincos += ,  (1c)

( )θϕ 1−= nn      (1d)
Φ n(z) is the potential generated by the nth electrode. rn is

the distance from the center of the electrode elliptical array
to the nth electrode. ϕ n is the angular position of the nth
electrode respect to major radius (axis x) and θ  is the
angular separation between two adjacent-electrodes.

The leading-order potential, 0 (z), generated by N
electrodes totally inserted in the tumor, is given by

( ) ∑
=







−

=Φ
N

n n
n zz

aCz
1

0 ln    (2)

Cn in (2) are constants to be determined from the
boundary conditions which may be determined by solving
the following non-homogeneous system of linear equations

∑
≠
= +

=
N

nj
n

i
jn

nj aez
aCV

1

ln
ϕ

,    (3)

where Vj is the potential on the jth electrode and

njjn zzz −= . Here, the position of any point in this

boundary can be specified as ji
j aezz ϕ+=  and as a

result ji
jnn aezzz ϕ+=− . If ji

jn aez ϕ>  is satisfied,

then jnn zzz =−  since jiae ϕ  is negligible with respect to
zjn.

Differentiating (2) with respect to z, we obtain the
leading-order approximation for the electric field. The field
strength, ( )zE 0 , is

( ) ∑
=







−

=
N

n n
n zz

CzE
1

0 1     (4)

First-order correction to the solution includes the dipole
moment terms (i.e., terms of the sum in (1a) corresponding
to 1=k ) and neglects the higher order terms of expansion
(1a). Thus, the solution that includes the leading-order and
the first-order terms, called 0 (z), is
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== −

+
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=Φ
N

n n

n
N

n n
n zz

Aa
zz

aCz
1

1

1

1 ln   (5)

The coefficients An1 are determined from the constant
potential prescribed on the surface of the electrodes. Here
we show in detail computations of Aj1 (j = 1,…,N). The
potential at a point on the surface of electrode j, i.e., at

ji
j aezz ϕ+= , is
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Aj1 are determined from the boundary conditions

0
1
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=
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n
i

jn
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aA ϕ , for all jϕ  (7)

With all coefficients determined and having solve the
homogeneous system of linear equations (7), the first-order
accurate expression for the electric field can be computed
by differentiating (5) with respect to z. The field strength,

( )zE1 , is

( )
( )∑∑

== −
+

−
=

N

n n

n
N

n n

n

zz
Aa

zz
CzE

1
2

1

1

1   (8)

Distributions of potential and electric field magnitude are
computed from (2), (4), (5), and (8). The units of these two
physical magnitudes in both orders are given in V and V/m,
respectively.

B. Numerical solution

A computer program, named ONCOMAPET  , was
developed to perform distributions of potential and electric
field magnitude obtained from analytical and numerical
solutions. To estimate numerically these two physical
magnitudes the Finite Difference Method, FDM is used [5].
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FDM is a basic numeric method for solving partial
differential equations which is based on the approximation
of a derivative as a difference quotient. Methods involving
difference quotient approximations for derivatives can be
used for solving certain second-order boundary value
problems, as in Laplace´s equation subject to the prescribed
boundary conditions. This equation has been solved for a
square of side Douter (4b1 and  6b1) and discretized by
replacing the second partial derivates by finite differences,
given by

2
1,,1,

2
,1,,1

,2

2

2

2 22
hhyx

jijijijijiji
ji

−+−+ Φ+Φ−Φ
+

Φ+Φ−Φ
=





∂

Φ∂+
∂

Φ∂  (11)

C. Results

Figures 1 and 2 show the distributions of (a) the potential
and (b) electric field generated by electrode arrays with
b1 = 5 mm and b2 = 5 mm (e = 0); and b1 = 9.4916 mm and
b2 =  5  mm   (e = 0.85), respectively, keeping constant the
other parameters.

Fig. 1. Distributions of (a) potentials, in order zero, 0 (x,y), and order
one, 1 (x,y), and (b) electric field strength, in order zero, E0 (x,y), and
order one, E1 (x,y), for a circular electrode array. The simulations were
made for a = 0.215 mm, b1 = b2 = 5 mm (e = 0), θ  = 60o, Vo = + 0.5 V for
the needles 2 and 3, Vo = - 0.5 V for the needles 5 and 6, and Vo = 0 V for
the needles 1 and 4.

Fig.2. Distributions of (a) potentials, in order zero, 0 (x,y), and order
one, 1 (x,y), and (b) electric field strength, in order zero, E0 (x,y), and
order one, E1 (x,y), for an elliptic electrode array. The simulations were
made for a = 0.215 mm, b1 = 9.4916 mm, b2 = 5 mm (e =0.85), θ  = 60o,
Vo = + 0.5 V for the needles 2 and 3, Vo = - 0.5 V for the needles 5 and 6,
and Vo = 0 V for the needles 1 and 4.

The contour plots of the potential and field strength
obtained from FDM are very similar to the plots shown in
Figures 1 and 2and therefore are not shown.

Figures 3(a) and 3(b) compare the numerical solution for
the potential and electric field with the leading-order
accurate analytical solution 0 (x,y) through needles 6 and 2.

Fig. 3. Analytical (solid line) and numerical solutions for potential (a)
and field strength (b) in leading-order approximation plotted for the case e
= 0, as function of position along path through needles 6 and 2. For the
numerical solution, two different region sizes were used. Router =  2b1
(dotted line) and Router = 3b1 (points).

a)

b)

a)

b)

a)

b)
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III. CONCLUSIONS

In conclusion, the mathematical approach presented in
this study is a tool for a rapid design of electrode elliptical
arrays in order to induce the maximum destruction of the
tumor. Moreover, it is shown that, for all values of
eccentricity, there is a good correspondence between the
distributions of the potential and the electric field for
leading-order and first-order correction and for both the
analytical and numerical solutions.
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Abstract— A modification to the conventional Gompertz
equation (named modified Gompertz equation) is introduced
to describe the solid tumor growth perturbed with direct
electric current. Simulations of this equation are made.
Quantitative fitting criteria as goodnessof-fit, handling missing
data and prediction capability are considered. Also, parameter
estimation accuracy is calculated. A fit of the experimental
data of Ehrlich and fibrosarcoma Sa-37 tumor growths treated
with different intensities of direct electric current are also
made to validate this modified Gompertz equation. The results
obtained in this study corroborate that the direct electric
current effectiveness depends on (i/i0) ratio, and also on the
duration of the effects of it into the tumor, and of the tumor
type. It was concluded that the modified Gompertz equation
has a good prediction capability to describe both unperturbed
and perturbed tumor growths and it could be used to help
physicians choose the most appropriate treatment for patients
and animals with malignant solid tumors.

Keywords— Modified Gompertz equation; Mathematical
modeling; direct electric current; Malignant tumor

I. INTRODUCTION

It is known that low-level direct electric current (DEC)
has been used for local control of solid tumors in humans
and animals; however, its antitumor mechanisms are not
well studied [1]. One of the ways to improve the
understanding of DEC-tumor interaction is through
mathematical models that link DEC effectiveness with the
kinetic parameters of the solid tumor growth in a time and
dose-dependent manner. The mathematical modeling is a
very powerful tool in the development of an effective
dosage of DEC, which may be evaluated through a set of
experimental results. The challenges involved will
undoubtedly lead to new mathematical problems and give
rise to the            development of new mathematical and
computational methods.

A mathematical modeling that relates these responses
with the electrical parameters of the therapy has not been
established. Nevertheless, in a previous study two terms to

conventional Gompertz equation were added to fit the
perturbed tumor growth data [2]; however, this model
neither explicitly relates the tumor kinetic parameters with
those of DEC therapy and nor describes the different
responses above mentioned of DEC treated tumors. A better
understanding of the growth kinetics of malignant tumors is
of paramount importance for the development of more
successful treatment strategies.

The aim of this paper is to propose a modification to the
Gompertz equation, called modified Gompertz equation,
that fits DEC treated solid tumor growth and relates
explicitly DEC intensity with the kinetic parameters that
characterize the tumor growth. A simulation of this equation
and a discussion of the results obtained from it are given. In
order to validate modified Gompertz equation it was used
the experimental growth data of the Ehrlich and
fibrosarcoma Sa-37 tumors treated with different doses of
DEC reported by Camué et al. [3]. Five quantitative fitting
criteria were considered.

II. MODEL DESCRIPTION

A. Modified Gompertz equation

Our experience indicates that the progressive disease,
stable disease, partial response or complete response
observed post-treatment depend on DEC therapy parameters
(intensity, exposure time and application number, and
electrode array), type of tumor (histological variety, size
and stage) and kind of host [1]. This means that it is very
difficult to formulate a mathematical equation that describes
such responses in function of these variables. To simplify
this, we used the study made by Camué et al. [3], in which
they reported DEC effects on the Ehrlich and fibrosarcoma
Sa-37 solid tumors, a variation of only DEC intensity and a
constant the exposure time, the DEC application number,
electrode array, and kind of host (BALB/c mouse).

Based on the experimental results reported by Camué et
al. [3], a modification to Gompertz equation was proposed,
keeping the same structure of this equation and assuming in
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a first approximation that parameter is modified by DEC
action while parameter is not modified, resulting in the
following expression, named modified Gompertz equation,
given by

)1)(/(
0

*

)(
teeVtV     (1)

where
])1([ 21

* aea t    (2)
with

)2)((1 oo iiiia     (3)

)1(2 oiia (4)
V*(t) represents tumor volume at time t after DEC treatment.
The parameter * is the modified tumor growth rate due to
DEC action. V0 its initial volume at the beginning of
observation. The parameter ( > 0) is the intrinsic growth
rate of the tumor related to the initial mitosis rate and the
parameter ( >0) is the growth deceleration factor related
to the antiangiogenic process. i (i > 0) is the DEC intensity
that flows through the tumor by the application of the
external electric field. i0 (i0 > 0) is the polarization current
that appears in the tumor due to the polarization induced in
it during the application of the steady electric field. The
parameter is the first-order   exponential decay rate of the
net effect induced in the solid tumor after DEC is removed
and its inverse is the decay constant (or decay-time) that
characterizes the duration of such effect. a1 and a2 are
dimensionless parameters that depend only on (i/i0) ratio.
The structure of Eqs. (1)–(4) may be argued by the
following reasons:

1. In Eq. (1), the modification to parameter * may be
justified by the necrosis and/or apoptosis induced into
the solid tumor after DEC treatment that leads to a
tumor growth delay; however, parameter was not
affected by the lack of experimental evidences that
demonstrate that DEC antitumor effectiveness is directly
related with the stimulation of the antiangiogenic
process [2].

2. If the solid tumor is not perturbed with DEC (i = 0), then
*= , condition that is valid if the term inside the

bracket is equal to 1, which is guaranteed for a1 = 0 and
a2 = 1.

3. The solid tumors may be considered as real
dielectrics because their values of electric permittivity
and electric conductivity are different to zero [4] and in
analogy to the dielectric materials, a general relation
between the polarization, the electric field (E) and the
higher terms in E may be established. For these reasons
and taking into account the experimental results reported
by Camué et al. [3], we assumed that i0 is due to the
polarization change in time during the application of the
steady electric field. This polarization change could be
due to the complex processes induced into DEC treated

solid tumor, which are also variable in time. Such
process may be: (1) finite displacements of the positive
and negative charges that lead to electrochemical
changes around electrodes (acid pH, hydratation and
hyperpolarization around appear the anode, and basic
pH, dispolarization and dishydratation around cathode)
[1], and (2) partial orientation of the permanent
molecular electric dipole moments of the proteins and
other macromolecules in solution in presence of an
external electric field.

4. The term e- t was also introduced to explain the  solid
tumor dielectric relaxation when the polarization
disappears due to the removal external electric field. We
believe that in dependence to (i/i0) ratio and the sign of
parameter *, a DEC treated tumor response is reached,
which is guaranteed with Eqs. (2)–(4).

A computer program was developed to perform curve fitting
and to calculate five different fitting quality criteria (The
sum of squares of errors, standard error of the estimate, the
adjusted coefficient of multiple determination, predicted
residual error sum of squares, multiple predicted residual
sum error of squares). To fit an n-parameter nonlinear
equation to tumor volume measurements, the Marquardt–
Levenberg algorithm [5] was used, which is the most widely
used in nonlinear least squares fitting. This nonlinear
regression algorithm seeks the values of parameters that
minimize the sum of squared differences between the values
of the observed and the predicted values of the tumor
volume. This process is iterative. It starts with the initial
parameter estimates, checks to see how well the equation
fits, then continues to make better estimates until the
differences between the residual sums of squares no longer
decrease significantly (algorithm converges). This algorithm
also needs first partial derivate of the fitted equation for
each parameter. As Eq. (1) is overparameterized, the
parameter estimation accuracy (or parameter error) was also
obtained from this algorithm. Also, as Eq. (1) is
multiparametric and the experimental data have associated
error bars, it is important to point out that the error on the fit
parameter is calculated multiplying the reported error on the
fit parameters by the square root of the reduced chi-squared.

B. Results

The modified Gompertz equation (1) coincides with the
conventional Gompertz equation for the case i = 0, that is,
V*(t)  = V(t); however, for i 0, other tumor growth
behaviors are observed. Although it is possible to make an
analytical discussion of Eq. (1), its evaluation is very
tedious due to the number of parameters. Therefore, it is
better to use a computer algorithm that simulates this
multiparametric equation.

Fig. 1 shows the results of the simulation of Eq. (1) for
= 0.6 day-1, = 0.2 day-1, i0 = 1 mA, V0 = 0.5 cm3,

different intensities of i (0, 0.1, 0.8, 1, 1.2, 1.8 and 5 mA)
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and magnitudes of 0.016 day.1 (a) and 0.1 day.1 (b). The
range of i (0.1–5 mA) has been used by the researchers to
demonstrate DEC antitumor effect [2,3]. i0 value was
selected arbitrarily in this range to corroborate that DEC
effectiveness depends on the (i/i0) ratio.

Fig. 1. Simulation of Eq. (1) for = 0.6 day-1, = 0.2 day-1, i0 = 1 mA,
V0 = 0.5 cm3 and different magnitudes of i (mA) for magnitudes of : (a)
0.016 day-1 and (b) 0.1 day-1.

In order to evaluate the feasibility of modified Gompertz
equation, we use the growth experimental data of both
Ehrlich and fibrosarcoma Sa-37 tumors reported previously
by Camué et al. [3]. Fig. 2 shows the experimental data and
the growth curves modeled by modified Gompertz equation
for the Ehrlich tumor (a) and fibrosarcoma Sa-37 tumor (b).
For Ehrlich tumor: control group (CG), treated group with
electrical charge of 6.7 mA for 45 min (TG1), treated group
with 11.7 mA for 45 min (TG2), and treated group with
17 mA for 45 min (TG3). For fibrosarcoma Sa-37 tumor:
control group (CG), treated group with 6.7 mA for 45 min
(TG1), treated group with 11.7 mA for 45 min (TG2), and
treated group with 14.8 mA for 45 min (TG3). When the
tumors reached approximately 0.5 cm3 in BALB/c mice, a
single shot electrotherapy was supplied (0 day). Each
experimental group is formed by 10 mice [3].

Fig. 2. Experimental data (mean ± S.D.) and modeled growth curves of (a)
Ehrlich tumor and (b) fibrosarcoma Sa-37 tumor.

The capability of modified Gompertz equation to fit
both the Ehrlich and fibrosarcoma Sa-37 tumor growth data
was demonstrated through statistical quantitative criteria
mentioned above. The values of quantitative criteria were
also obtained upon fitting individual tumor growth data and
then for each experimental group the mean values and their
standard errors after fitting were computed.

The results of this study demonstrated that the modified
Gompertz equation is correct for the following reasons:
(1) This modified equation satisfies the principle of
correspondence of physics since it coincides with the
conventional Gompertz equation for the unperturbed case
(i = 0).
(2) It theoretically reproduces the solid tumor growth
behaviors after DEC treatment.
(3) The higher values of r2 a and lower values of SSE, SE,
PRESS, MPRESS and the parameter estimation accuracy
obtained in each experimental group for the Ehrlich and
fibrosarcoma Sa-37 indicate that this modified equation is:
(1) a good model to fit tumor growth dynamics over time,
(2) it has better capability for handling missing data and (3)
high model prediction capability. This means that the fit of
this model is significantly closer to experimental points.

508 L.E.B. Cabrales et al.

IFMBE Proceedings Vol. 25



(4) This model has a biophysical basis that may improve the
general understanding of DEC treated tumor destruction
since it relates the therapy electrical parameters with those
of the kinetics of the solid tumor.

III. CONCLUSIONS

From the results obtained we may conclude that the
modified Gompertz equation has a good prediction
capability to describe both unperturbed and perturbed tumor
growths and that it could be used to help physicians choose
the most appropriate treatment for patients and animals with
malignant solid tumors.
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Abstract—A new approach for risk evaluation of abdominal 
aortic aneurysm is based on wall stress distribution and de-
termination of peak wall stresses using the finite element 
method. To clarify the influence of different model assump-
tions on results a study with models of different complexities is 
performed. 

Patient specific AAAs are modeled using 6 different ap-
proaches which are distinguished by linear or nonlinear mate-
rial law, inclusion of thrombus and calcification, application of 
blood pressure load and prestressing technique. 

Deformations and peak wall stresses change remarkably be-
tween the different complexity grades. In most cases, simpli-
fications lead to unrealistically increased displacements and 
stresses. 

Keywords—abdominal aortic aneurysm, biomechanics, pa-
tient specific modeling, wall stress. 

I. INTRODUCTION  

An abdominal aortic aneurysm (AAA) is an abnormal di-
lation of the infrarenal aorta which in case of rupture is fatal 
in 70-90% [1]. Prevalence of AAA is high with 6-8% within 
male population over 60 years. As prophylactic surgery is 
not without potential risk, it is necessary to assess the indi-
vidual rupture risk. Confiding in the commonly used diame-
ter criterion, AAAs smaller than 5cm can rupture unexpect-
edly whereas larger AAAs remain stable throughout 
patient’s lifetime [2]. Consequently, a more precise predic-
tion for rupture risk is essential. Thereby main determinants 
of AAA rupture are biomechanical forces exerted by blood 
pressure and strength of the AAA wall. While at present 
patient specific in vivo wall strength remains an open field 
of research, individually acting hemodynamic forces can be 
calculated more and more precisely by wall stress analyses 
[3, 4]. Actually, a better indicator than the diameter criterion 
is already obtained by examination of the wall stress dis-
tribution only, even without accounting for spatial wall 
strength distributions [5]. Contrary to the maximum diame-
ter criterion following the law of Laplace, the applied finite 
element method enables the consideration of individual 
AAA morphology and the interplay of different AAA con-
stituents such as thrombus, calcifications and the diseased 
artery wall itself. However, simulation techniques  

performed by research groups differ significantly in quality 
and complexity of the applied finite element model and 
results are incomparable. Thereby, the accuracy of the simu-
lation is dependent on geometry reconstruction, model as-
sumptions, number and type of finite elements, material law 
for the constituents especially AAA wall, inclusion of 
thrombus and calcifications, the way pressure loads are ap-
plied and consideration of the predeformed state of the AAA 
at the time of CT imaging. To demonstrate the influence of 
model assumptions on simulation results, commonly used 
finite element models are compared with recently worked 
out advanced models applied on four AAAs exemplarily. 

II. COMPLEXITY OPTIONS 

For this study selected aspects of geometry, material and 
mechanical modeling are chosen to demonstrate their  
influence. 

• Geometrical modeling (NoILT, ILT, ILTwCa) 
Here the emphasis lies on the aspect whether the intralu-

minal thrombus formation is included in the model (ILT) or 
omitted (NoILT), as well as whether calcifications which are 
existent in 90% of all AAAs [6] are considered (ILTwCa). 
Thombus and calcifications are segmented using Mim-
ics11.11 (Materialise NV) and smoothed adequately. As it is 
impossible to reconstruct the AAA wall from the CT data an 
idealized AAA wall with a uniform thickness of t=1mm is 
extruded normal to the outer surface of thrombus and calci-
fications. 
• Material model (LinMat, NonLinMat) 

It is generally known that biological tissue exhibits 
nonlinear strain-stress behavior and should be modeled as 
hyperelastic material. Although considering the non-linear 
material properties in AAA simulations is almost standard 
[7, 8], the AAA wall is sometimes still modeled with linear 
elastic material for the reason of geometry influence exami-
nations or finite element software limitations. Therefore, the 
trivial case of using an isotropic linear elastic material 
(LinMat) is compared with the use of a nonlinear hyper-
elastic material model specially designed for AAA wall [9] 
(NlnMat). For the LinMat material a Young’s modulus of 
E=1.044·106Pa is assumed. For the NlnMat material the 
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parameters α=0.174·106Pa and β=1.88·106Pa are taken from 
[9]. Both materials are treated as nearly incompressible 
using a poisson ratio ν=0.49. If thrombus is taken into ac-
count (ILT and ILTwCa), it is modeled as an isotropic Neo-
Hookean material with E=1.05·105Pa [10] and ν=0.45. Cal-
cifications (for ILTwCa only) are modeled as hyperelastic 
isotropic NeoHookean material with E=5.0·107Pa and ν=0.4 
based on mechanical testing of highly calcified human AAA 
material performed by the authors. 
• Mechanical model (NoOrthPress, OrthPress) 

In this study finite strain theory is applied. Equilibrium of 
applied forces (blood pressure) with the resulting stresses in 
the ILT and the AAA wall is calculated with respect to the 
deformed configuration. In contrast to small strain theory it 
is computationally costly but more realistic. 
The factor to be examined here is the way of modeling the 
load due to blood pressure. One can let the pressure act on 
the initial, known lumen surface, what is called NoOrth-
Press here, or on the deformed, unknown lumen surface 
(OrthPress). In both cases the systolic blood pressure is 
assumed to be p=121mmHg to make results comparable. In 
the NoILT case pressure is applied to the AAA wall. 
• Prestressing (NoPreStress, PreStress) 

The 3D geometries of the AAAs are reconstructed from 
CT images wherein a configuration loaded by in vivo forces 
is recorded. Such configuration is called to be predeformed 
or prestressed. In order to obtain realistic simulation results 
it is important to determine the acting strains in the given 
configuration first. For this a prestressing technique de-
scribed in Gee et al. [7] is used, which calculates the pre-
stressed state for a diastolic pressure of p=85mmHg prohi-
biting AAA deformation. An adequate forward calculation 
method allowing deformation is then used for increasing 
blood pressure to systolic level (PreStress). In the No-
PreStress case the reconstructed geometry is considered 
stress free and full systolic pressure is applied to the luminal 
surface in a standard procedure. 

III. MODELS  

Four patient specific AAAs from our AAA database were 
chosen for this study. Their 3D reconstructions are depicted 
in figure 1, some morphological characteristics are given in 
table 1. All geometries are cut near the renal arteries and 
2cm below the bifurcation at the iliac arteries. Hex domi-
nant finite element meshes are created using Harpoon 
(Sharc Ltd.). For all calculations the displacements at the 
cutting surfaces are constrained to zero. Loads from sur-
rounding tissue or contact to the spine are neglected. Finite 
element discretisation and solution are performed using our 
in-house finite element solver baci. 

The aforementioned options would allow for 24 distinct 
models with different degrees of complexity for each AAA. 
In this work we highlight changes in the simulation results 
using 6 selected models, presented in table 2. Model 6 is 
applicable on the morphology Male42, exhibiting high 
grade of calcification, only. 
 

 
 

Fig. 1 Overview of AAAs with cm scale. Left to right: Male37, Female59, 
Male42, Male40 

Table 1  Selected AAAs: Features 

AAA max. diameter age  shape calcifications 
Male37 45 mm 71 y. sacciforme slight 

Female59 54 mm 48 y. fusiforme slight 
Male42 48 mm 66 y. fusi-sacciforme severe 
Male40 87 mm 68 y. fusiforme slight 

 
Table 2  Combinations of model assumptions 

 

model no. ILT material pressure prestress 
model 1 NoILT LinMat NoOrthPress NoPreStress 
model 2 NoILT LinMat OrthPress NoPreStress 
model 3 NoILT NlnMat OrthPress NoPreStress 
model 4 ILT NlnMat OrthPress NoPreStress 
model 5 ILT NlnMat OrthPress PreStress 
model 6 ILTwCa NlnMat OrthPress PreStress 

IV. RESULTS  

Application of models 1 through 5 to the four AAAs 
yields von Mises Cauchy stresses and maximum displace-
ments documented in table 3 and 4. Deformation and von 
Mises stress distribution for a complete AAA are exempla-
rily given for Female59 in figure 2. The influence of ex-
plicit treatment of calcifications is depicted in figure 3, 
where only model 5 and model 6 of Male42 are compared 
to each other. 
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Table 3 Maximum von Mises stress [kPa] for 4 AAA morphologies under 
model variants 1 through 6 

 model no. 
AAA 1 2 3 4 5 6 

Male37 460 620 480 250 220 - 
Female59 520 820 540 420 350 - 
Male42 540 760 560 360 320 220 /  

520 in Calc. 
Male40 840 2300 700 560 480  

Table 4  Maximum displacement [mm] for 4 AAA morphologies under 
model variants 1 through 6 

 model no. 
AAA 1 2 3 4 5 6 

Male37 5.8 9.8 5.8 4.9 1.05 - 
Female59 6.6 11.9 6.4 6.2 1.35 - 
Male42 7.9 12.2 7.3 6.0 1.24 0.80 
Male40 15.7 28.6 13.5 12.9 2.10 - 

 

Fig. 2  Female59 models. Columns show different complexity grades. Top row: Color indicates displacement. Middle row: Color indicates von Mises stress 
distribution on outer wall surface. Bottom row: Cut through models, models 4 and 5 with ILT, color indicates von Mises stress 

V. DISCUSSION 

Simulation results are highly dependent on model as-
sumptions as shown in table 3 and 4, respectively. 

Major differences are thereby found regarding the maxi-
mum displacements in table 4. For all simulations with 
model 1 through 4 displacements are unrealistically large. 
Only model 5 and 6, which utilize a prestressing technique, 
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Fig. 3 Male42 models: Left: 3d reconstruction of ILT (grey) and calcifica-
tions (violet). Middle and right: Von Mises stress distribution when calcifi-
cations are substituted by ILT material or explicitly considered 

lead to physically meaningful deformations of approxi-
mately 1mm, which is in good concordance with visual 
observation of the diameter expansion during the cardiac 
cycle in open AAA repair. Noticeably, peak wall stresses 
are increased especially in models 1 to 3, when no ILT is 
included in the simulation. This is in accordance with ex-
aminations already performed by Wang et al. [8] who dem-
onstrated that presence of ILT alters wall stress distribution 
and reduces peak wall stress. 

In figure 3, where results of model 5 and 6 for Male42 
are displayed, significant differences particularly at calcified 
regions (highlighted in figure 3 left) are found for these two 
models. Using model 5 regions of high wall stresses are 
located at concavely shaped areas of the wall, especially 
between the small bulges of the AAA. It is striking that 
calcium deposits are mainly found at these positions. Con-
sequently, using model 6 explicitly considering calcifica-
tions the AAA wall at these regions is almost held stress 
free by the underlying stiff calcified plates which show a 
considerable load bearing effect and have to sustain stresses 
up to 520kPa (table 3). For Male42 the peak wall stress 
decreases when using model 6 instead of model 5. How-
ever, few other AAAs from our database showed increased 
peak wall stresses next to calcified plates and it would 
therefore be misleading to state that calcifications always 
reduce the peak wall stress. 

VI. CONCLUSION 

In order to obtain results with realistic displacements and 
stress ranges it is necessary to model AAAs at least with 

complexity of model 5. This means that a nonlinear material 
law has to be used for thrombus and AAA wall modeling, 
existent thrombus must be included, the blood pressure acts 
on the deformed configuration and the predeformed state in 
the CT images has to be considered. It has to be admitted 
that the segmentation effort increases when taking calcifica-
tions into consideration and for AAAs with only small cal-
cium deposits the results only vary slightly. Consequently, 
including calcifications in every patient specific AAA wall 
stress analyses is not required. However, one should keep in 
mind the positions of calcifications when using model 5 
only, as the stress results are not valid there. For severely 
calcified AAAs application of model 6 is regarded as cru-
cial for realistic simulation results. 
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Abstract— Quantum dots (QDs) are light-emitting semi-
conductor nanoparticles with unique optical and spectroscopic 
properties, and are emerging as an alternative to conventional 
dyes for fluorescence-based applications. In this study, we have 
developed a procedure for labeling and imaging glucose 
transporter 4 (GLUT4) in living cells with streptavidin-
conjugated quantum dot (QD-SA), and demonstrated that QD-
SA contained in cytoplasm has no obvious negative influence 
on L6 cells. Insulin-stimulated GLUT4 translocation is central 
to glucose homeostasis. The results of this study have proved 
that QDs can be applied to observing the dynamics of GLUT4 
translocation in vivo as a sensitive and long-term imaging 
probe. 

Keywords— QD-SA, GLUT4myc, internalization, imaging, 
translocation 

I. INTRODUCTION 

Quantum dots (QDs) are protein-sized crystals of 
inorganic semiconductors composed of atoms from groups 
II-VI or III-V elements in the periodic table[1]. Compared 
with organic dyes and fluorescent proteins, QDs offer 
several unique advantages, such as size-tunable emission 
from visible to infrared wavelengths, a broad absorption 
spectrum, a narrow emission spectrum, and very high levels 
of brightness and photostability[2]. QDs coupled with 
biorecognition molecules such as streptavidin, peptides, 
proteins, and DNA, overcome the limitations that 
conventional dyes suffer from, and provide useful 
alternatives for long-term multicolor cellular, molecular, 
and in vivo imaging[3]. 

GLUT4, the main glucose transporter activated by insulin 
in skeletal muscle cells and adipocytes, plays an essential 
role in glucose homeostasis. Under basal condition, about 
3%-10% of the GLUT4 molecules are located at the cell 
surface and more than 90% are stored in intracellular 
compartments[4]. Upon insulin stimulation, approximately 
50% of the GLUT4 molecules are rapidly recruited to the 
plasma membrane (PM) by significantly enhancing their 
exocytosis and minimally reducing their endocytosis[5]. 
The molecular mechanism mediating the GLUT4 
translocation involves tow fundamental processes, the 
signal transduction pathways that are triggered when insulin 
binds to its receptor and the membrane transport events that 
need to be modified to divert GLUT4 from intracellular 

storage to an active cycling pool[6, 7]. The intracellular 
trafficking of GLUT4 is a major factor for understanding 
the mechanisms of GLUT4 translocation. To characterize 
the complicate intracellular trafficking of GLUT4 in detail, 
we have developed a novel assay, which provides a direct 
and sensitive method for detecting and imaging GLUT4 
trafficking over long periods, based on L6GLUT4myc cells 
and quantum dot 605 streptavidin conjugates (QD-SA). 
Coupled with single particle tracking technique, this 
approach makes it possible to track and analyze the traffic 
of single GLUT4 vesicle in real time. 

 
Fig. 1  Proposal for labeling GLUT4 with QD-SA in live cells.  
(A) Schematic representation of QD-SA conjugate. Core-shell 

CdSe/ZnS, emission wavelength 605nm, each QD is coupled with 2-8 
streptavidins. (B) Schematic representation of GLUT4-myc. A human c-
myc epitope containing 14 amino acids is inserted into the first ectodomain 
of GLUT4. (C) A cartoon of the experiment protocol.  

The L6 cell line is a typical model system for 
investigating the mechanism of GLUT4 translocation in 
skeletal muscles[8]. To label GLUT4 molecules in L6 cells 
directly, a L6GLUT4myc cell line, providing epitopes 
exposed on the cell surface, has been established by 
inserting a human c-myc epitope including 14 amino acids 
into the first exofacial loop[9] (Fig1B). Ectopic expression 
of GLUT4myc markedly improves insulin sensitivity and 
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responsiveness of glucose uptake in L6 myoblast. 
Luminescent core-shell CdSe/ZnS QD-SA conjugates are 
used as a fluorescent labeling agent (Fig1A). Strategy for 
labeling GLUT4myc with QD-SA is shown in Fig1C. After 
stimulation with insulin, GLUT4myc vesicles are 
translocated from intracellular compartments to the PM and 
the c-myc epitopes are exposed on the cell surface. Finally, 
insulin causes a 2- to 3-fold increase in the amount of 
GLUT4myc at the myoblast cell surface. A specific and 
stable linkage between QD-SA conjugates and GLUT4myc 
proteins is achieved through incubating L6GLUT4myc cells 
with anti-myc primary antibody, biotinylated secondary 
antibody, and QD-SA conjugates in turn (fig.1C). In this 
process, GLUT4myc was targeted with QD-SA in L6 cells. 
Once insulin is cleared from insulin receptor, complexes of 
GLUT4myc and QD-SA are internalized from the PM 
through clathrin-coated pits. 

II. MATERIALS AND METHODS 

A. Materials

Anti-c-myc monoclonal antibody 9E10 and biotinylated 
goat anti-mouse IgG were purchased from Invitrogen 
Corporation, QD 605 streptavidin conjugates were 
purchased from Jiayuan Quantum Dots Corporation (Wuhan, 
China), L6GLUT4myc cells were provided by professor 
Amira Klip, GLUT4-EGFP plasmid was provided by 
professor Tao Xu. Other chemicals were purchased from 
GIBCO Ltd. 

B. Quantum dots labeling of GLUT4myc molecular

L6-GLUT4myc cells were starved with depletion 
medium ( -MEM/1% AB) for 3 hours at 37˚C prior to 
experimentation; then stimulated with 100nM insulin at 
37˚C for 20 min; later blocked with 5% goat serum in -
MEM for 10 min at 37˚C; and then incubated with 2.5 g/ml 
of anti-myc monoclonal antibody 9E10 (1:100 dilution in -
MEM) containing 100nM insulin for 1h at 37˚C; unbound 
antibody was aspirated away and the coverslips were 
washed 3 times with -MEM containing 100nM insulin at 
37˚C; latter on the cells were blocked with 5% goat serum 
in -MEM for 10 min at 37˚C; also incubated with 20 g/ml 
of biotinylated goat anti-mouse IgG (1:100 dilution in -
MEM) containing 100nM insulin for 30 min at 37˚C; 
unbound antibody was aspirated away and the coverslips 
were washed 3 times with -MEM containing 100nM 
insulin at 37˚C; after all cells were blocked with 5% goat 
serum in -MEM for 10 min at 37˚C; cells were incubated 
with 5nM of QD-SA (1:200 dilution in -MEM) containing 
100nM insulin for 20 min at 37˚C; unbound QD-SA was 

aspirated away and the coverslips were washed 3 times with 
-MEM at 37˚C; at last the cells were cultured in growth 

medium for imaging. For contrast, a control group that 
shows the level of background fluorescence is incubated 
without the primary antibody. 

C. Internalization of QD-SA/GLUT4 complexes assay

L6GLUT4myc cells were labeled with QD-SA as above, 
a z-scanning was performed 12 h later to collect a series of 
plane images under a confocal microscope (Zeiss LSM 310 
META) using a 40x water immersion objective. 

D. Photobleaching assay

L6GLUT4myc Cells were labeled with QD-SA and 
transfected with GLUT4-EGFP plasmid respectively. After 
overnight culture with growth medium, L6GLUT4myc cells 
that had vesicles containing QD-SA/GLUT4 complex or 
GLUT4-EGFP were fixed with 4% paraformaldehyde 
solution. Images were acquired under a inverted wide-field 
microscope (Zeiss Axiovert S100) using a 100x oil 
immersion objective. Image processing and fluorescence 
intensity analysis were performed using MATLAB. 

III. RESULTS 

We first investigated the internalization of the complex 
of GLUT4myc and QD-SA. A series of the luminescent 
images in different layers were acquired from z-scanning 
with confocal microscope. The images in different layers 
indicated that the QD-SA was internalized by the 
L6GLUT4myc cells. As shown in Fig2, internalized QD-SA 
was distributed to a conical perinuclear area, which 
coincided with previous studies very well[6]. In contrast, 
almost no florescence spots were observed in the control 
cells, we conclude that QD-SAs were bound and 
internalized with GLUT4myc through receptor mediated 
endocytosis and were stored in insulin responsive 
compartments.  

 
Fig. 2  A series of the luminescence images in different layers acquired 

with confocal microscope. Upper panels, bright field images; middle panels, 
fluorescence images; lower panels, merged images. 
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Next, we compared the photostability of QD-SA with 
that of EGFP, a fluorescence protein probe widely used in 
the study of GLUT4 translocation. Fluorescence image 
series of cells labeled with QD-SA and cells transfected 
with GLUT4-EGFP cDNAs were acquired under 
continuous excitation using the wide-field microscope. We 
consider average intensity of all fluorescence plots in one 
image as the intensity of the frame. The normalized 
intensity-time curves were plotted in Fig3, respectively. 
QD-SA is about 5 times brighter than EGFP, and 
demonstrated extreme chemical stability and photostability 
throughout continuous excitation. In contrast, EGFP in 
L6GLUT4myc cells photobleached rapidly. Intriguingly, 
the fluorescence intensity of QD-SA even increases at the 
first 40 minutes, a phenomenon known as photo-
brightening[10].  

 
Fig. 3  Comparison of photostablity between QD-SA and EGFP under 

continuous excitation. 

IV. DISCUSSION 

The intracellular trafficking of GLUT4 is a major 
determination of its acute regulation[6, 12]. A further 
investigation on intracellular trafficking of GLUT4 is 
crucial for understanding the mechanism of GLUT4 
translocation. Recently, kinetic analysis based on 
quantitative florescence assay is used as a major method for 
the study[7]. However, suffering from the disadvantages of 
conventional probes, such as low fluorescence intensity and 
weak photostability, this method can only focus on events 
near the cell surface. Kinetic properties and traffic process 
of single GLUT4 vesicle in cytoplasm as well as its 
interactions with intracellular organelles could not be 
investigated by this method. Probes with high photostablity 
and enhanced luminescence, suitable for long-term imaging, 
are required to improve the efficacy and accuracy of the 
current methods and to develop new methods for 

investigating the intracellular trafficking of GLUT4 in 
whole cell. 

Due to the photophysical properties, as mentioned in the 
introduction, QDs have been introduced as an alternative of 
conventional fluorescence labels. We demonstrated that: (i) 
the QD-SA can be bound with GLUT4-myc and 
internalized by endocytosis; (ii) this approach was highly 
sensitive and specific; (iii) compared with EGFP, QD-SA in 
L6GLUT4myc cells is extremely photostable and highly 
luminescence. This study provides a sensitive, specific, 
long-term imaging platform for monitoring the GLUT4 
traffic and the interactions between GLUT4 vesicles and 
intracellular organelles. 

However, QDs still have some limitations as 
fluorescence label. First, QDs can not be used as 
fluorescence labels directly, they must be coupled with 
biorecognition molecules previously. The diameter of QDs 
conjugated with biorecognition molecules is about 20-30 
nm, to bind biological molecules specifically, antibodies 
bound as primary and secondary antibody previously, as a 
result, these molecules may have influence on dynamics of 
biological molecules. Second, because of the fluorescence 
blinking of QDs[13], it is not suitable for that single particle 
tracking based on Total Internal Reflection Fluorescence 
Microscopy and deconvolution wide-field fluorescence 
microscopy[14].  

Recent advances in synthesis and bioconjugation have 
overcome the limitations of using QDs for in vivo 
biomolecular and cellular imaging[2]. Water-soluble and 
biocompatible QDs conjugates have been used for 
ultrasensitive detection at single-dot level. The high 
photostability and optimal signal to background ratio 
achievable with QDs make them ideal probes for single 
molecule tracking studies [15, 16, 17]. 
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Background and purpose: Arterial stiffness parameter ( ) and 
pulse wave velocities (PWV’s) can be obtained simultaneously 
in the carotid artery by using a combined color-Doppler and 
echo-tracking system. However, the values of measured indices 
depend on the echo-tracking positions in arterial wall for mea-
suring diameter change. The present study was designed to 
compare the values of  and PWV’s obtained by echo tracking 
in the adventitia and intima, and to determine the most appro-
priate positions for echo tracking in the carotid artery. 
Methods and results: Applying echo tracking to the adventitia 
and intima of the left common carotid artery in 22 normal 
volunteers (age 28±15 years), we measured , and obtained 
PWV’s from  (PWV ) and from wave intensity analysis 
(PWVwi).  and PWV  was higher, and PWVwi was lower in the 
adventitia than the intima (P < 0.0003, P < 0.0001 and P < 
0.007, respectively). The differences in these values were clini-
cally acceptable. The percentage of success in echo tracking 
was 100% in the adventitia, but 50% in the intima.  
Conclusion: The adventitia is practically the most appropriate 
position for echo tracking. 
Keywords— wave intensity, pulse wave velocity, stiffness pa-

rameter, echo tracking, carotid artery  

 
I. INTRODUCTION 

 
The role of arterial stiffness in the development of car-

d ovascular diseases has been widely recognized. Arterial 
stiffness parameter ( ) and pulse wave velocity (PWV) are 
major indices for assessing arterial stiffness. PWV in a 
region of an artery is mainly related to the elastic properties 
of the arterial wall of that region. Conventional methods of 
measuring PWV have been based on “two-point” measure-
ments, i.e., measurements of the time of travel of wave over 
a known distance. Several methods of “one-point” meas-
urements of regional PWV in arteries have also been re-
ported. Our ultrasonic system uses two methods [1]. The 
principle of one method is to measure blood pressure and 
velocity at a point, and use the water-hammer equation for 
forward travelling waves. The principle of the other method 
is to derive PWV from . We applied the methods to the 
adventitia and intima of the common carotid artery in nor-
mal humans, and compared the results to determine how to 
obtain the most reliable data. 

II. METHODS 
 

A. Derivation of PWV 
 
 Wave intensity (WI) is defined as the product of the 
time-derivatives of pressure (P) and velocity (U): WI = 
(dP/dt)(dU/dt). WI describes a waveform during a cardiac 
cycle, which has two positive sharp peaks (W1 and W2). It is 
confirmed by wave intensity analysis [2] that around the 
time of W1 and W2 in the carotid artery, backward travelling 
waves have little effects on the formation of pressure and 
velocity contours. If there are no effects of the backward 
waves, dP/dt and dU/dt are related by the water-hammer 
equation as follows: 

   
  dP/dt = •PWV•dU/dt, 

 
where  is the blood density. Therefore, PWV is given by  

   
  PWVwi = (1/ )(dP/dt)/(dU/dt)  

 
at the time of W1. The suffix wi indicates PWV derived 
from wave intensity analysis. 
 The definition of  gives the following relation between 
arterial pressure, P, and diameter, D: 

   
 
 

 
Fig. 1 Adventitial and intimal echo 
zones in the common carotid artery 
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 ln (P/P0) = (D – D0)/D0, 
 
where P0 and D0 are the end-diastolic pressure and diameter. 
The general one-dimensional wave equation gives PWV as 
PWV = [(A/ )(dP/dA)]1/2, where A is the cross-sectional 
area of the artery. Using the relation A = ( /4)D2 and the 
above relation for , we obtain [3] 

   
  PWV  = ( P/2 )1/2, 

 
where the suffix  indicates PWV in terms of . 
 
B. Noninvasive measurement of pressure waveforms  
 

Fig. 3 Comparison of PWV ’s in the 
adventitia and intima 

The similarity between carotid arterial pressure waveforms 
measured with a catheter-tipped micromanometer and ca-
rotid arterial diameter-change waveforms measured by 
ultrasonic echo tracking in humans has been reported [4]. 
By using systolic and diastolic pressure measured with a 
cuff-type manometer applied to the upper arm, the maxi-
mum and minimum values of a diameter-change waveform 
were calibrated, and this waveform was used as a surrogate 
for a blood pressure waveform. 
 
C. Ultrasonic measurements of WI, PWV and  
 
  A real-time measurement system, which simultane-
ously measures carotid arterial blood flow velocity and 
diameter, was used for obtaining WI, PWV and . The de-
tails and reproducibility of the system were reported else-
where [5].                                                   
 
D. Subjects 
 
  We applied echo tracking to the adventitia and intima of 
the left common carotid artery in 22 normal volunteers (age 
19-67 years, mean±SD 28±15 years, 14 men)(Fig. 1). 

   
 
 

 

he 
adve  the in-
tima 0.04 and 
0.92 d 0.57  

   

   III. RESULTS 
 
It was easy to set echo-tracking positions in adventitial 

echo zones in all subjects. However, it was rather difficult 
to set echo-tracking positions in intimal echo zones. In 11 
out of 22 subjects (50 %), echo tracking in intimal echo 
zones was not successful.  obtained from adventitial echo 
zones ( ) was significantly greater than that from intimal A
echo zones ( ) (paired t-test: P < 0.0003)(Fig. 2). Bland –I
Altman bias, the average of 100x( A - I )/[ ( A + I )/2], was 
17.0±10.7 %. PWV  was significantly higher in the adventi 
tia than intima (paired t-test: P < 0.0001)(Fig. 3). Bland-  
Altman bias was 12.7±6.6 %. PWVwi was significantly 
lower in the adventitia than intima (paired t-test: P < 
0.007)(Fig. 4). Bland-Altman bias was – 14.6±14.7 %.
The slope k of the regression line, PWV  = k PWVwi, in t

ntitia was slightly greater than 1, while that in
 was slightly smaller than 1 (mean±SE 1.19±
±0.03; standard error of estimate Sy.x 0.96 an

Fig. 4 Comparison of PWVwi’s in 
the adventitia and intima 

Fig. 2 Comparison of ’s in the adven-
titia and intima 
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m/s), but they were not significantly different (P = 0.17)(Fig. 
5). 

IV. DISCUSSION 
 
The brightness of adventitial echo zones was high, while 

that of intimal echo zones was low. Therefore, it was diffi-
cult to perform echo tracking in intimal echo zones (the 
percentage of success was 50 %). Because of the incom-
pressibility of arterial wall, the relative change in diameter 
measured in an inner layer of arterial wall is greater than 
that measured in an outer layer. Therefore, I was smaller
than A, and hence PWV  obtained from the intima was 
lower than that from the adventitia. The reason why PWVwi 
obtained from adventitial echo zones was lower than that 
obtained from intimal echo zones is unknown. All Bland-
Altman biases of adventitial measurements relative to inti-
mal measurements were within acceptable range (we con-
sider that a Bland-Altman bias of one ultrasonic method 
relative to the other can be accepted in the clinical setting if 
it does not exceed 20 %). The regression lines of PWV on 
PWVwi obtained from the adventitia and intima did not 
differ significantly. Therefore, there is no rationale from the 
mechanical point of view for deciding which of the echo-
tracking positions, adventitial echo zones or intimal echo 
zones, are superior to the other. 

 
V. CONCLUSIONS 

 
, PWV , and PWVwi obtained from adventitial echo 

zones are significantly different from those obtained from 
intimal echo zones. However, differences are within clini-
cally acceptable range. The standard error of estimate of the 
regression line of PWV  on PWVwi was sufficiently small to 
confirm the validity of the two methods of obtaining PWV. 

Both methods of echo tracking, in adventitial echo zones 
and intimal echo zones, are equally acceptable from the 
mechanical viewpoint. However, the percentage of success 
in echo tracking is much higher in the adventitia. Therefore, 
our recommendation is to set the echo-tracking positions in 
the adventitia. 
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Abstract Stereo matching has long been an important re-
search area in computer vision and image processing, and a 
large number of algorithms for stereo matching have been 
developed. In this paper, we present taxonomy of stereo cor-
respondence. In each taxonomy, deferent kinds of algorithms 
are analyzed and compared on some issues, including the in-
nate properties, theories as well as innovative approaches 
related. This paper aims to advance a way to design stereo 
algorithms. In addition, the evaluation criteria are classified 
according to their application purposes to give an important 
access to reasonable performance analysis of the designed 
stereo methods. 
Keywords Stereo Vision, Stereo matching, Matching con-

straints. 

I. INTRODUCTION  

With modern computer technology rapidly developing, 
computer graphics image processing and aided design have 
been used in the fields of industry, defense, medical. And 
people always need to get three-dimensional surface infor-
mation, and then change that to data which computer can 
directly handle. In industry, it wants quickly measure the 
object s surface three-dimensional coordinates information, 
which is used to guide industrial production; in medical, it 
requires three-dimensional surface information to identify 
interested cell information. All of those are facing questions 
of how to obtain image three-dimensional information. And 
obtaining three-dimensional technology, especially stereo 
matching technology cannot be substituted. The basic prin-
ciple is to observe the same scene and to obtain stereo im-
ages from two view points, match the corresponding pixel, 
and then estimate the disparity and tree-dimensional infor-
mation. Especially in 20th century 80 , in Massachusetts 
Institute of Technology, Marr proposed a theory of comput-
er vision used in the binocular matching, establishing theory 
foundation for development of binocular stereo vision. 

As there are many uncertainties and no uniform solution 
in stereo matching, many researchers have done a lot of 
work. Dhond U R summarized a large number of algorithms, 

introduced classification treatment, and proposed using 
trinocular constraint to reduce matching uncertainty [1]. 
Daniel Scharstein proposed a taxonomy and evaluation of 
stereo correspondence [2]. Faugeras detailed overview ste-
reo vision research under non-camera rectification [3]. Ko-
schan summarized the problem of occlusion and no texture 
in stereo matching [4]. In this paper, we mainly analyze the 
development of various types of binocular vision matching 
algorithms, compare the advantages and disadvantages; 
summarize the main problems and possible ways to resolve. 
At last, we discuss stereo matching technology development 
trends. 

II. SREREO CONSTRAINTS 

Developing the Marr s theory [10], Poggio proposed the 
early visual instability problem. He believed stereo match-
ing problem can be expressed as uncertainty problem under 
Hadamard s theory. This expression reflects importance of 
the constraint assumption. To reduce matching uncertainty, 
improve the efficiency of matching, many researchers apply 
the constraint hypothesis. These constraints can be classi-
fied into two kinds: image-based geometric constraints and 
scenario-based constraints. In this paper, we summarize the 
common used constraints in the current matching, and fur-
ther show application scope of the constraints. 

 Smooth surface assumption 

The theory of this assumption is based the real word, ob-
ject s surfaces are composed of small and smooth surfaces. 
Therefore, disparity is smooth and even no change when we 
assume a certain range in the calculating stereo matching. 
However, the assumption is not established in the regions of 
disparity discontinuous or border, so we should carry out a 
special deal for those regions. 

 Matching uniqueness assumption 
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The assumption proposes that for a point in one image 
there is only one point corresponding in another image. In 
most cases the assumption is always correct, however, if the 
there is specular reflection in projection process, such as 
occlusion, the assumption is not tenable. 

 Succession assumption 

Points p1, q1 in left image and match points p2, q2 in 
right image, if p1 is front q1, p2 must be front q2, instead, 
the assumption is also establishment. Precondition of this 
constraint is that objects are opaque. If opaque, the con-
straint is not tenable. 

 Epipolar parallel assumption 

In essence, the constraint s aid is convenience for calcu-
lation, assuming the camera epipolar lines is parallel to 
horizontal scanning. This can reduce two-dimensional 
matching space to one-dimensional matching space. 

We list several frequently used assumption constraints 
in the stereo matching. In fact, now there are still new hypo-
thesis put forward, and applied to matching process. 

III. BINOCULAR STEREO MATCHING ALGORITHMS 

Analyzing the characteristics of the binocular stereo 
matching algorithm framework, algorithm effectiveness 
mainly relies on three factors, which is choosing accurate 
matching element; finding the corresponding matching 
criterion; constructing stability algorithm for accurately 
match the selected element. However, because of the many 
factors involved in stereo matching, it has yet been resolved. 
Generally, we can classify matching algorithms by the type 
of matching characteristic, constraint assumptions, match-
ing criteria, as well as optimization or search method. Ac-
cording already existing stereo matching algorithms, this 
article holds that building a complete three-dimensional 
matching algorithm should be four-pronged: generalized 
matching element and choosing the characteristic parame-
ters; matching method and strategy; optimizing standard of 
matching cost; disparity refining. According those, we di-
vided stereo algorithm into two categories: based on local 
feature constraint and based on global restrictions. 

A. Algorithm based on local feature constraint

This algorithm uses local information around the interest 
points to calculate, involving less amount of information, 
less corresponding calculation, most real-time platform 
draws on the idea of this algorithm. However, it is more 
sensitive to noise, and the matching result is not satisfactory 

in non-texture region, parallax discontinuous region and 
occlusion region.  

1. Feature matching 

In the matching process, using feature matching can in-
crease anti-noise ability and reduce problem of ambiguity. 
In general, characteristics used to match should meet fol-
lowing characteristics: uniqueness, reproducibility, having 
physical meaning. Essentially, this algorithm overcome 
disadvantage that is depth discontinuity and sensitivity in 
non-texture region. By characteristic of matching element, 
the feature can be divided into two categories: global feature 
and local feature. Local feature includes points, edge, line, 
surface and local energy [5 6 7]. Global feature includes 
polygon and image structure, etc, usually mixed-use with 
local algorithm. Feature-based matching generally contains 
feature extraction, positioning, description, and feature 
matching.  

Feature matching has mainly some shortcomings: first, 
sparse image feature decide the result of this method is only 
sparse disparity map, obtaining dense disparity map need 
complex interpolation process. So conventional characteris-
tic algorithm is often difficult to achieve the desired result, 
the mixed-characteristic algorithm combined with the ad-
vantages of all feature matching begin to appear; second, 
the result of feature matching closely depends on the accu-
racy of feature extraction. Prince detected various types of 
characteristics used to match, this non-gradient operator will 
not the extract false characteristics caused by enlarging 
high-frequency noise [6]. 

2. Region matching 

Giving two images in the same scene, similar degree of 
the images is closer in coarse scale. Essentially, region 
matching algorithm based on photometric invariance prin-
ciple often uses gray of neighborhood window and correla-
tion degree to get dense disparity map. Gray correlation 
algorithm is focused on building on neighborhood window 
based on matching cost, mainly include: fixed-window, 
multi-window correlation and adaptive window algorithm. 
Those calculation results depend on two characteristics of 
the window: pixels within window are best having the same 
disparity, and pixels having different disparity should be 
minimal; Window should be large enough for easy distin-
guish the gray-scale change. Adaptive algorithm use inde-
pendent variable based on gray value and depth value to 
build scaling function and choose window. Comparing 
different sizes of window, Veksler proposed application 
scope of different sizes window, but he only analyzed li-
mited shape of window [8]. By dynamically selecting win-
dow shape and size according segmentation regional, Wang 
got better result [9]. However, for complexity of texture 
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image, accurate color segmentation is a difficult question 
and impacts matching. 

  Main disadvantage of region-based matching algorithm 
is that it should not obtain accurate matching result because 
of sharpness of correlation function changing not enough 
and difficult to retain depth discontinuous. 

B. Algorithm based on global constraint

The hypostasis of global optimum algorithm is changing 
matching the corresponding points into searching optimal 
one energy function, which can calculate global disparity. In 
while this process, the main problem is building energy 
function and optimization. [2] evaluated performance of 
various optimizations, pointed out the dynamic program-
ming algorithm can most quickly realize the global optimal 
search in condition of corresponding points ordered con-
straint; graph cut based of Markov process has best perfor-
mance, but time-consuming is too long. 

1. Dynamic programming algorithm     

The hypostasis of dynamic programming algorithm is 
looking for the smallest matching cost on corresponding 
image scan-line. Disparity map often uses continuity con-
straint and ordered constraint, global cost function decides 
matching cost, the programming path is consisted with 
mapped points having the smallest cost, and dynamic pro-
gramming algorithm can effectively reduce the computa-
tional complexity.  

   The greatest limitation dynamic programming algo-
rithm is not an effective integration of horizontal and vertic-
al continuity constraint. Single pixel matching errors will 
affect the follow-up the same scan-line pixel to match, dis-
parity map not only have the obviously flawed, but also 
cause matching lower accuracy. Ohta firstly extended 
search space of dynamic programming to three-dimensional 
[11]. Bobick proposed correction algorithm using pre-
defined matching points as control points, which guide 
optimization process when dynamic programming, so as to 
reduce stripe defects in disparity map [12]. 

2. Graph cut algorithm 

To solve the problem dynamic programming algorithm is 
not an effective integration of horizontal and vertical conti-
nuity constraint, we change matching problem to find min-
cut problem. According max-flow min-cut theorem, min-cut 
can be translated into calculating max-flow. 

The base of graph cut algorithm is that we translate ste-
reo matching problem into a form of energy function, build 
appropriate map, calculate min-cut. Recent studies are about 
building new framework and energy optimization algorithm. 
Its characteristics include: tectonic energy function for solv-

ing graph cut, its own must satisfy certain constraints; dif-
ferent energy function has different building map way. Cox 
firstly considered occlusion situation when designing 
matching algorithm using graph cut [13]. V. Kolmogorov 
and R. Zabih summarized available energy minimization 
function types [14]. Boykov proposed two composition 
labeling function: -  expansion move, 
and proved the difference between local minimum and 
overall minimum using expansion algorithm [15 16].  
3. Neural network algorithm 

The hypostasis of this method is that, according the 
type of network, matching cost function and constraints are 
translated into minimization optimization using the iterative 
learning algorithm. Network dynamic process is realizing 
minimization of a number of constraints. The trained net-
work can almost be real-time measurement, obtain three-
dimensional information. 

At present, a number of this algorithm use Hopfield net-
work. Ruichek realized stereo matching using in obstacle 
detection by Hopfield network [17]. Hua realized directly 
mapping color image based on the competition-cooperative 
neural network [18]. However, two-dimensional Hopfield 
network cannot express the whole 2D disparity map chang-
ing process. To meet the overall best match, constructing 
3D Hopfied network is meaningful job. 

4. Others global constraint algorithm 

Global optimization algorithm also includes coordination 
algorithm [19], nonlinear diffusion algorithm [20 21], be-
lieve propagation algorithm [22], etc. coordination algo-
rithm comes from human visual computing model; its non-
linear iterative operation is similar to global algorithm in 
whole behavior. Research of non-linear diffusion algorithm 
focuses on improving to deal with occlusion problem. In 
Markov network framework, Sun sued believe propagation 
algorithm to stereo matching, and obtained better result in 
whole image [22]. 

IV. CONCLUSIONS 

Although the binocular stereo matching technique has 
been studied for several decades and has been continuously 
enriched, there is still a lot of space for improvement both 
from the perspective of visual physiology and the actual 
applications. According to the current research trend, future 
technology development is the following: 

 How to set up a more effective model of binocular ste-
reo view, to more fully reflect uncertainty essential attribute 
of stereo view, to provide more constraint information for  
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matching, to reduce difficulty of stereo matching. 

 Developing a new theory and matching strategy for full 
stereo view, selecting effective matching evaluation and 
algorithm structure, to solve gray distortion, geometric 
distortion, noise interference, and occlusion.  

 Improve speed and reduce computation, improve real-
time.
 Emphasize constraint between scene and mission. For 

different applications, there should set up task-oriented 
stereo system.  

At present, designing the stereo matching algorithm only 
relies on knowledge of visual statistical theory to solve 
problem of visual ill-posed. Further studying stereo match-
ing is faced with two challenges of theory and practice, so 
there are still many unknown theories to design stereo algo-
rithm. With study deeply and perfect, visual mechanism 
revealed, stereo techniques will inject new vitality for 
studying computer vision, robotics, graphics and biomedical. 
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Abstract Cell culture studies, ring studies, and indirect 

physiologic studies are the predominant models used to study 

human vascular tissue. Such studies are limited in their 

capacity to permit physiologic single-factor changes or to 

provide the proper mechanical effects. This paper presents a 

devised culture system that addresses the vessels with different 

diameters and permits survival of intact segments of the 

vessels in a perfused environment. Methods: Perfusion culture 

system was designed and constructed with a peristaltic pump, 

tubing, a vessel culture chamber, a compliance chamber, a 

pressure regulator, a pressure monitor,  silicon tubing and 

some spigots in several diameters, which could connect to the 

chambers’ polycarbonate tubing and silicon tubing, suitable 

for several size of vessels. Vein segments of rabbits, with 

2.0mm, 4.0mm and 6.0mm sizes, were collected and mounted 

into the perfusion culture system with perfusate. The 

intraluminal pressure, pulsatile pressure difference and flow 

were surveyed. The results showed vessels in several sizes 

could be cultured in a controlled environment of dynamic 

changes with easy manipulation. This perfusion culture 

system permits relevant studies risk factor changes in the 

perfusate.  

Key Words  perfusion culture system; vessel; vessel size; 

dynamic factor; 

.INTRODUCTION 

Autogenous saphenous vein grafts are commonly used in 

coronary artery bypass grafting and other vascular reconstructive 

procedures. Despite this widespread use, from 10 to 30% of 

coronary artery grafts thrombose within 30 days of placement [1], 

and long-term patency rates are even more dismal [2]. For the 

coronary artery bypass graft, another serious problem is the 

saphenous vein wall become thicker and thinker that affects the 

graft’s compliance and makes thrombose easily. Why these 

failures occur is an area of tremendous research.  

However the basic science and physiology of human 

saphenous vein remain a difficult area of study due to the lack of 

suitable in vitro models. Currently used models include primarily 

static vascular cell culture, ring studies of sectioned vascular 

tissue in an organ bath [3], and animal models [4]. However Cell 

culture studies are limited by a lack of relevant hemodynamics, or 

other physiologic conditions. The ring studies suffer from 

disruption of the vessel architecture and a lack of relevant 

hemodynamics. Animal models are generally physiologic, but 

they are limited by an inability to study single factor changes. 

Recently, several groups have devised perfusion systems for ex 

vivo investigations of intact vascular tissue [5–9]. 

This paper describes a perfusion culture system, which 

permits the vessels with different diameter size being cultured and 

can generate steady or pulsatile flow. This perfusion culture 

system can also complete for relevant studies of hemodynamic 

change, even the risk factor changes in the perfusate. The initial 

experience in rabbit veins with this system is described. 

.MATERIALS AND METHODS 
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A Perfusion system  

The perfusion culture system consists of a peristaltic pump, a 

vessel chamber with two polycarbonate tubings as inlet and outlet , 

a compliance chamber with two polycarbonate tubings as inlet and 

outlet, spigots, silicon tubing, pressure regulator and pressure 

monitor. The chambers were constructed from sectioned 

polycarbonate bonded with polycarbonate solvent adhesive in a 

size of 15cm length, 10cm width and 7cm height. The chambers 

were assembled to one inlet and outlet polycarbonate tubing in 

10.0mm diameter, which was used for connecting to the spigots or 

the silicone rubber tubing from the peristaltic pump. The 

polycarbonate tubings were in conjunction with the spigots by 

means of threads. 5 pairs of spigots were of 2.0mm, 4.0mm, 

6.0mm, 8.0mm and 10.0mm in diameter size respectively. 

Therefore the chambers could be satisfied with large ranges of 

diameter for vessels culturing and size for silicon tubing by 

changing the spigots.  

The vessel chamber contains the vessel submersed in 

medium. The perfusate was pumped from the compliance 

chamber to the silicon tubing and then driven back through the 

vessel. The pressure monitor was used to monitor intraluminal 

pressure and pulsatile pressure difference. Commonly the pressure 

could be increased by accommodating the pressure regulator 

attached just distal to the vessel and the pulsatile pressure 

difference by accommodating the pressure regulator and changing 

the silicon tubing size in diameter. The entire system is placed 

into a standard water-jacketed incubator maintained at 37°C. The 

perfusion culture system was shown in Fig. 1. 

In figure 1 the entire system was housed in a cell culture 

incubator and consists of (1) a vessel chamber, (2) a compliance 

chamber, (3) pressure regulator to increase intraluminal pressure, 

(4) pressure monitor, (5) peristaltic pump, (6) polycarbonate 

tubing as inlet, (7) polycarbonate tubing as outlet, (8) silicon 

tubing, and (9)spigots. Cell culture medium flows from the vessel 

into the silicon tubing, compliance chamber, through the 

peristaltic pump then back through the vessel. 

Fig1. Diagram of the perfusion culture system 

B. Vessels preparation 

3 vein segments with about 3.0cm length, 1 of about 2.0mm, 

1 of 4.0mm and 1 of 6.0mm in diameter were obtained from a 

rabbits, transported to the laboratory in cold phosphate-buffered 

saline. 

C. Investigation  

After assembly the entire perfusion culture system this setup 

was placed into a CO2 incubator. Then we investigate the 

dynamic factors when the sizes of vein and silicon tubing were 

calibrated.  

Firstly we collect the silicon tubing in size of 4mm, 

cannulated each of vein segments onto the corresponding spigots 

in diameter and inserted into the perfusion culture system. The 

peristaltic pump speed was calibrated at 100 rotations per 

minute(rpm), which drive the circuit at the rate of 300 per minute 

and almost keep the pressure stable in the vein. After that we 

investigated the intraluminal pressure and flow rate while the 

pressure regulator was accommodated.  
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In order to measure the values of intraluminal pulsatile 

pressure difference, we chose the silicon tubing in 10mm size and 

the peristaltic pump speed at 20 rpm, that drive the circuit at the 

rate of 60 per minute. The values of intraluminal pulsatile pressure 

difference and flow rate were measured when the pressure 

regulator was accommodated.  

.RESULTS 

For three sizes of vein segments, the intraluminal pressure 

and flow rate were showed in table 1, while the silicon tubing in 

size of 4mm and the pump speed at 100 rpm.  

Table 1 Mean intraluminal pressure and flow rate while silicon tubing 

in size 4mm and pump speed at 100 rpm 

Size of Vein Segment 

(mm) 

Mean intraluminal 

Pressure (mmHg) 
Flow Rate(ml/min)  

2 16-118 240 

4 16-116 240 

6 10-93 240 

For three sizes of vein segments, the mean intraluminal 

pulsatile pressure difference and flow rate were showed in table 2, 

while the silicon tubing in size of 10mm and the pump speed at 20 

rotations per minute. 

Table 2 Mean intraluminal pulsatile pressure difference and flow rate 

while silicon tubing in size 10mm and pump speed at 20 rpm 

Size of Vein Segment 

(mm) 

Mean intraluminal 

Pressure (mmHg) 
Flow Rate(ml/min)  

2 20-52 320 

4 19-48 320 

6 18-47 320 

The results showed vessels of various sizes could be 

accommodated and cultured in the system in a controlled 

environment of dynamic changes such as the pressure and 

pulsatile pressure values with easy manipulation, permitting 

relevant studies risk factor changes in the perfusate.  

. DISCUSSION 

Failure of saphenous vein grafts is a tremendous clinical 

problem. Failure is thought to occur by different mechanisms 

based temporally on when the vein grafts fail. Methods to study 

all of these mechanisms at the basic science level, previously 

limited to static culture [10] or ring/organ bath models [11, 12], 

are now being evaluated with the use of perfusion organ culture 

systems [13–15]. Perfusion systems keep the vascular tissue intact 

and, as such, should approximate physiologic conditions to a 

much greater degree than cell culture or ring studies. The purpose 

of this report was to develop perfusion culture system and simply 

to test whether the system can complete controlling the 

intraluminal pressure and pulsatile pressure difference by 

culturing rabbit’s vein segments. 

In this paper we have described our new vascular perfusion 

culture system and our initial experiences culturing rabbit’s vein 

segments with this system. We feel our system offers several 

advantages over previously published vessel perfusion culture 

systems. Firstly, by changing the different size of spigots, almost 

all sizes of vein can be easily accommodated into the same vessel 

chamber. Secondly the system is able to achieve a corresponding 

intraluminal pressure, intraluminal pulsatile pressure difference 

and perfusion flow rate by changing the sizes of spigot and silicon 

tubing. Therefore the system is of the ability to generate 

physiologic pulsatile flow, permits pressure and flow changed 

independently, and allows ingle factor studies. These are very 

important to simulate physiologic environment. Thirdly the 

system is selfcontained and compact and fits easily into a 

standardsized CO2 incubator. The volume of circulating medium 

can be also lowered substantially when needed.  

Our perfusion system achieves pressure, pulsatile pressure 

difference and flow changed independently, allowing single factor 
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studies. Preliminary experiments were completed the manipulate 

pressure and flow simply by accommodate the pressure regulator 

and changing the sizes of spigots and silicon tubing. This allows 

investigation of changes in vascular biology resulting from 

hemodynamics that would be impossible to control and quantify 

in animal models.  

The limitation of this study was to need further experiments for 

large number of vein, several kinds of vessels and perfusate.
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Abstract— The paper presents a concept of bio-prosthesis 
control via recognition of user intent on the basis of 
miopotentials acquired of his body. The contextual (sequential) 
recognition is considered in which the Bayes-optimal feature 
extraction from EMG signal is applied. An experimental 
comparative analysis of the proposed sequential classification 
algorithms and feature extraction procedures for real data is 
performed and results are discussed.  

Keywords—Bio-prosthetic hand, sequential classification, 
EMG signal, feature extraction 

I. INTRODUCTION  

The activity of human organism is accompanied by 
physical quantities variation which can be registered with 
measuring instruments and applied to control the work of 
technical devices [1,3,4,9,10]. Electrical potentials 
accompanying skeleton muscles' activity (called EMG 
signals) belong to this type of biosignals. Bioprostheses can 
utilize the EMG signals measured on the handicapped 
person’s body (on the stump of a hand or a leg) to control 
the actuators of artificial hand’s fingers, the knee and the 
foot of an artificial leg or the wheels of a wheelchair. 

The paper presents the concept of a bio-prosthesis control 
system which consists in the sequential recognition of a 
prosthesis user’s intention  based on features calculated 
from samples of EMG signal using Bayes-optimal feature 
extractor.  

The paper arrangement is as follows. Chapter 2 includes 
the concept of prosthesis control via sequential recognition 
of EMG signal. Chapter 3 describes the Bayes-optimal 
method of feature extraction. Algorithms for sequential 
recognition is presented in chapter 4. Chapter 5 yields 
results of experimental investigations on real data.   

II. CONTROL OF BIOPROSTHESIS 

In the considered control concept we assume that each 
prosthesis operation (irrespective of prosthesis type) 
consists of specific sequence of elementary actions, and the 
patient intention means its will to perform a specific 

elementary action [15]. Thus prosthesis control is a discrete 
process where at the n-th stage occurs successively: 
 the measurement of segment of EMG signal and 

extraction of signal parameters  (nx Xxn ), that 
represent patient's will  ( ) (the 
intention to take a particular action),  

nj },...,2,1{ mMjn

 the recognition of this intention , Min
 the realization of an elementary action , uniquely 

defined as a recognized intention. 
na

For the purpose of determining patient’s intent 
recognition algorithm, we will apply the concept of the so-
called sequence recognition [5]. The essence of sequence 
recognition in relation to the issue we are examining is the 
assumption that the intention at a given stage depends on 
earlier intentions. This assumption seems relevant since 
particular elementary actions of a prosthesis must compose 
a defined logical entity. This means that not all sequences of 
elementary actions are acceptable, only those which 
contribute to the activities which can be performed by a 
prosthesis. 

Since the patient's current intention depends on history, 
generally the decision (recognition) algorithm should take 
into account the whole sequence of the preceding feature 
values, ),...,( 21 nn xxxx [6]. It must be stressed, however, 
that sometimes it may be difficult to include all the 
available data, especially for bigger n. In such cases we 
have to allow various simplifications (e.g. make allowance 
for only k recent values in the vectors). 

Apart from the data measured for a specific patient we 
need some more general information to take a valid 
recognition decision, concerning the general associations 
that hold between decisions (patient's intentions) and 
features extracted from EMG signal. We assume that it has 
the form of a so-called training set, which – in the 
considered decision problem – consists of training 
sequences: 

},...,,{ 21 lSSSS .                            (1) 
A single patient's record: 

)},)...(,(),,{( ,,,2,2,1,1 kLkLkkkkk jxjxjxS        (2) 
denotes a single-patient sequence of prosthesis activity that 
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comprises L EMG signal observation instants, and the 
patient's intentions. In practical situations acquisition of 
learning set is rather difficult task. An appropriate 
procedure requires simultaneously (synchronic) 
measurement of EMG signal (usually in multi channel 
mode) and observation of finger posture and hand 
movement which define elementary action. For the purpose 
of experimental investigations the special measurement 
stand was elaborated, which concept and structure are 
presented in [12,13]. 

In consequence, classification algorithm at the n-th 
instant is of the following form: 

nnn iSx ),( .                                   (1) 
Fig.1 shows the block-diagram for the complete dynamic 
process of bio-prosthesis control  in the explored sequential 
decision problem. In the next sections we gain an insight 
into feature extraction procedure and sequential 
classification algorithm.  

 

Patient
EMG signal 

measurement
Feature 
extractor

Sequential 
classifier

Training 
sequences

Memory

nx

1nx

Prosthesis
Control 

algorithm
nina  

Fig. 1. System of bio-prosthesis control via sequential classification 

III. BAYES-OPTIMAL FEATURE EXTRACTION PROCEDURE 

In general, optimal feature extraction can be defined as a 
mapping (usually linear) the original high-dimensional 
feature space Y to low-dimensional derivative feature space 
X: 

yAx ,                                      (2) 
so as to maximize criterion . In [8] an original 
approach was proposed to solution of optimal feature 
extraction problem in the case of complete probabilistic 
information. In the proposed method the Bayes probability 
of correct classification was adopted as a criterion  
with genetic algorithm as an optimization procedure.  

)(AQ

)(AQ

In this section the same methodology will be applied for 
the case of  supervised pattern recognition. It means that we 
suppose now that the learning set in the space Y is available: 

)},,(),...,,(),,{( 2211 NN jyjyjySy             (3) 

where  denotes the feature vector of the k-th learning 
pattern and 

ky

Mjk  is its correct class number.  
Applying genetic algorithm (GA) for Bayes-optimal 

feature extraction we get recursive procedure presented in 
Fig. 2. At each iteration of the GA, chromosome (mapping 
matrix A) i.e.  potential solutions of optimization problem is 
subjected to an evaluation procedure. As an fitness function  
the Bayes probability of correct classification is adopted and 
its value is calculated numerically. Detailed procedure can 
be expressed as follows: 
1. For a given matrix A transform the learning set to the 
space X : 

)},,(),...,,(),,{( 2211 NNx jxjxjxS            (4) 

where  kk yAx . 
2. Estimate from learning set (4) a priori probabilities  

and CPDF's . In the next experimental 
investigations the Parzen procedure with Gaussian kernel 
was used for this purpose [2].  

jp̂

);(ˆ Axf j

3. Calculate Bayes probability of correct classification with 
estimated probability distributions instead of the real ones 
(fitness function): 

dxAxfpAcP jj
X j

)];(ˆˆ[max)(ˆ                     (5) 

using procedure of numerical integration. Following Stroud 
[11] in the numerical integration we applied multiple 
Gaussian quadrature scheme that can be expressed as simple 
products of polynomials of a single variable. Thus, the 
approximating polynomial is a product polynomial in d-
dimensions and if K is the number of points which 
accurately represent an integral in one dimension, then 

dK  points are necessary to calculate an d-dimensional 
integral. 
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Fig. 2. GA-based procedure of solution of Bayes-optimal feature extraction 

IFMBE Proceedings Vol. 25

534 M. Kurzynski and A. Wolczowski



IV. SEQUENTIAL CLASSIFIER: THE ALGORITHM FOR FIRST-

ORDER MARKOV CHAIN 

From probabilistic model of the sequential recognition 
problem there ensues the assumption that   and  are 
observations of a pair of random variables  and  
given by class-conditional probability density functions 
(CPDFs) of features in classes (independent of n): 

nx nj

nX nJ

MjXxxfjxf j ,),()/(                    (6) 

and relevant probability characteristics that formulate the 
dependencies between random variables  for different n. 
We will now examine a description method for such a 
dependence using first order Markov chains and the 
involved decision algorithms [5, 7]. In this model the 
intention at given instant depends only on that at the 
preceding instant. The probabilistic formalism for such a 
dependence is the first order Markov chain given by the 
initial probabilities: 

nJ

MjjPp j ),( 1J                           (7) 

and by the transition probabilities: 

)/( 11, nnnjnj
jjPp 1-nn JJ .            (8) 

Under the assumed description we obtain the following 
classifying algorithm for the n-th instant using the Bayes 
decision theory methods [2, 5]: 

),/( max)/(   if  , )(*
n

Mk
nnnn xkpxipix      (9) 

where the a posteriori probabilities 

Mni
nn

nn
nn xip

xip
xip

),(
),()/(                    (10) 

are recursively determined: 

),,( )(),( 11
11

1, nn

m

nj
njninninn xjppxfxip    (11) 

with the following initial condition: 

).(),( 111 11 xfpxip ii                        (12) 

In the examined problem we determine the empirical 
approximations for the probability distributions (6), (7) and 
(8) on the basis of the training set (1), using the well-known 
non-parametric estimation methods (e.g. Parzen estimation 
method) [5] and the Bernoulli probability estimations. The 

constructive algorithm (9) will be obtained by substituting 
the unknown real probability distributions with their 
empirical estimations. 

In the similar way we can obtain  k-order Markov 
chain where the state  formally depends on k recently 
preceding states [7] (Markov –k algorithm).  

nj

V. EXPERIMENTS 

In order to study the performance of the proposed 
method of feature extraction in sequential recognition of 
patient intent, some computer experiments were made. In 
the control process the grasping of 6 types of objects (a pen, 
a credit card (standing in a container), a computer mouse, a 
cell phone (laying on the table), a kettle and a tube (standing 
on the table)) were considered. In the process of grasping 
with a hand 7 types of macro-actions were distinguished 
[6]: rest position, grasp preparation, grasp closing, grabbing, 
maintaining the grasp, releasing the grasp and transition to 
the rest position - it gave in total 25 different elementary 
actions (or pattern classes). 

EMG signals registered in a multi-point system [4] on a 
forearm of a healthy man after A/D (500 Hz) conversion 
were used as an input data. The electrodes were respectively 
located above the following muscles: the wrist extensor 
(extensor carpi radialis brevis), wrist flexor (flexor carpi 
ulnaris) and thumb extensor (extensor pollicis brevis). The 
series of 125 discrete values of EMG signal (for each 
channel), coming from 250ms window, created the feature 
vector y which next was mapped by feature extractor into 
derivative feature vector , where matrix A was 
determined by GA procedure. The size of feature space X in 
experiments was equal to 1,2,3 and 4 (for each channel). 
Additionally, the root mean square (RMS) values of EMG 
signals were also accepted as a feature vector x in order to 
compare it against features calculated by Bayes feature 
extractor. The basis for determination of  recognition 
algorithm  were learning sequences (1) containing a set of 
pairs: feature vector/the class of elementary action. Such a 
set was experimentally determined by means of 
synchronous registering of movement of fingers (by video 
camera) and EMG signal. The algorithm was constructed on 
the basis of the collected learning sequences (1) of the 
length 7 elementary actions. The tests were conducted on 
100 subsequent sequences. 

yAx

The proposed sequential algorithm for two orders of 
dependence (Markov-1 and  Markov-2) was compared with 
Bayes algorithm, i.e. algorithm for single classification 
without context. For each experiment 5 trials with the same 
setting were conducted. The accuracy of each classifier and 
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Abstract— To evaluate motions and joint reaction forces of 
the total knee prosthesis during deep knee flexion such as 
kneeling and sitting straight, a simulator that reproduces the 
passive motion of the knee has been developed. The main fea-
ture of the simulator is that the knee joint is accurately and 
repeatedly moved from 0° to 180° flexion angle in six degrees 
of freedom. Moreover, the tibiofemoral and patellofemoral 
motion and joint reaction forces can be continuously measured. 
Assuming that muscular force is mainly generated with a 
quadriceps femoris muscle, the similar force vector is pro-
duced by two motors. The custom-designed posterior stabilized 
type total knee prosthesis which can be flexed to 180° has been 
inserted in the bone model and evaluated. As a result, it was 
confirmed that this simulator was able to measure the motion 
and joint reaction force of the knee with high repetition accu-
racy. The experimental results showed the same tendency with 
those in the previously performed cadaveric experiment. 
Hereafter, cadaver knee can be used for the evaluation of the 
knee prosthesis using the proposed simulator with high accu-
racy. 

Keywords— Deep knee flexion, Knee simulator, Passive motion, 
Total knee prosthesis, Joint reaction force. 

I. INTRODUCTION  

In Japan, people frequently perform unique deep knee flexure 
motion called “seiza” in Japanese for reasons of the traditional 
lifestyle. This is a way of sitting down to set buttocks on the calf 
with the condition that the shin and instep are in contact with the 
floor. In recent years, the total knee prosthesis that allows deep 
knee flexion has been used and its range of motion has been im-
proved in Japan. However, the stable "seiza" motion is still not 
allowed with the existing total knee prosthesis. Recently, a few 
papers concerned with deep knee flexion more than 120° were 
published [1], and biomechanics of the knee motion and reaction 
force is becoming clearer. However, anxiety of wear and disloca-
tion of the total knee prosthesis can not be wiped out without 
understanding force between joint surfaces and influence of soft 
tissue at deep knee flexion. Consequently, there are many opinions 
that even the latest total knee prosthesis should not be used for 
deep knee flexion such as the “seiza”. In this paper, the knee mo-
tion simulator, which could generate the deep knee flexion up to 
180°, is proposed to examine the effect of quadriceps femoris force 
upon rotation angle and joint reaction force of the total knee pros-

thesis during deep knee flexion such as the “seiza”. The effective-
ness of the proposed knee motion simulator was evaluated by 
performing experiment with the specially-devised posterior stabi-
lized total knee prosthesis.  

II. KNEE MOTION SIMULATOR 

A. Outline of the simulator 
Basic requirement for the simulator is ability to reproduce the 

passive knee flexion motion which is performed by clinicians 
(Fig.1, 2). Unlike a conventional knee simulator [2], the greatest 
characteristic of the proposed knee simulator is that the knee joint 
can be flexed to 180° in open space. Consequently, evaluation of 
deep knee flexion such as the “seiza” is easily carried out. 
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Fig. 1 Proposed knee joint motion simulator 

Fig. 2 Proposed knee joint motion simulator (photo) 
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The equipment is roughly divided into three parts: an actuator 
which pushes a tibia (Fig. 1: a), actuators which pull quadriceps 
femoris (Fig. 1: b), and a measurement part which measures a 
motion and force in the knee joint (Fig. 1: c). In the measuring 
device, the force sensor (Fig. 1: d) and linear encoder (Fig. 1: e) 
which measure the pushed force and the position of tibia respec-
tively were prepared in the actuator which pushes the tibia. More-
over, the force sensor (Fig. 1: f, g) and electric goniometers (Fig. 
1: h), which measured the force and motion of tibiofemoral and 
patellofemoral joint respectively, were set in the knee joint part. 
Furthermore, the tension meter (Fig. 1: i) was set in the tension 
equipment of quadriceps femoris force.  

B. Knee flexion and extension 
The motion of knee flexion/extension is generated by the posi-

tion controlled DC motor (Fig.1a, RFS-25-3018, Harmonic Drive 
Systems, Inc. Japan). The motor can set up with 1Hz of flex-
ion/extension, and load torque of 40Nm. The rotation angle of the 
motor is measured by the 1000 pulse per round (ppr) rotary en-
coder. Moreover, the gear ratio of a motor is 100, and the encoder 
signal is sent into the interface board (JustWare Corporation, 
Japan).

C. Muscle force
Only quadriceps femoris force is applied as the muscle force re-

ferring to the method of Ahmed et al. [3]. The quadriceps femoris 
mainly consists of four muscles. In order to generate a composed 
force vector of these muscular forces, two force controlled DC 
motors (RE40, Maxon, Switzerland) are arranged in the medial 
and lateral side (Fig. 1: b). Each motor can load torque of 40Nm. 
The quadriceps femoris force is measured by specially-designed 
tension meter. The tension meter consists of the force gauge 
(IMADA, Incorporated, Japan, Fig. 1: i). The sensor signals are 
sent into the interface board as feedback signals for the motors, 
directly. As a result of calibration, the error of the tension was 
confirmed to be less than ± 0.19% until 80N in the static condition. 

D. Measurement of the tibial passive force and position 
Only the flexion/extension motion of the knee is supposed to be 

controlled, and other motions are supposed to be free in the simu-
lator. Therefore, a slide table (Fig. 1: m) that consists of two the 
linear guides (Fig. 1: n) and the specially designed ball joint (Fig. 
1: o, p) were prepared. The generated force and the position of the 
tibial push point are measured simultaneously by a load cell 
(Kyowa Electronic Instruments Co. LTD, Japan, Fig.1d) and two 
linear encoders (Microtech Laboratory INC, Japan, Fig. 1: e), 
respectively. The force signal is sent into the interface board 
through an amplifier (Kyowa Electronic Instruments Co. LTD, 
Japan). The encoder signal is directly sent into the interface board. 

E. Measurement of tibiofemoral joint reaction force 
A tibiofemoral force sensor was prepared to measure the tibio-

femoral joint reaction force. Resin was used as material for the 
sensor surface. The shape of the sensor surface is the same as that 
of the tibial component surface. Three 3-DOF (3 degrees of free-
dom) force sensors (Nitta Corporation, Japan) which permit 80N 
each in the axial direction were embedded below the sensor sur-
face to measure 6-DOF (6 degrees of freedom) force up to 240N. 

Calibration of the tibiofemoral force sensor is performed with a 6-
DOF force sensor (Nitta Corporation, Japan). In the tibiofemoral 
force sensor, six force signals (i.e., the force and moment with 
respect to three axial directions) are calculated based on nine 
output signals from three 3-DOF force sensors. The composition 
matrix was obtained by a multiple regression analysis. As a result 
of calibration, the error of the forces was confirmed to be less than 
± 6.0% in the measurement range. 

F. Measurement of patellofemoral joint reaction force 
A patellofemoral force sensor was prepared to measure the pa-

tellofemoral joint reaction force. Polyethylene was used as mate-
rial for the sensor. The geometry of the sensor surface is the same 
as that of the conventional patellar component’s surface. In addi-
tion, a small load cell (Kyowa Electronic Instruments Co. LTD, 
Japan) was embedded in the back of the sensor to make the sensor 
almost become isometric with a patellar component. The sensor 
signal is sent into the interface board through the amplifier as well 
as the other. As a result of calibration, the error of the patel-
lofemoral reaction force sensor was confirmed to be less than ± 
1% between 0N and 100N. 

G. Position of the tibial and patellar component 
In order to measure the relative position and angle of tibio-

femoral and patellofemoral joints, two kinds of electrical goniome-
ters were prepared (Fig. 1: h). Each goniometer consists of six 
rotary encoders (Microtech Laboratory INC, Japan) connecting 
two end links and five intermediate links. These encoders ppr are 
2048 ppr and 3600 ppr, respectively, and each encoder signal is 
sent into the interface board. The coordinate system proposed by 
Grood et al. [4] is used for motion of the tibiofemoral joint. As a 
result of calibration using a gauge, the measuring errors of flexion 
angle, rotation angle and varus/valgus angle of tibiofemoral joint 
were confirmed to be less than ± 0.14%, 0.02% and 1.5%, respec-
tively, and each measuring error of position was confirmed to be 
less than ±1.05mm in the measurement range.  

H. Evaluation sample 
The specially-devised posterior stabilized total knee prosthesis, 

which is designed to flex up to 180°, is used as an evaluation 
sample. The femoral component was made from laser beam lithog-
raphy. The other components were produced with resin and at-
tached to each aforementioned sensor.  In order to set the total 
knee prosthesis to the bone model, an exclusive surgical instru-
ment is used, so that an alignment is kept to be normal. The valgus 
angle of the tibia is set to 7°. 

I. Knee model 
The knee model consists of a form cortical shell model imitat-

ing a normal knee (Pacific Research Laboratories, Inc., USA), 
urethane rubber (Misumi Corporation, Japan) and cotton string 
(diameter: 3mm, length: 200mm, Japan). The joint surface of the 
femoral and the tibial model are surgically removed at 125mm and 
120mm from the joint surface, respectively. Tapered round bar 
made by resin is inserted to the bone model along bone axis and 
fixed each other with bone cement and screws. The femoral model 
is fixed to the frame of the simulator to be parallel to the floor, so 
that tibia becomes parallel to the floor at the extended position. 
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While the bone axis of the tibial model is set to be parallel to the 
floor, valgus angle of the tibia is set to 7° with respect to the femo-
ral bone axis at the extended position. The tip of the tibial model is 
connected to the ball joint at the place of 200mm from tibio-
femoral joint surface. The patellar tendon, lateral collateral liga-
ment, and medial collateral ligament, which are main tendon and 
ligaments in the knee joint, were made from urethane rubbers. A 
part of quadriceps femoris tendon was made of cotton string. One 
end of the model is fixed to patellofemoral force sensor with a 
screw, and the other end is tied up with stainless steel wire which 
is pulled with the motor.  

III. EXPERIMENTAL CONDITION 

In order to evaluated the effectiveness of the proposed knee 
motion simulator, experiments were performed with the specially-
devised posterior stabilized total knee prosthesis. As an external 
driving force of the knee joint, a quadriceps femoris force (Fq) and 
tibial passive force (Ftp) are given to the quadriceps femoris and 
the tip of tibial bone model, respectively (Fig. 3). Reaction forces 
in the knee joint are tibiofemoral reaction force component (Ftx, 
Fty, and Ftz) and patellofemoral reaction force (Fp). The three 
kinds of quadriceps femoris forces were provided to perform the 
parameter study. The amount and the direction of three kinds of 
different quadriceps femoris forces were called pattern A, B, and C, 
and they were 40N (direction of the femoral axis), 40N (direction 
of the tibial axis), and 50N (direction of the femoral axis), respec-
tively. Total quadriceps femoris force was divided with both mo-
tors. The pulling direction of the quadriceps femoris force in the 
sagittal plane was parallel to the femoral axis. 

(a) side view (sagittal plane)      (b) front view (coronal plane) 

Fig. 3 Experimental condition (left knee) 

IV. RESULTS AND DISCUSSION 

A. Flexion/extension motion and quadriceps femoris force 
by motor drive 
The desired angle for the knee flexion angle was given as the 

sinusoidal wave between 0° and 180° in the case of pattern A. One 
cycle was set to 60 seconds, and five cycles were moved. As a 
result, the average and the standard deviation of the difference 
between the target angle and the actual angle of the motor were 
calculated as 0.28°±0.30° every time, while the average and the 
standard deviation of the maximum flexion angle of the knee every 
cycle were calculated as 175.57°±0.02°. On the contrary, the aver-
age and standard deviation of the maximum rotation angle and 
varus/valgus angle of last three cycles were calculated as 

10.90°±0° and -4.61°±0°, respectively. Therefore, these results 
suggest that the proposed simulator can reproduce the knee motion 
with high accuracy.  

The average and stared deviation of medial and lateral quadri-
ceps femoris force of pattern A and B (target force: 20N) were 
calculated as 19.9N±1.8N and 20.3N±1.7N, respectively. In con-
trast, the average and stared deviation of medial and lateral quadri-
ceps femoris force of pattern C (target force: 25N) were calculated 
as 24.8N±1.9N and 25.3N±1.9N, respectively. 

B. Patellofemoral and tibiofemoral joint reaction force 
Figure 4 shows the measured forces of knee joint. The tibio-

femoral reaction force components grow larger in order of the 
axial force (Ftz), the anterior force (Fty) and the lateral force (Ftx) 
(Fig. 4). The axial force (Ftz) becomes larger with flexion until 60° 
flexion, after that, it becomes smaller with flexion, gradually. In 
contrast, the anterior force (Fty) is a convex curve between 60° 
and 90°. Moreover, the lateral force (Ftx) is changed to medial 
force in this region. After 120°, the amount of the anterior force 
(Fty) becomes almost equal to that of the axial force (Ftz) and 
decreases to each other.
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Fig. 4 Tibiofemoral reaction force components as a function of knee 
flexion angle: (a): distal (+)/proximal (-) direction, (b): anterior 
(+)/posterior (-) direction, and (c): medial (+)/lateral (-) direction. 

The flexion state of the knee joint is shown in Fig. 5. The femo-
ral cam contacts the tibial insert spine by 60° flexion angle from 
the experimental observation (Fig. 5b). So, the anterior force (Fty) 
increases (Fig. 4b). While, a quadriceps femoris model comes in 
contact with a femoral component at 90° or more flexion angle 
(Fig. 5c). 

Fig. 5 Schematic diagram of knee motions at various flexion angles: (a) 
30°, (b) 60°, (c) 90°, and (d) 120°. 

IFMBE Proceedings Vol. 25

542 Y. Takano et al.



Consequently, the reaction force (Fqc) between quadriceps 
femoris and femoral component makes the amount of Fp smaller 
(Fig. 6). After 120° flexion, the patella component is beyond the 
top of femoral component. Then, the motion of tibial and patellar 
component are geometrically restricted by the quadriceps femoris 
tendon, patella, and tibial component on three sides (Fig. 5d: 1-3). 
Therefore, the anterior tibial force (Fty) and patellofemoral reac-
tion force (Fp) are influenced. Consequently, the force of knee 
joint is influenced by the contact or restraint of each component 
and quadriceps femoris tendon. These results are qualitatively in 
agreement with the experimental result using the cadaver knee 
which was conducted by Huberti et al. [5]. In all forces, the force 
of pattern C is about 1.25 times larger than other forces, because 
the initial setting quadriceps femoris force is 1.25times larger than 
other patterns (Fig. 4). 

In contrast, the patellofemoral reaction force (Fp) becomes lar-
ger with flexion until about 90°, after that, it becomes smaller until 
120° (Fig. 6). After 120°, it is a convex curve until 180°. 

While, the result of patellofemoral reaction force (Fp) showed 
the same tendency with that of the cadaveric experiment per-
formed by Ahmed et al. [3] (Fig. 6). Since the amount of the quad-
riceps femoris force in the cadaveric experiment is different from 
that of the simulator, each value is compared assuming a ratio of 
the maximal value of each data is 1. 
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Fig.6 Ratio of patellofemoral reaction force as a function of the knee 
flexion. The square line ( ), the round line ( ), and  the triangle line ( )
show the experimental data which was conducted by Ahmed et al. [3]. 
These experimental conditions show: (a): rectus femoris (R.F.), (b): vastus 
medialis oblique (V.M.O.) and vastus +lateralis (V.L.), and (c): vastus 
intermedius, vastus medialis longus, R.F., V.M.O., and V.L. (Std.). 

C. Rotation angle 
Figure 7 shows that the rotation angle as a function of flexion 

angle. After the tibial rotation tends to be external rotation up to 
120° in flexion, internal rotation tends to occur in all patterns. 
There are two changing points in this figure. First point is about 
60°. A rotation angle increases from this angle further with flexion. 
From the experimental observation, the femoral cam contacts with 
insert post at this point (Fig.5b). Second point is near 120°. The 
patella component is beyond the top of femoral component (Fig. 
5d). Then, the motion of tibial and patellar component are geomet-
rically restricted by the quadriceps femoris tendon, patella, and 
tibial component on three sides (Fig. 5d: 1-3). Therefore, the tibial 
rotation is decreased. 

Harfe et al. [6] conducted the same experiment using cadaver 
knees (circle line and square line in Fig. 7). Comparing both data, 

the measured data get closer to the hamstring load condition than 
the quadriceps femoris load condition. Probably, this difference is 
produced by the difference of used models. However, it turned out 
that the both results tend to be almost equal numerically. 
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Fig. 7 Rotation angle as a function of the knee flexion. The round line ( )
and a square line ( ) show the experimental data which was conducted by 
Harfe et al. [6] in the condition of hamstrings and quadriceps, respectively.

V. CONCLUSION 

The simulator, which could measure the motion and force of 
the total knee prosthesis up to 180° in knee flexion while control-
ling the quadriceps femoris force vector, has been developed. The 
custom-designed posterior stabilized type total knee prosthesis 
which can be flexed to 180° has been inserted in the bone model 
and evaluated. As a result, it was confirmed that this simulator was 
able to measure the motion and joint reaction force of the knee 
with high repetition accuracy. The experimental results showed the 
same tendency with those in the past cadaveric experiment. Here-
after, cadaver knee can be moved with this simulator by high 
accuracy.  
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Abstract— Auditory hallucination (AH) is a false or distorted 
hearing perceptive experience that occurs without adequate 
stimulation of the relevant auditory organ, but has the compel-
ling sense of reality of a true perception. In fact, patients with 
schizophrenia who suffered from the AH could easily be dis-
turbed to their behavior or thought by their AH. The first line of 
treatment for AHs is psychotic medication; however, estimates 
indicate that as many as 25% to 50% of individuals with schi-
zophrenia experience residual positive symptoms of psychosis, 
despite of proper levels of medication. For such reasons, several 
new approaches have been adapted from cognitive behavior 
therapy (CBT) that appears to be beneficial. CBT have been 
designed in which schizophrenic subjects are trained in strategies 
for coping with verbal AHs. However, these coping skills training 
have limitations due to the absence of assistive tool for giving 
similar and relative stimuli in several situations. Therefore, in 
this study, we propose the virtual AH exposure system using VR. 
And the aim of the present study was to investigate whether it 
was feasibility to use Virtual Hall with people with psychosis who 
have AH. 
 
Keywords— Auditory Hallucination, Auditory Verbal Hallucina-

tion, Hallucination, Schizophrenia, Virtual Reality. 

I. INTRODUCTION  

Auditory hallucinations (AH) occur frequently amongst 
psychiatric patients, being most common in schizophrenia and 
often described as ‘voices’ [1]. Also, AH is a false or distorted 
hearing perceptive experience that occurs without adequate 
stimulation of the relevant auditory organ, but has the compel-
ling sense of reality of a true perception [2]. In fact, patients 
with schizophrenia who suffered from the AH could easily be 
disturbed to their behavior or thought by their AH.  

AH can be ranged from primitive noises such as bangs, 
whistles, claps, screams, ticks, and others to speech and music. 
Commonly people who have AH hear voices which utter short 
comprehensible phrases. Sometimes the person may recognize 
the voice as one of a family member or deceased friend and 
sometimes it may be recognized as the voice of a stranger or 
even God. Moreover, commonly, these voices were short 
sentences or words with a content formed generally of insults 
or comments showing annoyance directed towards people 

who have AH, for example “get lost”, “you’re mad”, “you’re 
an idiot”, “drop dead”, etc [3]. 

The first line of treatment for AHs is psychotic medication; 
however, estimates indicate that as many as 25% to 50% of 
individuals with schizophrenia experience residual positive 
symptoms of psychosis, despite proper levels of medication 
[4]. For such reasons, several new approaches have been 
adapted from cognitive behavior therapy (CBT) that appears 
to be beneficial. CBT have been designed in which schizoph-
renic subjects are trained in strategies for coping with verbal 
AHs. And CBT has been applied when the patient continues 
to experience hallucinations that do not respond to pharmaco-
logical treatments, when patients are especially sensitive to 
the side-effects of these, or when they fail completely or par-
tially to adhere to the pharmacological treatment. In fact, CBT 
was reduction in the frequency of AHs as well as the intensity 
of and distress associated with these hallucinations by coping 
skill training [5]. However, this coping skills training has 
limitations due to the absence of assistive tool for giving simi-
lar and relative stimuli in several situations. 

Virtual reality (VR) has begun to be used to research the 
key various psychotic symptoms [6]. Especially, VR has sev-
eral key advantages in studying hallucination. VR could simu-
late the real situations as well as manipulate the situations so 
that it could provide unreal stimuli. It is also have some ad-
vantage that could provide suitable or unsuitable stimuli of 
virtual AHs by controlling the surroundings, safety regulating 
the intensity which affects to patient’s body and mind and 
achieve the diversity in combination with various virtual AH 
stimuli. 

Therefore, in this study, we propose the virtual AH expo-
sure system using VR that we named it as Virtual Hall. Also, 
the main aim of the present study was to investigate whether it 
was feasibility to use Virtual Hall with people with schizoph-
renia who have AH. The secondary aims of the study were to 
examine whether people with AH could be experience weird 
or inappropriate sounds like they experienced it by Virtual 
Hall (i.e. pleasure, anxiety, uneasiness, etc) and whether they 
would have reaction or response by virtual AH stimuli. Final 
aims of the study were to examine whether presence of ava-
tars in virtual environment (VE) could influence the patients 
belief of virtual AH source. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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II. METHOD 

A. Virtual Hall Architecture 

A virtual AH Simulator (Virtual Hall) is mainly composed of 
VR hardware system and a VE and special VR mission in VE 
(see Fig. 1). VR system could supplied the VE and virtual AH, 
as well as it was recorded VR experimental data 
 

Fi
Fig. 1 Composition of virtual AH Simulator 

 
The VE was apartment that it was displayed in head 

mounted display (HMD). Participants had their head position 
and orientation tracked with head tracker. Participants moved 
around the virtual space with a combination of joystick and 
whole body turning by head tracker, and also could pick up 
the object by pressing a button in the joystick.  

B. Virtual stimuli and contents 

Virtual AH stimuli composed by the discussion with psy-
chiatrists. The virtual AH stimuli was provided with the voice 
having authority, and it have the command like voices, which 
is synchronous to action (e.g. watch out!, don’t do it!, hurry 
up!) or asynchronous to action (e.g. love you, kill you!, Idiot!) 
during experience the VE (see Fig. 2). 

 

 

C. Experimental procedure 

The experiment was conducted each five task. Each task 
was indicated as follows. Task I: no virtual AH stimuli. Task 
II: provide synchronous to action the virtual AH stimuli. Task 
III: provide asynchronous to action the virtual AH stimuli. 
Task IV: provide synchronous to action the virtual AH stimuli 
with avatars. Task V: provide synchronous to action the vir-
tual AH stimuli without avatars. All participants completed 
the baseline assessments before entering the VE. Also, before 
the experiences of VE, the consent forms were given. And 
then, they are conducted a training task to help participants to 
familiarize themselves with navigation and device controlling 
in VR. Participants at each five task have to find the given 
object. Total number of finding object was eight. Participants 
could be hearing virtual AH stimuli to adequate each task 
during find the given object. A brief interview was conducted 
after each task and experiment by a psychiatrist. 

D. Subjects 

Six patients (male: 3, female: 3) with schizophrenia and six 
normal participants (male: 3, female: 3) were recruited at 
Yonsei University Severance Mental Health Hospital. The 
mean age of patients was 29.67 (SD: 7.633). The normal 
participants was 28.29 (SD:   2.289). And two patients have 
been recovered from the illness. Another patient was still 
suffering from AH. 

III. RESULTS 

A. Level of anxiety between normal participants and patient 
with schizophrenia 

First, we observed the level of anxiety between normal par-
ticipants and patients with schizophrenia by presence of vir-
tual AH stimuli. It can be seen that patients with schizophre-
nia had higher levels of anxiety than the non-clinical 
participants. Also, we observed the level of anxiety between 
synchronous stimuli and asynchronous stimuli. There was 
difference in non clinical participants and clinical patients. 
Patients were higher levels of anxiety in asynchronous stimuli 
than synchronous stimuli. Especially, difference level of an-
xiety was showed between presence of avatars and absence of 
avatar too (see Fig. 3). 

 
Fig. 2 Two methods of virtual AH stimuli (Left: synchronous stimuli to action, 
Right: asynchronous stimuli to action) 

 
Virtual AH contents were consist of the positive (e.g. en-

couraging) or negative (e.g. blaming) to their behaviors during 
VE experiences. 

Induction of Auditory Hallucination Experience for Patient with Schizophrenia 545

IFMBE Proceedings Vol. 25



  
Fig. 3 Feels level of anxiety between normal participants and patients with 
schizophrenia. Left (a): The comparison of synchronous to action stimuli with 
asynchronous to action stimuli, Right (b): The comparison of presence avatars 
with absence of avatars. 

 
B. Level of anxiety between patients recovered from the 
illness (A Group) and patients still suffered from the illness (B 
Group) in clinical patient group. 

Seconds, we observed the level of anxiety between patients 
who has been recovered from illness (A Group) and patients 
who were still suffer from their AH (B Group) by presence or 
absence of virtual AH stimuli. There was difference in A 
group and B group. B group (patients who were still suffer 
from their AH) were higher levels of anxiety than A group in 
presence of virtual AH stimuli that it is similar in comparison 
non clinical participants and clinical patients. Interestingly, in 
performed State-Trait Anxiety Inventory (STAI) question-
naire before and after of experiment, B group was maintained 
or increased than A group in STAI score by Spielberger 
(1970) (see Fig. 4a) 

 

IV. DISCUSSION 

This is the first study to use the virtual reality technology 
with patients with schizophrenia who has AH. The aim of the 
study was to investigate the feasibility of using VR to patients 
with schizophrenia who has AH. We has an interview after 
the experienced VE and virtual AH stimuli with patients. 
Patients reported that it was very similar with their expe-
riences in real life. Actually, this report was identified our 
experiment result. Our results showed the higher level of 
anxiety in presence of virtual AH stimuli in patients group 
than non clinical participants. Also, patients showed the an-
xiousness to asynchronous to action stimuli as they do in real 
life. This result could be considered that the proposed systems 
could provide similar experience as they do in real life. 

In this study, interesting result, patients were lower levels 
of anxiety in the presence of avatars than absence of avatar. In 
fact, in one item of various questions, patients showed to more 
easily believe the virtual AH stimuli as avatars talking by 
presence of avatars than absence of avatars (see Fig. 5). 

 

       
Fig. 5 Result about one item of questionnaire (How much do you feel as 
avatar talking to you). Left: non clinical participants verse patients with 
schizophrenia, Right: A group (patients who has been recovered from illness) 
verse B group (patients who were still suffer from their AH). 

 

 
This result could be considered that patients with schizoph-

renia who has AH may be more easily projection the anxiety 
by virtual AH stimuli to virtual avatars. And non clinical 
participants and patients with schizophrenia of result was 
similar patients who has been recovered from illness and 
patients who were still suffer from their AH. 

Fig. 4 Feels level of anxiety between A group (patients who has been recov-
ered from illness) and B group (patients who were still suffer from their AH). 
Left (a): The comparison of change of STAI scores, Right (b): The compari-
son of synchronous stimuli and asynchronous stimuli. 

In results of A group and B group, we confirmed the dif-
ference in STAI of before and after experiment. Our result 
showed basically higher level of anxiety to virtual AH stimuli 
in B group (patients who were still suffer from their AH). 
Also, B group showed the pattern maintain or increase level 
of anxiety to asynchronous to action stimuli. Other side, A 
group showed the pattern decrease level of anxiety to asyn-
chronous to action stimuli like non clinical participants. This 
result could be considered that patients with schizophrenia 
who has AH may be really perceived the virtual AH stimuli as 
AH with their experiences in real life. 

 
In comparison of presence of avatars with absence of ava-

tar in A group and B group, it was similar as comparison of 
non clinical participant and clinical patients. However, in 
comparison of level of anxiety between synchronous stimuli 
and asynchronous stimuli, it was different mentioned above 
result. There was indicated that B group was increased level 
of anxiety, but A group was decreased level of anxiety like 
non clinical participants (see Fig. 4b).  However, we have some shortcoming in this study. This re-

sults part of experiment in current research, because it was no 
statistically power. So we need to more experiment in order to 
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know statistical significant difference. Also, we only used one 
VE for inducing hallucination. Exactly, we are couldn’t talk, 
that virtual AH stimuli may couldn’t the real AH because AH 
is not existed in real life and it was made by patients self 
through brain disease or wrong perception. 

Our study supports the Virtual Hall could help to train of 
coping skill about AH by unreal or wrong stimuli. According-
ly, Virtual Hall will be used to cognitive behavior therapy 
about AH as useful tools because it could help to perception 
the wrong thoughts and reactions by AH. 

Follow up study would observe the patient’s response as 
exposed at various situations using this system. 
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Abstract—Intrauterine growth-restriction in fetuses re-
sults from abnormal placentation that leads to placental 
insufficiency and reduced fetal oxygenation. The assessment 
of fetal condition in-utero is based on Doppler ultrasound. 
Increased pulsatility in the Doppler waveforms is usually 
attributed to increase in the placental resistance to blood 
flow, but this assumption cannot be validated in-utero.  

In this study, we used mathematical models of the human 
circulation to form a model of the fetal cardiovascular sys-
tem. The model was designed to allow evaluation of different 
parameters of the fetal circulation on the shape of Doppler 
waveforms. The model simulated flow waveforms in the 
fetal blood vessels in which Doppler measurements are 
taken. Model predictions were compared to published data 
and were found to be similar in both normal and IUGR 
fetuses. Our results indicated that other parameters of the 
fetal circulation, rather than placental resistance, may act as 
the major determinants of the Doppler velocity waveforms. 
These parameters are the resistance of the atrio-ventricle 
valves, cardiac contractility and venous resistance. These 
pathologies may be secondary to the increased vascular 
resistance. The model presented here may assist clinicians in 
evaluating fetal hemodynamics and help in clinical decisions 
such as the time of labor in growth restricted fetuses. 

Keywords— Intrauterine growth restriction, mathemati-
cal models, Doppler ultrasound, fetal circulation. 

I. INTRODUCTION  

Intrauterine fetal growth restriction (IUGR) is the sec-
ond leading cause of perinatal morbidity and mortality, 
followed only by prematurity [1]. The rate of IUGR is 
between 5% and 10% of all pregnancies and it is associ-
ated with significant short term complications of 20 to 
25% of all intrauterine deaths, with short and long-term 
morbidity. IUGR fetuses fail to reach their growth poten-
tial and remain below the 10th percentile of the normal 
growth curve. IUGR results from various reasons, such as 
genetic disorders, infection and uteroplacental insuffi-
ciency to a degree that may affect the health of the fetus. 
These fetuses may develop hypoxia and acidemia that 
evolve to adverse pregnancy outcome. In response to 
hypoxia, a sequence of compensatory actions of the fetal 

circulation is triggered that maintain the supply of oxygen 
and nutrients to the brain and heart. The main response of 
the fetal circulation is the redistribution of blood towards 
the vital organs: the brain, the myocardium, and the adre-
nal glands, while other organs are hypoperfused. This 
phenomenon is called 'brain-sparing effect'.  

In the first stages of IUGR, the 'brain-sparing effect' 
successfully maintains the supply of substrates and oxy-
gen to the brain and heart despite the absolute reduction 
of placental oxygen transfer. However, when the brain-
sparing effect reaches its limit, fetal deterioration may 
occur rapidly and the fetus may become subjected to 
brain damage.  

In the obstetric clinical practice, the assessment of the 
fetal wellbeing in-utero is based on Doppler ultrasound, 
combined with functional testing such as biophysical 
profile and fetal heart rate testing. Direct measurements 
of pressure or flow are not possible in-utero. A general 
assessment of fetal hemodynamics is gained by the calcu-
lation of indices defined for each one of the Doppler 
waveforms. Commonly used Doppler indices in the large 
arteries are the pulsatility index (PI), resistance index (RI) 
and the systolic to diastolic flow (S/D). The values of 
these indices are compared to normal standard values.  

Increase in Doppler waveform pulsatility usually indi-
cates an increase in placental resistance to blood flow. It 
is assumed that the increased pulsatility results from an 
increase in cardiac afterload and that the placenta is the 
major factor determining cardiac afterload in the fetus. 
The increase in cardiac afterload is also expressed by an 
increase in the end-diastolic pressure in the heart ventri-
cles. It is difficult to test this assumption in-utero. 
Mathematical models simulating the fetal cardiovascular 
system have shown that significant increase in Doppler 
pulsatility is notable only after at least two-fold increase 
in the placental resistance [2, 3].  

The subject of this research was to create a model that 
is able to quantify the effects of different parameters of 
the fetal circulation on Doppler indices. A mathematical 
model of the fetal cardiovascular system was developed 
for synthesizing Doppler waveforms of different patho-
logical states of IUGR.  
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II. METHODS 

 A mathematical model of the fetal circulation was 
designed. The model simulated the fetal circulation and 
heart function. Model elements were represented by 
equivalent electrical circuits. The model included the 
shunts that are active in the fetal circulation: the ductus 
venosus (DV), foramen ovale (FO) and ductus arteriosus 
(DA). Detailed models were used for the cardiac cham-
bers, valves and blood vessels. Elements of less impor-
tance such as organs and peripheral vessels were lumped 
by Windkessel models. Placental resistance was lumped 
into the systemic system. Venous flow from the DV and 
pulmonary vein was directed to the left atrium. Venous 
flow originated in the superior and inferior venae cavae 
was directed to the right atrium [4].  
 The models of the atria  and ventricle were designed 
using the “varying elastance” model of Suga and Sagawa 
[5] which defined the relationship between volume, pres-
sure and time-varying elastance of the heart chambers. In 
the large blood vessels, resistance to flow and blood iner-
tia was represented by a resistor and inductor, respec-
tively. The compliance of the vessel was modeled by a 
capacitor. A schematic diagram of the equivalent system 
of the fetal circulation is shown in Fig 1. 

III. RESULTS 

The model generated flow waveforms similar to the 
Doppler waveforms. An example is shown in Fig 2, 
where the synthesized flow waveform of the inferior vena 
cava at different stages of IUGR is presented. In this 
figure, each line presents the flow for a different systemic 
resistance. Annotations, ‘S’,’D’ and ‘A’ represent the 
flow during atrial relaxation, ventricle relaxation and 
artial contraction, respectively. As seen, the flow of the 
inferior vena cava was sensitive to the changes in after-
load. A measured Doppler waveform is presented for 
reference. 

Fig 3 shows pathological simulated velocity profiles of 
some of the blood vessels of clinical interest. Flow veloc-
ity across the tricuspid and mitral valves was triphasic. 
The peak velocity during the rapid filling of the ventricles 
(E wave) was lower than during the atrial contraction (A 
wave). In the inferior and superior venae cavae, the flow 
was triphasic, showing the S,D and A waves. Flows 
across both semilunar valves (aortic and pulmonary 
valves) were monophasic with peak velocity occurring 
during the atrial contraction. 

 
Figure 1. The mathematical model of the fetal circulation. General annotations P,R,C and L represent pressure, resistance, compliance 
and inertia, respectively. SVC- superior inferior cava, IVC- inferior vena cava, DV-ductus venosus, PULV- pulmonary vein, FO- fora-
men ovale, TRI- tricuspid valve, MIT-mitral valve, RA- right atrium, RV- right ventricle, LA- left atrium, LV- left ventricle, PULT- 
pulmonary trunk, SYST- systemic trunk, LUNG- lungs, SYS- systemic organs, including the abdominal organs, extremities, brain and 
placenta. 
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 Figure 2. Left panel: Model-synthesized flow waveform of the ductus 
venosus of different stages of increased placental resistance. Right 
panel: pathological Doppler waveform of the ductus venosus. 

 
The model was used to study the effects of different 

pathologies on the shape of the Doppler waveforms. Re-
sults are presented in Fig 4. Each panel of Fig 4 relates to 
one of the Doppler indices, and shows its sensitivity to a 
change in the values of the model parameters. The degree 
of changes in parameter’s values is presented by the ratio 
of change from the baseline values. 

The resistance of the atrio-ventricle valves (RTRI) had a 
significant effect on both cardiac preload and afterload. 
This was expressed by its effect on the E/A ratio of the 
tricuspid valve, cardiac output, end-diastolic pressure and 
cardiac preload. The change in the E/A ratio was a result 
of both increased E wave and decreased A wave (data not 
shown).  

 Parameters effecting cardiac preload had a vital role in 
determining cardiac afterload. This was shown by the 
increased dependence between RIVC and RTRI, and indices 
that are related to cardiac preload, such as the cardiac 
output and the end-diastolic pressure of the right ventri-
cle. This was expected according to the Frank-Starling 
law. Cardiac contractility had an important effect on 
cardiac output and on the E/A ratio of the atrio-ventricle 
valves.  

In all the indices simulated, the resistance of the sys-
temic vascular system had relatively low effect on simu-
lation results. Although it had a relatively strong effect on 
cardiac output, other parameters of the fetal circulation 
were shown to be more significant in their effect on Dop-
pler indices. This indicated that other factors, rather than 
the placental resistance, may affect Doppler waveforms in 
the compromised fetus.  

 

Figure 3. Simulated waveforms of flow in the inferior vena cava (IVC), 
aorta (AO),  pressure in left atrium (LA), flow in the mitral valve (MIT), 
pressure in the left ventricle (LV), pressure in the right ventricle (RV), 
flow in the superior vena cava (SVC) and pressure in the right atrium 
(RA). 

IV. DISCUSSION 

The assessment of the fetal wellbeing in-utero is based 
on Doppler waveforms. In the obstetric clinical settings, 
increase in the pulsatility of the Doppler velocity wave-
forms is attributed to increased placental resistance to 
blood flow. This may be a result of various pathologies 
such as genetic disorders, incomplete placentation, infec-
tion and uteroplacental insufficiency. Other possible 
origins of the pathological waveforms such as reduced 
venous blood flow and increased resistance of the artio-
vantricle valves are usually considered only as secondary 
mechanisms. 

In this work, a mathematical model of the fetal cardio-
vascular system was presented. The major elements of the 
fetal circulation were included in this model, with empha-
sis on the heart and venous blood vessels. The model 
allowed the analysis of the interaction between the fetal 
heart and blood vessels in the normal condition and in 
IUGR. The model produced synthesized Doppler wave-
forms that are comparable to those found in the literature 
[6, 7].  

To analyze the origin of the pathological Doppler 
waveforms that are found in IUGR, we performed a sen-
sitivity analysis for all the relevant parameters. We found 
that the resistance of the atrio-ventricle valves and venous 
flow were the most significant factor affecting Doppler 
indices. These parameters were more significant even 
than the increase in placental resistance to flow.  
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Figure 4. Sensitivity analysis of the effect of model parameters on the E/A ratio of the tricuspid valve (top left panel), cardiac output 

(top right), preload index (bottom left) and end-diastolic pressure of the right ventricle (bottom right).  
 

This may indicate that other factors of the fetal circula-
tion may mask the effect of the placental resistance. 
These factors may be secondary to fetal deterioration. 
This conclusion is supported by results of other mathe-
matical models of the fetal circulation, showing signifi-
cant change in Doppler pulsatility only after at least two-
fold increase in the placental resistance [2, 3]. However, 
this conclusion should be validated in the clinical set-
tings.  

The development of mathematical methodology that 
integrates Doppler waveforms of different locations into a 
systemic hemodynamic model could add greatly to the 
understanding and interpretation of the Doppler wave-
forms. Especially, this methodology could elucidate the 
various hemodynamic interactions for  in the IUGR fetus. 
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Abstract—Skin cancer can be treated by various methods. 
Radiotherapy has been a useful therapeutic modality in the 
treatment of skin cancers in areas which are difficult to cure 
by other methods. Varskin2 is a fast, accurate and user 
friendly code for beta dosimetry. It can be used for dose opti-
mization calculation especially in beta source over the human 
skin. We have calculated depth dose distribution of 166Ho using 
Varskin2 code by adding of 166Ho data to the library of Var-
skin2 code. After adding radionuclide of 166Ho data to the 
library of code, it has been run for various input parameters: 
density, air gap thickness, radiation time and different source 
geometry, skin absorbed depth dose variation from the skin 
surface. Absorbed depth dose variation has been calculated 
for166Ho beta source, in different form of sources such as point, 
2-D disk, cylindrical and spherical shapes. The result show 
that skin absorbed depth dose variation is an exponential 
function because short range of beta ray. The result are in 
agreement with experimental data have been measured by Lee 
et al. The result show 2-D disk source makes the minimum 
damage to skin cells.  

Keywords—Skin cancer, Radiotherapy, Holmium-166,  
Dosimetry. 

I. INTRODUCTION  

Skin cancer is the most common malignancy in therapeu-
tic modalities for skin cancer is local destruction, cryosur-
gery, laser ablation, curettage and ionizing radiation.  
radiotherapy has been a useful therapeutic modality in the 
treatment of skin cancers in areas which are difficult to cure 
by other methods, especially the central areas of the face, 
including eyelids, nose and lips however generally 5-6 week 
of treatment needed to deliver optimal radiation dose to 
tumors [1-3]. However; several factors such as total dose, 
fractionation regimens, and field size and beam quality 
affect the treatment outcomes. In general, a total dose rang-
ing 35-70Gy with daily fractionation lying in the 2.0- 3.5Gy 
is accounted for the optimal therapeutic regimen [4-6]. The 
aim of this research is to evaluate the tissue response to beta 
rays of 166Ho and determine the feasibility of beta emitting 
radionuclide for treatment of skin cancers. In this research, 
we have added radionuclide of 166Ho data to the library of 
code, then run it and have been calculated skin absorbed 

depth dose variation from the skin surface. This code also 
contained a volume averaged dose model and an offset 
particle model. The volume averaged dose model that we 
have used allowed us to calculate the dose averaged over a 
volume  of tissue defined by a cylinder with diameter equal 
to that of the dose averaging area and bounded at the top 
and bottom by two selected skin depths as shown in figure 
1. This model can be used to calculate the dose averaged 
between two depths in tissue, which is useful when charac-
terizing the dose measured by a finite–volume dosimeter 
such as a thermolumine scent dosimeter [7, 8]. 

II. METHOD 

The computer code Varskin2 calculates skin dose due to 
radioactive skin contamination provided by RSICC. To run 
Varskin2 code in windows XP after installation, user con-
tact with information and basic code information, select 
radionuclide for a calculation from the library in which the 
default unit of measure for activity is µCi. 

When the desired geometrical parameters and options are 
selected, the calculation is initiated. The calculation time is 
greatly affected by the number of radionuclides used in the 
calculation and the various options that are selected. This 
code calculates doses using a compiled FORTRAN  
program. The main program that collects the input data is 
written in visual basic [7-9]. With running Varskin2 code 
for calculating dose, the required input parameters contain: 
activity of source, cover thickness, cover density, air gap 
thickness, radiation time and different source geometry. 

In general, Varskin2 code performs a five – dimensional 
integration of the source volume and the target area. The 
integration is simplified significantly because the dose is 
symmetric for a circular target area centered under the 
source. This code calculates the beta dose rate by perform-
ing a numerical integration of the Berger point kernel. This 
kernel is mathematically written as Eq. (1) 

)(
)/(

)(
99

2
991

xr
xrYFkE

rB
πρ

ββ=   (1) 

 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 552–555, 2009. 



Dose Calculation of 166Ho Therapy Using VARSKIN2 Code 553

 

  
 

IFMBE Proceedings Vol. 25

 

 

 

Fig. 1 Schematic of the Volume-Averaged Dose Model 

Where; B(r) is the dose at the dose point from a source at 
a source point, r is the distance between a source point and 
the dose point, k is a unit conversion constant, Eβ is the 
average beta energy for the radionuclide, Y is the beta yield 
per disintegration, Fβ(r1/x99) is the scaled absorbed dose 
distribution, r1 is the modified path length between a source 
point and the dose point and ρ is the density of the irradiated 
medium (assumed to be unity for tissue). 

x99 is defined as the radius of a sphere of water surround-
ing a point source of beta radiation in which 99 percent of 
the beta energy is deposited. In varskin2, the range of the 
beta particle is chosen as the x99 distance. The code divides 
the sources into very small sub-volumes (source points). 
The number of source points ranges from 512 to over 1018 
depending some of factors. The contribution from each 
source point to the dose point is evaluated using Eq. (1) and 
the contributions are summed. 

The total contribution (dose/Bq) is multiplied by the 
source strength (Bq) to get the dose to the dose point. This 
procedure is repeated for each of 60 dose points beginning 
at the center of the irradiation area and extending to its 
edge. 

166Ho is a beta emitter with Emax = 1.84 MeV and half life 
26.9 hr. 166Ho also emits gamma photons 5.4% of 0.081 
MeV and 0.9% of 1.38 MeV. Since 166Ho was not in the 
library of the code, therefore we have added its data to the 
library. Adding the radionuclide is possible by 
SADEMODE2.EXE program. The following information is 
needed to calculate the beta spectrum from the decay of a 
radionuclide: 

1. The name of the radionuclide or mixture; it must be 
no longer than six characters and must be different 
than any previous radionuclide name. 

2. The number of decay modes for the parent radionu-
clide. 

3. The atomic number of the transition product (daugh-
ter) nucleus. 

4. The atomic mass of the decaying (parent) radionu-
clide. 

5. The endpoint (maximum) energy of the particular de-
cay path. 

6. The probability of the particular decay path (the 
yield). 

7. The degree of the forbiddenness for the particular  
decay. 

The final routine FIT uses linear interpolation to extract the 
30 specific values of Fβ(ρ) needed by VARSKIN and writes 
these values to the output file. We have added these values 
to the BETADATA file and then 166Ho was available in the 
library [7, 10, 11]. 

III. RESULTS 

By running Varskin2 code, absorbed depth dose variation 
has been calculated for 166Ho in different form of sources. 
Diagrams of the absorbed depth dose variation for different 
shapes of 166Ho are shown in figure 2, which the default unit 
of measure for activity is 1µCi for all sources. 

The disk source geometry model is simple and need to 
enter its diameter. Varskin2 code calculates the area of the 
disk, vice versa when we enter the area of the source; Var-
skin2 calculates its diameter. The diagram of dosimetry for 
this geometry is shown in figure 2-a.  

Source with spherical geometry is the simplest three-
dimensional geometry; because it requires just the  
source diameter. Dose result of this geometry is shown in 
figure 2-b. 

For cylinder model source, requires knowledge is the cyl-
inder diameter and the cylinder thickness. This geometry 
require the same amount of time to execute as the spherical 
model but generally offers a more accurate dose calculation. 
Computational result shows the calculated dose is more 
sensitive to the cylinder. The diagram of dosimetry for this 
geometry is shown schematically in figure 2-c. 

The result show that skin absorbed depth dose variation 
is a exponential function because short range of beta ray. 
Near the source, dose gradient is very high. 
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Fig. 2 Absorbed depth dose variation for 166Ho with activity 1µCi (a) 2-D 
disk (b) Spherical (c) cylindrical 

IV. CONCLUSIONS  

Regarding to computational results (Fig. 2), for the same 
activity, disk source induces dose more than cylindrical 

source to skin surface, but depth dose after 0.306 mm is 
falling down strongly for disk and less than the cylindrical. 
Also, calculation using cylinder source geometry is more 
accurate than those using sphere source geometry because 
the air surrounding the bottom hemisphere dose not shield 
the source particles as efficiently as the source material and 
a larger area of skin will be irradiated resulting in consisting 
higher doses. Lee et al. [12] used 166Ho source for curing 
five patients (four women, one man: age range 41-95 yr), as 
well as several animal models with superficial squamous-
cell, basal cell carcinoma and Bowen's disease in their ex-
perimental research. They have seen successful tumor de-
struction in all of subjects. Our results are in good agree-
ment with their experimental data; which are shown in 
figure 3. These computational and experimental results are 
shown that 166Ho radionuclide treatment is useful. One of 
goodness using of 166Ho radionuclide is that no adverse 
effect on underlying bone and soft tissue due to the physical 
characteristics of beta rays, high linear energy transfer and 
rapid depth dose fall off. Desquamation, erythema or ulcera-
tion developed between 1-2 weeks post-therapy. These 
acute radiation reactions were gradually healed with mini-
mal fibrosis within 1 month. There was no adverse reaction 
or recurrence during 8-20 months follow- up periods. 

Varskin2 code is a very useful tool for skin dosimetry, as 
well as it is fast, accurate and user friendly. It can be used 
for dose optimization calculation especially in beta source 
over the human skin. 
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Fig. 3 Absorbed depth dose result variation for 1µCi of 166Ho and compare 
with experimental data by Lee and et al (a) 2-D disk (b) Spherical (c) 
cylindrical 
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Abstract—Infrared (IR) imaging for medical diagnostics 
generally requires indication-specific and standardised imag-
ing and image processing. Spatial resolution, thermal sensitiv-
ity, and image contrast require optimization. Improved con-
trast, in particular, and the optimum utilisation of 
thermodynamic variables greatly influence the diagnostic 
utility of the images. 

Medical IR imaging challenges arise mainly from external in-
fluences, such as: ambient temperature, humidity, examination 
room air flow, heat radiation received by the room, and certain 
types of illumination, all of which, if not controlled, may produce 
misleading results. Also of practical relevance are patient-
related factors, such as: the body core temperature, blood flow 
(heart frequency, blood pressure, vascular tone) and, if applica-
ble, the evaporative heat loss from sweat on the skin. All influ-
ence the temperature distribution pattern. In veterinary applica-
tions there is the added problem of the thermal insulation effect 
of the fur (fur length, fur density, fur type). The measurement of 
temperature differences or gradients is of primary diagnostic 
relevance, not the measurement of absolute temperature values 
of the skin or fur, because of the large physiological variation. 
Physiological variation results primarily from patient-specific 
parameters, such as: the heart beat frequency, vascular tone, 
metabolism and ambient temperature. 

A key part of our research was the development of a new 
relief image process for processing of medical infrared ther-
mographic images in the wavelength range of 8 to 12 µm. For 
the diagnostic imaging of equine nasal passages, it shows a 
significantly improved image contrast compared to conven-
tional IR images. Our process could, for example, facilitate the 
diagnosis of neoplastic as well as inflammatory processes on a 
horse’s head. By exploiting physical conditions, the details of 
the nasal passages of the horse’s head (the nasal septum, tubuli 
nasi, and probably diverticuli nasi) can thus be made visible by 
means of infrared imaging. 

Keywords—IR-thermography, infrared imaging, image 
processing, pathologies, nasal path anatomy. 

I.   INTRODUCTION  

The surface temperature of a warm-blooded creature is 
largely determined by the heat exchange between the skin 
and the environment, the metabolic activity and the blood 
circulation beneath the skin.  

Zapoudrina, et al., (2008) demonstrated as part of a hu-
man medical study (passive IR imaging) the good repro-
ducibility of temperature distribution patterns in the central 
body area of 16 test subjects [12].  

Herry, et al., (2004) analysed anomalies in IR images of 
the dorsal thorax and knee areas (43 human medical patients 
and 15 healthy control subjects) that were associated with 
painful pathologies of the musculoskeletal system [2]. For 
this the IR images were analysed with the help of mathe-
matical methods (noise minimisation, asymmetry analysis 
and statistical analysis by means of the frequency distribu-
tion of the temperature values in selected quadrants) in 
order to be able to distinguish the pathological findings in 
the IR images reliably from those in the control group. 

The diagnostic application areas (overwhelmingly as part 
of research studies) in IR imaging are mainly the early iden-
tification of breast cancer [3], recognition of vascular mal-
functions (e.g. haemangioma [9] and circulatory disorders 
close to the body surface, circulatory disorders of the coro-
nary blood vessels during open-heart surgery), diagnosis of 
nerve damage, e.g., Horner syndrome [5], early and con-
tinuing diagnoses of the inflammation of ligaments or ten-
dons (tendinitis, desmitis) [8], fibromyalgia [8] and scrotal 
imaging [10]. 

In 1985 Weinstein published a study that involved pa-
tients with lower back pain [11]. The proportion of correct 
diagnoses was 94 %. The diagnosis of anomalies in the IR 
images in human medicine was based mainly on the obser-
vation of temperature asymmetries between the two body 
halves. Ford, et al., published a study in 1997 which in-
cluded over 900 migraine patients [1]. Here the frontal face 
area was investigated by means of IR imaging. In the case 
of 86 % of the test subjects, changes associated with the 
migraine pain could be demonstrated in the IR image, in 
particular temperature asymmetries between paired refer-
ence points. 

Theoretical Background 

Planck’s radiation law for a black-body radiator gives for 
a temperature of 27°C a shallow curve with a maximum at 
the emission wavelength of approx. 10 µm (Fig.1, arrow). 
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Fig. 1  Planck’s law 
 

The determination of absolute temperatures requires in-
formation about the material-dependent emissivity (emis-
sion ratio). For most medical applications of IR imaging the 
determination of temperature differences is adequate.  

II.   METHODS 

Passive infrared thermography was chosen for the re-
cording of IR images. Two infrared thermographic cameras 
operating in the wavelength range from 8 to 12 µm were 
used, as shown in Table 1. 

Table 1 IR-Equipment 

Type Size of detec-
tor 

Interpolation 
(internal) 

thermal sensitivity 

IR Flex Cam 320 
(abbr.: CAM A) 320 x 240 no 70 mK @ 30 ºC 

IR Flex Cam R2 
(abbr.: CAM B) 160 x 120 yes (factor 2) 70 mK @ 30 ºC 

Both IR cameras used a microbolometer array as the de-
tector. The IR image matrix of the first camera (CAM A) 
was 320 x 240 pixels and of the second camera (CAM B) 
160 x 120 pixels, which are interpolated internally to 320 x 
240 pixels. The thermal sensitivity of both cameras is, ac-
cording to the manufacturer’s information, 70 mK with 
reference to a temperature of the measured object of 30ºC. 
A camera-internal repeated calibration ensures that any 
inhomogeneities on the microbolometer array on account of 
the manufacturing process or the ambient temperature are 
continuously balanced.  

This equipment was used for making IR images of the 
heads of two healthy and one diseased horse (horse A: 14 
years old, horse B: 16 years old, horse C: 8 years old).  

 For the horses’ fur an emissivity of 0.95 was assumed. 
Both the air temperature during the recording and the air 

humidity were recorded. The recordings were made in an 
unheated stable building. The ceiling lights were fluorescent 
light tubes. Solar radiation onto the tested horses was ex-
cluded. The horses had not been moving before the re-
cording (8:00 – 10:00), the fur length in the frontal head 
area was approximately 8 mm. Before the recording, the 
heart frequency and the body core temperature (rectal tem-
perature) were measured. 

Image Evaluation and Image Processing 

a) The recorded IR images were evaluated by means of 
the image viewer software Goratec iReport, which was 
included in the scope of delivery for the camera (colour 
temperature coding: rainbow, narrow temperature range 
over 7ºC. 

b) In MATLAB interpolated IR image.  
Alternatively a new image processing method was ap-

plied. 
c) Relief-method: The infrared temperature values (2-

dimensional array) are interpreted as height values in a 3-
dimensional area (pseudo 3D). This area is interpolated and 
supplied with adequate reflective surface properties. A light 
source illuminates this 3-dimensional topography.  

For the calculation of the image the software MATLAB 
Version 8b (The MathWorks) was used.  

c) Computed tomography (CT) images: The CT images 
were scanned using the system Tomoscan M/EG Compact 
(Philips Medical Systems, Hamburg, Germany) normally 
used for humans. Its a single slice scanner of third genera-
tion (aperture of gantry 600 mm). Scans were performed at 
3 mm slice thickness. All acquired pictures are set in bony 
and soft tissue window width. Exposure settings: 130 kV, 
range 120 to 130 kV; 30 mA, range 10 to 50 mA; total scan 
time per slice: 5 s. 

III.   RESULTS 

IR images were suitable to visualize the normal anatomy 
of particular parts of the equine nasal region. The tested 
image processing methods provided images of different 
quality concerning accuracy and shape of distinct parts of 
the nasal cavity.  

Horse A: The IR images were recorded at an ambient 
temperature of TA = 6.5 ± 0.1ºC and a relative humidity (RH) 
of approx. 65 %. The heart frequency was 48/min and the 
body core temperature was 37.4 ± 0.1ºC. Horse A had a scar 
in its coat (Fig. 2a, arrow) which also shows up in the corre-
sponding 320 x 240 pixel IR image (Fig. 2b, circle, CAM 
A). Fig. 3 shows an interpolation of the infrared data used 
MATLAB. In the CT-image of a horse’s head, the location 
of the nasal septum is clearly visible (Fig. 4b, circle).  
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a  
b  

Fig. 2 a  Horse A with scar (arrow), TA = 6,5ºC, Pulse: 48/min; b  Standard 
IR-image with GRCS (grey converted rainbow colour scale), CAM B 

 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Horse A: In MATLAB interpolated IR-image with GRCS 

 

Relief-method: If the nasal septum is viewed (Fig. 4a, circle), 
small height variations are visible (light-shadow effect  
following from the illumination) which represent small tem-
perature variations and which can be much more easily  
 
 

 

 
b  

a  

 
Scale: approx. 2 cm 
Details: skin thickness 
approx. 3 mm, typical 
thickness of the skull  
approx. 1.5 … 5 mm 

Fig. 4a Processed IR-image GRCS, Relief-method (left sided light source) 
b)  CT-image of a horse head without jaw, nasal septum (white circle) 

recognised (compared to Fig. 3) in contrast to a conventional 
IR image (Fig. 2b) using the same temperature scale. 
 
Horse B: At an air temperature of 13.2 ± 0.1 °C, the de-
tailed contrast is reduced (see Fig. 5a, region of nasal sep-
tum, circle). For the much higher ambient temperature com-
pared to horse A, a modified temperature scale is required. 
 

 

c  

 
b  

62,4 % RH 
TA = 13,2 ±  0.1ºC 

CT-Parameter: 130 kV, 30 
mA, 3 mm layer thickness 

 

Fig. 5a  Horse B, Processed IR-image with GRCS, Relief-method (left 
sided light source), CAM A, Pulse: 36/min, KKT = 37,9 ± 0.1ºC 
b) Transversal CT-image in area with max. temperature asymmetry 

c) Horse B, CT-image with neoplastic process (left sided) 
 

The clearly recognisable temperature asymmetry in the 
lower part of the head (see Fig. 5a, arrow) is caused by an 
asymmetrical disturbed airpath on the left side. The CT-
image of the same horse shows a neoplastic process (see 
Fig. 5c, arrow). 
 

 
Fig. 6a  Horse C,  Processed IR-image, Relief-method (left sided light-

source), CAM A, TA = 6.5 ºC Puls: 32/min, KKT = 37.2 ± 0.1 ºC, GRCS 
b) Horse C with very tight temperature scale only 2 ºC, GRCS 

 

Horse C: Besides the easily recognisable sinus conchae 
dorsales (Fig. 6a) the bullae are probably presented (Fig. 6b, 
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circle), after the choice of a high resolution temperature 
scale with only 2 ºC increments.  

IV.   CONCLUSIONS 

The presentability of the nasal passage (in the direction 
of the body surface) of a horse’s head by means of IR ther-
mography is possible within a suitable air temperature range 
(TA < approx. 14 ºC). This is amazing, if one considers that 
the typical thickness of the skull is approx. 1.5 … 5 mm, the 
skin thickness approx. 3 mm and the hair length approx. 8 
mm. The represented anatomical details, e.g., nasal septum 
(see IR-image Fig. 4a, circle and CT-Image Fig. 4b, circle), 
tubuli nasi, and diveticuli nasi (see Fig. 4a, arrow) and sinus 
conchae dorsales (Fig. 7b, arrow, top), bullae (Fig. 6b, cir-
cle and Fig. 7b, arrow, bottom) are at a minimum depth of  
> 10 mm beneath the skin surface. 

 
 
 
 
 
 
 
 
 
 

 

Fig. 7a Anatomy of horse head [4] 
b) Transversal CT-image, horse head, normal findings 

 
The anatomical locations of the bullae probably pre-

sented (Fig. 6b, circle) can be seen in Fig. 7a (circle, see 1׀). 
The cool air breathed-in probably acts as a contrast agent, 

thus distinct anatomical structures become visible, e.g. nasal 
sinuses and nasal meatuses. At an air temperature of 6,5 ºC 
(see Fig. 6 and Fig. 4a) better results concerning present-
ability of details can be obtained compared to 13 ºC (Fig. 
5a).  

The neoplastic process at horse B is characterised by a 
high metabolic rate and expanding tissue. Tumours lead to 
an abnormal expanding of tissue (CT-image in Fig. 5c). 
This could lead to disturbances of air flow that might reveal 
themselves in the IR image of the nasal passages as an 
asymmetric temperature distribution pattern (Fig. 5a). It can 
be assumed that also pathological changes in the nasal pas-
sages can be recognised noninvasively with passive infrared 
thermography.  

These results can probably help to diagnose pathological 
states of the nasal passages of horses. A comprehensive 
investigation of this topic is currently being undertaken. 
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Abstract— A blood clot needs to have the right degree of 

mechanical, chemical and biological properties to stem the 

flow of blood and yet to be suitable for lytic enzymes or 

mechanical thrombectomy so as not to form a thrombotic 

event. The origin and understanding of these mechanical 

properties are still unknown. Clots are made of a three-

dimensional network of fibrin fibers stabilized through ligation 

with a transglutaminase, factor XIIIa. New methods to achieve 

information about the in-situ mechanical properties were 

established. We performed compressive strength experiments 

of aged human blood clots.  After the set up of a new test 

environment, we were able to perform in-situ tensile strength 

measurements of aged animal and human blood clots.  Stress 

strain curves of aged clots were measured and discussed. The 

viscoelastic properties of the clot material were quantitatively 

described. This work should finally give a better 

understanding of the behaviour of aged blood thrombus bulk 

material and induced mechanical stress. 

 

Keywords— Clot, Stroke, Mechanical Rekanalisation, Mechanical 

Thrombectomy, Blood Clot  

 
I. INTRODUCTION 

 

Blood clots play an essential role in the organism. They 

must be able to stem a flow of blood in a case of bleeding 

[1], but can be also responsible for heart attacks and strokes 

[2], whereat behavior of the clot and its characteristics are 

strongly dependent from mechanical properties [1]. It is 

known that clots are made up of a three-dimensional 

network of taut fibers, which are branched with each other 

at several points (Fig. 1) [2], [3]. Thereby mechanical 

properties of blood thrombus like clot stiffness or its 

elasticity arising from fibrin fiber thickness, branch point 

density and fibrin concentration in the network [4], [5]. Clot 

structure is strongly dependent from polymerization 

conditions [6] as can be clearly seen in Fig. 1. Due to this 

fact clots formed under different polymerization 

circumstances show significant variations of mechanical 

properties. 

 
 

Fig. 1: (A) Scanning electron micrograph of fibrin clots. Clots with thick 

fibers and few branch points feature low thrombin concentration. (B) Clot 

with thin fibers and many branch points. Recalcified plasma with high 

thrombin concentration.[6]. 

 

Theoretically it should be possible to establish 

mechanical properties of a clot if the microstructure and 

characteristics of single fibers are known. The mechanical 

properties of fibrin molecules were successfully measured 

by Brown et al. [2] using atomic force microscopy. 

Investigations with single fibrin fibers were also performed 

by Collet et al. [7], where fibers were stretched or flexed by 

an optical tweezers. Results of this work provided a solid 

basis for further investigations on mechanical properties of 

clots. It is difficult to compare the quantitative correlation 

between the structural features and the reology of blood 

thrombus, which results from the high complexity of fibrin 

network [7]. 

In the present investigation new test methods were 

developed to analyze the mechanical behavior of 

macroscopic clot thrombus material exposed to compression 

or tension forces. The main purpose was to measure 

mechanical properties of bulk clot material and 

consequently get a better understanding of the three-

dimensional fibrin network. Furthermore these new test 

methods offer the possibility to measure not only elastic 

properties of clots but also the tension and strain at rupture 

of thrombus bulk material. 
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II. MATERIALS AND METHODS 

 

A. Materials 
 

For the preparation of compression specimens pig and 

human blood was used. The aging time of samples made of 

pig blood was 19 days (material 2) and 12 days (material 3) 

respectively. Furthermore compression tests on 12 days old 

clots prepared from pig blood by addition of 25 IU thrombin 

and 1 g barium sulphate were performed. As a part of 

present investigations 2 different kinds of human thrombus 

were tested: 1 week old clots without barium sulphate (Nr. 

121 – 124) and 1 week old clots with barium sulphate (Nr. 

111, 112, 119 and 120). 

The tensile specimens were prepared from the blood of a 

domestic pig. To insure a rupture within of the testing range 

(L0) an aluminum „casting mould“ (Fig. 2) was used to 

form a thrombus as a typical tensile specimen (Fig 3). 
 

  
 

Fig. 2: Aluminum “casting mould” for a preparation of tensile 

specimens 

 

 
 

Fig. 3: Thrombus tensile specimens 
 

“Casting mould” was completely filled with blood using 

fluid inlet. Afterwards specimens were aged horizontally 

approximately 48 h at ambient temperature. For the series of 

tests 1 clots prepared of domestic pig blood without any 

additions were used. In contrary thrombus specimens for the 

series of tests 2 had an addition of 5000 heparin. 

 

B. Experimental setup 
 

The compression tests were performed using a 

conventional tensile/compression testing machine equipped 

with a force sensor (Fig. 4). 

  

 
 

Fig. 4: Experimental setup used for compression tests 

 

For the measurements of compressive properties 

specimens were placed in a special PMMA testing chamber, 

which was developed and produced by phenox GmbH. The 

chamber has a footprint of 5x40 mm and is open on one side 

(left side in Fig. 5 a)). After the clot was positioned at the 

closed side of the chamber, it was loaded by a compression 

plate connected to the force sensor. First when entire 

footprint of the compression plate was in a contact with the 

specimen (Fig. 5 c)) the measurement of the loading force 

and plate displacement was started. For the analysis of 

measured data and calculation of pressure and elongation 

values the Piola-Kichhoff stress tensor was used correcting 

the one dimensional test set up. The compression test were 

performed on two samples by a constant Haul-off speed of 

approx. 0,25 mm/s. 
 

 
 

Fig. 5: Specimen holder for thrombus materials (phenox) / motion 

sequence 

 

Experimental setup and sample holders for the tensile 

tests were developed and produced by phenox GmbH. 

These tests were performed using thrombus tensile 

specimens as described before. The specimen was 

positioned in two sample holders and fixed by pinch 

clamps. To improve a fixing effect of pinch clamps entire 

void volume of the sample holders was filled with water and 

the screw lids were placed to seal the sample holders (Fig. 

6).  
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Fig. 6: Thrombus tensile specimen placed and fixed in the sample holders 

 

After the specimen was fixed into the sample holders, the 

holders were also connected to the setup. The specimen 

could be stretched by displacing the micrometer table (Fig. 

7). The loading force was measured by a force sensor. 
 

 
 

Fig. 7: Experimental station developed for tensile tests on thrombus 

specimens 

 

The sample elongation was recorded using a video 

camera. Single frames were analyzed afterwards to 

determine the elongation of specimens testing range. The 

tension and strain values were calculated from measured 

force values referring to the initial cross section area in the 

testing range and from measured specimens testing range 

elongation divided by the initial length (L0) respectively. 

 
III. RESULTS 

 

A. Compression tests 

 

Representative compression-strain curves of material 2 

are shown in Fig. 8. Up to strain values of approx. 70 % 

compression values increase linear with specimens 

elongation. In contrast at higher strain magnitudes 

compression values increase significantly faster. 

 
 

Fig. 8: Compression-strain curves of material 2 

 
Compression strain curves of materials 2, 3 and 4 are 

presented in Fig. 9. Qualitative characteristics of the curves 

are similar to those shown in Fig. 8. However it can be 

clearly seen, that in comparison with material 2 material 3 

has a lower stiffness. The highest compression values were 

observed by material 4. 
 

 
 

 

Fig. 9: Comparison of compression-strain curves of material 2, 3 and 4 

 

Fig. 10 shows the mechanical behavior of 1 week old 

human thrombus with and without barium sulphate. 

Materials without barium sulphate offer significantly lower 

compressive force values than those without barium 

sulphate. 
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Fig. 10: Comparison of compression-strain curves of human blood clots 

with and without addition of barium sulphate 
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B. Tensile tests 

 

Stress-strain curves of tested thrombus tensile specimens 

are presented in figures 11 and 12. In contrast to samples 

tested in series of tests 1, specimens from series of tests 2 

contents heparin. 
 

 
 

Fig. 11: Stress-strain curves of specimens from series of tests 1 

 

  
 

Fig. 12: Stress-strain curves of specimens from series of tests 2 

 
 

IV. DISCUSSION 

 

The comparison of all stress strain and compression 

displacement curves shows a good reproducibility of their 

deformation behaviour. Both, compressive stress and tensile 

stress curves initially show an elastic behaviour. After 

approx. -70 % compression strain at the compression test 

the material shows an increase of the intrinsic strength. 

Such behaviour was observable to a smaller amount also in 

the stress strain experiments. 

Weisel [1] described this effect as increased clot stiffness 

at large strains. He concludes that this effect may be 

important physiologically under high stress arterial blood 

flow conditions. Fig. 9 shows the influence of the aged 

thrombus formation to the mechanical properties. Ryan 

et.al. [4] conclude that the fibrin network architecture 

elevate the clot rigidities through the establishment of 

greater fiber density and a higher number of branch points 

between the fibers. The measurements of different aged clot 

materials confirm this assumption. The compression 

measurement curves of 1 week old thrombus material, 

illustrated in Fig. 10, indicate a significant hardening effect 

of barium sulphate particles on thrombus material. There 

are evidence that the metallic particles will enhance the 

number and stability of the branch points. This will finally 

lead to a strengthening of the material. Future SEM 

experiments are planned to confirm this. The calculated E-

Moduli of our measurements were lower than the single 

fiber results measured bei Collet et al [7]. We expect that 

the fibrin fibres of the bulk material start to bend first before 

the theoretical tensile strength of all single fibres will be 

achieved. At this point finally the bulk material 

measurements can be compared with a single fibre model of 

Weisel.  

 
V. CONCLUSION 

 

Measurements of bulk blood thrombi could be performed 

by one dimensional compression experiments and also in 

two dimensional stress strain measurements. The increased 

strength of aged blood material was shown and is 

dominated through the fibrin architecture. The adding of 

barium sulphate will lead to an increased strength.  

We showed a difference between the E-Modul of the 

bulk material versus the single fibre results which was 

performed by Weisel et al. 
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Classification of Seizures in EEG Using Wavelet-Chaos Methodology and Genetic 
Algorithm  
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Abstract—Detection of seizures in EEG can be challenging 
because of myogenic artifacts and might be time-consuming 
when reviewing long term EEG recordings. In this study, we 
propose a method based on wavelet-chaos methodology and 
genetic algorithm for automatic seizure detection in EEG. The 
data used in this research are obtained from both healthy and 
epileptic subjects and are available online from the University 
of Bonn, Germany. The wavelet packet transform was used to 
decompose EEG into five EEG subbands: delta, theta, alpha, 
beta, and gamma. Non-linear parameters, including the time 
lag, the embedding dimension, the correlation dimension, and 
the largest Lyapunov exponent, were extracted from each of 
the frequency band and the original EEG signals. The non-
linear parameters were employed as the features to train the 
support vector machine (SVM) classifier. Finally, a genetic 
algorithm (GA) was used for selecting effective feature subset 
for the SVM classifier. Three groups of EEG recordings, in-
cluding the EEG from healthy subjects, and the interictal and 
the ictal EEGs from epileptic subjects, were recruited for the 
study. When EEG recordings were classified into seizure free 
(A+B) and seizure (C) groups by SVM, the accuracies were 
90% and 81.2%, respectively. The accuracies increased to 
93.3% and 91.8%, respectively, by using SVM combined with 
GA. When EEG recordings were classified into three groups 
(A, B, and C) by SVM, the accuracies were 84%, 76.4% and 
78.2%, respectively. And, the accuracies increased to 91.4%, 
85% and 86.6%, respectively, by using SVM combined with 
GA. The results demonstrate that the SVM classifier with non-
linear features is effective in seizure classification in EEG. The 
performance was improved when the GA-based optimal fea-
ture subset selection method was employed. 

Keywords— seizure, wavelet transform, support vector ma-
chine, genetic algorithm. 

I. INTRODUCTION  

Epilepsy is a common neurological disorder that affects 
about 1% of the world’s population [1]. Brain activity dur-
ing a seizure differs greatly from the activity in the normal 
state with respect to neuronal firing pattern. However, de-
tection of seizures in EEG can be challenging because of 
excessive myogenic artifacts during seizure. Moreover, 
long-term EEG recording is usually required for the diagno-
sis of seizure and the preparation for surgical intervention, 
especially in locating the epileptogenic foci of the brain and 

deciding on the areas to be removed by the surgery. Consid-
ering the amount of data, the scoring of long-term EEG 
recordings by visual inspection is a very time consuming 
task. Prediction of seizures is even more difficult because 
little knowledge is available about the mechanism of seizure 
onset. Therefore, it is worthy to develop an effective algo-
rithm for automatic seizure detection and prediction.  

In recent years, various algorithms have been proposed in 
seizure detection and prediction in EEG using spikes detec-
tion [2], frequency domain analysis [3], wavelet analysis [4], 
and non-linear method [5]. There are two main parts in the 
seizure detection schemes, the features selection and the 
classifier design. In the features selection, it has been dem-
onstrated that individual EEG frequency subbands can pro-
vide more information than the entire EEG [6]. EEG signals 
are commonly decomposed into five EEG subbands: delta, 
theta, alpha, beta, and gamma. The wavelet transform pro-
vides both time and frequency views of a signal simultane-
ously, which makes it possible to capture transient features 
in epileptic EEG recordings. On the other hand, Epileptic 
attacks are characterized by synchronized neuronal firing 
which reduces the complexity of EEG. Previous works have 
proved that non-linear parameters are adequate for repre-
senting the complexity of EEG [1,7,8].  

As for the second part of seizure detection schemes, vari-
ous classifiers have been proposed in the literature, includ-
ing artificial neural networks [9], artificial neuro-fuzzy 
inference system [10], dynamic fuzzy neural network [11], 
and learning vector quantization [12]. The performance of 
the classifier depends on the features that are used to repre-
sent the raw data. Thus, optimal selection of the feature 
subset is important in the performance of the classifier.  

In the present study, each EEG signal is decomposed into 
five constituent EEG subbands by wavelet transform. The 
non-linear parameters of each subband and the original EEG 
are quantified in the form of the time lag, the embedding 
dimension, the correlation dimension (CD), and the largest 
Lyapunov exponent (LLE). Support vector machine (SVM) 
is used as the classifier. In the final step, a genetic algorithm 
is employed to reduce the number of features and maximize 
the performance of the SVM classifier. This method is ap-
plied to three different groups of EEG signals: 1) healthy 
subjects; 2) epileptic subjects during a seizure-free interval; 
3) epileptic subjects during a seizure. 
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II. METHOD 

A. Wavelet transform

The wavelet transform (WT) is employed to decompose 
the EEG signals into subband components. WT provides a 
good time-frequency representation of a signal by using 
variable sized windows. Long time windows are used to get 
a finer low frequency resolution. Short time windows are 
used to get high frequency information. WT is suitable for 
the analysis of non-stationary signals such as EEG.  

The EEG signal can be decomposed into finer details by 
multi-level discrete wavelet transform (DWT) using high-
pass and low-pass filters [2,6]. After the first level decom-
position, two signals representing the detail (high-frequency) 
and the approximate (low-frequency) are obtained. The 
approximate signals are further decomposed into the detail 
and the approximate after the second level decomposition, 
et al. 

B. Chaos analysis of EEG signals 

Non-linear determined signals such as EEGs tend to dis-
tributed in specific shape in the phase space known as the 
attractor which represents how the system evolves in time 
[13]. Two non-linear parameters are calculated in this study, 
namely the correlation dimension (CD) and the largest 
Lyapunov exponent (LLE). The CD represents the complex-
ity of a system which measures the geometric property of an 
attractor [14]. The LLE represents the chaoticity of an at-
tractor which measures the convergence or divergence of 
nearby trajectories in phase space [15]. 

C. Support vector machine (SVM) 

Support vector machine (SVM) was first introduced in 
1995 and has been used in many pattern recognition prob-
lems [16]. The SVM finds the optimal hyperplane with the 
maximum margin to classify data into two classes. The 
SVM maps the training samples from the input space into a 
higher dimensional feature space via a mapping function 
which is called kernel function. The kernel functions in-
clude linear, polynomial, radial basis function, and sigmoid 
kernel. 

D. Genetic algorithm 

Genetic algorithm (GA) is an optimization methodology 
based on Darwinian evolution and genetics [17]. The GA 
starts with an initial population of individuals, which repre-
senting a possible solution to an optimization problems. The 
evolution process is governed by selection, crossover and 

mutation. According to the principle of ‘survival of the 
fittest’, the GA obtains the optimal solution after a series of 
iterative computations. The crossover and mutation opera-
tors keep the diversity of the population. GA can deal with 
large search spaces efficiently and avoid the local optimal 
solution by the combination of exploration and exploitation 
[18]. 

E. Experimental procedures 

The data used in this research were obtained from both 
healthy and epileptic subjects, which are available online 
from the University of Bonn, Germany [19]. EEGs from 
three different groups were analyzed: group A (healthy 
subjects), group B (epileptic subjects during a seizure free 
interval), and group C (epileptic subjects during seizure). 
Each group contained 100 single channel EEG segments, 
each of which was 23.6 seconds in length and sampled at 
173.61 Hz. The EEGs were re-sampled to 120 Hz.  

A fourth-level discrete wavelet transform was used to de-
compose the EEG into subband components. In view of the 
morphological similarity between Daubechies 4 (db4) 
wavelet and the EEG signals, db4 was applied as the mother 
wavelet for the experiments. After the first level of decom-
position, the EEG signal (0-60 Hz) was decomposed into its 
higher resolution component d1 (30-60 Hz) and lower reso-
lution a1 (0-30 Hz). The a1 component was further decom-
posed into its higher resolution component, d2 (15-30 Hz) 
and lower resolution component, a2 (0-15 Hz) by the sec-
ond level of decomposition. After four levels of decomposi-
tion, the EEG was decomposed into five EEG frequency 
subbands: delta (0-4 Hz), theta (4-8 Hz), alpha (8-15 Hz), 
beta (15-30 Hz), and gamma (30-60 Hz). 

The non-linear parameters, including the time lag, the 
minimum embedding dimension, the correlation dimension 
(CD), and the largest Lyapunov exponent (LLE), were ex-
tracted from the original EEG signals and each subband. 
The SVM classifier was then applied to two classification 
experimental setups. In the first setup, the EEG signals were 
classified into two groups, the seizure-free group (A+B) and 
the seizure (C) group. In the second setup, the EEG signals 
were classified into three groups, group A, B, and C. In both 
of the setups, fifty percent of the EEG signals from each 
group were randomly selected to compose the training data 
set. The trained SVM classifiers were then tested using the 
rest fifty percent of EEG signals. 

A GA was used for searching the optimum feature subset 
that maximizes the classification accuracies. The population 
size was set to 100. Each individual consisted of 24 genes. 
Each gene represents the non-linear parameters of each 
EEG frequency subband and the original EEG signals. The 
genes were set to be binary, namely 0 or 1. A value of 0 
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implied that the corresponding non-linear parameter would 
be excluded in the feature subset. The non-linear parameter 
would be included in the feature set only if its correspond-
ing gene value is 1. Each gene in the 100 individuals of the 
first generation were generated randomly. The fitness func-
tion for the 2-class classification (f2) and the 3-class classifi-
cation (f3) were  
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321
3
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where e1, e2, and e3 are respectively the misclassification 
rates of the SVM classifier in each group. The GA was set 
to minimize the fitness function. The cross over rate was 0.9 
and the mutation rate was 0.01. The selection strategies of 
parents and survivals were tournament and μ+ , respec-
tively, where μ is the size of the population and  is the 
number of children. The algorithm was set to run 30 genera-
tions. 

III. RESULTS  

A. Classification by using only SVM classifiers  

 To classify normal and epileptic EEG signals, all fea-
tures were used in the SVM. Fifty percent of the samples 
were randomly selected for training and the other fifty per-
cent for validation. This process was repeated fro ten times 
and the classification accuracies are summarized in Table 1. 
The accuracies vary because of different training and test 
sets. The average accuracies for normal and epileptic EEGs 
are 90.0% and 81.2%, respectively. 

To classify the three groups of EEG signals, multiple 
SVM classifiers were applied. First, fifty percent of EEGs 
signals from group A and B were randomly selected for the 
training of SVM. Then, the trained SVM was used to clas-
sify the rest fifty percent of EEG signals from group A, B 
and C. Second, SVM classifier trained by the training sig-
nals from group B and C was used to classify the test sig-
nals from group A, B, and C. Third, SVM classifier trained 
by the training signals from group A and C was used to 
classify the test signals from group A, B, and C. Finally, the 
classified results associated with each EEG signal were 
analyzed and the final classified group was determined by 
the most frequently classified group. The classification 
accuracies are summarized in Table 2. The average accura-
cies for group A, B and C are 84%, 76.4%, and 78.2%, 
respectively. 

Table 1 Classification accuracies by using SVM 

Trial 1 2 3 4 5 6 7 8 9 10 Avg.

Normal 89 91 87 91 89 94 85 92 90 92 90.0 

Epileptic 86 78 82 80 88 84 84 72 80 78 81.2 

Table 2 Classification accuracies by using multiple SVMs 

Trial 1 2 3 4 5 6 7 8 9 10 Avg.

A 74 78 88 92 82 92 82 90 80 82 84.0

B 88 82 78 74 78 66 76 80 68 74 76.4

C 76 84 88 72 82 66 76 80 82 76 78.2

Table 3 Classification accuracies by using  SVM and GA 

Trial 1 2 3 4 5 6 7 8 9 10 Avg.

Normal 93 92 92 95 90 95 96 93 93 94 93.3

Epileptic 86 94 94 94 96 88 96 90 90 90 91.8

Table 4 Classification accuracies by using multiple SVMs and GA 

Trial 1 2 3 4 5 6 7 8 9 10 Avg.

A 92 98 94 90 88 94 92 90 92 84 91.4

B 86 80 86 82 80 88 90 82 82 94 85.0

C 82 82 82 90 90 86 86 92 88 88 86.6

Table 5 Statistic analysis of mean classification accuracies 

Mean accuracy SVM SVM +GA p value 

Normal 90.0 93.3 0.008 

Epileptic 81.2 91.8 <0.001 

A 84.0 91.4 0.012 

B 76.4 85.0 0.012 

C 78.2 86.6 0.009 

B. SVM with optimal feature subset selection using GA 

The GA was then added to select the optimum feature 
subset to maximize the classification accuracies. The EEG 
signals were classified into the normal and the epileptic 
groups by applying SVM combined with GA. The classifi-
cation accuracies are summarized in Table 3. Compared 
with the results by using SVM alone, the classification ac-
curacies increased from 90.0% to 93.3% in the normal and 
from 81.2% to 91.8% in the epileptic EEG signals, respec-
tively. 
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When the EEG signals were classified into three groups, 
A, B, and C by SVMs with optimal feature subset selection 
using GA, the classification accuracies are summarized in 
Table 4. Compared with the previous result with multiple 
SVMs (Table 2), the classification accuracies increased 
from 84%, 76.4%, and 74.2% to 91.4%, 85%, and 86.6 in 
group A, B, and C, respectively. 

The classification accuracies of the SVM classifiers and 
the SVM classifiers with optimal feature subset selection 
using GA were compared statistically by paired sample t-
test. The results are summarized in Table 5. The p values of 
the mean classification accuracies compared between SVM 
and SVM combined with GA in the normal group, the epi-
leptic group, group A, group B, and group C were 0.008, 
less than 0.001, 0.012, 0.012, and 0.009. The differences of 
the mean accuracies between using solely SVM and SVM 
combined with GA were all statistically significant. 

IV. CONCLUSIONS  

The present work develops a method to use the SVM 
classifier with non-linear features for automatic seizure 
detection in EEG signals. The performance of this method is 
improved by the GA-based feature selection method signifi-
cantly. In addition, this method can also effectively distin-
guish normal EEG from interictal EEG of epileptic subjects. 
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Abstract—Texture analysis accuracy of images acquired by 
magnetic resonance imaging depends on various image quality 
parameters, such as magnetic field strength, imaging sequence, 
noise, spatial resolution and slice thickness. In this paper, the 
effect of slice thickness on texture analysis of histologically 
confirmed multiple sclerosis subjects is studied by statistical 
means. Original consecutive 1 mm slices have been averaged 
by Matlab to simulate 3 mm slices at the same location. Both 
slice types are analyzed by MaZda, a texture analysis tool, to 
calculate 292 texture parameters. Wilcoxon’s signed rank test 
is applied to test differences in texture parameters between 
regions of interest. Our results indicate that tissue separability 
is nearly equal with the studied slice thicknesses, depending 
slightly on the imaging sequence. Most of the texture parame-
ters are well separable with both slice thicknesses. 

Keywords—texture analysis, slice thickness, multiple sclero-
sis, MaZda, Wilcoxon’s signed rank test. 

I. INTRODUCTION 

A. Effect of Image Quality on MS Texture Analysis 

Texture analysis is a widely used technique in several 
fields of science, engineering and medical sciences. It has 
been successfully applied to several clinical applications, 
including Multiple Sclerosis, brain damages and other dis-
eases hard to describe and discover in an early fashion. 

As the interest towards texture analysis has grown with a 
wide range of useful applications, a thorough understanding 
of different physical factors on it is yet incomplete. For 
instance, magnetic field strength, voxel size, image resolu-
tion, surrounding noise and slice thickness are factors that 
complicate the interpretation of acquired data. 

In this paper we provide a view to the effect of MRI slice 
thickness in detection of MS lesions by means of texture 
analysis and the separability of different structures in gen-
eral. While many factors, such as signal to noise ratio and 
movement artefacts have an influence on the interpretation, 
we tried to minimize them by averaging the intensities of 
three consecutive 1 mm slices manually to a new slice, thus 
essentially expressing a 3 mm slice of the original subject. 
Actually, thicker slices should filter noise from the images, 
but correspondingly some information may be wasted. 

B. Earlier Studies 

Herlidou-Meme et al. [1] performed texture analysis in 
three different 1.5 T MRI units on T1 and T2 weighted 
images with slice thicknesses 2.5, 5 and 7.5 mm. They stud-
ied histologically confirmed intracranial tumors, normal 
brain areas and three classes of foam and gel test objects of 
0.72-3.70 mm size. According to their findings, classifica-
tion error was higher for small scale objects, ranging from 
10 % for coarse foam to 40 % for gel. They did not find 
slice thickness significant, as the number of well classified 
ROIs was independent on it. Results between different im-
aging systems were relatively similar. 

Jirak, Dezortova and Hajek [2] studied polystyrene 
spheres of various diameters, ranging from 0.8 to 2.0 mm, 
as well as agar solution, to investigate texture analysis pro-
cedures on MR images. They found Fisher coefficient and 
probability of error with average correlation coefficient 
(POE+ACC) techniques very sensitive to deviations in 
inter-pixel relationships, noise and non-homogeneity. Clas-
sification accuracy of objects with different spheres ranged 
from 0 to 10 %. High resolution was essential for the texture 
analysis. Jirak et al. also performed a multicenter study in 
which five MRI systems were used [3]. Objects were sepa-
rated more accurately automatically than manually. Average 
error was increased if data was combined from all imagers. 
Classification error was higher than in [2], possibly because 
texture parameters selection was based on one MRI system. 
One reason for poor separation was insufficient resolution. 

A study by Schad and Lundervold [4] showed that the 
best discriminating features of different textures depend on 
signal to noise ratio (SNR) and spatial resolution as well as 
voxel size compared to natural properties of the imaged 
regions. A few texture parameters gave consistent results 
with studied SNR levels and voxel sizes, but usually there is 
a relationship between voxel size and texture parameters. 

Materka et al. [5] studied 1.5 T MR phantom images of 
foam filled tubes with different fields of view (100 mm * 
100 mm and 200 mm * 200 mm) and constant number of 
image pixels (256 * 256) to find the effect of Gaussian 
noise and slice thickness (2 mm and 4 mm) on Fisher coef-
ficient. Four texture classes were used with five samples of 
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each. Only a few texture parameters with meaningful Fisher 
coefficient values were discovered. Number of useful pa-
rameters significantly depended on image normalization as 
some texture parameters showed high correlation with mean 
and variance. Fisher coefficient decreased as a function of 
noise and slice thickness. 

Guggenbuhl et al. [6] investigated the effect of slice 
thickness on texture parameters in CT bone images. They 
found that slice thickness has a significant influence on run-
length and co-occurrence parameters. 

Zhang et al. [7] studied the classification accuracy of tex-
ture analysis applied to MS lesions, normal appearing white 
matter (NAWM) and normal white matter (NWM). Their 
result was that classification was more or less perfect be-
tween MS lesions and NAWM, less successful among three 
tissue types and quite poor between NAWM and NWM. 
They compared co-occurrence parameters to a combination 
of texture features and found that the combined set was 
better at discrimination lesions and NWM, but worse to 
discriminate NAWM and NWM. 

Loizou et al. [8] reported of quantitative analysis of white 
matter MS lesions. Significant differences between texture 
features extracted from normal tissue and lesions were 
found, as well as for a set of features when lesions were 
compared over time. Theocharakis et al. [9] used a neural 
network to discriminate MS and cerebral microangiopathy 
(CM). Wang et al. [10] performed texture analysis on 
NAWM in T2 weighted MR images including MS lesions. 
They found some variation of texture parameter values as a 
function of distance from signal focus. 

II. MATERIALS AND METHODS 

In this study we investigate the effect of slice thickness 
on the results of texture analysis on neurological MR im-
ages. We studied 23 clinically diagnosed MS patients (13 
females and 10 males, age range from 18 to 60 years) at two 
imaging levels, imaged by T1-weighted MPR sequence 
(denoted by S1) and T1-weighted MPR sequence with an 
intra-venous contrast agent Gadoterate meglumine 
(Gd.DODA) (Dotarem 10ml) (denoted by S2). 

For each image we calculated 292 texture parameter val-
ues, including several co-occurrence matrix, run-length, 
wavelet and autoregressive model parameters by MaZda, a 
tool created by a European COST project. [11] The parame-
ters were also calculated for manually created 3 mm slices, 
acquired by intensity averaging of three sequential slices. 
Four ROIs were drawn in each image: normal appearing 
white matter (N), white matter beside an MS plaque (W), a 
manually drawn irregular ROI over an MS plaque (MSi) 
and a constant rectangular ROI over an MS plaque (MSr). 

We made no assumptions of data distribution and used 
Wilcoxon’s signed rank test to calculate a statistical meas-
ure for texture parameters to find differences between ROIs. 
Resulted p-values smaller than 0.05 were considered statis-
tically significant, and the proportion of significant p-values 
among all was used as a separability measure. 

III. RESULTS 

Wilcoxon’s signed rank test was applied on texture pa-
rameters calculated by image sequences S1 and S2 as well 
as slice thicknesses 1 mm and 3 mm. Each given separabil-
ity measure is the percentage value of statistically signifi-
cant parameters, when two ROIs are compared pairwisely. 

In Table 1 and Table 2, cases “1 mm limited” and ”1 mm 
all” refer to 1 mm slices, cases “3 mm limited” and “3 mm 
all” to simulated 3 mm slices. Additionally, cases “1 mm 
limited” and “3 mm limited” refer to a chosen subset of 
texture parameters defined by Fisher and POE+ACC meth-
ods in 1 mm cases, cases “1 mm all” and “3 mm all” to 292 
parameters given by MaZda. The size of the chosen texture 
parameter subset varies from 55 (sequence S2) to 63 (S1). 
We will refer to the MaZda parameter subset for sequence 
S1 as M1 and to the subset for sequence S2 as M2. 

Table 1 Proportion of statistically meaningful parameters for sequence S1 

ROIs 1 mm 
limited 1 mm all 3 mm 

limited 3 mm all 

N vs. W 5 6 3 3 
N vs. MSi 98 75 94 76 
N vs. MSr 92 63 89 62 
W vs. MSi 98 76 94 72 
W vs. MSr 90 59 87 58 
MSi vs. MSr 62 62 63 59 
Avg. 74 57 72 55 

Table 2 Proportion of statistically meaningful parameters for sequence S2 

ROIs 1 mm 
limited 1 mm all 3 mm 

limited 3 mm all 

N vs. W 10 8 9 7 
N vs. MSi 95 76 90 76 
N vs. MSr 87 57 95 66 
W vs. MSi 95 77 86 76 
W vs. MSr 89 59 85 66 
MSi vs. MSr 72 64 72 63 
Avg. 75 57 73 59 

Texture parameters shown in Table 3 give the highest 
proportion of statistically significant p-values averaged over 
both sequences and slice thicknesses. We will refer to this 
parameter set chosen by Wilcoxon’s signed rank test as A. 
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Table 3 Proportion of statistically significant p-values of the most separa-
ble parameters averaged over sequences and slice thicknesses (A) 

Parameter name Proportion (%) 
Perc.90% 88 
S(2,2)Entropy 88 
S(3,3)AngScMom 88 (M2) 
Perc.50% 85 
S(1,0)SumEntrp 85 (M1, M2) 
S(0,1)AngScMom 85 
S(0,1)SumEntrp 85 (M1, M2) 
S(0,1)Entropy 85 
S(1,1)AngScMom 85 
S(1,1)Entropy 85 
S(1,-1)SumEntrp 85 (M1, M2) 
S(0,2)Entropy 85 
S(0,2)DifEntrp 85 
S(2,2)AngScMom 85 
S(2,2)SumEntrp 85 (M1, M2) 
S(3,0)Entropy 85 
S(3,0)DifEntrp 85 
S(0,3)AngScMom 85 
S(3,3)Entropy 85 
S(4,0)DifEntrp 85 
S(0,4)SumEntrp 85 
S(5,0)SumEntrp 85 
S(0,5)DifEntrp 85 

The most separable texture parameters for sequences S1 
and S2 with 1 mm and 3 mm slice thicknesses are shown in 
Table 4 (S1/1 mm), Table 5 (S2/1 mm), Table 6 (S1/3 mm) 
and Table 7 (S2/3 mm). These sets based on Wilcoxon’s 
signed rank test will be referred as B1, B2, C1 and C2. 

Table 4 Proportion  of statistically significant p-values of the best parame-
ters for sequence S1 and 1 mm slice thickness (B1) 

Parameter name Proportion (%) 
Perc.01% 92 
Perc.99% 92 
S(0,1)AngScMom 92 
S(0,1)Entropy 92 
S(0,2)Entropy 92 
S(2,2)AngScMom 92 
S(2,2)Entropy 92 
S(3,3)AngScMom 92 (M2) 
S(5,0)AngScMom 92 (M1, M2) 
S(5,0)Entropy 92 
Vertl_GLevNonU 92 (M1, M2) 
45dgr_GLevNonU 92 (M1, M2) 
135dgr_GLevNonU 92 (M1, M2) 

Table 5 Proportion  of statistically significant p-values of the most separa-
ble parameters for sequence S2 and 1 mm slice thickness (B2) 

Parameter name Proportion (%) 
Mean 92 
Perc.99% 92 
S(1,0)SumEntrp 92 (M1, M2) 
S(1,0)DifEntrp 92 (M1) 
S(0,1)SumEntrp 92 (M1, M2) 
S(1,1)AngScMom 92 
S(1,1)Entropy 92 
S(1,-1)SumEntrp 92 (M1, M2) 
S(2,2)SumEntrp 92 (M1, M2) 
S(2,2)Entropy 92 
S(3,0)Entropy 92 
S(0,4)SumEntrp 92 
Horzl_GLevNonU 92 (M2) 
Vertl_GLevNonU 92 (M1, M2) 
135dr_GLevNonU 92 (M1, M2) 

Table 6 Proportion  of statistically significant p-values of the most separa-
ble parameters for sequence S1 and 3 mm slice thickness (C1) 

Parameter name Proportion (%) 
Perc.90% 92 
S(0,2)DifEntrp 92 
S(4,0)DifEntrp 92 

Table 7 Proportion of statistically significant p-values of the most separa-
ble parameters for sequence S2 and 3 mm slice thickness (C2) 

Parameter name Proportion (%) 
Mean 92 
Perc.50% 92 
Perc.90% 92 
S(3,0)DifEntrp 92 
S(0,5)DifEntrp 92 
S(0,3)AngScMom 92 
S(3,3)AngScMom 92 (M2) 
S(3,3)Entropy 92 
S(5,0)SumEntrp 92 

IV. DISCUSSION 

Texture parameters calculated for N and W have the 
lowest separability. Proportion of statistically significant is 
only 3-6 % with S1 (Table 1) and 7-10 % with S2 (Table 2). 

When S1 is considered, statistically the most different 
ROIs are N compared to MSi (75-98 % of p-values statisti-
cally significant), W to MSi (72-98 %), N to MSr (62-92 
%), W to MSr (58-90 %) and MSi to MSr (59-63 %). When 
S2 is used, N and MSi are again the most separable ROIs 
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(76-95 %), followed by W and MSi (76-95 %), N and MSr 
(57-95 %), W and MSr (59-89 %), MSi and MSr (63-72 %). 

The proportion of statistically significant p-values is in 
average roughly 17 % units higher for the chosen subset of 
parameters (72-74 %) than for the whole MaZda set (55-57 
%) with S1 and 14-18 % units higher with S2 (73-75 % vs. 
57-59 %). Average difference in separability between S1 
and S2 is small, ranging from 0 to 4 % units, being highest 
for the set of all parameters calculated for 3 mm slices. 

Classification difference between 1 mm and 3 mm cases 
is generally only 2 % units (“1 mm limited” vs. “3 mm 
limited”, “1 mm all” vs. “3 mm all” in Table 1 and Table 2). 
For S2, average separability for all parameters is better in 3 
mm case. Otherwise 1 mm slices are a bit more separable. 

Wilcoxon’s test often leads to a parameter selection dif-
ferent from MaZda. (See Table 3-Table 7 for the most sepa-
rable parameters.) Only four parameters are common to A, 
M1 and M2. One reason to this difference may be that 
MaZda classifies tissues by sets, not individual parameters. 

If we consider the effect of individual imaging sequences 
more closely, we see that all parameters in A have suffi-
ciently high separability in S1 and S2. So sequence selec-
tion seems to have a small effect on parameter separability 
if statistical significance is averaged over slice thicknesses. 

Sets B1 and C1 do not have common parameters, B2 and 
C2 only one, suggesting that slice thickness has at least 
some effect on the ROI separability with a fixed imaging 
sequence. Six of 13 parameters in B1 belong to A, other 
three to M1. Parameters in C1 are members of A, but not of 
M1. Eight of 15 parameters in B2 belong to A and seven to 
M2. Eight of nine parameters in C2 are in A, but only one in 
M2. An interesting result is that parameters chosen for one 
sequence and one slice thickness are usually highly separa-
ble with both thicknesses and quite often even with another 
sequence, but often different from parameters in M1 or M2. 

V. CONCLUSIONS 

We have proposed a method in which thick slices are 
synthesized by summing the consecutive slices. Obviously 
all tissue properties are not preserved in the averaging. 
However, an advantage of this simple method is that no 
other imaging parameters or external disorders lie hidden 
behind the variation of classification results, and any differ-
ence can be interpreted as an effect of simulated thick slices. 

Brain tissue is not axially symmetrical, which is chal-
lenging in respect to slice averaging. In case of several 
bones, muscles, or internal organs the difference between 
consecutive slices would probably be smaller. The effect of 
slice thickness was relatively small in texture analysis of 
MS lesions, and may partly result from use of original slices 

to choose the texture analysis parameters. Replacing origi-
nal slices with thicker ones did not significantly remove 
textures. The image quality improvement was compensated 
with the voxel dimension increase. Although our findings 
are aligned with earlier studies, this area definitely needs 
further clarification and preferably a detailed explanation. 

ACKNOWLEDGMENTS 

South Savo Regional Fund of Finnish Cultural Founda-
tion has supported this research. 

REFERENCES 

1. Herlidou-Meme S, Constans J M, Carsin B et al. (2003) MRI Texture 
Analysis on Texture Test Objects, Normal Brain and Intracranial Tu-
mors. Magn Reson Imag 21:989-993 

2. Jirak D, Dezortova M, Hajek M. (2006) Phantoms for Texture Analy-
sis of MR Images. In Hajek M, Dezortova M, Materka A and Lerski 
R (Eds.), Texture Analysis for Magnetic Resonance Imaging:115-127 
Med4 Publishing, Prague 

3. Jirak D, Dezortova M, Hajek M (2004) Phantoms for Texture Analy-
sis of MR Images. Long-term and Multi-center Study. Med Phys 
31:616-622 

4. Schad L R and Lundervold A (2006) Influence of Resolution and 
Signal to Noise Ration on MR Image Texture. In Hajek M, Dezortova 
M, Materka A and Lerski R (Eds.), Texture Analysis for Magnetic 
Resonance Imaging:129-149 Med4 Publishing, Prague 

5. Materka A, Strzelecki M, Lerski R et al. (1999) Feature Evaluation of 
Texture Test Objects for Magnetic Resonance Imaging. Infotech Oulu 
Workshop on Texture Analysis in Machine Vision, Oulu, Finland, 
1999 

6. Guggenbuhl P, Chappard D, Garreau M et al. (2008) Reproducibility 
of CT Based Bone Texture Parameters of Cancellous Calf Bone Sam-
ples: Influence of Slice Thickness. Eur J Radiol 67:514-520 

7. Zhang J, Tong L, Wang L et al. (2008) Texture Analysis of Multiple 
Sclerosis: a Comparative Study. Magn Reson Imag 26:1160-1166 

8. Loizou C P, Pattichis C S, Seimenis I et al. (2008) Quantative Analy-
sis of Brain White Matter Lesions in Multiple Sclerosis Subjects: Pre-
liminary Findings. Proceedings of the 5th International Conference on 
Information Technology and Application of Biomedicine, in conjunc-
tion with the 2nd International Symposium & Summer School on 
Biomedical and Health Engineering, Shenzhen, China, 2008 

9. Theocharakis P, Glotsos D, Kalatzis I et al. (2009) Pattern Recogni-
tion System for the Discrimination of Multiple Slerosis from Cerebral 
Microangiography Lesions Based on Texture Analysis of Magnetic 
Resonance Images. Magn Reson Imag 27:417-422 

10. Wang L, Tong L, Liu X et al. (2005) Study on Normal Appearing 
White Matter of Multiple Sclerosis by Texture Analysis and Model-
ing with MRI, Wang et al, Proceedings of the 2005 IEEE Interna-
tional Conference on Information Acquisition, Hong Kong and 
Macau, China, 2005 

11. MaZda at http://www.eletel.p.lodz.pl/mazda/ 
 

Author: S.J. Savio 
Institute: Tampere University of Technology / Faculty of Biomedical 

Engineering, Tampere, Finland 
Street:     Lammasmaentie 1 c 10   
City: FIN-33450 Siivikkala 
Country: Finland 
Email: sami.savio@tut.fi 



The Interactions between Arterial and Capillary Flow. Cellular Automaton 
Simulations of Qualitative Peculiarities 

G. Knyshov, Ye. Nastenko, V. Maksymenko, O. Kravchuk, and Yu. Shardukova 

National M. Amosov Institute of Cardio-Vascular Surgery,  
Dept. of Computer Sciences and Computational Physiology 

National Technical University of Ukraine “KPI”, Kyiv, Ukraine  
Faculty of Biomedical Engineering   

 amosov_institute@mail.ru, nastenko@yahoo.com 

Abstract––The circulatory processes in capillary network, 
simulated with cellular automata, demonstrate very complex 
behavior. Some processes were very similar to blood 
movement in arterial vessels. The four types of interactions 
between muscular arteries and capillary network were 
obtained by simulation. Results were compared with 
simulation of ciliary arrhythmia obtained from real patient 
data. It was shown that even at such complicate conditions the 
capillary flow is able to synchronize with arterial flow. 

Cardiovascular system (CVS) can be considering as 
interaction of combination continual (arterial flow) and 
discrete (capillary flow) mechanisms [1-3], which are 
studied insufficiently on present moment.  

The relative regulatory autonomy of peripheral 
circulatory system can be simulated in more simple way 
with use of cellular automata models.  

The aim of study. To simulate the interactions between 
arterial and capillary blood flow and compare the results 
with real human data. 

 

Fig. 1 Scheme of capillary network cellular automaton. 

Capillary Network Cellular Automaton 

First step presupposed the development of Cellular 
Automaton (CA) for simulation of discrete work of 
capillaries [4,5]. 

The aim of this step was to obtain as wide range of types 
of capillary flow and tissue oxygen saturation as possible. 

The scheme of CA is presented on fig.1.  
Sympathetic nervous system always closes capillaries, 

which are surrounded by the “replete” cells [1,6]. 
Sympathetic vasoconstriction is blocking when 
concentration of metabolites around capillary is too high 
and capillary is opening. Capillary closes when metabolites 
are removed and vasoconstriction is restored (fig. 1). 

 
Fig. 2 The general view of cellular automaton 

It was stated stated the following set of rules of CA [4]:  
CA is closed matrix of cells. Its bottom side is connected 

to top one, and left side is connected to right one (torus). 
There are two types of cells (fig.2): capillary cells (CC) 

which bring the arterial blood and oxygen to tissues and 
tissue (dissipative) cells (TC), which consume the oxygen. 

The capillary cells (CC) open if average potential of 
neighboring cells is lower than certain ”opening” threshold 
and closes if potential of neighboring cells is higher than 
”closing” threshold. 

Tissue cells (TC) simulates tissues diffusion and 
consumption of oxygen. 

On every iteration, the charge of four neighboring TC is 
averaged: 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 
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zavr = (z1 + z2 + z3 + z4)/4   z1 = z2 = z3 = z4 ; (1) 

where: zi - cell’s charge (tissue oxygen saturation). 
Every TC loses some charge (Ds) on certain iterations 

(i): 
z  zi = z - Ds;    (2) 

where: z - cell’s charge; Ds>0 - value of dissipation. 
Despite of evident simplicity of stated rules CA 

demonstrated very complex behavior [7] and multiple forms 
of capillary flow oscillations, fig.3. Some capillary flow 
characteristics were very similar to characteristics of arterial 
flow. 
 

 
               a          b 

Fig. 3 Variations of (a) capillary flow and (b) tissue oxygen consumption 
(in conditional units) 

It is the reason to suppose that capillary network CA 
demonstrates the behavior of automaton of class 4, fig 3. 

The high flexibility allowed hypothesizing the possibility 
of different types of arterial and capillary flow interactions. 

On second step, we study the types of arterial flow and 
capillary flow interactions.  

Thanking to use of cellular automata approach the 
additional basic rule was very simple.  

Current level of systemic flow determines the quantity of 
capillaries, which can work simultaneously in this moment.  

However, cellular automaton opens as much capillaries, 
as necessary to satisfy the oxygen debt, but not more than 
permitted.  

 

The four types of interactions between systemic and 
capillary flow were found, fig.4: 

a – steady state, low metabolic activity, capillary and 
systemic flows are not synchronized; 
b – normal arterial flow – capillary and systemic 
flow are synchronized; 
c – essentially increased arterial flow (for example, 
stress regulation) – the groups of capillaries open and 
close before the end of systole that may cause the 
hydrodynamic overload from the increase of local 
vascular resistance and can damage of endothelium 
of micro vessels; 
d – Essentially decreased arterial flow, tissue 
hypoxia: some capillaries do not close at the end of 
systole from the high concentration of vasodilatory 
metabolites that cause the decrease of diastolic 
arterial pressure.  
 

 
Fig. 4 Types of arterial (AF) and capillary (CF) flow interactions; 
oscillations of tissue oxygen consumption (TOC). Simulations with cellular 
automaton 

The experimental data, presented in [8] argued for 
presupposition about the peripheral and systemic flow interactions. 
The caused by heart contraction oscillations of blood flow in 
arterioles and venulaes obtained from experimental data are 
presented in this work.   

Fig. 5 Real Patient data for simulation of situation of ciliary arrhythmia 
(Electropcardiogram – ECG and carrotid shygmogram - CSphG) 
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On the fourth step, we used the real patient data with 
ciliary arrhythmia, fig.5. The systemic flow supposed to be 
approximately proportional to blood pressure oscillations. 
Then we used the CA rules pointed on previous step. 

 
 

 
Fig. 6 Synchronization of arterial and capillary flow from simulations,  
based on real patient data with ciliary arrhythmia. TOC – tissue oxygen 
consumption; AF – arterial;  CF - capillary  blood flow 

In this case at essential variation of heart rhythm and 
cardiac output at certain level of tissue metabolic activity 
the synchronization of arterial and capillary flow was 
possible, fig. 6.  

The capillary flow changes synchronously with arterial.             
The situations of insufficient and surplus blood flow were 
similar to presented on fig. 4 a,d because we did not present 
them on separate figure. 

It should be noted that during simulations the parameters 
of model changed in acceptable range that allow building 
the simulations with quantitative characteristics of human 
organism. 

I. CONCLUSIONS 

Presented simulations allow to suppose that capillary 
system functioning can be synchronized with oscillations of 
arterial flow.  

Different types of such interactions obtained from 
modeling can the base for planning of experimental 
investigations as well as for quantitative simulations of 
organism behavior in such projects as Physiome or similar.      
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Abstract— Invasive high-density mapping of atrial 
fibrillation (AF) has revealed different patterns of atrial 
activation ranging from single wavefronts to disorganized 
activation with multiple simultaneous wavefronts. Whether or 
not similar activation patterns can also be observed using body 
surface recordings is currently unknown, and was 
consequently evaluated in this study. 

Surface electrocardiographic mapping was performed in 14 
patients with persistent AF. A total of fifty six 
electrocardiographic leads were placed on the chest over the 
atria on the front (n=40) and on the back (n=16). Isochrone 
maps reflecting wavefront propagation were automatically 
computed and visually classified as either type I (single 
wavefront), II (single wavefront with wave breakages and 
splitting) or III (multiple simultaneous wavefronts). Almost 
half of the patients (N=6) presented most predominantly type 
III atrial activation while 6 patients mostly presented type I 
activation. The rest of the patients (N=2) presented mixed type 
I and type III activations. All observed non invasive patterns 
were consistent with the invasive patterns previously described 
by Konings. 

Keywords— Atrial fibrillation, Body Surface Potential 
Mapping, wavefront propagation. 

I. INTRODUCTION  

Non-invasive characterization of atrial fibrillation (AF) 
from the surface electrocardiogram (ECG) has experienced 
a great advance in the last decade [1]. Different methods 
have been proposed to extract and analyze the atrial 
fibrillatory wave, as well as to determine some useful 
information from the sequence of the apparent unorganized 
ventricular rate. These both approaches have already shown 
their potential and utility in clinical applications and 
monitoring the effects of AF treatment [2]. Actually, the 
main goal of non-invasive analysis of AF is to obtain as 
much information as possible without the need of 
electrograms (EGMs) or other invasive methods.  

However, there are still many aspects that remain 
unsolved, which could be only observed by means of 
invasive techniques. One of them is related to the 
observations of Konings, which classified AF into Type I, 
Type II and Type III according to different activation 
patterns obtained from high density epicardial maps [3]. 
Actually, this classification is barely (if sometimes) taken 

into account in clinical routine, since it requires a highly 
invasive procedure, but the questions are (1) if an equivalent 
information could be obtained from the body surface and 
(2) if this information could be useful for selective AF 
treatment.  

This contribution shows an attempt to address the first of 
these points and aims to show signs that trigger interest in 
further research and development of this novel non-invasive 
approach. 

II. METHODS 

A. Acquisition system 

The acquisition system consisted in 56 leads (40 chest 
leads and 16 back leads) in addition to the standard limb 
leads. A subjection system was designed in order to attach 
the leads according to the arrangement in fig. 1. The study 
included 14 consecutive patients with persistent AF. 

 

 
 

Fig. 1: Arrangement of the electrodes and subjection system.  

B. Signal processing 

In order to create surface maps of atrial activations, only 
TQ segments (i.e. free from ventricular activity) longer than 
350ms were considered in this study. In order to reduce 
baseline wandering and high frequency noise while 
preserving the atrial wave, each segment was bandpass 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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filtered between 3.3Hz and 20Hz. Any lead presenting 
noticeable noise level (typically a transient loss of contact in 
one electrode) was discarded and interpolated from its 
neighboring electrodes by cubic spline interpolation.  

C. Map display and wavefront propagation descriptors 

Once AF segments had been isolated and processed, 
maps for each time instant belonging to the each segment 
were constructed. For that purpose, potentials at each time 
instant were arranged in two matrices: one for the front 
(5x8) and one for the back (4x4). In order to obtain a 
smooth representation of the maps, finer matrices for the 
front (50x80) and the back (40x40) were created. Potentials 
for unknown positions were interpolated by cubic spline 
interpolation. 

From all potential matrices included in the segment under 
analysis, a unique isochrone map was obtained, which 
reflects the propagation of the atrial wavefronts. In order to 
extract this map, we set as a reference the time at which the 
signal crosses the zero level with a positive slope. A more 
comprehensive and detailed description can be found in [4]. 
The isochrone map summarizes the information contained 
in all potential maps and provides a visual representation of 
the wavefront propagation.  

Wavefront propagation maps were classified into three 
different groups according to the depolarization pattern 
observed. We used the same criteria and terminology for 
classification as that of Konings et al [3], although applied 
to surface recordings instead of electrograms. Type I 
includes those segments that present a single wavefront 
propagating across the body surface. Type II includes 
segments in which a single wavefront is observed, although 
it may suffer from blockage or splitting. Type III includes 
segments in which no clear wavefront can be observed or 
multiple wavefronts that do not propagate across the body 
surface can be observed simultaneously.  

 

III. RESULTS  

After analyzing all patients in the database it was 
concluded that almost half of the patients (N=6) presented 
most predominantly type III atrial activation, while 6 
patients mostly presented type I activation. The rest of the 
patients (N=2) presented mixed type I and type III 
activations. In this section the different patterns found will 
be illustrated from four representative segments. Two 
segments were selected from patient 3 with a difference in 
time of 2’39’’. One segment was selected from both patient 
5 and patient 6.  

As it can be observed in Fig. 2, in some cases similar 
signals can be found in any position on the body surface in 
terms of their amplitude, rate and number of deflections 
(Fig. 2.1). In other cases, there is no clear relationship 
between the signals observed in different sites on the body 
surface (see Fig. 2.2-2.4).   

Maps were generated for all the segments and visually 
inspected. Single or multiple simultaneous wavefronts, 
wave breakages and disorganized electrical activity could be 
observed. Figure 3 shows some selected wavefront 
propagation maps in which some representative wavefront 
patterns can be observed. In panel 1a, a succession of 
wavefronts from patient 3 is observed. A single wavefront 
can be observed in both panels 1a and 1b. In panel 1a, 

Fig. 2. Atrial signal at each recorded site 
corresponding to four selected AF segments. Signals 
from V1 and V1post are marked by a box. Additionally, 
rotational centre derived from figure 3.2 is marked by a 
dashed rectangle in panel 2. 
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wavefronts are mostly parallel to each other, with activation 
starting in the back (this would change if a different time 
lag was selected) and spreading towards the front. Panel 1b 
shows the next succession of wavefronts. The direction of 
propagation in panel 1b of the second wavefront is similar 
to panel 1a with slight differences. Panel 2 shows a segment 
covering at least one cycle length of the fibrillatory waves, 

which has been divided into two consecutive intervals 
displayed in panels 2a and 2b. As can be observed in panel 
2a, the wavefront exhibits a rotation around 270º. In panel 
2b, the wavefront propagation completes the 360º circle and 
starts a new cycle.  

Panel 3 shows two consecutive depolarization waves 
from patient 5. Depolarization wave shown in panel 3a is 

Fig. 3: Wavefront propagation maps of the four selected AF segments from Figure 4. On the left, tracings corresponding to V1 for the segments 
chosen. Panels a and b correspond to wavefront propagation maps of two intervals of the same segment in a color scale. The segments represented in 
panels a and b are denoted by heavier lines in the tracings. On the left in each panel, maps corresponding to the front part of the thorax. On the right, 
maps corresponding to the back. Each electrode position is labelled with a ‘+’ sign. V1 is represented by a circle. Wavefront propagation lines are 
drawn every 2 ms. According to the color scale, wavefronts appearing first are drawn in blue, while wavefronts appearing last are drawn in red. 
Notice that the color scale is different in each figure according to the length of the interval selected. Arrows indicate the direction of propagation of 
each wavefront. 
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first shown in the leftmost part on bottom of the grid and 
spreads towards the centre and top until it gets blocked. A 
second depolarization wave starts in the uppermost part on 
the right of the grid and propagates towards the bottom and 
the left until it gets blocked in roughly the same position 
where the previous wave arrived (see panel 3b). It can be 
observed that one wavefront is blocked by the previous 
propagation contributing to a chaotic propagation. 

Panels 4a and 4b show depolarization waves in patient 6. 
Multiple waves arise at the front part at the same time, 
propagate, join or break in an uncoordinated fashion while a 
very coordinated pattern is observed in the back. There is no 
clear propagation pattern, and even consecutive segments 
vary to a great extent. 

Similarity among atrial fibrillatory signals observable on 
the body surface can be understood by analyzing the surface 
activation patterns that correspond to each segment. 

A very regular pattern can be observed in Fig. 2.1 which 
corresponds to a single wavefront propagating across the 
whole surface (see Fig. 3.1). In this case, all atrial 
fibrillatory signals are similar in terms of amplitude, rate, 
number of zero-crossings and wave deflections and study of 
a single lead (e.g. V1) may be representative of the 
electrical activity observed in the whole body surface. 

In Fig. 3.2 a rotating wavefront is depicted. In this case, a 
fairly regular pattern can be appreciated in most leads in 
Fig. 2.2, except for the locations close to the rotation axis 
(e.g. for the lead highlighted in a dashed line). As observed, 
the leads around the rotation axis present lower amplitude 
and more deflections.   

A similar observation can be extracted from Fig. 2.3, 
where a regular pattern of the atrial fibrillatory wave is 
observed both in the upper right and bottom left corners, 
corresponding to activations propagating across these sites. 
On the contrary, sites close to diagonal where the blockage 
of the wavefront propagation occurs (see Fig. 3.3) show 
different morphology and frequency. Lead V1 stands among 
the leads belonging to this area, which differ in amplitude, 
number of deflections or rate from signals recorded from 
other parts of the body. 

Finally, in Fig. 2.4, the morphology of fibrillatory waves 
is different in every area of the body surface, except for the 
back, where the pattern is more regular. Wavefront 
propagation maps confirm a very irregular pattern, with 
multiple simultaneous wavefronts on the front part of the 
torso.  

IV. DISCUSSION AND CONCLUSION 

Our observations are consistent with the circuits 
observed in invasive studies or optical mapping experiments 

in which rotors, spiral waves, wave splitting and wave 
breaking have been observed. Despite the smoothing effect 
of the body organs plus the addition of noise, AF signals 
recorded on the body surface allow the construction of 
wavefront propagation maps in which either a rotating 
wavefront, or multiple wavefronts can be observed. 

Three different waveform propagation patterns could be 
identified similar to those observed by Konings, related to 
different degrees of complexity in atrial electrical 
activation. Although we do not claim that non invasive AF 
types defined in this contribution always correspond to their 
analogous invasive type (since it would require an 
exhaustive validation), there is some evidence that similar 
patterns could be extracted from the body surface. Apart 
from illustrative purposes, identification of the type of 
fibrillation may be useful for quantifying the degree of 
organization of AF in each patient. The presented approach 
could help to obtain similar information in a non-invasive 
manner and thus reducing risks and costs. 
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Abstract— Treatment of intracranial aneurysms by means of 

hemodynamic modification with the use of novel stent designs is 

burgeoning area of research. Despite promising results with 

recently approved implants there is no reliable method to predict 

long term success of this technique yet. We used Laser Doppler 

anemometry (LDA) to evaluate the influence of different stent 

designs on intra-aneurismal flow in a pulsatile aneurysm model. 

The effective reduction of flow was shown to be negligible with 

standard self expanding stents and depended on both the stent 

design and appropriate positioning of dedicated flow diverters. Our 

results show that Laser Doppler anemometry is a feasible method 

to quantify intra-aneurismal flow and flow reduction efficacy of 

stents in vitro.  

 

Key words— aneurysm, laser Doppler anemometry, stent, flow 

diversion, endovascular. 

 
I. INTRODUCTION 

 

Endovascular coil occlusion of intracranial aneurysms is 

a well-established technique. However, some aneurysms 

such as wide-necked and fusiform types have been rendered 

untreatable by endovascular means before the advent of 

dedicated stent systems and still remain a challenge for 

interventional neuroradiologists to date. Placement of a 

stent across the aneurysm neck may not only allow for 

subsequent coil occlusion but may also induce intra-

aneurismal flow reduction, and thus induce aneurysm 

thrombosis and vessel wall remodeling. Clinical results of 

stent-placement in wide-necked aneurysms without 

subsequent coil occlusion are promising [1, 2]. Yet, there is 

no quantitative method to predict long term results of this 

technique. We have used laser Doppler anemometry (LDA) 

to visualize intra-aneurismal flow in an in vitro model of a 

cerebral side-wand aneurysm.  

 

 

II. MATERIALS AND METHODS 

 

A. Models and fluids 
 

All measurements were obtained with the use of a side-

wall aneurysm model. The diameter of the parent vessel and 

the aneurysm neck were 4mm. The aneurysm itself was a 

maximum of 4 x 8mm in the dome. The model was created 

as described by Liepsch et al. [3]. The perfusion fluid was a 

transparent glycerol-water solution that exhibits a 

Newtonian flow behavior and displays the same refraction 

index as the silicon of the model. 

 
B. Experimental setup 

 

A physiologic, pulsatile flow was created with a 

circulatory experimental setup as shown in Fig. 1. The fluid 

is transferred into an elevated reservoir by a pressurized air 

recycling system and kept in an overflow container. This 

assures a constant inflow pressure in the model. A straight 

1.5m tube is applied to ensure laminar flow at the site of 

measurement. The addition of regulation flow tanks that can 

be raised or lowered allows for adjustments of the flow rate 

in the model. Volume flow in the model was set to 15 

l/hour. In order to obtain a physiologic pulsatile flow a heart  

pump was used to superimpose a volume controlled pulse 

on the steady flow. Thus, a range of various pulse 

waveforms and flow situations could be simulated. The 

compliance of a human aorta was adapted by an air chamber 

installed in front of the pump. The physiologic flow in a 

human middle cerebral artery (MCA) was simulated with a 

mean flow setting of 1.00m/sec. Inductive pressure 

transducers were used shortly up- and downstream of the 

aneurysm model. A systolic pressure of 140 mmHg and a 

diastolic pressure of 80 mmHg were used. 

 

. 
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Fig. 1: experimental setup. 

 
C. Measurements 
 

The flow velocity was measured with a 1-component  laser 

Doppler anemometer system (BBC Goerz. Spectraphysics, 

Munich, Germany) equipped with a 5 mW helium-neon-

laser with a wavelength of 632.8 nm. With our optics a flow 

velocity of 1m/s corresponded to a Doppler frequency shift 

of 908 KHz. Velocity components parallel to the parent 

vessel (x-axis) and perpendicular to it -pointing towards the 

aneurysm dome- (z-axis) were recorded. The center of the 

aneurysm neck was defined as x=0. All measurements were 

performed in three yz-planes (x=0, x=-2.5, x=2.5mm) and 

one xz-plane in the center of the aneurysm.  

 
D. Stents 
 

A Solitaire Stent (ev3, USA), a Silk stent (Balt, 

Montmorency, France) and a phenox Flow Diverter 

(Phenox, Bochum, Germany) were deployed over the neck 

of the aneurysm as shown in Fig. 2. 

 

 
 

 

Fig. 2: a. Soltaire stent. b. Silk stent c. flow diverter, deployed in the parent 

vessel covering the aneurysm neck, respectively.  

 
III. RESULTS 

 

Intra-aneurismal flow velocities were measured at 

defined spatial points at the maximum of the systolic 

pressure wave recorded in the parent vessel. Measurement 

in the tube, before and after the aneurysm did not show a 

significant change induced by the different stents.  

The flow in our aneurysm model followed a pattern that 

is generally accepted in sidewall aneurysms and has been 

reported in previous studies [4, 5]. It is characterized by 

three distinct zones:  

- an inflow at the distal side of the aneurysm neck, 

causing the highest wall shear stress 

(Vmax=0.08m/s) 

- an outflow at the proximal side of the neck 

(Vmax=0.024m/s) 

- a central vortex with low velocities (Vmax 

0.009m/s). 

Vmax is the scalar value of the velocity vector calculated 

from the two measured flow components (in alignment with 

the parent vessel and with a 90° offset) at single points in 

the aneurysm model considering the flow direction.  

Application of a Solitaire stent resulted in a maximum 

reduction of intra-aneurismal flow velocities of 67.59% at 

the inflow zone, 9.65% in the dome and 37.94% at the 

outflow zone when compared to the native model. 

The Silk stent led to a 58.15% flow reduction in the 

inflow zone. The biggest effects were seen in the aneurysm 

dome (89.06%), and in the outflow zone (90.06%). 

Implantation of the phenox flow diverter reduced the inflow 

in the aneurysm by 96.76%. The velocities in the aneurysm 

dome and in the outflow-zone were decreased by 90% and 

90.91%, respectively. 

Intra-aneurismal flow parallel to the parent vessel is 

graphically displayed for the Silk stent and the phenox flow 

diverter in comparison to the unstented model in Fig. 3. 

 
 

Fig. 3: Planar diplay of flow reduction along the direction of the parent 

vessel induced by a phenox flow diverter and a Silk stent in comparison to 

the unstented model (right to left).   

 
Fig. 4 gives a vector overview of the velocities for all 

stents, considering both the flow components in, and 

upwards to the flow direction in the parent vessel. 
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Fig. 3: Velocities in the aneurysm model without a stent, and after implantation of the Solitaire, Silk and phenox flow diverter shown as vectors considering 

the flow direction in and upwards to the stream in the parent vessel. 

 
IV. DISCUSSION 

 

The growth and rupture of cerebral aneurysms is 

intrinsically related to the hemodynamics prevailing in the 

diseased area. Therefore, a better understanding of intra-

aneurismal hemodynamics is essential for developing 

effective treatment methods. 

The idea of flow diversion comprises a reduction of 

intra-aneurismal flow with subsequent formation of a stable 

thrombus by stents in the aneurysm-harboring artery. 

Thereby, the design of dedicated stent systems must fulfill 

two contradictory requirements: the cells between the struts 

must be small enough to reduce inflow into the aneurysm, 

but wide enough not to obstruct the blood supply to 

perforating branches arising from the parent artery in the 

vicinity of the neck.  

The intention of this study was to show that laser 

Doppler anemometry is a feasible method for quantitative 

measurement of the flow reduction induced by stents in 

vitro. Our results show that even the wide-meshed stents 

such as the Solitaire, that was not designed for flow 

diversion, have some effect on the intra-aneurismal flow, 

especially in the inflow zone. The Silk stent and the phenox 

flow diverter are both particularly designed to decrease the 

inflow in the aneurysm and potentially induce the formation 

of a stable thrombus. Both of these stents have induced a 

considerable reduction of intra-aneurismal flow velocities in  

our experimental setup; the phenox flow diverter showed an 

even more impressive effect in the inflow zone than the Silk 

stent.  

The influence of stents on flow dynamics in
 
intracranial 

aneurysms has previously been studied and
 
described [6, 7]. 

Newer studies use computational simulation of intra-

aneurismal flow. Yet, the reproducibility of computational 

flow simulations has not been proven to date [8, 9, 10]. 

Laser Doppler anemometry does not disturb the flow and is 

not affected by temperature, pressure or fluid density. It 

offers a high spatial and temporal resolution and is therefore 

particularly suitable for small volumes as intracranial 

aneurysm.  

 
V. CONCLUSION 

 

LDA is a good method to examine intra-aneurismal 

hemodynamics and the influence of stents in vitro. 

Dedicated flow diverters such as the systems that have been 

investigated in this study have proven their superiority in 
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reduction of intra-aneurismal flow when compared to 

regular stent designs. These data might be applied to 

correlate with computational simulations in order to 

evaluate their reliability. Furthermore, our data may help in 

the personalized selection of an ideal stent design prior to 

treatment of complex aneurysms with flow diverters.  
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Abstract  Identification of complex fractionated atrial elec-
trograms (CFAEs) sites is crucial for the development of new 
AF ablation strategies. CFAE may represent the electrophysio-
logical substrate for atrial fibrillation (AF). Progress in signal 
processing algorithms is the key part of this task. Algorithm 
for automated description of atrial electrograms (A-EGMs) 
fractionation based on wavelet transform and several feature 
extraction methods and statistical pattern recognition was 
proposed and methodology of A-EGM processing was designed 
and tested. The algorithms for signal processing, description 
and classification were developed and validated using a repre-
sentative set of 1.5 s A-EGMs (n = 113) ranked by 3 indepen-
dent experts into 4 classes of fractionation: 1  organized atrial 
activity; 2  mild; 3  intermediate; 4  high degree of fractio-
nation. New feature extraction and classification algorithms 
used and tested here showed mean classification error over all 
classes ~ 8.3%, and classification error of highly fractionated 
A-EGMs of ~ 9%. Such fully automatic algorithms for A-
EGMs complexity description that do not need operator inte-
raction may be easily incorporated into mapping systems to 
assist and guide AF substrate ablation. 

Keywords  Atrial fibrillation, catheter ablation, complex 
fractionated atrial electrograms, wavelet trans-
form, classification. 

I. INTRODUCTION  

Current methods for automatic complexity assesment of 
endocardial atrial electrograms (A-EGMs), incorporated in 
current electroanatomical mapping systems, do often 
require initial settings of specific input parameters making 
them, at least to some extent, operator-dependent. Such 
methods are used to identify sites with complex fractionated 
electrograms (CFAEs) that play a role in maintenance of the 
atrial fibrilation (AF). We show the utilization of algorithms 
based on signal processing and statistical pattern 
recognition methods that enable to classify level of 
complexity of A-EGMs recorded during ablation of AF 
fully automatically. The approach is based on the idea that 
there are signal complexes [1] in every A-EGM signal, 
which are related to electrical activation of 

electropathological substrate during AF. These signal 
complexes, fractionated segments of A-EGM (FSs), can be 
found automatically and then used for several features 
extraction, which then serve as a basis for automatic 
evaluation of electrogram complexity. In this paper we 
show the method of evaluation of A-EGM signal 
complexity of A-EGMs recorded during AF using several 
preselected features of A-EGM based on the wavelet 
transform signal analysis followed by a classifier. 

 

II. METHODS 

A. Experimental dataset of A-EGMs
evaluation

Atrial bipolar electrograms were collected during left-atrial 
endocardial mapping using 4-mm irrigated-tip ablation 
catheter (NaviStar, Biosense-Webster) in 12 patients (9 

-EGMs 
acquired before the ablation procedure were band-pass 
filtered (30-400Hz) and sampled at frequency of 977Hz by 
CardioLab 7000 (Prucka Inc.). Discontinuous recordings 
from distal catheter bipole during left-atrial mapping 
outside the pulmonary veins and their tubular ostia (in order 
to treat only the signals from sites that are usually targeted 
during extrapulmonary substrate modification) were 
exported in digital format and reviewed by independent 
expert. The fragments with inadequate endocardial contact, 
relatively high signal-to-noise ratio or artifacts were 
excluded. Remaining parts of recordings were split into not 
necessarily contiguous 1500 ms segments with stable signal 
pattern. The A-EGMs very close to the mitral annulus were 
discarded to prevent the interference of relatively sharp 
ventricular signals with atrial signal analysis. This yielded 
approximately 250 segments with high-quality A-EGMs. 
This set of A-EGMs was further scrutinized. Finally, 
selection of 113 such segments represented wide spectrum 
of A-EGMs including those very organized, extremely 
fractionated, and all intermediate forms. 
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Although the degree of fractionation of the A-EGM signals 
in the experimental dataset was a continuous variable by 
nature, expert classification into categories was chosen for 
the purpose of our study. Three experts, who perform AF 
ablation procedures on regular basis, independently ranked 
raw A-EGMs into those 4 classes of fractionation (1 - 
organized activity; 2 - mild degree of fractionation; 3 - 
intermediate degree of fractionation; 4 - high degree of 
fractionation) according to the subjective perception of 
signals. This procedure was facilitated by the purpose-
written software for displaying A-EGMs in the same aspect 
ratio as on real-time screen during the left atrium mapping. 
This software also allowed experts scrolling through all A-
EGMs with the possibility to reorder them repetitively 
according to assigned classification until the final ranking 
was reached. No specific criteria for signal assessment (e.g. 
dominant frequency or percentage of continuous electrical 
activity) were given. The experts were asked to classify the 
A-EGMs by their subjective judgment according to how the 
ablation at particular site would be valuable for atrial 
debulking. They were only instructed to keep approximately 
equal percent occurrence for each A-EGM category. 

 

 

 
 

Fig. 1 Four complex fractionated electrograms are shown. These are repre-
sentatives of each ranking class of degree of fractionation ranked by ex-
perts. From the top to bottom: 1  organized atrial activity; 2  mild, 
3  intermediate; 4 - high degree of fractionation. 

B. A-EGMs processing, feature extraction and classification

A-EGM preprocessing algorithm described in [2] and [3] 
were used to filter and prepare signals for the phase of fea-
tures extraction. The algorithms for A-EGM feature extrac-
tion [3] facilitated the description of A-EGM complexity in 
a novel way. Based on the Automated Fractionated seg-
ments Search (AFS) preprocessing algorithm [2], the algo-
rithms automatically searched for areas of the A-EGM sig-
nal, where local electrical activity was found (FSs), also 
described by Raveli et al. as local activation waves (LAWs) 
[4]. Several features of A-EGM were then defined based on 
FSs description. Following features (measures of the A-
EGM) were derived from the characteristics of the automat-
ically observed FSs or LAWs and used in further steps of 
A-EGM complexity classification: 

1. Number of fractionated segments found by AFS in 
particular A-EGM signal in dataset. 

2. Minimum of Inflection Points in found FSs in a 
particular A-EGM signal. 

3. Maximum of Inflection Points in found FSs in a 
particular A-EGM signal. Arithmetical Mean value 
of Inflection Points added together in automatically 
found FSs.  

4. Sum of width of all FSs found in particular A-
EGM.  

5. Minimal width of found FSs in particular A-EGM 
signal.  

6. Maximal width of found FSs in particular A-EGM 
signal.  

7. Arithmetical Mean value of inter-segment distance 
of automatically found FSs.  

The signal processing and feature extraction algorithms 
were followed by a classifier. In this paper we use standard 
Nearest mean classifier. The setup of signal path of the 
method is shown in Figure 2. The dataset was split in 1:1 
fashion for 10x10 cross-validation experiments used for 
training and testing the classifier. 

Table 1  Unweighted classification error for one of the Nearest mean 
classifiers using described 7 features. 

 

Classes of fractionation  1 2 3 4 

Error (%)  0 0 14.3 9.1 

 

584 V. Křemen and L. Lhotská

IFMBE Proceedings Vol. 25



 

Fig. 2 A-EGM signal processing and evaluation path. 

III. RESULTS  

The mean classification error ~ 8.3 % after 10x10 cross-
validation across all classes was documented. The mean 
classification error across all classes obtained for the best 
performing Nearest mean classifier was achieved at ~ 5.9 
%. The classification errors of this classifier for individual 
classes of fractionation are shown in Table 1. The classifier 
was able to clearly discriminate classes 1 and 2 with 0% 
error, while classes 3 and 4 were more difficult to approach. 
That was the main outline of the whole experiment with the 
Nearest mean classifier. Almost all runs of the cross-
validation performed to 2 % error in classes of fractionation 
1 and 2.  

 

IV. CONCLUSIONS 

The results of cross-validation showed, that the robust and 
stable classification method of evaluation of A-EGM com-
plexity can be developed and used for further investigation 
in the real clinical experiments. While the current methods 
are focused on dominant frequency classification or evalua-
tion of electrogram fractionation, the above described 
method primarily eliminates segments of electrograms, 
where evidently no local electric activity is present and then 
further techniques extract several features from the signal 

and describe the complexity of electrogram based on auto-
matically found FSs. In conclusion, the proposed robust 
algorithm based on wavelet transform for automated and 
operator-independent assessment of A-EGMs fractionation 
can be used in real time to facilitate CFAEs identification 
and to guide AF substrate ablation. Because of the low 
computational costs it can be easily incorporated into real-
time mapping systems provided it will be first validated off-
line in larger and independent A-EGMs sample and com-
pared with currently available algorithms. By now, its clini-
cal value is unknown and warrants further investigation. 
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Abstract  A computer simulation technique based on 
individualised patient information is proposed for simulating 
pressure propagation characteristics of the systemic arterial 
tree.  The technique relates physical properties of the systemic 
arterial tree to the gender, age and height of individual 
patients and uses a mathematical model of pressure 
propagation in elastic arteries to relate pressure and flow 
waveforms at different locations along the arterial tree.  To 
verify that the technique is able to successfully model blood 
flow in the system, the model predictions are compared to 
invasive measurements of aortic blood pressure made during 
aortograms.  Results suggest that the technique is able to 
simulate pressure propagation in a highly successful manner 
with a correlation coefficient >0.95 and a total cumulative 
errors less than 2% when compared with invasive 
measurements.  Application of this technique in the diagnosis 
of different cardiovascular conditions is currently underway. 

Keywords  arterial pressure propagation, multiscale 
transmission line model, Monte-Carlo simulation, 
transfer function 

I. INTRODUCTION  

Pressure wave propagation in arteries has been studied in 
the past using lumped (0-D) parameter (e.g. Windkessel) 
models, 1-D and higher order models [1].  Multi-scale 
(coupled) models have also been receiving a lot of attention 
in the recent literature, wherein the peripheral arteries are 
represented either by 0-D models [2] or as fractal trees [3] 
and the system is implemented with impedance boundary 
conditions for the systemic arteries which are commonly 
modelled as 1-D tubes.  These models have also been 
applied to couple 3-D models (commonly used for disease 
simulation) with 1-D ones which act as boundary conditions 
in these cases [4]. 

Most previous simulations use the original Westerhof 
dataset of arterial properties [5] directly or with minor 
modifications thereof [6, 7].  An impedance boundary 
condition derived from either multi-scale methodologies 
discussed above is used.  These simulations investigate the 
changes occurring in the system when individual model 
parameter values are changed.  In simulations where patient 
conditions change such as during exercising, boundary 
conditions are changed to reflect changes in the peripheral 

vasculature such as vasoconstriction or vasodilation [8].  
Such investigations are suitable for the simulation of 
generalised system responses and are not suited for 
individualised analyses.  Alternate techniques for simulation 
of pressure propagation in individualised arterial trees need 
to be developed. 

Recently, Mookerjee et al. have proposed a new method 
for the reliable calculation of carotid-femoral pulse wave 
velocity (CFPWV) by coupling previously reported arterial 
properties with mathematical models of pressure 
propagation in the central arteries using the Monte-Carlo 
simulation technique [9].  The simulated results closely 
emulate previous clinical measurements of CFPWV, 
suggesting that the simulation method can be used to study 
the inter-patient differences in the pressure propagation.  In 
this paper, the same simulation method is applied to develop 
an environment for the individualised pressure-to-pressure 
prediction.  The model predictions are compared to invasive 
measurement of pressure at different locations along the 
aorta. 

II. METHOD OF SIMULATION 

Blood flow in the systemic arteries is modelled as an 
incompressible Newtonian fluid (blood) flowing in a thin 
walled flexible tube (artery).  The governing equations are 
derived from the continuity equation and the principle of 

 
 

Fig. 1   Schematic representation of the systemic circulation, showing the 
distribution of cardiac output to different tissues. CA1 and CA2 are the left 
and right carotid arteries respectively and BA is the brachial artery, all three 
of which supply blood to the brain and the upper limbs.  MA is the 
mesenteric artery which supplies blood to the stomach and the liver and RA 
is the renal artery which supplies blood to the kidneys.  Percentages 
represent the proportion of cardiac output that flows through each vessel. 
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conservation of momentum, which under physiological 
assumptions are reduced to the 1-
equations.  The equations are decoupled using the Laplace 
Law after which perturbation theories are applied to 
simplify the system.  Using Laplace transforms and 

be represented in matrix form as 
 

1
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21 22 23 24

1

0

0 1 0

n

n

n

n

n

P
a a a a

P
a a a a

U
Z

U

  (1) 

 
where a11 a24 are constants dependent on the physical 
properties of the system, P and U are the pressure and flow 
velocity at any section and Z is the impedance at a section 
while the subscripts n and n 1 refer to the current and its 
immediately preceding section respectively.  For the 
interested reader, the derivation of the constants a11 a24 
is discussed in detail in [10]. 

In the form as presented in Eq. (1), all parameters 
required for the simulation of pressure propagation have 
been linked to the physical properties of the arterial tree.  
The values of each of these properties are related to patient 
characteristics through the following relationships proposed 
by Mookerjee et al. [9] 
 
Internal radius, r = f1 (gender, location, age) (2) 
 
Wall thickness, h = f2 (gender, location, age) (3) 
 
Segment length, l = f3 (gender, location, height) (4) 
 
Segment stiffness, E = f4 (r, h, age) (5) 
 

Using these relationships, distributions can be defined for 
each model parameter.  For every simulated patient, r and h 
at major sections in the arterial tree are randomly extracted 
from the distributions defined for each location.  The 
separation between these sections (l) is then calculated 

is generated by fitting the values generated using bicubic 
splines for accurate reconstruction of the domain which is 
then discretised into elements of length 0.1 mm.  Using r 
and h of each element together with the age of the patient, 
the stiffness of each element (E) is estimated.  Using all of 
these r, h, E, l values, the physical constants in Eq. (1) are 

calculated. 
The system is closed by specifying an impedance 

boundary condition.  In the present simulation, the 
Broemser model is used to simulate the peripheral 
impedance in the systemic arterial tree [11].  In this work, 
different parameters of the model have been linked to 
physical properties of the arterial system itself.  As a result, 
boundary condition also varies from case-to-case to reflect 
total individualization of the arterial tree properties.  The 
different elements in the system are defined as: 
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where, Zout is the net impedance acting at the end of the 
aorta, Rsys is the resistance of the aorta, Csys is the 
compliance of the aorta, Rper is the peripheral resistance of 
the peripheral vascular beds, i is the complex imaginary unit 
and  is the angular frequency.  This relationship can be 
used in the model in the form 
 

N N out
P U Z

 
(10)

  
In Eq. (10) the subscript N refers to the equivalent section at 
the end of the aorta, representing the iliac bifurcation. 

III. VALIDATION OF SIMULATION 

By applying the mathematical model derived above, the 
only result that can be obtained is a transfer function 
between two or more locations along the arterial tree.  Thus, 
if pressure waveform at any given location in the tree is 
available, the simulation can predict the pressure and flow 
waveforms at different locations along the arterial tree.  For 
this purpose, the ascending aortic pressure waveform 
measured in a 60 yr old, 182 cm tall male volunteer was 
used.  This waveform was broken down into its harmonics 
and was represented using a Fourier series as 
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where, p is the measured pressure waveform at any instant t, 
An and Bn are the Fourier coefficients of the nth harmonic of 
the measured pressure wave, 0 is the fundamental angular 
frequency of the wave.  The simulation was used to evaluate 
the physical properties of the arteries of someone with the 
same age, gender and height, and simulate the pressure 
propagation in the arteries of the patient.  Using the transfer 
functions derived from the simulation and the Fourier 
coefficients in Eq. (11), the pressure waveform at any 
location along the arterial tree can be predicted as 
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where |TFn| and TFn are the amplitude and the phase 
angle components of the nth harmonic of the model-
predicted transfer function respectively while ploss is the 
Poiseuillean pressure loss between the two measurement 
sites.  The spatial and temporal variation of blood pressure 
along the aorta calculated using Eq. (12) is shown in Fig. 2. 

Instantaneous predicted and measured pressure plots at 
the descending aorta measurement site are shown in Fig. 3.  
Correlation factor between the measured and predicted 
waveforms was calculated digitally at 0.9510 suggesting 
high correlation between the model outputs with the 

physiological propagation of pressure waves.  This supports 
the close match between the two waveforms as suggested 
by the examination of the features on either waveform, such 
as the timing of the dicrotic notch in relation to SBP. 

Quantitative comparison between the model predicted 
and invasively measured waveform is carried out by 
calculating the systolic, diastolic blood pressure (SBP and 
DBP respectively) and mean arterial pressures (MAP) of the 
two waveforms.  In addition to tracking the differences 
shown in Table I, the cumulative error and RMS error are 
also calculated.  For the waveforms shown in Fig. 3, the 
model predictions bear a cumulative error of 1.6% and a 
RMS error of 6.4%  It is believe that these minor 
differences are caused because the viscoelastic behaviour of 
the artery walls has been neglected in Eq. (1) which 
primarily assumes that the aorta is an perfectly elastic 
artery.  Definitely the incorporation of these properties in 
the simulation will increase its accuracy, but it is 
noteworthy to mention that the assumption of elastic 
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Fig. 2.  Temporal and spatial variation of blood pressure along the aorta 
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Fig. 3   Comparison of predicted and invasively measured descending 
aortic pressure waveforms.  The blue line represents model prediction 
while the red line is shows the pressure waveform measured in-vivo. 

Table 1 Comparison of measured and predicted waveforms 

 

Parameter Predicted Measured Error 
(mmHg) (mmHg) (mmHg) % 

SBP 125.4084 120.2291 5.1793 4.3079 
MAP 077.8652 076.9737 0.8915 1.1582 
DBP 053.8287 053.2945 0.5342 1.0024 
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behaviour leads to considerable mathematical 
simplification.  Also, since this paper introduces a technique 
for the individualized modelling of pressure propagation in 
the systemic tree, improvement in the base mathematical 
models is beyond the scope of this paper. 

IV. CONCLUSIONS 

In this paper, a technique for the simulation of pressure 
propagation in systemic arterial tree has been proposed.  
The simulated results show a close match with invasive 
measurements for a given patient.  This technique shows 
promise in being able to simulate inter-patient arterial tree 
differences, although in the current state the validation data 
lacks statistical power.  Data collection and digitization is 
currently underway to test this technique on a statistically 
significant number of cases.  Once validated, the proposed 

ansfer 
functions, which have many diagnostic and therapeutic 
applications.  In addition to the cardiovascular system, the 
technique is readily extendable to other physiological 
systems such as the respiratory system. 
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A multi-compartmental mechanical model of the neonatal respiratory system 
P.I. Reddy and A.M. Al-Jumaily 

 Institute of Biomedical Technologies, Auckland University of Technology, Auckland, New Zealand  

Abstract  Premature infants are often affected by respira-
tory diseases caused by the lack of surfactant and subsequent 
collapse of alveolar regions and airways. This leads to respira-
tory distress syndrome (RDS) which increases the inspiratory 
effort required by the infant and leads to inhomogeneous ven-
tilation. Many models of the respiratory system have been 
developed for adults, however, the neonatal lung remains 
essentially ill-described in mathematical models. A mathemati-
cal model is developed which models the first few generations 
of the tracheo-bronchial tree and the 5 lobes that make up the 
lung and is shown to compare well with existing in-vivo data 
from the literature. The model described will be used in engi-
neering practice to assess the design of conventional and 
emerging forms of continuous positive airway pressure 
(CPAP) devices in treating respiratory distress syndrome 
(RDS) in premature neonates. 

Keywords  neonatal, respiratory distress syndrome, mathe-
matical model, continuous positive airway pres-
sure 

I. INTRODUCTION  

Over the last 30 years, an increasing number of options 
have become available for providing quality respiratory 
ventilation for premature neonates with respiratory distress 
syndrome (RDS). Irrespective of the type of respiratory 
ventilation and the variety of pressure and flow profiles 
delivered by them, the goals of ventilation remain the same, 
namely to, maintain adequate gas exchange in the lungs, 
reduce the work of breathing (WOB) while minimizing lung 
injury, and maintain the highest level of patient comfort.  
Many in-vivo and in-vitro studies have been performed to 
compare the different types of ventilation in premature 
neonates as well as the effect that certain design parameters 
have on breathing. However, very little has been achieved 
in the area of mathematical modeling to determine the ef-
fects that different ventilator types, settings and design 
features have on premature neonatal lung mechanics. A 
possible reason for this is the lack of accurate, yet suffi-
ciently uncomplicated models of the premature neonatal 
lung.  

Although structurally complex, the respiratory system 
can be described as a system of branched airways, consist-
ing of the trachea (windpipe) and bronchi (subsequent air-
ways), leading to 5 chambers (lobes) where the physiologi-

cal properties are described in terms of elasticity, inertia and 
damping elements [1, 2]. Whereas previous models have 
either modelled the overall mechanical properties of the 
respiratory system or have concentrated on adult models [3-
10], the present model shows promise in modelling its hete-
rogeneous behaviour in diseased conditions in neonates. For 
ease of validation and acquisition of physical and mechani-
cal lung properties, the neonatal ovine respiratory system is 
modelled in these initial investigations. 

II. MODEL DERIVATION 

The model of the ovine respiratory system is divided into 
12 airways and 5 lobar regions as shown in Figure 1. The 
ovine bronchial tree has a monopodial branching pattern 
where the parent airway gives rise to a minor child branch 
at a large branching angle and a major child branch at a 
much smaller branching angle [11]. Another distinct differ-
ence in the structure of the ovine lung when compared to 
the human lung is the location of the bronchus that leads to 
the right apical lobe (region 3, Fig. 1). In the ovine lung it is 
the minor child of the upper segment of the trachea whereas 
in the human lung it lies at the level of the secondary bron-
chi [11-12]. The rate of change of pressure in airways 1 - 12 
is dependent on the mass flows entering and leaving that 
airway and is given by the following general ideal gas law: 
 

airway

in out

airway

dP RT
m m

dt V  
(1) 

 
where Pairway and Vairway are the pressure and volume of the 
airway respectively, inm and outm are the mass flow into and 
out of the airway respectively, R is the air constant and T is 
the temperature in Kelvin. Reynolds and Lee [13] described 
the inspiratory and expiratory mass flows in the tracheal and 
bronchial airways in a monopodial branching structure as a 
function of Poiseuille pressure drop across that airway and 
an empirically derived term containing the Reynolds Num-
ber (Re). For a given airway, we notice that the empirically 
derived terms are different for inspiration and expiration 
such that the resistance to flow is greater during expiration 
than inspiration. These relationships were established for 
Reynolds numbers up to 8000. We use these empirically 
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derived relationships to determine the mass flows entering 
each airway for inspiration and expiration. For the tracheal 
airways, 

 

 
Fig. 1. Ovine lung model. 
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T airway

in airway50 0.0162 Re

P
m K

 
(3) 

 
For the rest of the bronchial segments i.e. airways 3-12, 
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For inspiration and for expiration, 
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where, 
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(6) 

Pu is the pressure upwind and Pd is the pressure downwind. 
 and  are the air dynamic viscosity and density at 39°C. 

Dairway and Lairway are the diameter and length of the airway 
respectively. In the cases of regions 13 to 17 (the lobes), 
where the volume of the region varies with time, equation 1 
changes to: 
 

lobe lobe lobe( )d P V dm
RT

dt dt  
(7) 

 
This may be written as: 

 

lobe lobe
lobe lobe lobe

dP dV
V P m RT

dt dt  
(8) 

 
We can now apply the general expression of equation 8 

to lobes 13 to 17 to gain an expression of the pressure in 
each lobe. The mass flow rate of air that enters each lobe is 
dependent on the conductance of the individual lobe. Values 
for the total conductance of the airways that make up the 
individual lobes (Clobe) are used as well as a single value for 
both inspiration and expiration to reduce complexity such 
that 
 

lobe u d lobem P P C

 
(9) 

 
The concept of a moving piston of an equivalent mass 

Mlobe (the mass of the lobe wall) forms the basis of the mod-
eling for lobes 13-17.  It accounts for the motion of the lobe 
walls and the gas flow. A dimensionless variable spring 
stiffness (klobe) and a dimensionless constant viscous resis-
tance (flobe) acts on the piston area (Alobe) which represents 
the lobe wall. The piston is subject to the pressure in the 
lobe (Plobe) and the pleural pressure (Ppl). Lobe pressures are 
assumed to be uniform and the area of the piston remains 
constant, although in reality there are variations in pressure 
within the lobe and the surface area of the lobe changes 
with a change in volume. Such effects are reserved for fu-
ture investigations. The general form of the equation of 
motion for a lobe wall may be written as. 

 
2
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(10) 
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dxwall  and wallx  are the acceleration, veloci-

ty and displacement of the lobe wall respectively. The lobe 
is regarded as a control volume, Vlobe which is determined 
from the displacement of the lobe wall (xwall) multiplied by 
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the piston surface area (Alobe). The mass flow rate of air 
caused by the motion of the lobe wall is: 
 

wall
lobe lobe

dx
m A

dt  
(11) 

 
The pleural compartment is modeled in a similar fashion 

to the lobes. It is modeled as a liquid filled container with a 
variable stiffness resulting from the ribcage, diaphragm and 
pleural compartment (kpl) and a viscous resistance (fpl).The 
pleural compartment experiences forces generated by the 
pleural pressure (Ppl), atmospheric pressure (Patm) and the 
thoracic force (Fth). Fth is the force generated by the ribcage 
and diaphragm muscles and is idealized as acting on a sin-
gle point of the pleural surface. 

It consists of an initial offset (to create the required 
pleural pressure at FRC to produce the lung volume at FRC) 
plus the additional force required to create the tidal volume. 

n of motion of the 
pleural wall is: 
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where Mpl is the mass of the moving part of the chest wall, 

Apl is the surface area of the pleural surface and 
2

2

pl
d

dt

x
, pl

d
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x  

and xpl are the acceleration, velocity and displacement of the 
pleural wall respectively. Since the fluid inside the pleural 
compartment is liquid, the rate of change of pleural pressure 
is derived by using the effective bulk modulus (Bpl). 
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The change in the pleural compartment volume 
2

2

pl
d V

dt
is de-

termined by the displacement of the pleural and lobe walls 
and so we expand equation 13 to give: 
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(14) 

III. RESULTS 

Computer simulations were established to predict respira-
tory parameters for a 133 day gestation lamb on continuous 
positive airway pressure (CPAP). In the model, the thoracic 
force is adjusted to set the tidal volume at the same level as 
observed in the experiments i.e. 15ml. The resulting airway 
opening pressure and flow rate predicted by the model are 
shown in Figures 2 and 3 respectively. 
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Figure 2. Comparison of model prediction with experi-

mental data for airway opening pressure. 
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Figure 3. Comparison of model prediction with experi-

mental data for airway opening flow rate. 
 
Retrospective experimental data from previous studies 

done on 133 Day gestation lambs are also shown in the 
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figures for comparison. Pressure and flow were recorded at 
the airway opening on lambs receiving conventional CPAP 
at a level of 6.5 cm H2O and show that the model is able to 
predict values of the same order as observed in clinical 
trials. 

The simulated results show realistic behaviour and mag-
nitudes when compared to the experimental results with the 
simulation results showing a maximum of 11% deviation 
from the experimentally measured respiratory parameters. 
This is considered to be a good correlation considering that 
biological variability in premature subjects is very substan-
tial. More clinical data is required to correlate with the 
model results so that the alveolar pressures, flow rates and 
volumes can be validated. These parameters are ill-defined 
in the literature and are difficult to quantify in vivo (unlike 
the respiratory parameters at the airway opening). Further 
research is required to include the more complex features of 
the respiratory system to extend its use in the field of neo-
natal respiratory mechanics.  

It is anticipated that the following features will be added 
to the model in future studies: Airways can be modelled as 
collapsible tubes based on the cross-sectional area-
transmural pressure relationship. This relationship is unde-
fined in the literature for premature neonatal lambs, so em-
pirical relationships would need to be established. Varia-
tions in pressure within the lobe can be determined by 
adding more compartments to the individual lobes to ac-
count for regional pressure variations. The surface area-lung 
volume relationship for premature lambs is incorporated 
into the model to account for the changing surface area 
during tidal breathing. The pressure-volume relationship 
across each lobe was uniform in the present studies but in 
the future, the effect of lung collapse on ventilation distribu-
tion can be studied by defining the appropriate pressure-
volume relationships in each lobe in inhomogeneous, dis-
eased lungs. 
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Passive step response of airway smooth muscle 
G. IJpma1, A.M.M. Al-Jumaily1 S.P. Cairns1 and G.C. Sieck2 

1 Auckland University of Technology, Auckland, New Zealand  
2 Mayo Clinic College of Medicine, Rochester MN, United States 

Abstract  The main driving mechanism in asthmatic at-
tacks is the contraction of airway smooth muscle (ASM). Phy-
siological loading of ASM by normal breathing and deep inspi-
ration has been shown to reduce ASM contractile force. Our 
research aims to develop a mathematical model to describe the 
dynamic behavior of ASM. The current research focuses on a 
series of experiments on the step response of passive Airway 
smooth muscle tissues. The data showed results contradicting 
existing models on ASM dynamics. It is proposed that the 
results could be explained by multiple contractile elements 
embedded in a passive material matrix with multiplicative 
history and power law relaxation.  

 

Keywords  Power law relaxation, Airway Smooth Muscle, 
Asthma, step response. 

I. INTRODUCTION  

ASM is the only active component in airway walls, to 
undergo either neurological or biochemical activation. Con-
sequently, acute airway collapse in asthmatic attacks is 
likely to be caused by ASM contraction. Isolated ASM can 
contract to 80-90% of its initial length, which theoretically 
is enough to collapse even cartilaginous airways. In healthy 
subjects, a supramaximal allergen challenge does not fully 
collapse the airways. In contrast, in asthmatic patients the 
closure of airways can occur at relatively low allergen con-
centrations.  

In asthma research the importance of deep inspiration in 
lung function tests is well established. Respiratory move-
ments involving deep inspiration have been shown to induce 
a bronchodilation for 1-2 min in healthy subjects [1]. How-
ever, such maneuvers are less effective in asthmatics and 
can even lead to additional bronchoconstriction. Further-
more, inhibition of deep inspiration in healthy subjects can 
lead to increased bronchoconstriction at low allergen con-
centrations. Subsequent deep inspirations do not reverse this 
bronchoconstriction [2, 3]. The effect of deep inspiration on 
airway caliber is seen as evidence supporting the impor-
tance of ASM function in asthma. 

Altering breathing patterns or superposing pressure oscil-
lations on breathing patterns will result in a change in dy-
namic loading of the airways and consequently of ASM. 
This change in dynamic loading is hypothesized to result in 

a reduced contractility of ASM, which thereby reduces the 
severity of an asthmatic attack.  

The processes responsible for ASM dynamic behavior 
have eluded successful simulation in empirical models. 
Hence, an understanding of the processes themselves rather 
than their cumulative effects is necessary to build a predic-
tive model of ASM response to oscillations. Three 
processes have thus far been identified, though no consen-
sus exists on the importance of each. First, the cycling of 
myosin heads (i.e. crossbridges) causes contraction of ASM 
in a manner similar to contraction of skeletal muscles. 
Second, ASM has been shown to adapt its contractile ma-
chinery to different lengths, being dependent on its mechan-
ical history. Third a much less investigated component of 
ASM mechanics is the passive response to force and length 
changes. With constantly changing lung volumes and hence 
ASM loading, this third component is of considerable im-
portance.  

Fredberg and colleagues have recently discovered that 
ASM cells and several other cell types respond to stress and 
strain changes in a similar manner to a group of inorganic 
materials called soft glasses which include foams, pastes 
and emulsions [4]. An accurate quantitative description of 
the behavior of these materials has not yet been found, al-
though some qualitative descriptions have been quite suc-
cessful [5]. What soft glasses have in common with other 
glasses is that they seem to possess an endless number of in 
between states in which they are neither completely fluid 
like nor solid, in contrast to showing a clear cut transition 
between solid and fluid phases. This is made possible by an 
entropic process in which the particles that make up the 
glassy material never reach steady state. Each particle seems 
to be trapped in place and hopping out of these traps is de-
pendent on the level of agitation within the material. In 
glasses this level of agitation is governed by the tempera-
ture, but in soft glassy materials thermal motion alone is not 
enough. The non-thermal jostling of particles in soft glasses 
is represented by the noise temperature, which reduces over 
time (called aging) but the material can be rejuvenated 
through externally applied stretch or, in the case of cells, 
biochemical events. 
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II. METHODOLOGY 

Porcine trachealis were acquired from a local abattoir and 
transported in chilled HBSS. The trachea was stored for up 
to 24 hours in PSS at 4 degrees Celsius. Strips of trachealis 
smooth muscle 0.5-1mm wide and 8-15mm in situ length 
were dissected, epithelium and connective tissue removed. 
The tissues were mounted in a Guth OPT muscle test sys-
tem, clamped with stainless steel forceps and continuously 
flushed with 1 ml/min PSS at room temperature. 

After equilibration for 30 minutes the tissue was acti-
vated with Ach 10-6 M for 2 minutes, after which the bath 
was perfused with PSS for 3 minutes, followed by a stretch 
and another 2 minutes of flushing with PSS. This process 
was repeated until a stable active force was found.  

Studies on passive ASM were performed at 120% of op-
timal length to assure sufficient base level force for accurate 
reading of power law relaxation characteristics. Studies on 
active ASM were performed at optimal length. 

III.   RESULTS 

Where the soft glasses theory has given some valuable 
insights in cell mechanics, little research has been done into 
its value in tissue level behavior. A series of experiments 
has been performed to investigate the step response of por-
cine trachealis smooth muscle, which according to the soft 
glasses theory would show power law relaxation. 
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Figure 1: Exponents of power law relaxation vs. length 

step magnitude. Three different sets of results from three 
different tissues show a large variation in exponents. 

 
Step functions of different magnitude and applied at dif-

ferent base force levels have been applied to the muscle, 

showing a response that contrasts directly with some of the 
predictions of the soft glasses theory. Firstly the data 
showed that the power law relaxation exponent was strongly 
dependent on the magnitude of the applied step function. 
Secondly this exponent did not correlate with the noise 
temperature as defined by Fabry et al. [4]. Additionally the 
power law relaxation exponent seems to be dependent on a 
second variable, though the exact nature of this variable has 
not yet been discovered. Neither Force, length, stiffness nor 
hysteresivity showed a consistent correlation with the expo-
nent magnitude. Large variations in exponent-step size 
relation between individual tissues were also observed. 

When two step length changes were applied in rapid suc-
cession, the resulting power law relaxation showed a new 
power law exponent. This power law exponent was close to 
the sum of the power law exponent of the individual steps 
when the steps where negative (reduction in length) but 
close to the power law exponent of the largest step when 
steps were positive. 

IV.   DISCUSSION 

The experimental observations indicate that during oscil-
lations in active ASM the crossbridge cycling is disrupted, 
but at a much slower rate than previously assumed. Where 
the shape of the force-length loops seem to be determined 
by the passive behaviour of the muscle, the absolute force 
level is affected by the number of active crossbridges.  

Experiments by Shen et al. [6] have shown that when the 
peak length of the oscillations is equal to the length prior to 
oscillations, peak active force is almost constant and equal 
to the active force before oscillations. This indicates that 
stretches above the pre-oscillation length causes the change 
in absolute force levels, which could be because of plastic 
changes to elements in the cell or dislodging of contractile 
elements. 

The experiments on the summation of two length steps 
showed different responses depending on the direction of 
the length change. The shortening steps can be explained by 
a multiplicative history model, as the multiplication of two 
power law functions can lead to the summation of its expo-
nents. The stretch response however is less clear. The tissue 
seems to be little affected by the 2nd length step, though a 
larger range of relative length step magnitudes would have 
to be explored to understand the underlying mechanism. 

V. CONCLUSIONS  

The experimental results shown here in several ways 
contradict predictions of existing models of airway smooth 
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muscle mechanics.  Further experimental investigations into 
the passive behavior of ASM are needed to uncover the 
nature of the internal variable that, together with the length 
history, determines the power law relaxation parameters. 
Additionally the source of the different behavior for length 
changes in different directions has to be found. It is antic-
ipated that when the passive model is completed, it will 
show that the role of the contractile elements in smooth 
muscle dynamics is minimal. It is further anticipated that a 
large range of ASM tissue dynamics can be explained with 
a simplistic contractile element model embedded in a pas-
sive tissue matrix. 
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Abstract: To study the feasibility of the new functional 

imaging method, a theoretical model was presented for the forward 

problem of magnetoacoustic tomography with magnetic induction. 

Simulation study was carried out using Comsol Multiphysics 3.4 

software as a simulation tool. The distribution of induced current 

and acoustic pressure inside the spheres with different conductivity 

was conducted in the simulating experiment study. Furthermore, 

the different relative position between the coil and object was 

presented to get the influence on induced current. As a result, the 

induced current was zero at the central of object and diverse 

rapidly on the boundary of different conductivity as well as 

pressure was zero at the central of object and diverse rapidly on 

the boundary of different conductivity layer. The simulating study 

was matched with theoretical analysis, which lay foundation to the 

method that conductivity could be reconstructed from acoustic 

signal. 

Keyword: magnetoacoustic tomography, forward problem, 

induced currents, pressure, Comsol Multiphysics 

 

I INTRODUCTION 

 
Magneto-acoustic tomography with magnetic induction 

(MAT-MI) is novel imaging modality which combines 
impedance imaging with ultrasound detection. The method 
of MAT-MI has the main advantage that the 
electromagnetic stimulation affected little by the low 
conductivity at body surface and successfully avoided 
shielding effect. Furthermore, it possesses of a well-posed 
inverse problem that has explicit inversion formulas.  

The fundamental principle of MAT-MI is shown in Fig 1. 

Given an object with electrical particles located in a static 

magnetic field and a time varying magnetic field whose 
frequency keeping up within the supersonic scale, eddy 
current is produced inside the object by the time varying 
magnetic field and Lorentz force is produced since the 
induced eddy current interacts with the static magnetic field. 
Lorentz force initiate the electrical particles vibrated locally 
and emit ultrasonic wave at the frequency corresponding to 
that of the varying magnetic field. Given the supersonic 
signal, the conductive inside the object could be obtained by 
inverse computation. To get the acoustic signal, Ultrasonic 
transducers are located around the object and the acoustic 
signal are obtained and processed to reconstruct the 
conductivity which have significant difference between 
normal tissue and tumour.  

 

Fig 1. Schematic diagram of MAT-MI 

 

II MATHEMATICAL MODEL 

Mathematical derivation

Deduced from Maxwell equations (1-2): 

                          (1) 

                  (2)

aslo 

object 
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                                 (3) 
                                (4) 

In the quasi-static condition the displacement current of 
formula (2) could be neglected combined with formula (4) 
we could get the following formula: 

                           (5) 

Combine Faraday's laws with formula (4), the formula (6) 
could be written as following:  

           (6) 

With scalar potential 

                            (7) 

                          (8) 

An equation (9) as a substitute formula (5) could be 
obtained as following: 

            (9) 

where,  is outer source current density. Considering 

the frequency is not high enough  

                  (10) 

Solved magnetic vector from formula 10 , the induced 
current density J was got, then the component of curl of 
induced current density along the static magnetic field 

(J B0)  was obtained, it satisfied the wave equation 
(11)[1]: 

                 (11) 

Using the Green function, coupled pressure P was solved 
from the wave equation  

 (12) 

 
III COMPUTER SIMULATION OF THE FORWARD PROBLEM 

 

3.1 Simulation experiment one: spatial distribution of

pulsed magnetic field intensity

The distribution of spatial magnetic field intensity was 
numerical calculated with electric current in a coil and to 
obtain the relative uniform area.   

3.1.1 Simulation procedure

Loading AC/DC magneto-static module in Comsol 
Multiphysics firstly, given the current density of coil as 
1kA/m2 radius as 0.6m located the coil at the central 
zone within a cubic area of 2m side length.  

Given the loading current density as: 

                          (13) 

                          (14) 

3.1.2 Simulation result

The simulation result was shown in Fig2 Fig2(a) 
showed the 3D geometry model, Fig2(b) showed the 
magnetic field spatial distribution, it displayed a 
symmetrical distribution through the coil with streamline 
close. Magnetic flux distribution at the coil plane was 
shown in Fig2(c) magnetic flux density distribution along 
y-axis at the coil plane was shown in Fig2(d). In Fig2(d), 
the magnetic flux intensity was revealed larger where the 
area closed to the center of the coil, a approximate uniform 
area at the center was obtained, corresponding with the 
conclusion [2] deduced by Xinghui Zhang. By Comsol s 
post process, we got the maximum magnetic flux as 
4.37977 10-5T the minimum magnetic flux as 2.153108

10-24T, and a uniform area with volume of 1.04 10-3m3 

was got at the central area, the object researched could be 
located the central area in our experiment.  

 
(a)               (b) 
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(c)              (d) 
Fig2. single coil simulation result 

(a) The 3D geometry of coil. (b)The magnetic flux density streamline at 

the coil plane. (c) Magnetic flux density at z=0 plane. (d) Magnetic flux 

density distribution along y-axis at the coil plane. 

3.2 Simulation experiment two induced current density

in multi-layer conductor

Distribution of induced current in multi-layer conductor 
with different conductivities was studied in the time varying 
magnetic field, and the variation was studied according to 
the coil s different positions.  

3.2.1 Simulation procedure

Loading AC/DC quasi-static magnetic module in Comsol 
Multiphysics and using time harmonic analysis method to 
analyze the current density. Here a 3 layer 
concentric  conductor sphere was established with radius of 
0.8m 0.6m, 0.4m respectively and the conductivity of 
5s/m 1s/m 10s/m respectively. The radius of the coil 
was 0.6m. The coil was put 1.6m above the concentric of 
the sphere with axes through the sphere centre. Given the 
sinusoidal current density as 1kA/m2 and frequency as 
1kHz. 

Loading current density the same as formula (13) and 
(14), given magnetic condition for continuity as  and 
the external boundary condition as , and internal 
boundary conditions was set as , and 

conductivity on each domain was given.  
3.2.2 Simulation result

The simulation result was shown in Fig3, the current 
density was zero at the central area, and increased linearly 
along radial direction, decreased at the low conductivity 
layer. The current density varied sharply at the boundary of 
conductivity and presented a symmetry distribution. The 

reason was that the current always assembled at the high 
conductivity area, high conductivity corresponded to high 
current density, the same as inverse.  In addition, the 
induced current was eddy current with closed loops, it 
should be zero at the central. In order to study the influence 
of the different relative position between coil and object, a 

 was proposed to define the distance of the 
coil s neutral axis drifting off the central of sphere. The 
induced current distribution at  and  was shown 
in fig4. In fig4, the current density near the coil increased 
relatively along with the drifting of coil, whereas the current 
density decreased inside the cube along with the drifting of 
coil. Drifting the coil to left result in diverse.  

 

(a)                   (b) 

Fig3.The induced currents simulation of 3-layer conductor 

.(a) Induced currents distribution at z=0 plane.  

(b) Induced currents distribution along y-axis at z=0 plane. 

 

(a)                 (b) 

 
       (c)                 (d) 

Fig4. Induced  

 induced currents distribution at z=0 plane. 

currents distribution along y-

y-axis at x=0 plane. 
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3.3 Simulation experiment three: multiphysics coupled

simulation study

Based on the simulation modeling experiments above, 
adding a static magnetic field besides the time varying 
magnetic field, an electrical-magneto-acoustic model was 
established to get the pressure distribution.  

3.3.1 Simulation procedure

Load quasi-static magnetic module solid- stress-strain 
module pressure acoustic module in Comsol Multiphysics 
to get the pressure distribution. First, a double layer 
concentric  conductor sphere model was created with radius 
of 0.2m 0.1m and conductivity of 0.2s/m 2.4s/m. The 
coil with radius of 0.2m was put 1.6m above the concentric 
sphere, the coil s axes went through the centre of sphere. 
Load sinusoidal current density as 1kA/m2, frequency at 
1kHz, intensity of static magnetic field B0 was given as 1T. 
Loading current density according to formula (13) and (14), 
given an integration coupling variable within the target 
domain to get the coupled Lorentz force, then charged it to 
stress-strain module as the loading term to solve the 
displacement field. Finally, load the displacement field to 
pressure acoustic module and the pressure distribution was 
obtained.  

3.3.1 Simulation result

The simulation result was shown in Fig5 apparently, 
the acoustic pressure was low at the central area and varied 
sharply at the conductivity boundary by reason of pressure 
corresponding to the spatial differential conductivity [3], the 
pressure was large at fierce conductivity boundary.  

 
Fig5. Pressure distribution at z=0 

 

IV CONCLUSION AND DISCUSSION 

 

The pulsed magnetic field induced eddy current inside 
the object, which interacted with static magnetic field 
generate acoustic signal at same frequency. The key point 
was Lorentz force coupled by electromagnetic fields, which 
expressed as the term of (J B0)  in formula (11)., 
which suggested that acoustic signal could be generated at 
the area where the curl of current density component was 
not zero along B0 direction. As a result of our simulation 
experiment, the induced current was zero at the central area 
and varied sharply at the conductivity boundary. The 
induced current density changed corresponding to variation 
of position between the coil and object of concentric 
spheres. The pressure presented zero at central and varied 
sharply at the conductivity boundary lead to the 
reconstructing of conductive image. Finite element analysis 
for simple geometry and conductivity distribution of the 
forward problem was carried on in this paper, which was 
significant for succeeded modeling and experimental 
measurement. It is undoubted that more complicated model 
and further study of induced current and pressure are needed 
and validating experiments should be carried on, specially 
to practical situation.  

 
REFERENCE: 
 

[1 netic 

induction for imaging electrical impedance of biological 

 

[2]ZHANG Xing-hui. The distribution of the magnetic line of force and 

the formula for magnetic induction induced by a circular current [J]. 

College Physics,2006,25(1):32-37 

[3

Measurements by Means of Magnetoacoustic Tomography with Magnetic 

Induction(MAT- -330 

600 G. Xu et al.

IFMBE Proceedings Vol. 25



Complexity Analysis on 24h Heart Rate Variability  

Li Xia1,Fu Yifei2,Bai Jing2, Bo Xuefeng1,Liu Jinghua1 
1School of Biomedical Engineering, Capital Medical University 

2Department of Biomedical Engineering,Tsinghua University  
3Wangjing Hospital,China Academy of Chinese Medical Sciences 

xlee313@yahoo.com.cn  
 

Abstract-This paper mainly  analyzed  24h Heart Rate Variability 
(HRV) with non-linear method. A non-linear parameter---
complexity was extracted from HRV recordings.  Coronary 
heart disease (CHD) patients and healthy controls were two  
groups for study. HRV data of CHD patients were recorded by 
ECG holter monitor,and data of Healthy controls were from 
MIT-BIH database. Complexity was extracted from 24 sections 
of 24h HRV recordings divided in time one by one hour. By 
comparison, complexity values in 24 time sections showed much 
difference between Healthy controls and CHD patients. The 
results indicated there was some difference in status of 
cardiovascular system of two groups,and cardiovascular system 
of healthy controls could adjust itself better to enviroment than 
CHD patients in some degree.  

Keywords-complexity;HRV;CHD 

1 Introduction 

During the past three decades, heart rate variability 
(HRV) was verified to contain abundant information of 
cardiovascular system. In 1970s, Wolf firstly discovered 
HRV was correlated to death risk evoked by miocardial 
infarction[1]. In 1980s, Ewing studied R-R interval of 
diabetic to detect injured status of autonomic system[2]. 
Akselrod  combined spectrum analysis with pharmacology 
and physiology, and primarily explained physiological 
significance covered in peak of short HRV[3], afterwards 
discovered that long HRV contains characters of choas and 
fractal.since 1990s[4].HRV has been used as an important 
index in clinic and there were many studies on assessment 
activities of cardiovascular autonomic nervous system[5]. 

In studies on cardiovascular diseases, HRV data has 
been analyzed both in time domain and frequency domain. 
Wavelet theory provides a new tool for HRV analysis in 
time-frequency domain, which could supply more detail 
information at different frequency bands. With 
development of choas and fractal theroem, non-linear 
parameters were extracted to represent features cevered in 
HRV,such as Lorenz plot, Dimension, Approximate 
entropy and complexity,etc. 

CHD patients often suffer from cardiovascular 
autonomic dysfunction, and depression degree of HRV 
could reflect impairment of their coronary 

This paper mainly studied 24 hour HRV recordings of 
CHD. One non-linear parameter—complexity was 
extracted from sections of 24h HRV one by one hour. The 
results indicated that there was some difference in average 
complexity between CHD group and control group. 

 
2 Algorithm of complexity  

Complexity is a non-linear parameter to describe an 
subject with the least number of bit in computer program[6]. 
Lempel and Ziv developed an algorithm to calculate 
complexity as follows: 

a) coarse graining on a time series )(ix (i=1~N). let 
N

i

ix
N

x
1

)(1                    (1) 

then  

xix

xix
Si )(1

)(0     (i=1,2,… N)   

b)  define c(n) as complexity of S(i). 
c) let S and Q represent two character strings 

respectively. Put S Q together and denote the general 
string as SQ.SQv represents the string SQ with the last 
character deleted. 

d) Judge whether Q is a substring of SQv. If it’s true, 
add this character to the back and increase Q,judge again. If 
it’s false,use ‘ ’to mark, next step regard all the characters 
before ‘ ’as S, reconstruct Q,repeat the procedure to the 
end. 

f) Complexity is defined by the number of substring 
of S. 

For example, to calculate the complexity of 01001 as 
the following steps: 

(1)the first character always plug in   0 
(2) S=0, Q=1, SQ=01, SQv=0, Q SQV     0 1  
(3) S=01, Q=0, SQ=010, SQv=01, Q SQV     0 1

0 
(4) S=01, Q=00, SQ=0100, SQv=010, Q SQV     0

1 00  
(5) S=0100, Q=1, SQ=01001, SQv=0101, Q SQV     

0 1 00 1 
The complexity of this series equals 4. 
Lempel and Ziv studied a series iS  when it belongs to 

[0,1] almost all the c(n) tends to be a certain 
value,namely  

n

n
nbnc

n log
)()(lim             (2) 

Relative complexity could be obtained by 
normalization of c(n) to b(n) as follows  
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Complexity is used to mark regular degree of a 
sequence. A higher complexity means that the system tends 
to be random status and contains more abundant 
information,which is a symbol of better adaptation in some 
degree. However, if complexity is lower,the system tends 
to be a periodic status and adaptation is weak. 

 
3 Data acquisition and results 

We recorded 24h HRV of 104 CHD patients in 
Beijing Chaoyang hospital and Wangjing Hospital of China 
Academy of Chinese Medical Sciences including 62 males 
and 42 females. The mean age of subjects is 60.78±11.78 
years old.   

HRV data of control group comes from Normal Sinus 
Rhythm RR Interval Database of MIT-BIH database[7],and 
subjects are elder people. 

24h HRV recording was divided to 24 sections one by 
one hour from 0:00 to 24:00, complexity of each section 
was calculated. Results of CHD group and control group 
are shown in Figure 1. 

 
 

 
 
 

 
4 Discussion 

Complexity is a non-linear index to reflect the 
complicated degree of a system. When the system is more 
complicated, the value of complexity is larger.  

Compare the dynamic tendency curves of complexity 
extracted from CHD group and control group shown in 
figure 1.The curve from control group behaved rising in 
daytime and descending in nighttime, while the curve from 
CHD group was reverse. This indicated that cardiovascular 
systems in pathologic and healthy status probably 
contained different non-linear information in the same time 
section. Complexity of healthy subject was higher in 
daytime than nighttime,which meaned the cardiovascular 
system contained more non-linear information at stress 
status in daylight and could accommodate itself to the 
change of environment better,while at night the 
cardiovascular system behaved comparatively placidly in 
rest status. In contrast, complexity of CHD patient was 
depressed at stress status in daytime but a bit rising at night. 
The comparison revealed that adaptative capability of 
pathologic cardiovascular system was worse than healthy 

one in some degree. Further study is necessary to support 
the conclusion. 
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Abstract— For investigating the fluid-structure-
acoustic coupled (FSA) process of human phonation,
synthetic models of the vocal folds (VF) were de-
signed which showed flow-induced oscillations and
the sound production process. The models were de-
veloped to analyse the flow-induced vibration de-
pending on the prestress similar to human vocal
folds. They consisted of a silicon rubber whose
Young’s moduli corresponds to those found in hu-
man vocal folds between 3 and 13.2 kPa.

The major aim of this work was to to observe
the whole FSA process and to determine the acous-
tic sources. Therefore two approaches were applied:
Firstly the vibration of the VFs was recorded using a
high-speed camera triggered by the subglottal pres-
sure to determine the phase shift between the two
signals. Secondly synchronous measurements of the
subglottal pressure, the flow velocity behind the VFs
and the acoustic pressure were performed. In all in-
vestigations the influence of tension and stiffness of
the VFs were analysed.

The results shows that the vibration frequency

and the phase shift between the subglottal pressure

and the glottal width depended on different bound-

ary conditions. The synchronous measurements de-

termined the pressure fluctuations of the pulsating

flow rate as main acoustic source.

I. Introduction

During human evolution a very effective device for
sound generation has been developed, the larynx. Inside
the two vocal folds (VFs) are located which close the air-
way into the lungs at the beginning of phonation. The
airstream coming from the lungs excites the VFs to a vi-
bration with a frequency between 80 Hz and up to almost
800 Hz of sopran singers depending on age and gender.
Thereby the oscillation states a fluid-structure interac-
tion that is a myoelastic-aerodynamic process. The fre-
quency can be varied by the elongation or shortening
and the accompanying stretching or thickening of the
VFs [1]. The vibration produces the basic tone of the
human voice with the frequency of the oscillation of the
VFs. This basic tone is further modulated in the vocal
tract which consists of the upper airways.

A disturbance of the efficient system of sound produc-
tion leads to a restrained or the total loss of human com-
munication. Identifying and analyzing the basic physical
mechanisms of sound production are of great interest for
improving medical treatment and for developing artifi-
cial vocal fold implants in the future. On this account,
many international groups are engaged in experimental
and theoretical approaches in voice research, with the
common objective of identifying the leading processes
for the production of the basic tone in human phona-
tion. Therefore it is essential to understand the behavior
of the individual parts in this multifarious physic prob-
lem.

There are three mechanisms of sound generation, the
flow rate-induced sound, the structure-induced sound
and the turbulence induced sound. The aim of the
present work is to identify the physical parameters con-
trolling the whole process and to determine their in-
fluence on the three mechanisms of sound production.
Therefore an experimental model was designed which
showed flow-induced vibrations of synthetic VFs and
produced a detectable tonal sound in the acoustic fare
field. The flow field of the fluid-structure-acoustic cou-
pled problem was measured by Becker et al. [2]. The
results showed the existence of the Coanda-effect which
is responsible for the asymmetric flow field in the super-
glottal region. This asymmetry and the observed turbu-
lence are assumed to be the leading mechanisms for the
sound production.

Therefore, the authors are convinced that for inves-
tigation of the acoustic production a model has to be
build which reproduce the full fluid-structure-acoustic
process similar to human phonation. The synthetic VFs
are based on those of Thomson et al. [5] who developed
models which show human-like oscillation with a charac-
teristic frequency of about 120 Hz. However, they didn’t
investigate the longitudinal tension within the VFs. Ac-
cordingly the models of the present work were adjusted
to investigate the influence of this parameter addition-
ally to the stiffness of the applied material.

II. Methods

In this work the vibrations of the VFs and the sound
production was investigated depending on the tension
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within the the VFs. For this aim models were designed
which satisfied the requirements of the measurements.
The whole test rig was designed in human length scale
under compliance with the physical parameters dis-
played in table 1.

Table 1 Physical parameters for the investigation of the human
voice

Diameter of the larynx D = 18 − 22mm

Maximal glottis opening wG,max = 1 − 3mm

Pressure diff. across glottis Δp = 500 − 2000 Pa

Mean velocity Umean = 20 − 40 m
s

Frequency f = 100 − 200 Hz

Reynolds number Re = Umean wG,max
ν = O(103)

Mach number Ma = Umean
c = O(10−1)

Strouhal number St = f wG,max

Umean
= O(10−2)

Young’s modulus E = 5 − 10 kPa

A. Vocal Fold Models

The homogeneous VF model consisted of a three-
component silicone rubber (fig. 1 left). The stiffness was
set by choosing a certain mixing ratio. Therewith mod-
els with three different Young’s moduli of 3.3 , 6.85 and
13.2 kPa were produced. The geometry of the oscillat-
ing part was similar to the models of Thomson et al.
[5]. For setting a prestress within the synthetic VFs the
transversal ends of the oscillating part were extended.
These additional parts of the VFs were glued on mount-
ing plates which were fixed outside of the test channel.
Besides the free-length models two different prestresses
were applied by stretching the synthetic VFs of about
6.8 mm and 10.8 mm.

5
0
°

5
0
°

3
°

9
,9

12,361

2
0

oscillating part

Fig. 1 Geometry and photo of the synthetic VFs

B. Test Facilities

The main test rig contains an unsteady mass flow device
with a valve, a settling chamber and the rectangular test
channel at whose end the synthetic VFs were mounted
(fig. 2). The cross section of the channel amounted 17.8×
18 mm. The models were fixed on four mounting plates

Unsteady
pressure senor

flow

Vocal folds

Settling chamber

Test channel

Vocal folds

Valve

x

y

Fig. 2 Test channel containing the models of the VFs. Bottom
right: Photo of the main test rig including mass flow controller
and settling chamber

outside of the flow region. The plates could be moved in
transversal direction to stretch the synthetic VFs.

Several measurement techniques were applied investi-
gating the whole problem. Firstly the oscillating mod-
els were visualized by using an high-speed camera with
a frame rate of 5000 Hz. The recordings were triggered
by an unsteady pressure sensor in subglottal region up-
stream of the glottal duct.

Secondly for the investigation of the sound produc-
tion synchronous measurements of the unsteady pres-
sure upstream of the glottis, the unsteady flow velocity
downstream of the glottis and the acoustic pressure in
the fare field were performed. The unsteady pressure was
measured by a pressure sensor of Kulite. The flow veloc-
ity was determined with a hot-wire probe. The acoustic
signal was detected by a microphone (Type BK 2669 )
with spherical characteristics. All signals were recorded
synchronously controlled by a LabView program.

III. Results

The models of the VFs were used for the investigation
of the influence of the stiffness and the prestress on the
fluid-structure-acoustic coupled process. Figure 3 shows
the determined oscillation frequency of models for three
different Young’s moduli and three prestressed states.
The diagram indicates that the frequency strongly de-
pends on the stiffness of the material. Furhtermore an
increasing prestress within the VFs results in a higher
frequency of the vibration of the VFs up to 96 Hz which
is consistent to the range in human phonation.
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Fig. 3 Oscillation frequency depending on the stiffness and pre-
stress state of the vocal folds

The glottal width was measured between 0.7
and 2 mm by evaluating the high-speed visualisation
measurements of the glottal movement. Figure 4 shows
the VFs during one oscillation cycle in reference to the
subglottal pressure. A phase shift of about 3/8 π is rec-
ognizable considering the maximum pressure at α = π/2
and the maximum glottal width at α = 7/8 π. The glot-
tal opens at the increasing slope of the pressure distri-
bution which reaches its maximum during the opening
process. The accelerated fluid as well as the decreasing
pressure starts the closing process which is finished with
full glottal closure at 3/2 π.

Furthermore the phase shift is strongly influenced by
the stiffness of the VFs and the prestress. As can be
seen in fig. 5 left the phase shift increases with decreas-
ing stiffness as well as with decreasing prestress. The
changing of the phase shift is the result of the larger
elastic forces which were caused by the higher stiffness
and prestress. The elastic forces are the reaction of the
structure to the driving forces of the fluid. Due to dif-
ferent inertias of the fluid and the structure a complex
interaction between the two physical regions generates
the self-sustained vibration of the VFs.

This dynamic process causes the basic tone of the hu-
man voice. To determine the influence of the different
sound generating mechanism synchronous measurements
of the subglottal pressure, the flow velocity in supraglot-
tal region and the acoustic pressure in the fare field were
performed. Figure 6 shows the amplitude spectra of the
time signals. The major peak in all spectra is located at
the vibration frequency of the synthetic VFs at about
69 Hz. Furthermore peaks of the higher harmonics are
also clearly recognizable. It shows that the pulsating flow
rate is the main acoustic source in human sound genera-
tion. Additionally a broadband sound could be detected
during the measurements which is present in the spec-
tra of the acoustic and the subglottal pressure at fre-
quencies greater than 1000 Hz. Considering the acoustic
analogy of Lighthill [6][7] the turbulent sound generation
is related to turbulent fluctuations of the flow velocity.
The fact, that there is no broadband behaviour in the
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Fig. 4 Pictures of the synthetic vocal folds depending on the sub-
glottal pressure recorded with a digital high-speed camera

spectrum of the flow velocity indicates that the turbu-
lent vortex structures produced in the shear layers of the
jet did not make a dominant contribution to the noise
generation in the phonation process. Furthermore the
maximum velocity obtained in the PIV measurements of
22.5 m/s (Ma < 0.1 within the jet, see Becker et al.[2])
was to low to create a determinative acoustic source term
in the shear layer. Therefore it tends to the conclusion
that in healthy human sound production the turbulence-
induced sound does not make a reasonable contribution
to the human sound production. The detected broad-
band noise could be the result of an oscillating pressure
gradient on the back faces of the synthetic VFs similar
to the trailing edge noise at the wings of aeroplanes [8].
However to validate this theory further measurements
has to be done.

IV. Conclusion

In the present work experimental investigations of the
fully coupled fluid-structure-acoustic process in a human
larynx model were reported. Therefore the most impor-
tant conditions were first the generation of self-sustained
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Fig. 6 Amplitude spectra of the subglottal pressure, the unsteady
flow velocity and the acoustic pressure for prestressed models with
E = 6.85 kPa

oscillations of the synthetic VFs and second the produc-
tion of a tonal sound. Therefore a model of the human
vocal folds was designed satisfying these conditions.

A strong influence of the oscillation frequency of the
VFs on the stiffness of the material and on the pre-
stress was determined. Varying these two parameters os-
cillation frequencies up to 96 Hz were obtained which is
consistent with frequencies in human sound production.
Furthermore a phase shift between the periodic move-
ment of the VFs and the subglottal pressure distribution
was observed which also strongly depended on the stiff-
ness and the prestress. The synchronous measurement of
the subglottal pressure, the flow velocity downstream of

the VFs and the acoustic pressure in the fare field identi-
fied the pulsating flow rate as main acoustic source. An-
alyzing the amplitude spectrum of the flow velocity the
turbulence-induced sound is assumed to give no contri-
bution to the detected broadband noise. The broadband
sound is rather produced by the oscillating pressure gra-
dient on the back faces of the synthetic VFs.
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Abstract––We developed a model for actin responses in 
chemotactic cells to external signal. Special attention is given to 
how the signal concentration and gradient regulate the cell 
leading edge protrusion quantitatively. For the signal sensing, 
we simulate the binding of the ligand molecules to the 
membrane receptors by a Monte-Carlo method, corresponding 
to the statistical fluctuation of receptor occupancy, and treat 
the signal processing by a diffusion–translocation model. For 
the actin dynamics in protrusion associated with cell motility, 
the model is based on the dendritic-nucleation hypothesis, and a 
set of partial differential equations for the diffusion and 
reactions of sequestered actin complexes is considered. The 
mechanical aspect of protrusion is based on an elastic 
polymerization ratchet mechanism. The link between the signal 
sense and the actin dynamics is a lipid second-messenger which 
is supposed to remove the barbed end caps of actin filament and 
promote polymerization at the leading edge. Our simulation 
results agree with some resent experimental observations.  

Keyword––Chemotaxis, signal processing, actin dynamics, 
protrusion, modeling. 

I. INTRODUCTION 

Chemotaxis plays a central role in various biological 
processes, such as cellular morphogenesis, neuronal 
patterning, innate immunity, inflammation and metastasis of 
cancer cells [1]. In Dictyostelium cells, such a directional cell 
movement is induced by extracellular cAMP. Binding of 
cAMP to G-protein-coupled receptors triggers the activation 
of second-messenger pathways and the recruitment of 
protein effectors, including the activation of adenylyl 
cyclase, guanylyl cyclase, phospholipase C. This leads 
ultimately to actin polymerization, formation of pseudopodia 
and directional cell movement. Although there are tens to 
hundreds of proteins involved in actin turnover in motile 
cells, only a small number of those are essential for the cell 
leading edge protrusion. The discovery of this fact [2, 3] 
makes the system amenable for modeling. In existing 
modeling study, the signal sensing [4, 5] and the actin 
responding [6] were independently treated in two parts, i.e. 
the top system and the basal system [1], and discussed 
separately. In this paper, we develop a model, coupling the 

two parts, in particular to demonstrate how the external 
signal concentration and gradient across a chemotactic cell 
regulate the leading edge protrusion rate quantitatively. We 
give a relationship between protrusion rate and external 
signal concentration and gradient by computing. Our model 
may be used to explain the resent experimental observations 
(reviewed in Ref [1]): some lipid second-messengers such as 
PtdIns(3,4,5)P3 are dispensable for chemotaxis in steep 
gradients. 

II. METHOD AND MODEL 

We consider a thin strip of lamellipod perpendicular to the 
cell edge with a typical length of 10μm . 40 000 receptors 
are immobile and located on the cell surface with equal 
spacings. Ligand (cAMP) molecules are linearly distributed 
over the cell strip, and bind to or dissociate from the 
membrane receptors stochastically related to their local 
concentration. For the top system, i.e. the signal sensing and 
processing, we simulate the binding of cAMP molecules to 
the membrane receptors by a Monte-Carlo method in order to 
account for statistical fluctuation of receptor occupancy and 
treat intracellular signal processing by a 
diffusion–translocation model [4,5], which includes the 
production of second-messenger molecules such as PIP2 and 
a positive feedback mechanism mediated by effector 
molecules such as PI3K. On the other hand, for the basal 
system, i.e. the actin dynamics in protrusion associated with 
cell motility, the model is based on the dendritic-nucleation 
hypothesis. It is considered that a set of partial differential 
equations for the diffusion and reactions of sequestered actin 
complexes, nucleation, and growth by polymerization of 
barbed ends of actin filaments, as well as capping and 
depolymerization of the filaments. The mechanical aspect of 
protrusion is based on an elastic polymerization ratchet 
mechanism [6]. We propose that the link between the top 
system and the basal system is the second-messenger PIP2 at 
the leading edge membrane (our main contribution to this 
study). Phosphoinositides such as PIP2 can remove barbed 
end caps, creating a local environment where capping is 
effectively reduced [6]. Barbed ends of nascent filaments 
close to the edge may further be protected from capping by a 
Cdc42-dependent mechanism [4]. Thus, in our model, we let 
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the density of uncapped barbed end of actin filaments, B, 
vary with the density of PIP2 at leading edge, PIP2 (0, )M t , in 

the form of PIP2( ) 100 (0, )B t M t= PIP2/[ (0, )M t  0.2]+ . 
And actin monomers in the pool correspondingly modified as 

d ( , )J x t =  0.3 ( )B t  [exp( 0.1 )x−  exp( )]x− −  for 
treadmilling balance. The second messager density of PIP2, 

PIP2 ( , )M x t , is given by the above mentioned 
diffusion–translocation model in the top system. All other 
parameter values are taken from Refs [5, 6]. 

III. RESULTS AND DISCUSSIONS 

Combining a Monte-Carlo method for the statistical 
fluctuation of receptor occupancy with the Crank–Nicholson 
scheme for a set of partial differential equations for actin 
dynamics, and retaining all the drift terms in 
diffusion-reaction equations that stem from a move 
coordinate system, we obtained some interesting results as 

shown in Figure 1-6 (the mean ligand 
concentration 9mean 6.5 10L −= ×  M /μm and  

the ligand gradient 11 2gradient 3.0 10 M /μmL −= × in 

Figures 1-4, and 1 2 3 4 5[ , , , , ]L L L L L =  
9[3.5,5.0,6.5,8.0,9.5] 10 M /μm−× in Figures 5 and 6 

from the lower to the upper). In particular, in Figure 5, a 
relationship between protrusion rate and external signal 
concentration and gradient is revealed. Significantly, in 
lower concentration, the protrusion rate increases with 
gradient. But with the increase of concentration, the 
dependence of protrusion rate on gradient is weaker and 
weaker. Eventually, the protrusion rates reach to a limit at a 
high level of concentration. These results indicate that our 
model may be used to explain the resent experimental 
observations (reviewed in Ref [1]): some lipid 
second-messengers such as PtdIns(3,4,5)P3 are dispensable 
for chemotaxis in steep gradients. 
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Fig. 1 Statistical fluctuation of receptor occupancy along a cell strip Fig. 2 Temporal evolution of second-messenger density in the front 

and back halves of a cell strip 

  

  

Fig. 3 Temporal evolution of protrusion rate of leading edge (LE) Fig. 4 Temporal evolution of leading edge (LE) uncapped barbed end 
density, B 

  

  

Fig. 5 Protrusion rate of leading edge varying with ligand concentration 
and gradient 

Fig. 6 Leading edge (LE) uncapped barbed end density varying with 
ligand concentration and gradient 
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IV. CONCLUSIONS 

We have developed a model for actin responses in 
chemotactic cells to external signal. Special attention has 
been given to how the signal concentration and gradient 
regulate the protrusion rate quantitatively. Our simulation 
results agree with some resent experimental observations in 
some extent.  

Cell chemotaxis is a complex, dynamic process in which 
signal sensing, cytoskeletal assembly, adhesion to 
extracellular matrix, and contractile forces interact in a 
spatially heterogeneous, complex geometry. This study may 
be as a prelude to more complex and more complete model 
investigations of cell chemotaxis as a whole. 
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Abstract—This paper focuses on the interaction between a 
generic ventricular assist device (VAD) system and the three 
dimensional flow structure in a pathological left ventricle (LV). 
The MRI derived geometry motion data of the ventricular 
endothelial wall has been used as boundary condition for a 
three dimensional CFD model incorporating the placement of 
a VAD between the ventricular apex and the ascending aorta. 
In a first step, the pump action is implemented by simple mo-
mentum source terms, which is yet a placeholder for an arbi-
trary realistic pump system in future work. A two element 
circulatory system model is adjusted to physiological condi-
tions and serves as an adaptive pressure boundary condition 
representing the capacity and resistance of the arterial circula-
tory system. The heart valves are modeled two dimensionally 
with a projected, realistic opening area. The computational 
model therefore accounts on the one hand for complex pres-
sure flow interaction in time, like lumped parameter models 
do. On the other hand, the detailed three dimensional fluid 
flow structure is solved to analyze the effects of pump action 
on intra ventricular, intra aortic and pump cannula flow pat-
terns. First simulation results indicate significant changes in 
the flow structure and therefore show relevance for the estima-
tion of flow induced blood trauma caused directly and indi-
rectly by VAD placement.  

Keywords—Ventricular Assist Device, heart failure, compu-
tational fluid dynamics. 

I. INTRODUCTION  

Heart diseases are statistically the major cause of death in 
the western world. To improve diagnosis and therapy meth-
ods in the field of surgical heart failure treatment, the Insti-
tute for Fluid Mechanics, University of Karlsruhe, in coop-
eration with the Department of Cardio-vascular Surgery, 
University of Freiburg, has been developing KAHMO 
(Karlsruhe Heart Model), a patient-specific numerical 
model of the human heart [1-3]. The time dependent geome-
try of the ventricular inner walls is based on the segmenta-
tion of MRI recording sets. This information is used to 
generate volume meshes of identical topology to prescribe 
ventricular geometry motion in a Computational Fluid Dy-
namics (CFD) domain (KAHMOMRT).  

  

Fig. 1  KaHMo – numerical solution of the flow structure in a healthy left 
ventricle: 3D streamlines colored by Velocity Magnitude [2].  

This way, the fluid flow structure of a healthy patient 
specific left ventricle has been investigated and compared to 
that one of a patient’s left ventricle in pathological condi-
tions both before and after surgical treatment [2]. This is 
considered as a contribution to STICH (Surgical Treatment 
in Ischemic Heart Failure), a world wide multi center study. 
In addition a fluid structure interaction approach has been 
developed in order to account for the interaction between 
intra ventricular fluid flow and structural deformation of the 
myocardium (KAHMOFSI)[2]. 

 Fig. 1 shows an asymmetric growth of a ring vortex 
around the inflow jet during diastole. This flow feature is, 
amongst others, responsible for a sufficient wash out of the 
ventricular apex. It is therefore considered to be a character-
istic pattern of healthy ventricle fluid flow and is to be taken 
into account by surgeons when planning the surgical recon-
struction of a pathological heart. 
Besides surgical treatment, such as ventricle reconstruction 
methods, the application of Ventricular Assist Devices has 
become an important option in the treatment of different 
forms of ventricular disease. Namely Bridge to Transplant, 
Bridge to Recovery and Destination Therapy are the most 
commonly known therapy options used by heart surgeons 
nowadays, as soon as mechanical unloading of the ventricu-
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lar muscle becomes necessary. Many systems of several 
pump concepts are applied and have been studied exten-
sively in clinical surroundings. Nevertheless, there is still a 
need to improve systems with regard to blood trauma and 
interaction with physiological as well as pathophysiological 
hemodynamics of the native organism.  
With the aim to gain detailed information on the three di-
mensional fluid flow structure affected by a VAD, a nu-
merical model of a patient-specific pathological heart in-
cluding the placement of a generic VAD was developed and 
is presented in the paper. Also, the flow through both the 
inflow and outflow cannula, as well as the entrance flow 
into the ascending aorta is of great interest.  
The simulation approach may be suitable for VAD design-
ers and surgeons for optimizing VAD placement parame-
ters, such as cannula position and angle, with regard to 
hemodynamic parameters and flow features, such as recir-
culation zones and blood trauma relevant shear history data. 
Also, computational feasibility studies of new VAD designs 
can easily be performed by replacing the generic momen-
tum source model by a realistic VAD concept. 

II. MATERIALS AND METHODS 

The three dimensional incompressible fluid mechanics 
conservation equations of mass and momentum (Navier 
Stokes Equations) in ALE formulation (eq. (1) and (2) re-
spectively [4]) are numerically solved using the finite vol-
ume approach. For an arbitrary volume V of the discretized 
computational domain with local grid velocity gv the local 
form is 

0)( gvv   (1) 

pvvv
t
v

g ))((  (2) 

where  is the fluid density, v the fluid velocity vector in 
non moving coordinates, p the pressure and  the viscous 
stress tensor.  is determined by Stokes hypothesis, but 
assuming a local effective viscosity eff  to be shear depend-
ent according to viscometer measurements in order to ac-
count for the non-Newtonian flow properties of blood 
[2,5,6]. Volume forces such as gravity are neglected. 

Flow simulations are performed using the commercial fi-
nite volume package FLUENT® (Fluent Inc.), which pro-
vides special capabilities to handle large mesh deformation 
using powerful smoothing and remeshing algorithms on 
unstructured meshes. MpCCI® (Mesh based Code Coupling 
Interface by Fraunhofer Institute of Scientific Computing 
and Algorithms) was used to couple the arbitrary vertex 

motion of topologically identical surface meshes for motion 
prescription with an unstructured surface mesh in FLUENT. 
This is done in order to provide better mesh quality and 
avoid the early termination of the fluid solver due to large 
cell distortion, which is a general problem in biofluid me-
chanics CFD simulations [7]. For this purpose a special 
MpCCI code adapter was developed earlier [8] and is used 
here.   

 
A. Numerical Model  

The time dependent geometry of the pre operative left 
ventricle is based on MRI recordings taken at University 
Hospital of Freiburg within the STICH study. After myo-
cardial infarction an aneurysm built up. After myocardial 
infarction and the development of an aneurysm, the ejection 
fraction (EF) was reduced to less than 20 % which is very 
low compared to an EF of over 60% in a sound heart. With 
these conditions the recorded data set is considered to be 
appropriate for VAD insertion in terms of medical indica-
tion. 

Out of the MRI data 17 structured surface meshes were 
generated equally distributed over one cardiac cycle [9]. 
They are used to map the surface motion information onto 
an arbitrary unstructured triangular surface mesh in 
FLUENT as described in [8]. Surface motion between these 
17 base meshes is approximated by third order segmented 
Bezier curves. The segments are steady in terms of paramet-
ric differentials, which ensures that no unrealistic pressure 
peaks occur due to sudden surface accelerations in the flow 
solution [8,9]. 

 
For the insertion of an inflow cannula the smallest ge-

ometry of the left ventricle is trimmed with a tube of 20 mm 
diameter at the apex. A low curvature bending tube of ap-
proximately 180 degrees was constructed before placing a 
volume for the generic VAD (figure 2). This first approach 
is done without taking available thorax space into account 
and rather to avoid dominating secondary flow patterns due 
to strong tube curvatures. The VAD volume is assumed to 
be non-moving in global coordinates. 

Therefore, the tube geometry has to compensate for the 
motion of the ventricular apex. The required tube motion is 
obtained from a one way coupling between the inner tube 
surface and a structural finite element (FE) representation of 
the tube in ABAQUS® (ABAQUS Inc.) where apex motion 
serves as displacement boundary condition. Due to the 
small strains and displacements a linear elastic isotropic 
material model is used and the FE simulation is performed 
static because inertia dominated effects are neglected.  
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Fig. 2 Geometry of the supported left ventricle 

Due to missing MRI data in the pathological ventricle the 
ascending aorta is generically taken from MRI recordings of 
a sound heart. The aortic root is approximated to compen-
sate for the motion difference between aortic valve surface 
and aortic inlet. 

The aortic valves are modeled based on echo Doppler 
scans of the two dimensional projected opening areas. The 
valve opening is adjusted with respect to the left ventricular 
volume over time. In the case that pressure driven valves 
are necessary, the following approach is implemented and 
can be switched to: At the beginning of each time step the 
pressure difference across the valve is checked and depend-
ing on pressure gradient direction a momentum source is 
assigned to the valve area adjacent fluid cells with negative 
velocity direction of each cell. This results in a zero velocity 
for the “closed valve” condition, for the “open valve” condi-
tion no source is applied, respectively. 

The characteristic flow rate - pressure curves of an arbi-
trary pump behavior are implemented as volume specific 
momentum sources with respect to the area averaged inflow 
velocity of the pump.  

At the outlet of the ascending aorta a two element circu-
latory system model is implemented to account for both the 
capacity C and the peripheral resistance R of the arterial 
circulatory system. The analytical solution of the linear 
differential equation in the time domain is ascending aortic 
pressure p(t) with respect to the ascending aortic volume 
flow rate V  (Eq. (3))  [10]. 

RC
t

RC
tt

RC
t

epdtetVe
C

tp 0

'

0

')'(1)(   (3) 

The model is fitted to validated data described in [9,11] 
minimizing the mean-squared error between the reference 
data and the calculated data obtained by eq. (3). Minimiza-
tion was performed using a non linear direct search algo-
rithm provided by Matlab® (The Mathworks Inc.) yielding 
the following parameters for eq. (3): R=255.50346 Pa ml-1 
s, C=0.005077 Pa-1 ml, p0=13760.51066 Pa. 

 
B. Simulation 

The flow is assumed to be unsteady, incompressible and 
laminar. The fluid parameters are set corresponding to the 
properties of blood with  = 1008 kg/m3 and viscosity 

eff( ) adapted to the local shear rate  according to ex-
perimental data of Liepsch et al [5]. 

Second order schemes are applied for spatial discretiza-
tion, for incompressible pressure and velocity coupling the 
SIMPLE algorithm is used. 

First, two simulations are performed over two cardiac 
cycles of 0.833 s each with a time step of t=0.00098 s, one 
for the unsupported pathological left LV and the second one 
for the LV supported be a generic pump supplying a con-
stant pressure rise of p=16,000 Pa. 

The completely unstructured mesh was created in 
GAMBIT® (Fluent Inc.) and consists of approximately 
300,000 tetrahedral cells. Throughout the calculation the 
volume averaged cell equiangle skew, a measure for cell 
quality, is below 0.4, and the volume averaged cell courant 
number is below 0.2, both indicating reasonably sufficient 
values in terms of numerical plausibility. 

III. RESULTS AND DISCUSSION 

The results presented here show the early stage of devel-
opment. Neither the generic aortic root and aorta are in-
cluded nor is the connection cannula between blood pump 
and ascending aortic arc.  

Fig. 3 shows the normalized velocity magnitude contours 
together with streamlines projected onto a cut surface 
through the center of the LV. The solution for both the un-
supported and the supported LV is shown at t=0.4081 s 
during diastole. The flow pattern of the pathological LV is 
characterized by an almost symmetric ring vortex (compare 
to Fig. 1 in healthy conditions), which results in a stagnation 
point flow located at the apex being critical in terms of 
wash out and thrombus formation. 

Left ventricle

Inflow cannula

Outflow cannula 

VAD 

Mitral valve
Aortic valve

Ascending aorta
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Fig. 3 Comparison between flow structure in pathological LV (left) and the 
same LV with generic VAD placement. cross section with 2D projected 

streamlines and velocity magnitude contours 

In contrast, the supported LV on the right hand side of 
Fig. 3 shows a strong jet driven by the momentum source of 
the pressure gradient created by the pump and the pre-
scribed increase of LV volume. The direction of the jet is 
strongly dependent on flow behavior in the left atrium [12] 
which is simplified by a straight but moving pipe here. The 
jet entering the inflow cannula of the VAD during the com-
plete diastole is susceptible of causing a bad wash out of the 
upper portion of the LV. Therefore, passive scalar mixing 
has to be analyzed in further simulations. The streamline 
structure in the inflow cannula of the VAD indicates the 
existence of secondary flow as well as flow separation at the 
inner pipe wall, both of which are features that may have 
effects on the flow field within the VAD located down-
stream.  

IV. CONCLUSIONS  

Although the presented model is not fully completed and 
generic parameters for pump performance are used, the 
solution indicates that valuable insights into the flow struc-
ture can be gained from the presented simulation approach. 
In future, the model can help in optimizing patient specific 
VAD placement and actuation.  

Applying appropriate solution analysis methods such as 
assessing scalar transport of accumulated shear stress serv-
ing as a criterion for flow induced platelet activation, com-
bined with the assessment of local wall shear is proposed to 
identify wall regions with different risk levels of platelet 
deposition. This approach is currently under development 

and can be used as basis for judging VAD cannula shape 
and cannula placement configurations. 

Simulating the upstream flow history of both the ven-
tricular and the cannula flow together with the VAD action 
in a common 3D model as presented here, gives detailed 
information in LV flow patterns affected by implanted VAD 
and provides valuable inflow boundary conditions for a 
coupled or even separate CFD analysis of new VAD de-
signs. 
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Abstract—Numerical methods are rapidly gaining 
importance for answering medical questions. One field in 
which these answer are especially valuable is cardiology. The 
understanding of the cardiac function on a detailed, physical 
level can help to improve diagnostics, prognosis and therapy 
for a large number of pathologies. 

The KaHMo (Karlsruhe Heart Model) is developed as a 
framework for the patient specific numerical simulation of the 
intraventricular flow. The framework combines different 
methods from several disciplines. 

As a means to simulate the cardiac flow in a given patient 
specific heart, KaHMo MRI derives the time dependent 
geometry of the endocardium and performs a numerical 
simulation of the intraventricular flow. 

In order to be able to predict the influence of pathological 
changes in e.g. the myocardium or the valves on the 
contraction of the heart and the flow driven by this movement, 
KaHMo FSI employs special Fluid-Structure-Interaction 
methods and a composite approach to muscular dynamics to 
simulate the complex interaction of non linear elastomechanics 
with hemodynamics. 

The framework is supported by additional models which 
include a model of the human circulatory system to derive the 
systemic pressure response, rheological models for the non-
Newtonian behaviour of the blood as well as models for 
prediction of hemolysis and thrombosis risks in artificial blood 
pumps or ventricular assist devices. 

Future developments may incorporate electrodynamical 
models to include the possibility to predict the effect of e.g. 
arrythmia or therapeutical ablation on the heart function. 

The vision is a macroscopic holistic model of the human 
heart that can help to answer the ever pressing “what if?” 
questions.  

Keywords—patient specific, heart model, computational 
fluid dynamics, fluid structure interaction. 

I. INTRODUCTION  

Heart diseases are statistically the major cause of death in 
the western world. To improve diagnosis and therapy meth-
ods in the field of surgical heart failure treatment, the Insti-
tute for Fluid Mechanics, University of Karlsruhe, in coop-
eration with the Department of Cardio-vascular Surgery, 
University of Freiburg, has been developing KaHMo 

(Karlsruhe Heart Model), a patient-specific numerical 
model of the human heart [1-5].  

From a fluid dynamicists point of view the numerical 
models of the heart can roughly be divided into two types: 

Firstly those that take the movement of the inner ven-
tricular wall as a boundary condition: The prescribed ge-
ometry models [6-12]. 

Secondly, the models which take into account the inter-
action between the fluid flow and the motion driving it: The 
Fluid-Structure-Interaction (FSI) models, including 
fictitious domain models [13-16] and coupled FSI models 
[17-22]. 

Both models cannot be considered as alternatives to each 
other but as approaches in their own right. 

KaHMo strives to combine the features of both ap-
proaches by modularization. Fig. 1 shows the principle 
concept map of KaHMo. 

Fig. 1  KaHMo – concept map of heart simulation for the prescribed 
geometry (MRT, right) and fluid structure interaction (FSI, left) approach 

For KaHMo MRT, the time dependent geometry of the 
ventricular inner walls is based on the segmentation of MRI 
recording sets. This information is used to generate surface 
meshes of identical topology to prescribe the ventricular 
geometry motion as moving wall boundary conditions in a 
Computational Fluid Dynamics (CFD) domain. For KaHMo 
FSI, the same fluid domain is used, but instead of the mov-
ing prescribed boundary condition a full solid mechanics 
model of the heart muscle is created and coupled to the 
CFD domain.  
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This shows the modularity of the concept which enables 
us to create both types of models without any changes to the 
fluid model itself. 

II. MATERIALS AND METHODS 

Flow simulations are performed using the commercial fi-
nite volume package StarCD® (cd-adapco). In future work 
FLUENT® (ANSYS) will be used, which provides special 
capabilities to handle large mesh deformation using power-
ful smoothing and remeshing algorithms on unstructured 
meshes in order to provide better mesh quality and avoid the 
early termination of the fluid solver due to large cell distor-
tion, which is a general problem in biofluid mechanics CFD 
simulations [23]. 

While in StarCD® structured volume meshes are used, 
MpCCI® (Mesh based Code Coupling Interface by Fraun-
hofer Institute of Scientific Computing and Algorithms) is 
used to couple the vertex motion of structured surface 
meshes to an unstructured volume mesh in FLUENT. 

For the MRT model a special MpCCI Code Adapter was 
developed [24]. For the FSI model a special implicit cou-
pling procedure is used which has been developed since the 
explicit methods available in MpCCI® are not stable for the 
given ratio of fluid and tissue densities due to the added 
mass effect [25,26]. 
 
A. Numerical Model 

The simulation of the fluid flow is performed using the 
finite volume method in the arbitrary Lagrange-Euler (ALE) 
formulation for moving grids. 

Though blood is a non-Newtonian fluid the viscous stress 
tensor is still being modeled by the Stokes Assumption with 
an effective viscosity modeled by a Carreau or Cross model 
adapted to measurements by Liepsch [27,28]. 

Relative pressure boundary conditions are used at the 
inlet to the atrium and at the exit of the aortic tract. The 
pressures are calculated from the volume flux at the aorta, 
which is used as input to a full model of the circulatory 
system which gives realistic pressures over time for the inlet 
and outlet boundaries [29,30]. 

The valves are represented by a two dimensional planar 
model. Numerically the valves are defined by a temporally 
and spatially variable pressure drop. The pressure drop is 
varied from infinite (closed valve area) to zero (open valve 
area). An intermediate pressure drop is defined for the bor-
der of the opening area, to smoothen the resulting jet profile 
in the same way as the three dimensional valve geometry 
does. 

An exhaustive description of the flow model can be 
found in [2]. 

For the prescribed geometry model the time dependent 
geometry is derived from the MRI scans of a healthy male 
volunteer. 17 structured surface meshes were generated 
equally distributed over one cardiac cycle. Surface motion 
between these 17 base meshes is approximated by third 
order segmented Bezier curves. The segments are steady in 
terms of parametric differentials, which ensures that no 
unrealistic pressure peaks occur due to sudden surface ac-
celerations in the flow solution [2,30]. 

For the FSI model a composite model of the myocardium 
was used. In this model the anisotropic behavior of the 
muscle tissue was implemented by inner and outer fiber 
layers on an isotropic matrix [31-33]. The contraction of the 
tissue was modeled by reduction of the fibre length corre-
sponding to the shorting of sarcomeres. 

III. RESULTS AND DISCUSSION 

Figure 2 shows the simulated flow field for the FSI and 
MRT (StarCD®) models at the end of the diastole. In the 
middle pane the three dimensional momentary streamlines 
are presented. In the left pane two dimensional streamlines 
in the central plane and in the left panel the isosurface of 2 
= -1000 are shown. The streamlines and isosurfaces are 
colored by the velocity magnitude. 

At the end of the diastole we see a clockwise vortex that 
fills nearly all room in the ventrice but the apex. In the apex 
a second vortex develops which is responsible for flushing 
old blood out of the tip of the ventricle. 

Figure 3 shows a schematic of the simulated flow fields 
for the 2 models. In the beginning diastole blood enters the 
ventricle through the opening mitral valve. The resulting jet 
flow develops into a ring vortex. This initial vortex is born 
from the jet shear layer that is rolled up by viscous forces 
exerted from the resting fluid onto the jet core. This process 
is well known from accelerated flow through an anular 
orifice. Initially this ring vortex is nearly symmetrical and 
corresponds to the shape of the valvular opening. In a sym-
metrical vessel the ring vortex would keep travelling down-
stream in its symmetrical shape and finally dissipate - pos-
sibly deformed by instability waves. 

In our case the ring vortex originates from a laterally dis-
placed orifice and enters an asymmetric ventricle. This leads 
to asymmetric growth of the ring vortex in the course of the 
diastole and finally the vortex is tilted to fill the elongated 
shape of the ventricle. The direction of the tilting is subject 
to boundary conditions, especially the inflow direction and 
the movement of the ventricle wall. In the left ventricle the 
tilting direction is clockwise such that the left side of the 

616 T. Schenkel et al.

IFMBE Proceedings Vol. 25



ring vortex stays in the upper part of the ventricle and grows 
to fill most of its cavity and the right side dives into the 
apex and aids in flushing the tip of the ventricle. This 
asymmetry in the vortex development seems to be crucial 
for the function of the ventricle, since without it the elon-
gated shape cannot be flushed efficiently as a symmetrical 
ring vortex would stay in the wide part of the ventricular 
cavity leaving a stagnant area in the apex. The understand-
ing of the relation between ventricular shape and motion 
and the asymmetry of the developing ring vortex is impor-
tant for the understanding of the ventricular function as a 
whole. At the beginning of the systole the vortical structures 
are only partly dissipated and most of the rotational energy 
pushes the blood towards the opening aortic valve. 

The comparison between the results obtained by the pre-
scribed geometry model KaHMo MRT and the fully fluid-
structure-coupled model KaHMo FSI shows good agree-
ment between the two models. Slight differences in the flow 
occur that can be attributed to equally slight differences 
between the prediction of the myocardial movement by the 
structural model and the prescribed movement.  

 

Fig. 2 Comparison between fluid structure interaction and prescribed 
geometry model [33] 

 

Fig. 3  Schematic intraventricular flow structure for KaHMo FSI (red) and 
KaHMo MRT (blue) [33] 

But it can be said that the general agreement between the 
two flow fields is good and within a typical uncertainty 
corridor of 5-10% for this kind of numerical model. Exten-
sive details can be found in [33]. 

IV. CONCLUSIONS  

The KaHMo has proven to be suited for simulation of the 
intraventricular flow field based on patient specific data, 
that can be obtained by clinical measurements. 

The simulation framework is modular and flecible and 
can be adapted to the demands and necessities. It has been 
shown that by changing the representation of the myocar-
dium from a prescribed movement to a full fluid-structure-
interaction-model the flow model does not need to be 
changed and gives consistent results between the models. 

The flow field that is predicted corresponds to physio-
logical literature and is physically plausible. 

The model is extensible. By inclusion of e.g. the electro-
dynamics of the heart into the FSI model it will be possible 
to model the change in myocardial movement and thus flow 
that is caused by an acute myocardial infarction or arrhyth-
mia. The MRT model can be used to evaluate the status quo 
of healthy and deseased hearts based on direct MRT meas-
urements. This can be used to derive quantities that help to 
assess the functionality of the heart from a fluid dynamics 
point of view and to compare different strategies for treat-
ment of e.g. ischemia, ventricular reconstruction, etc. 
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Abstract — In-vivo evaluation of intervertebral kinematics 
can provide precious information for widespread spinal pa-
thologies such as back pain, whiplash, that still lack of certain 
diagnoses. Analysis of fluoroscopic sequences screening spine 
tracts (e.g. lumbar, cervical) during unconstrained patient 
motion can be used to estimate vertebrae and segmental mo-
tion: even if limited, the 2D analysis can be employed to study 
motion onto sagittal plane. Estimation of vertebral kinematics 
relies on recognition of vertebrae position and rotation on each 
radiological frame; this can be achieved identifying specific 
feature points or landmarks. Manual selection results tedious 
and imprecise, automatic vertebrae recognition can be based 
on image template matching. This study proposes a particular 
template matching that uses smoothed image derivatives, 
which enhances main vertebral body outline. Vertebra location 
result more accurate and precise with respect to previous 
techniques. Results were tested against known data of a refer-
ence calibration model: the root mean square error resulted 
0.2 degree for vertebral angles and 0.3 mm for vertebra posi-
tions. A further comparison was performed using previous 
findings obtained by processing real sagittal, lumbar fluoro-
scopic sequences: the root mean square error resulted 1.2 
degree for vertebral angles and 0.8 mm for vertebra positions.  

Keywords – 2D intervertebral kinematics, template match-
ing, fluoroscopic sequences, lumbar spine. 

I. INTRODUCTION  

Spine disorders such as idiopathic low back pain and 
cervical spine diseases (e.g. whiplash caused by motor vehi-
cle accident) are significant problem in the industrialized 
world. Diagnosis of the underlying causes can be extremely 
difficult and still lack of confidence. There are, as yet, no 
well-accepted standards to determine the causes of these 
spinal disorders. Back pain is one of the most common and 
most rapidly increasing causes of work loss, it is also the 
second most common reason for a clinical visit and the 
outcome of its treatment is often unsatisfactory. Cervical 
spine trauma nowadays is very common, representing the 
majority of spinal lesions. As example, whiplash injury is 
probably the most occurring cause for insurance claims, but 
diagnosis and treatment of whiplash injuries is still one of 
the most controversial topics in medicine. Since mechanical 
factors very often play an important role, it can be helpful to 

study actual patient’s spine motion in-vivo. Intervertebral 
kinematics closely relates to the functionality of the spinal 
segments and can provide useful diagnostic information. 
Direct measurement of the intervertebral kinematics in vivo 
is very problematic. The use of a fluoroscopic device can 
offer a continuous screening of a specific spinal tract (e.g. 
cervical, lumbar) during patient’s spontaneous motion, with 
an acceptable, low X-ray dose. Kinematic parameters can be 
extrapolated from fluoroscopic sequences. Most of the pre-
vious works [1-5] were confined to the estimation of planar 
motion (most on sagittal plane) and are based on the as-
sumption of absence of out-of-plane coupled motion (e.g. 
axial rotation). Coupled motion can be neglected in sagittal 
(flexion-extension) motion (mainly due to anatomic symme-
try), but in lateral bending, where a coupled axial rotation is 
certainly present, this approximation is no longer valid. 

Estimation of the two-dimensional rigid motion parame-
ters between two distinct poses is a common technique for 
assessing joint function; by extracting position of bones 
from two successive radiographic projections it is possible 
to estimate the motion occurred in between. For this pur-
pose it is typical to define landmarks, specific points or 
other more complex features on the object of interest. Often, 
features of the vertebral body such as corners or outlines 
have been considered for vertebra identification. Previous 
studies on the subject [4,5,8] utilised manual identification 
of the anatomical landmarks throughout the sequence. For 
each frame, the operator was required to locate the vertebral 
landmarks by hand. This operation results in a subjective, 
tedious and often insufficiently accurate procedure. In fact, 
large errors in the computation of kinematic parameters may 
result from relatively small errors in the identification of the 
spatial landmark co-ordinates [2,3]. Further approaches 
based on automatic template matching have been utilized: 
some were based on correlation as a measure of similarity 
of the image portion enclosing each vertebra, others tried to 
describe the vertebral body outline in different way (e.g. 
utilizing splines or generalized Hough transform) [9,10]. 

In this work we propose an automatic vertebra position 
recognition still based on the cross-correlation template 
matching but using gradient images. Derivative operator 
enhances the vertebrae outline features and consequently 
template matching provides more accurate spatial localiza-
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tion of vertebra and shows better sensitivity about rotation 
angle. 

II. METHODS 

A. Fluoroscopic image sequences  

To validate the measurement method, a calibration 
model, already employed in previous studies [7] has been 
used. It consists of two human lumbar vertebrae (L3 and 
L4) linked, at the disc level, by means of a universal joint. 
A system of preset positions constrains the rotation of L3 
with respect to L4 to known values. In addition, sequences 
of fluoroscopic images that screened lumbar tract of patients 
undergoing passive flexion-extension lumbar motion were 
utilized. Patient laid and was fixed onto a motorized bed 
that impressed a preset angle swing to the legs; during mo-
tion a fluoroscope screened the lumbar spine (5 frames per 
second). Pixel resolution was 0.43 mm.  

     
Fig. 1: particular of two fluoroscopic images of lumbar spine  

B. Gradient images 

Finite difference operators provide an approximation of 
the derivatives. By convolving an image with a central dif-
ference filter (discrete differentiation) in horizontal and 
vertical direction a gradient approximation in both direction 
is obtained; after, the norm of gradient vector can be com-
puted thus producing a new grayscale images that only 
highlights image border and edges. However, image intensi-
fier supplies images with a noticeable amount of noise. 
Derivative or gradient operators are particularly sensible to 
noise and it is very important to perform image smoothing 
before applying them. Many difference operators (e.g. 
Prewitt, Sobel, etc.) also perform a certain degree of 
smoothing of the image in order to be less sensitive to local 

noise (the amount of smoothing can be easily changed by 
enlarging filter kernel). The following simple central differ-
ence filter kernel was utilized to estimate the smoothed 
version of grey-level gradient in the x-direction of the im-
age and the transpose of this kernel was used to estimate the 
y-direction gradient. Filter dimension were obtained consid-
ering average image noise and typical edge slope [11,12]. 
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C. Template matching 

Template matching consists in calculating at each posi-
tion of the current image a function that measures the de-
gree of similarity between a template (e.g. a piece of the 
first image cut around a vertebral body) and a portion of the 
image. Zero-mean Normalized Cross Correlation (ZNCC) is 
a widely used similarity function in template matching as 
well as in motion analysis. Let I be the image under exami-
nation, of size R by C pixels, T the template, of size M by N 
pixels, and Ic(x,y) the sub image of I at position (x,y) hav-
ing the same size as the template T, and let <Ic> and <T> 
the mean computed on T and on Ic (x, y) respectively. The 
Normalized Zero-mean Normalized Cross Correlation be-
tween the template T and the image I at position (x, y) is 
defined as:  
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D. Vertebrae tracking  

Onto a single frame of the sequence (usually the first) the 
operator selects four landmarks on the vertebral body cor-
ners. By using those selected landmark co-ordinates, a ver-
tebra reference template, including the entire vertebral body 
is automatically generated. The actual template used for the 
matching procedure will be the correspondent portion of the 
gradient image. First, an approximate, preliminary location 
is estimated using the vertebral template and the next gradi-
ent image in the sequence. Comparing the vertebra template 
with a subsequent gradient image, the new position of the 
vertebral centre is estimated by the maximum cross-
correlation value. Obviously, the location obtained is only 
approximate, since the vertebra may have rotated between 
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the two frames. Consequently, the cross-correlation is re-
computed around the estimated centre, progressively rotat-
ing the template (with smaller and smaller angle incre-
ments). The cross-correlation maxima, found for each angle 
increment, constitute a series. The angle corresponding to 
the absolute maximum is taken as a rough estimation of 
vertebral rotation. In addition, the coordinates of the verte-
bral centre are refined. 

E. Estimation of 2D kinematics and result validation 

For each vertebra the hypothesis of rigidity was held 
(vertebra deformations caused by the forces acting on the 
spine during motion are negligible with respect to the dis-
placement involved). The planar motion of a rigid body is 
completely described by three parameters along time (e.g. 
rotation and displacement). The center of rotation for hu-
man joints in two-dimensions is a kinematic variable which 
is largely utilized for joint function assessment.  Also inter-
vertebral angles were estimated.  

The vertebra kinematics parameters obtained by using 
the proposed method was compared with corresponding
data obtained using a calibration model to test accuracy. In 
addition, results achieved processing real fluoroscopic se-
quences of lumbar spine were compared with corresponding 
data obtained with highly accurate manual selection proce-
dure [8]. Error analysis was performed. 

III. RESULTS AND CONCLUSION 

 Intensity gradient images were obtained applying the 
smoothed difference operator. The following picture shows 
the effect of such operator, as is visible an acceptable com-
promise (trade off) between smoothing and edge enhance-
ment was obtained. 

    
Fig. 2: a real fluoroscopic image particular of a L2 vertebral body and 

its correspondent gradient image 

As example, a typical Zero-mean Normalized Cross Cor-
relation map obtained using patients’ gradient intensity 
images. It is worth to underline that the peaks related to the 

maximum cross correlation value resulted always much 
sharper with respect to the corresponding ZNCC maxima 
obtained by unprocessed images. This results in more accu-
rate maxima localization.  

Fig. 3: a typical Zero-mean Normalized Cross Correlation map ob-
tained processing derivative images 

Values of ZNCC maxima varied with respect to the tem-
plate rotation: fig. 4 represents a typical pattern against 
progressive rotation angle of 1° (patient images). After, the 
procedure of progressive rotation was iterated around the 
maximum with finer steps of 0.1° to estimate vertebra rota-
tion more accurately. Once estimated the angle of a verte-
bra, its positioning was estimated as the coordinates of the 
ZNCC maximum (corresponding to the best rotation). 

Fig. 4: a typical sequence of cross-correlation maxima sequences for 
different template rotation angles  

Results were compared against previous data from a ref-
erence calibration model (for details please refer to [7]): the 
root mean square error of a vertebra location resulted 0.2 
degree for angles and 0.3 mm for positions. 

Since the calibration model fluoroscopic images shows a 
fairly good SNR, a further comparison was performed to 
test the novel approach on real patients’ sequences. It is 
worth mentioning that sagittal lumbar sequences are the 
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noisiest fluoroscopic sequences of the spine. Hence, results 
were also compared with correspondent results [8] obtained 
using very accurate manual selection. As example, fig. 5 
shows absolute angle of L2 and L3 vertebra for a patient, 
while fig. 6 shows corresponding inter-vertebral angle, both 
plotted against time (i.e. frame number; sampling frequency 
was 5 frame per second); positive angle correspond to ex-
tension patient movement (negative to flexion). Results are 
plotted as solid lines while reference values are shown as 
dashed line and crosses. 

Fig. 5: absolute L2 and L3 vertebra angles against time (frame #). 
Results are plotted as solid lines; reference values as dashed line  

Fig. 6: Inter vertebral (L2-L3 segment) angle against time (frame #). 
Results are plotted as solid lines; reference values as dashed line 

The root mean square error was computed to quantita-
tively and concisely illustrate differences between the 
methods. RMSE resulted 1.2 degree for vertebral angles and 
0.8 mm for vertebra positions. On average, the cross-
correlation maxima ranged from 0.51 (worst) to 0.98 (best) 
with an overall mean of 0.68 (a value of 1 indicates identi-
cal images, apart of contrast and brightness).  

The proposed vertebra tracking method provides an al-
most automatic solution to estimate intervertebral kinemat-
ics using a dynamic fluoroscopic sequence. This method 

significantly improved vertebra localization with respect to 
ZNCC of unprocessed image and resulted very close to the 
reference values considered (both calibration model and real 
patient images). Preliminary results about intervertebral 
rotation centers are aligned with the latest studies. Further 
analysis are now oriented to improve the smoothed image 
derivative operation and also to interpolate kinematic data 
with opportune splines. 
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Abstract—In this work, we applied a coarse-grained 
molecular dynamics method for simulating inhibitors entering 
the binding cavity of human immunodeficiency virus type 1 
protease (HIV-1 PR). It shows that the coarse-grained 
dynamics, in consistent with the experimental results, can 
capture the essential binding dynamics of inhibitors into 
protease. The primary driving force for the binding processes 
is the non-bond interaction between inhibitors and PR. 
Meanwhile, the interacting strength between inhibitors and 
protease, have great influence on the binding processes. This 
study also provides important guidelines for design of novel 
inhibitors with optimized binding pathway and fast binding 
kinetics. 

Keywords— ligands binding, HIV-1 protease, coarse-grained 
dynamics, inhibition, binding free energy 

I. INTRODUCTION  

HIV-1 PR plays a critical role in the replication cycle of 
the virus that cleaves the gag and pol viral polyproteins at 
the active site to process viral maturation. [1-3] It was found 
that the virus without HIV-1 PR is noninfectious. [4] Thus 
HIV-1 PR is continuously considered the primary target for 
the AIDS treatment. [5] However, the effectiveness of the 
inhibitors is reduced gradually (since the protease mutates 
frequently during inhibitor therapy), and novel potent 
inhibitors are needed constantly for an improved and 
hopefully ultimate AIDS treatment. [6, 7] For this purpose, 
a molecular understanding of the binding and inhibiting 
dynamics of possible inhibitors to protease is fundamental 
and practical to the HIV-1 PR drug design. 

In this work, using HIV-1 PR as a model system, we 
applied a coarse-grained (CG) dynamics algorithm to 
overcome the problems from all-atom MD simulations. This 
idea was tested to be effective in simulating ligand binding 
dynamics and product release in HIV-1 PR up to 
microsecond time scale. [8-13] We now adopted a similar 
CG strategy and optimize further a set of CG force field 
parameters for both proteins and ligands, as well as their 
interactions. The methods allowed us not only to analyze 
the binding pathways of inhibitors to HIV-1 PR, but also 

other factors like driving forces strength, the inhibitor size, 
and the stiffness of inhibitors. This will helpful for a much 
insightful dynamics understanding of ligand binding into 
proteins and further inhibition. It will provide important 
guidelines for novel inhibitors design in HIV-1 PR, and 
generally to other inhibitor/ligand-protein systems  

II.  ALGORITHMS AND METHODS 

A. Coarse-grained models of HIV-1 PR 

Atomistic details of HIV-1 PR and the inhibitors were 
coarse-grained as hard sphere beads. For the protease, each 
amino acid is represented as one sphere bead of different 
size and weight, as shown in Fig.1 (a). The effective radii of 
beads were taken from the widely accepted definition by 
Reva et al, [14] and the bead is placed at the residue’s C-
alpha position and connected by virtual bonds, angles and 
dihedral angles. The inhibitors were also coarse-grained as 
hard sphere beads representing different functional groups 
of the inhibitors, as shown in Fig.1 (b). 

With the CG treatment, total potential function (i.e. the 
CG force field) for HIV-1 PR is a sum of the following 
interactions, [9, 10]  

 
localnon

nb
local
nb

localnon
eldihedralanglebond UUUUUUU     (1) 

where the 
bondU , 

angleU  and 
dihedralU  potentials are for the 

bonded interactions and the other terms for the non-bonded 
interactions. More parameterization details of the CG 
treatment can also refer to the works of McCammon and co-
workers. [9, 10] 
 
B. Coarse-grained models of inhibitors  

For coarse-graining the inhibitors into sphere beads, the 
topology of inhibitors was taken from the corresponding 
PDB coordinates. The bonded terms of its force field 
including bond, angle and dihedral angle potentials were 
treated as harmonic. The interactions between HIV-1 PR 
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and the inhibitors are treated as a modified Lennard-Jones 
potential, [13, 15]  
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where 
ijr  is the distance from bead i to j, while 

iR  and 
jR  

are the effective radii of bead i in protease and bead j in 
inhibitor, respectively. The strength of the interactions is 
defined by the parameter . We used the binding energy of 
varied inhibitors calculated in PBSA/MM method [17] to 
determine the value of , and the effect of the interaction 
strength will be discussed in more details in Results. For the 
inhibitors, the effective radii of bead is defined as, 
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iR  is radius of gyration of coarse-
grained bead i, which can be calculated by  
 

NrR
N

m
mi

g
i /                                                       (3) 

where 
mir  represents the distance between heavy atom m 

within the coarse-grained bead i and the geometry center of 
the coarse-grained bead, and N is the total number of heavy 
atoms within the bead, respectively. Vdw

CHR  is the average 
Vdw radii of 32/CHCH/CH  groups which are located at the 
most outside of the coarse-grained beads. Vdw

CHR is equal to 
1.925 Å. [16]  
 

            

Fig.1 Coarse-grained treatment of (a) HIV-1 PR, and (b) inhibitor XK263 

III. RESULTS AND DISCUSSION 

A. CG dynamics of inhibitors binding into HIV-1 PR 

For the binding dynamics and inhabitation pathways of 
XK263, XK263 firstly rotated a lot for a correct orientation 
and close contact with the cavity. The inhibitor posed to 
enter the cavity by collisions with the protease until the 
opening of the flaps (e.g. in Fig. 2, t = 15.66ns for XK263 
when both the distances of ILE50A-ILE50B and ASP25-
ILE50 open). During the time from 15ns to 45ns with the 
flaps open, XK263 rearranged its orientation in the cavity 

until forming a tightly packed complex with PR and the 
flaps closed (at about t = 45 ns with the mean distance of 
ASP25-XK263 around 10 Å, and ILE50A-ILE50B returned 
to about 5 Å).  

 

 
Fig.2 Snapshots of the CG simulation of XK263 binding into the active 

site of HIV-1 PR 

Accompanying the binding process of inhibitors, there is 
a significant changes in the total interaction energy between 
XK263 and the protease dropped from ~ -10 kcal/mol to -17 
kcal/mol as the binding begins, decreased to ~-30 kcal/mol 
as the flaps open, and stabilized to ~-38 kcal/mol for fully 
bound, as showed in Fig.3 (b). 
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Fig. 3 Binding dynamics of test substrate XK263 as the flaps opened. (a) 
Distances of ILE50A-ILE50B, ASP25A-ILE50A and ASP25A-XK263. (b) 

The binding energy changes accompanying the binding process. 

B. The effect of interaction strength on inhibition 

To investigate the effect of the interaction strength on the 
binding dynamics, we mimicked the strength change of the 
L-J potential between the inhibitors and PR by letting 

0
*  in the potential Equation (2). Here *  is a 

dimensionless parameter and 
0
 is the strength of the L-J 

energy which is from our all-atom calculations of binding 
free energy, respectively. We found that the binding time of 
inhibitors decreases significantly versus a stronger strength 
of L-J potential (e.g. when *  increases to >1, the binding 
time of XK263 would be less than 5 ns.) 

(a) (b) 

t =0 t =15.66ns t =18.62ns t =45ns 

624 D. Li et al.

IFMBE Proceedings Vol. 25



When the attraction strength was higher than a critical 
value, the inhibitors can push the flaps up (i.e. The 
increasing distance of ASP25A-ILE50A), and entrance of 
the cavity is enlarged for entering of the inhibitors (i.e., one 
extreme case would be an inhibitor entering without flaps 
opening. In contrast, if the attraction strength was much 
weaker, the inhibitors could not push the flaps to open up, 
e.g. * <0.5, and the inhibitors may easily drift away from 
PR, which leads to failed binding processes. 

IV. CONCLUSIONS  

We implemented a coarse-grained dynamics algorithm to 
simulate protein-ligand dynamics at very large timescales 
up to microsecond. This CG dynamics was successfully 
tested in the inhibition dynamics of HIV-1 PR and its 
ligands. CG dynamics shows same level of accuracy as all-
atom simulation in term of fluctuations, collective motions 
and binding pathways.  

We calculated the binding free energy from with the all-
atom simulation and obtain the interaction parameters in CG 
dynamics. We have found that the interaction strength 
between inhibitors and PR have great influence on the 
binding dynamics. Our theory and analyses also provide 
useful guidelines for dynamics studies and molecular design 
of novel inhibitor/ligand of protein (e.g. for optimized 
binding pathways and fast kinetics). 
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I. INTRODUCTION 

A common therapeutic procedure for treatment of 
cardiovascular disease is the implantation of stents, in the 
carotid artery, especially in patients with high risk factors.  
The procedure is not without risk as clots can be transported 
into the brain and also re-stenosis occurs in 10-20% of 
cases.  Flow plays a very important role in the success of 
the implantation. Alterations to flow behavior can lead to 
clotting and re-stenosis.  Slight changes in the flow rate can 
create velocity fluctuations which are physiologically 
abnormal.  Higher velocity fluctuations and flow separation 
can lead to shear stresses and recirculation zones, so that 
platelets aggregate or adhere to the wall.   Similar processes 
might arise just after implantation of stents.  We studied 
flow in four types of stents (a self-X stent, a Wall stent, a 
covered stent and an improved covered stent) in a silicon 
rubber model with a 180° bend. We tested the influence of 
variations in stent design, the direction and mesh of the 
wires, the in- and outflow, the stretching, surface roughness 
and the position of the stent, on flow behavior. Of special 
interest were flow differences between the covered and 
uncovered stents, the flow resistance, the position of stent in 
the arterial model and the entrance flow angle.   

II. METHODS 

Silicon rubber tubes with an inner diameter of 6mm and 
8mm.  The silicon rubber models were prepared using a 
procedure which has already been described several times. (1). 
These tubes have a compliance similar to the vessel wall of a 
common carotid artery.  The models are transparent and 
elastic and duplicate the inner surface of the artery wall.   

 

Fig. 1 

The fluid was a mixture of polyacrylamide and water, 
and dimethylsulfoxide and water.  This mixture exhibits the 
same viscoelastic flow behavior as human blood with a 
hematocrit of 45% at 37° C.  The velocity was measured 
with a one-component He-Ne LDA.  Figure 1 shows a stent 
in a 180°  U-bend model.  The position of the stents and the 
measured cross sections are shown schematically in Fig. 2.  
We compared a Self-X-stent extended into the bend to a 
length of 90° and another with a length of 180°, with a 
covered 90° and an improved covered stent.  The stents had 
different lengths and two different diameters (6mm and 
8mm). 

Models

Empty model

Self-X 90° Self-X 180° Covered 90°

 

Fig. 2 

III. RESULTS 

Figure 3 shows the velocity distribution at the outlet of a 
Self-X stent with a length of 90°   and a Self-X-Stent with a 
length of 180°, and a covered stent with a length of 90° in a 
silicon rubber bend with an inner diameter of 6 mm.  the 
covered stent has a smaller lumen and therefore a slightly 
higher velocity, however no significant flow changes can be 
seen when compared to the flow behavior of an empty 
model which can be seen in Figure 4 with a Self-X-stent at 
the measured cross section position 90°.   In comparison to 
the larger diameters e.g. a 180° bend with a diameter of 
8mm, the stents have less influence on the flow rate and the 
velocity distribution. 
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Fig. 4 

Figure 5 shows the flow rate changes in stents of varying 
lengths in a model (cross section 6mm).  The new, covered 
stent looks very promising for special procedures.  The 
vortex formation of the in- and outlet nearly disappears.  
The flow is very smooth.  Single vorticities are formed 
compared to the Self-X-Stent. 

The results demonstrate the influence of stents, 
especially with smaller diameters.   The stentless model 
showed a flow rate of 310.4 ml/min.  The implantation of 
the stent increased resistance which reduced the flow rate.  
The stents with lengths of 90° and 180°, influenced the flow 
rate less (309.9 ml/min and 308.5 ml/min).  The covered 
stent decreased the flow rate to 301.3 ml/min.  This is a 
decrease of 2.9%.  The improved covered stent with a 
length of 160° reduced the resistance to 2.1%  

IV. DISCUSSION 

The position of the stent is important  It should not be 
implanted only  to 90° because the uncovered stent wires 
extend into the cross section at the outflow and disturbed 
the flow.  It is advisable to set a longer stent, so that the 
wire at the end doesn’t reach into the lumen.  No significant 
changes in flow rate between empty, Self-X, covered and 
improved covered stents were found.  However, a reduction 
of flow disturbances at the outflow in the improved covered 
stent compared to the covered stent was found. The studies 
showed that the position and the length of the stent have to 
be considered, because shorter stents influence the flow 
behavior strongly and might give rise to re-stenosis, 
especially in arteries with smaller diameters. 
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I. INTRODUCTION 

Stroke is the most common and disabling neurological 
disorder. Carotid artery stenosis is a significant risk factor 
for stroke.  Two kinds of therapy exist to improve the blood 
flow in the carotid arteries.  Stenosis plaque is eliminated by 
surgical intervention (carotid endarterectomy).  
Endovascular treatment is a promising new alternative to 
the traditional surgical repair.  The plaque is thrust aside by 
endovascular intervention. During percutaneous 
transluminal angioplasty and/or stenting, dislodged plaque 
particles can cause stroke.  Embolic protection devices can 
prevent particles from being dislodged during carotid artery 
stenting.  They are inserted distal to the target lesion before 
stenting. In this study we evaluated the following protection 
device systems (Table 1): 

Table 1 Showing tested protection device systems 

Type Manufacturer 
SPIDERXTM ev3 Inc. 
FilterWire EZTM Boston Scientific 
Emboshield® Abbott Vascular Devices 
RX ACCUNETTM GUIDANT 

The SPIDERXTM system provides distal embolisation 
protection during general vascular use, including peripheral, 
coronary, and carotid interventions.  The pore size of the 
filter amounts to 180 µ  The geometry of the construction is 
asymmetric. 

The FilterWire EZTM system is indicated for general use 
as a guide wire and embolic protection system during 
angioplasty and stenting procedures in the peripheral 
vascular system, carotid arteries, coronary arteries and 
saphenous vein grafts.  It consists of a protection wire and a 
radiopaque floppy tip.  The geometry of the construction is 
asymmetric.   

The Emboshield® system is designed to capture embolic 
material during an angioplasty and stent procedure within a 
saphenous vein bypass graft or a carotid artery.  The 
geometry of the construction is symmetric. 

The RX ACCUNETTM system is designed for carotid 
stenting interventions. The pore size of the membrane 

amounts to 150 µm.  The geometry of the construction is 
symmetric. 

II. MATERIAL AND METHODS 

We used a laser Doppler anemometer to measure the 
velocity distribution.   

The advantage of the LDA lies in its high temporal and 
spatial resolution.  The flow in the model studies had to be 
similar to the flow in vivo, therefore a piston pump was 
used to produce wave forms of the human heart beat.   

Transparent, elastic and true-to-scale, 1:1 anatomical 
replica of a carotid artery showing a moderate stenosis in 
the internal carotid were used.  We use a dimethyl 
sulphoxide water solution with polyacrylamide which has a 
similar flow behaviour to that of healthy human blood.  It 
also has a refraction index n = 1.41, which matches the 
model wall and which is transparent, so that it could be used 
for LDA measurement. 

 

Fig. 1 The selected cross-sections and the position of the protection system 
in the carotid artery 

We divided the heart circuit into phase angles (360°). 
The maximum of the acceleration phase (systole; equivalent 
to 60°) and the ending of the acceleration phase (end 
systole; equivalent to 120°) were significant points in time. 
We assessed the measured velocity profiles and compared 
them with each other.  

The FilterWire EZTM system produced asymmetric 
profiles.  The maximal velocity was 0.3 m/s by phase 60°.  
By phase 120° there were negative velocities over the whole 
cross-section.  The minimum was -0.1 m/s. Afterthe 
addition of particles there was umax = 0.4 m/s by phase 60° 
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and again negative velocities appeared over the whole 
cross-section by phase 120° with a central located minimum 
(umin = -0.1 m/s). 

The Emboshield® system showed a nearly symmetric 
profile.  The maximal velocity was 0.4 m/s by phase 60°. 
By phase 120°, the flow stagnated for the most part. The 
minimum was -0.05 m/s.  After addition of particles there 
was umax = 0.25 m/s by phase 60° and negative velocities 
appeared over the whole cross-section by phase 120° with a 
minimum of -0.03 m/s. 

The RX ACCUNETTM system showed a symmetric 
profile with a maximal velocity of 0.4 m/s by phase 60°.  By 
phase 120° the flow stagnated for the most part.  The 
minimum was -0.06 m/s.  After addition of particles, the 
maximal velocity was 0.4 m/s by phase 60°.  By phase 120° 
the flow stagnated for the most part and the minimum was -
0.04 m/s. 
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Fig. 2 Curves of Q2-pressure (RX ACCUNETTM system) 

Pressure losses are connected with changing of flow rate 
ratio and the Reynolds number. The flow rate Q1 of the 
model without protection system was 355 ml/min, the flow 
rate ratio Q2:Q3 = 60:40 and the Reynolds number Re = 
261. 

With the SPIDERX TM, the flow rate Q1 was reduced to 
350 ml/min and Re = 249.  The flow rate ratio Q2:Q3 was 
51:49.  The addition of particles caused no significant 
differences (Q1 = 345 ml/min, Q2:Q3 = 49:51, Re = 245. 

The FilterWire EZTM system vastly changed the flow 
rate, flow rate ratio and the Reynolds number (Q1 = 322 
ml/min, Q2:Q3 = 24:76, Re = 212.  After addition of 
particles a flow rate Q1 = 313 ml/min, a flow rate ratio 

Q2:Q3 = 21:79  and a Reynolds number Re = 200 were 
achieved.  This was the lowest value of the test series. 

The protection system Emboshield® reduced the flow 
rate Q1 to 330 ml/min and the Reynolds number Re to 224.  
The flow rate ratio Q2:Q3 was 25:75. The addition of 
particles caused another reduction of the parameters (Q1 = 
328 ml/min, Q2:Q3 = 23:77, Re = 208. 

The protection system RX ACCUNETTM reduced the 
flow rate Q1 to 332 ml/min and Re = 221.  The flow rate 
ratio Q2:Q3 was 23:77. The addition of particles caused no 
significant differences (Q1 = 328 ml/min, Q2:Q3 = 20:80, 
Re = 215. 

III. DISCUSSION 

Placement of the  SPIDERX TM  system (Fig. 3)proved to 
be easy; however the system displaced easily and could 
cause a loss of vessel wall apposition, resulting in 
embolism.  The resistance was low, even when particles 
were added. The pore size was 180 µm, which was the 
highest value of the protection systems.  Problems appeared 
during recovery  because the catheter either twisted or 
wedged. The problems were attributed to the asymmetric 
geometry of the protection system. 

 

Fig. 3 The SPIDERX TM in the model 

The application of the FilterWire EZTM system (Fig. 4) 
also proved to be easy. Displacement was not observed.  
The system, which had the lowest pore size (110 µm), 
caused high resistance, backward flow and pulsation.  With 
addition of particles, this effect increased. The asymmetric 
geometry complicated the recovery. 
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Fig. 4 The  FilterWire EZTM in the model 

The handling of the Emboshield®  (Fig. 5) was complex.  
Due to air bubbles in the filter basket there was a risk of 
causing air-embolism. The system caused significant 
resistance, and minor backflow and pulsation were 
recognisable.  With the addition of particles this effect 
increased.  Due to the symmetric geometry the recovery 
proved to be easy. 

The use of RX ACCUNETTM system  (Fig. 6) was less 
complex.  During application the filter basket did not 
mingled with environment, so the sterility was assured.  
Although the system caused significant resistance and 
minor backflow, displacement of the system was not 
observed.  After addition of particles, pulsation occurred.  
The recovery went on easily and without problems. 

 

 

Fig. 6 The RX ACCUNETTM in the model 

The RX ACCUNETTM appeared as a balanced system. 
The system SPIDERX TM had problems with the position 
stability and recovery.  Also Emboshield® was inclined to 
displacement; furthermore the application was complex.   

IV. CONCLUSION 

In most instances, 
protection systems cause 
significant resistance, 
pulsation of the content and 
sometimes embolism.  The 
resistance of the protection 
system depends on structure 
(mesh or membrane, and 
pore size) and material.  A 
large pore size reduces the 
resistance, but it also 
reduces the effectiveness of 
reservation.  

Another problem is the 
dislodging of plaque during 
application. During 

insertion, it is important that the wires remain firmly in the 
lumen of the vessel.  Any part of the stent system which 
extends into the vessel can create velocity fluctuations 
which may initiate reactions leading to clotting.   

It is also very important that the filter be removed during 
the systolic phase of the pulse cycle.  During the diastolic 
phase, particles originally caught in the filters may wash out 
and flow around the filter causing embolism. 

 

Fig. 5  Protection system Emboshield® in the model 
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to detect T Wave Alternans in the ECG
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Abstract—T-wave alternans (TWA) is a cardiac phe-
nomenon associated with the mechanisms leading to sudden
cardiac death. In this work we propose a multilead analysis
scheme to improve the detection of TWA in the electrocar-
diogram (ECG); it is based on Periodic Component Analysis
(πCA), an eigenvalue decomposition technique whose aim is to
extract the most periodic linear mixtures of the signal. The
proposed scheme is evaluated and compared to a previously
presented scheme based on Principal Component Analysis
(PCA), and to a single-lead scheme. Simulation results show
that the πCA-based scheme provides a higher detection power,
being able to detect TWA with an amplitude lower than 5 μV.

Keywords—T-wave Alternans, ECG, multilead analysis,
principal component analysis, periodic component analysis.

I. Introduction
T-wave alternans (TWA) is defined as a consistent fluc-

tuation in the repolarization morphology on an every-other-
beat basis. TWA is presently regarded as a promising index
of susceptibility to sudden cardiac death [1], [2]. TWA
amplitude is in the range of microvolts, and can be even
below the noise level, making its detection a difficult task.
Several methods exist to automatically detect and estimate
TWA [3]. Most of them work on a single-lead basis. A major
drawback of these methods is their low sensitivity to low
amplitude alternans [2], [3].

In a previous work [4], we presented a multilead scheme
that combines Principal Component Analysis (PCA) with a
single-lead TWA analysis method, the Laplacian Likelihood
Ratio method (LLR) [5]. In this work we present a new
multilead scheme that combines the LLR method with
Periodic Component Analysis (πCA), which is a technique
that performs eigenvalue decomposition of the input signal
to analyze its periodic structure. The πCA technique was
first proposed in [6] and later applied to ECG signals in
[7]. In this study, PCA-based and πCA-based schemes are
compared to a single-lead scheme in terms of detection
power.

II. TWA analysis

Three different approaches based on the LLR method are
compared: a multilead scheme based on PCA (multi-PCA),

a multilead scheme based on πCA (multi-πCA) and a single-
lead scheme (single).

A. General multilead scheme

Both multi-PCA and multi-πCA approaches follow a gen-
eral scheme that consists of five stages: signal preprocessing,
signal transformation, TWA detection, signal reconstruction,
and TWA estimation (Fig. 1). The difference between multi-
PCA and multi-πCA is the technique used in the signal
transformation stage.

1) Preprocessing: Baseline wandering is removed using
a cubic splines interpolation technique. Signal is then low-
pass filtered with a cut-off frequency of 15 Hz and decimated
to obtain a sampling frequency of Fs = 31 Hz. An interval
of 300 ms is selected on each beat for TWA analysis (ST-
T complex). In the case of 12-lead ECGs, only the eight
independent leads (V1-V6, I, II) are considered. Fig. 2(a)
shows an example.

Let K be the number of beats in the analysis window, N
the number of samples of each ST-T complex, L the number
of leads, and xk,l(n) the ST-T complex of the k-th beat and
the l-th lead. Each ST-T complex can be modeled as

xk,l(n) = sl(n) +
1
2

al(n)(−1)k + vk,l(n) n = 0, . . . ,N − 1

where sl(n) is the background ST-T complex, which is
periodically repeated in each beat, al(n) is the alternans
waveform, and vk,l(n) is additive random noise. For each
lead l, complexes are concatenated:

xl(t) =
[
x1,l(n) . . . xK,l(n)

]
t = 0, . . . ,KN − 1 (1)

and xl vectors are piled to form the data matrix �

�(t) =

⎡⎢⎢⎢⎢⎢⎢⎢⎢⎢⎢⎣
x1(t)
...

xL(t)

⎤⎥⎥⎥⎥⎥⎥⎥⎥⎥⎥⎦ (2)

2) Signal transformation: The objective of this stage is
to find a linear transformation � = ΨT� that improves the
signal-to-noise ratio (SNR) of TWA by exploiting spatial
and temporal information of the multilead ECG. The leads
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Fig. 2 (a) Input signal with TWA of 200 μV. TWA is invisible to the naked eye due to noise and artifacts. (b) Signal in (a) after PCA
transformation. TWA is now visible in T2. (c) Signal in (a) after πCA transformation. TWA is clearly visible in T1.

of the transformed signal � will be denoted as transformed
leads from here on (T1 to T8). First, a detrending filter is
applied to � to cancel the background ST-T complexes

x
′
k,l(n) = xk,l(n) − xk−1,l(n), k = 1 . . . K − 1

and then Ψ is calculated from matrix �
′

with two different
techniques: principal component analysis (PCA) and peri-
odic component analysis (πCA).

Principal Component Analysis: The detrended signal �
′

is a zero-mean random process with a spatial correlation
matrix R�′ = E

{
�
′
�
′T
}
. To obtain the transformation, the

eigenvector equation for R�′ is solved

R�′Ψ = ΨΛ (3)

where Λ denotes the eigenvalue matrix and Ψ is the eigen-
vector matrix. Matrix Ψ defines an orthonormal transforma-
tion, that is applied to the original data �

� = ΨT� (4)

thus obtaining the transformed matrix �, whose lth row
contains the lth principal component of �. Fig. 2(b) shows
the input signal in (a) after PCA transformation.

Periodic Component Analysis: This technique aims to
find the transformation y(t) = wT�

′
(t) that maximizes the

periodic structure of the signal at frequency f0 = 0.5 cicles
per beat (cpb), or equivalently at period τ = 1/ f0 = 2N
samples. The desired transformation must minimize the
following measure of periodicity

ε(w, τ) =
∑

t |y(t + τ) − y(t)|2∑
t |y(t)|2 (5)

As shown in [7], (5) can be rearranged as

ε(w, τ) =
wT A�′ (τ)w

wT R�′w
(6)

where

A�′ (τ) = Et

{[
�
′
(t + τ) −�′ (t)

] [
�
′
(t + τ) −�′ (t)

]T}
. (7)
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The weight w that minimizes (6) is given by the general-
ized eigenvector corresponding to the smallest generalized
eigenvalue of the matrix pair

(
A�′ (τ),R�′

)
[7], [6]. Trans-

formation matrix Ψ is chosen as the generalized eigenvector
matrix of

(
A�′ (τ),R�′

)
, with the eigenvectors (columns)

sorted according to the corresponding eigenvalues in ascend-
ing order. In this way, the transformation � = ΨT� gives
the most periodic components of � in descending order of
periodicity, that is, the alternans component is projected to
the first transformed lead (first row in �). Fig. 2(c) shows
the input signal in (a) after πCA transformation.

3) TWA detection: After signal transformation, TWA
detection is performed in the transformed signal. The Gener-
alized Likelihood Ratio Test (GLRT) for Laplacian noise is
applied to each transformed lead (rows in �) as proposed in
[5]. To decide whether alternans is present or not, a detection
statistic Z is computed from the data, and is compared
to a threshold γ. The result of this lead-by-lead detection
is denoted as dl: dl = 1 if TWA is detected in the lth
transformed lead, and dl = 0 otherwise. The overall TWA
detection is positive if TWA is detected at least in one
transformed lead (‘OR’ block in Fig. 1).

4) Signal reconstruction: TWA must be measured in the
original leads to be clinically useful. Therefore, a new signal
in the original lead set is reconstructed, considering only
the transformed leads where TWA was detected. Matrix Ψ
is truncated by inserting zeros in columns corresponding to
leads without TWA, thus obtaining matrix ΨTR, and then the
reconstructed signal is obtained as

�̃ = ΨTR�. (8)

5) TWA estimation: Finally, the Maximum Likelihood
Estimation (MLE) for Laplacian noise is applied to the
reconstructed data as described in [5] to estimate the TWA
waveform in each lead l, âl(n), and its amplitude Valt.

B. Single-lead scheme

The single-lead scheme handles each lead independently
throughout the process. It consists of the same prepro-
cessing, TWA estimation and TWA detection stages as the
multilead scheme, but without the intermediate transfor-
mation/reconstruction stages. That is, with the single-lead
scheme � = � = �̃. The stages of the single-lead scheme
are shown in bold line in Fig.1.

III. Data set

To compare the analysis schemes, we designed a sim-
ulation study where a known TWA waveform was added

to real 12-lead ECGs. Records belonging to 277 healthy
subjects (negative stress test both clinically and electrically)
were chosen from a stress test ECG database [8]. For each
record, the initial fragment in which heart rhythm was <
100 beats/minute was selected and divided into segments
of 32 beats. 1744 ECG segments were obtained in total.
A real TWA waveform was detected and extracted from a
12-lead record of the STAFF-III database, using the LLR
method as described in [5]. TWA was scaled with amplitudes
(Valt) from 0 to 200 μV, and added in each case to all ECG
segments.

IV. Results

Signals were processed with the single-lead and the two
multilead schemes. The value of the detection threshold γ
was set so that the probability of false alarm (PFA) was 0.01
for all schemes, and the resulting probability of detection
(PD) was compared (Fig. 3). TWA of 5μV was detected
with a PD = 98% with the multi-πCA scheme, and with
a PD = 60% with the multi-PCA scheme.

To better understand the effects of PCA and πCA trans-
formations, the evolution of the GLRT statistic Z in the
transformed leads vs. TWA amplitude was analyzed for all
signals. Fig.4 shows an example where the same ECG signal
is transformed using PCA (left) or πCA (right).

V. Discussion and Conclusions

The best detection performance is obtained with the
multi-πCA scheme (Fig.3). ECG signals do not usually
contain any components at frequency 0.5 cpb, as long
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Fig. 4 Comparison of multi-PCA (left) and multi-πCA (right) applied to the same ECG signal with different amounts of TWA. Curves
show the values of the detection statistic in the eight transformed leads for each TWA amplitude. Horizontal black line indicates the
detection threshold (PFA = 0.01 for both schemes). Legend is the same in both panels.

as baseline wander is correctly removed, so the content
projected by πCA to the first transformed lead (T1) is
mainly the TWA component; therefore, even TWA with
an amplitude as low as 5μV becomes detectable in the
transformed signal. This effect can be clearly observed in
left panel of Fig.4, where the detection statistic passes the
threshold at Valt = 3.5μV.

With multi-PCA scheme, PD improves fast for Valt ≤ 5μV
and then drops suddenly (Fig.3). This happens because PCA
projects the components of the signal with higher variance
into the highest transformed leads (T1- T3); therefore, when
TWA amplitude is low, PCA mainly concentrates the noise
in the highest transformed leads, whereas TWA remains
present in all leads (as long as spatial correlations of TWA
and noise are different), making TWA detectable in the
lowest leads. As Valt increases, TWA starts to be projected to
higher leads, so it gets masked by noise again, and therefore
PD decreases. Finally, when Valt is high enough, PCA mainly
concentrates TWA in the highest leads, but in this case there
is little advantage in using the multi-PCA scheme since TWA
is detectable even by the single-lead scheme. In the example
of Fig.4, TWA is detected in T8 for Valt < 5μV, becomes
undetected for 5 < Valt < 50μV, and then is detected again
in T2 for Valt = 50μV.

According to simulation results, the multilead scheme
based on periodic component analysis improves significantly
the detection of TWA, outperforming the multilead scheme
based on PCA and the single lead scheme. Although further
validation with real signals is needed, it may find application
in noisy signals such as stress test ECG, which is one of the
main clinical scenarios where TWA analysis is performed.
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Abstract— The purpose of this study was to develop a de-
formable lung phantom prototype for the evaluation of a de-
formable image registration algorithm. The phantom consisted 
of an acryl cylinder filled with water and a latex balloon lo-
cated in the inner space of the cylinder. This latex balloon 
simulated the thoracic cavity, and it was filled with sponges 
and targets, which were embedded in the sponges. A silicon 
membrane was attached to the inferior end of the phantom. 
The silicon membrane was designed to simulate a real lung 
diaphragm and to reduce motor workload. This specific design 
was able to reduce the motor size of the phantom. Verification 
of deformable registration was based on peak exhale and peak 
inhale breathing phases. The isocenters of the targets on the 
Coreplan radiation planning system (Seoul C&J, KR) were 
compared for quantitative registration evaluation. The regis-
tration differences ranged from 0.85 mm to 1.47 mm, and 
accuracy was determined according to target deformation. 
This phantom was able to simulate the features and deforma-
tion of real human lung and has the potential for wide applica-
tion in 4D treatment planning. 

Keywords— Deformable phantom, Deformable registration 
algorithm, Evaluation 

I. INTRODUCTION  

Several investigators have sought to develop a repro-
ducible, deformable, tissue equivalent phantom to perform 
an accurate assessment of deformable registration. Kashani 
et al. [1] designed a deformable lung phantom using a 
commercial diagnostic thoracic phantom as a main shell and 
high density foam with tumor-simulating insets as an inner 
lung material. The driving rod of the actuator was made to 
give force to a Lucite diaphragm under compression and 
relaxation. The investigators used this phantom to verify the 
thin-plate spline deformable registration technique. [2] 
However, this phantom was insufficient to simulate real 
lung and tumor deformation, and consequently the phantom 
was limited in providing accurate deformable registration. 
Serban et al. [3] also developed a lung phantom that con-
sisted of a latex balloon with dampened sponges and a pis-
ton simulating the thoracic cavity and diaphragm. The bal-
loon and water in the space around the balloon were 
compressed and decompressed by a piston fastened to a 

programmable motor. This tissue equivalent phantom simu-
lated real lung deformation according to breathing patterns. 
However, a certain amount of metal was used to support the 
phantom and to exert large force on the piston without water 
leakage. This metal may cause a metal artifact on CT scans 
and may prevent infrared sensing of the real position man-
agement (RPM) gating system on 4D CT image acquisition.  

We developed a new deformable lung phantom prototype 
using a latex balloon containing various elastic materials 
and a silicon membrane. These elastic materials were used 
as landmarks for deformable registration. The silicon mem-
brane simulating the diaphragm serves as a medium to im-
prove motor efficiency and minimize metal use. We used 
the phantom for verification of the ‘demons’ deformable 
registration algorithm.  

II. EXPERIMENTS  

A. Experimental Setup  

The anthropomorphic lung phantom presented in Figure 
1 was designed to simulate real lung deformation. The 
phantom consisted of an acryl cylinder filled with water; a 
latex balloon was located inside the inner space of the cyl-
inder. The diameter and length of the acryl cylinder were 22 
cm and 24 cm, respectively. This latex balloon simulated 
the thoracic cavity, and it was filled with sponges and tar-
gets, which were embedded in the sponges. Each target was 
made of a deformable water balloon and silicon and a rigid 
glass ball. A silicon membrane was attached at the inferior 
end of the phantom. The silicon membrane was designed to 
simulate a real lung diaphragm and to reduce motor work-
load, and this specific design was able to reduce the motor 
size of the phantom. The acryl plate was attached to the 
driving rod to distribute power uniformly to the diaphragm. 
The motor was programmed for regular breathing patterns 
with various breathing periods. The balloon guide and fix-
ing rod were designed to guide the balloon to a designated 
location. The device was designed to improve phantom 
reproducibility.   

CT images were acquired using the real-time position 
management (RPM) respiratory gating system from Varian 
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Medical Systems and a Philips CT scanner (Philips, 
Milpitas, CA). The image resolution was 0.7 x 0.7 x 2.5 
mm3, and a total of ten 3D CT image sets were obtained 
according to ten different phases. Verification of deform-
able registration was performed based on peak exhale and 
peak inhale breathing phases. The isocenters of the targets 
were compared for quantitative registration evaluation. The 
3D target points were calculated based on the Coreplan 
radiation planning system (Seoul C&J, KR).  

 

 
Fig. 1. Photograph of the deformable lung phantom 

 
B. Demons deformable registration  

We used the intensity-based demons deformable registra-
tion algorithm. The demons algorithm is suitable for de-
formable registration in images acquired with the same 
modality, because the algorithms assume the voxels are 
homologous by representing the same points that have equal 
intensity on both images. More specifically, the 3D variant 
demons algorithm implemented in the Insight Toolkit (ITK)  
was used for calculating the deformation grid. This algo-
rithm is based on gradient calculations from both fixed and 
moving images to determine the demons force. Linear in-
terpolation for the 3D re-sampling procedure was used to 
compute values at non-integer positions in the original CT 
image. In this study, the exhale data in a 3D CT image sets 
was the moving model, and deformable registration is per-
formed to align it to the static reference model, the inhale 
data set. The deformed 3D exhale image set was imported 
to the planning system for comparison of target coordinates. 

 
C. Results and discussion  

Figure 2 shows the 3D CT image sets acquired for corre-
sponding respiratory cycles. This figure depicts amplitude 
differences for different phases. The peak inhale to peak 
exhale distance of the silicon membrane was 2 cm, and the 
volume difference was 394.5 cc. Figure 3 shows the results 
of deformable registration. Figure 3A and 3B show peak 
inhale and exhale images in axial view, and figure 3C and 
3D show the deformable magnitude and vector after execu-
tion of the demons deformable registration algorithm.  

For the quantitative evaluation of deformable registration, 
we calculated the target coordinates of the phantom. Table 1 
depicts coordinates differences for the target points of mov-
ing and deformed image sets, compared to a static target 
point. The static target point was normalized as a reference 
point 0 and was responsible for showing 3D vector differ-
ences. As can be seen, the vector differences ranged from 
0.85 mm to 1.47 mm, and the registration accuracy was 
determined according to target deformation. The water 
balloon, which had a larger deformation, showed a larger 
discrepancy, and the rigid glass ball showed relativity good 
agreement within 1 mm for image registration accuracy.  

In this study, validation of deformable registration was 
performed based on distance and vector differences between 
3D reference and deformed image sets. An advantage of this 
evaluation method is its convenient implementation in most 
radiation treatment planning systems. To the robust valida-
tion of our phantom, more advanced evaluation methods 
and various deformable registration algorithms will be ap-
plied.  
 

 
Fig.2. CT image sets at (a) peak exhale, (b) mid-inhale, (c) 
peak inhale, and (d) mid-exhale 
 
 

 
Fig.3. Results for deformable registration at (a) peak inhale 
and (b) peak exhale seen in axial view, along with their (c) 
deformable magnitude and (d) vector 

Table 1 Coordinates Differences in the Target Points of Moving and 
Deformed Image Sets 

(mm) Target 1 
(water balloon) 

Target 2 
(silicon) 

Target 3 
(glass) 

x-translation (lateral) 0.14 ± 0.05 0.01 ± 0.06 0.01 ± 0.03

y-translation (longitudinal) -0.08 ± 0.09 0.13 ± 0.11 0.08 ± 0.06

z-translation (vertical) 1.09 ± 0.60 0.98 ± 0.44 -0.60 ± 0.21

3D vector difference 1.11± 0.60 1.04 ± 0.33 0.60 ± 0.20
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III. CONCLUSIONS  

Our test phantom study verified demons deformable reg-
istration. The accuracy of the registration was influenced by 
deformation of the inner target material. Thus, the deform-
able phantom should contain various deformable targets for 
the accurate evaluation of deformable registration. This 
phantom could simulate the features and deformation of real 
human lung, and has wide potential for lung adaptive radia-
tion therapy including 4D radiation treatment planning. It 
could be used to determine whether there is a dosimetric 
advantage to compensate doses by calculating the cumula-
tive dose distribution in an organ of interest during the 
course of radiation treatment. Moreover, this phantom could 
evaluate a 4D CT reconstruction algorithm and dosimetric 
uncertainties due to an organ motion and deformation.  

We believe this phantom may be useful to quantify organ 
deformations, and achieve a possibility of optimizing a 
radiation treatment. Further study will be needed for long-

term reproducibility and for reliable application of deform-
able phantoms. 
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Abstract— This paper analyzes the structure of the ma-
jor artery walls, with a special focusing on their viscoelas-
tic properties, in order to verify the behavior of artery 
tissue during physiological functioning. Then the connec-
tion of vascular segments with different mechanical prop-
erties are investigated, to apply the results to organ trans-
plantation in humans. Indeed, different wall properties 
can significantly increase the risk of generation of blood 
turbulent fluxes and involves, in the arterial vessels, the 
development of complications such as atherosclerosis. 
Since the mechanical properties of arterial vessel are in-
fluenced by age, the effects of age difference greater than 
15 years between donor and recipient is discussed for the 
case of renal transplant. Results show that differences in 
mechanical properties of vessels are significantly bound to 
probability of developing arterial stenosis after renal 
transplantation.

Keywords— great vessels, mechanical properties of the vessels, 
effects on renal transplant.

I. INTRODUCTION 

When an human organ is implanted in a receiving body, the 
first mechanical effects are observed in blood vessels and in 
blood itself. The mechanical properties of great vessels have 
been investigated with the theory of viscoelastic media, ana-
lyzing the sphigmic wave travelling into such structures of the 
arterial tree, and studying the risk of blood turbulent flow
inside the vessels.

The clinical consequences of this event on the patients are 
a high shear-stress on the vascular wall, with the activation, or 
the acceleration of atherosclerotic processes, and the forma-
tion of vessel stenosis, which induce a significant reduction of 
the effective blood flow in the transplanted organs (kidneys, 
in particular).

The present study concerns the theoretical evaluation of the 
elastic properties of the arterial wall, the analysis of the blood 
flow in the vascular system of the graft artery of the patient 
after renal transplantation and its possible role on the devel-
opment of an anastomothic arterial stenosis in the transplanted 
organ. Stenosis constitutes one of the main problems in trans-
plant outcome, since it can directly determine a reduction in
the perfusion of the graft, and therefore the development of

both hypertension and atherosclerosis. In kidney, this problem 
may also lead to an accelerated organ failure, and to the need 
of dialysis.

II. MECHANICAL PROPERTIES OF VESSELS

The investigations conducted by Maxwell, Moritz and An-
liker [1-4] on the Alsatian dogs’ arterial vessels evaluated the 
elastic properties of the great arterial vessels and the wall 
impedance in living tissues. 

In particular, by using a general regression model of the 
type y = , they found an almost linear behavior of phase 
velocities of axial, torsion and pressure waves, when plotted 
versus the frequency, in the exposed carotid artery. Moreover, 
they observed that attenuations were given by the general 
relationship 0/ exp( / )A A k x , with k = 3.6 for axial 
wave, k = 1.1 for torsion and k = 4.3 for pressure wave.

The expression obtained for attenuations show a non li-
nearity of the visco-elasticity of the great arterial vessel tissue 
owing to the presence of the Coulomb resistance.

This tissue shows the same mechanical properties of a 
Knopoff body, and therefore it must be must be investigated 
by equation

2 2 3

2 2 2E v
u u u

t z t z
,                                       (1)

where is the density, t the elapsed time, z the axial coordi-
nate, E the elastic constant, and E a constant with dimen-
sions of a viscosity, pu u u being the total displacement, 
expressed as sum of permanent (static) displacement pu , and
recoverable displacement u. 

The solution of Knopoff differential equation (1) is:

2

exp sin( )zu A t z ,                                     (2)

where is a constant, and the wavelength.
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III. RESULTS

The results obtained validate this mathematical relationship 
between the wall impedance and the blood flow disturbances 
[6-9], 352 patients who received a kidney transplantation from 
1981 to 1991 in the Nephrology, Dialysis and Transplantation 
Unit of the S.Orsola University Hospital of Bologna were 
retrospectively evaluated. The surgical team was the same 
during the whole period considered and the post-transplant 
clinical follow-up was carried on by the same nephrology
team. 

In the group of patients where the donor/recipient age dif-
ference was greater than 15 years, in 35 of 38 patients 
(92.1%) was observed an anastomothic arterial stenosis, de-
veloped within 6 months from kidney transplantation. In 314 
patients with donor/recipient age difference was 15 years or 
less, an anastomothic arterial stenosis was developed in only 
18 patients (5.7%). The difference observed in the fraction of 
patients presenting arterial stenosis was statistically signifi-
cant (Pearson’s 2

1 197.726 ; p < 0.0005).

IV. DISCUSSION

The great importance of the investigation made by the 
group of Anliker is the research was not done on necroscopi-
cal  tissues, but on living tissues of living bodies.

Anliker used the sphygmic wave as the carrier wave over 
which the forced waves: axial, torsional and pressure generat-
ed in animals of experiment, were travelling. Therefore the 
Anliker’s data of dispersion and attenuation of waves in the 
cardiovascular system of dog have given the possibility to 
calculate the mechanical properties of the great vessels of the 
cardiovascular system. 

So Newman et al. [10] compared the deformation generat-
ed by a pressure wave into a plastic tube and into a artery of a 
dog, while Li et al.[11] showed the results obtained by Anlik-
er were equally correct and reliable when applied to the 
sphygmic wave travelling in the human body.

The problems connected to the implant of organs can be 
explained by the different mechanical properties of the two 
vascular trees: the younger subject, donor or recipient, had an 
arterial wall more soft than the older [12]. Therefore in the 
point of suture there is a discontinuity of the mechanical cha-
racteristics of two wall tissues and it was at the origin of a non 
laminar blood flow with development of vortexes and turbu-
lence at this point, with the generation of the vessel lumen 
stenosis.

The retrospective evaluation made on the population of 
kidney transplanted patients seems to confirm the hypothesis 
that the difference of mechanical properties of the do-

nor/recipient arterial wall plays a role in the development of 
stenosis of the renal artery of the transplanted kidney.

Therefore this stenosis can determine a reduction of the 
graft blood perfusion and the development of hypertension 
and atherosclerosis. This pathology, if not corrected, leads to 
the accelerated progression of graft failure and to the need of 
chronic dialysis. The mechanical phenomenon previously 
described, connected with the donor/recipient age difference, 
in renal transplantation, is known as “Bononiensis Control 
Parameter” (BCP).

In human pathology the connection between vessels with 
different mechanical properties takes place not only in kidney 
transplantation but also in all organ transplantation and when-
ever a vascular segment, prosthetic or human, is inserted in 
the arterial vessel of the patient. As a consequence when the 
mechanical properties of connected vessels are different, a 
blood flow turbulence and a shear stress are generated with 
the activation of blood and wall biology systems with risk of 
stenotic complications, such as for renal transplantation.

In conclusion, the analysis of the mechanical properties of 
the great arterial vessels and their influence on blood flow 
when are connected vessels with different mechanical charac-
teristics, leads to give more consideration to patients age dif-
ference in organ and vessel transplantation and stimulates the 
research of new vascular prosthetic materials, with mechani-
cal properties more similar to human vessels.
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Abstract— Potential distributions on the body surface result-

ing from a given electrical activity of the heart can be simulated

by forward calculations. However, variations in tissue conduc-

tivities impact decisively on the results. We used Principal Com-

ponent Analysis (PCA) to identify the effect of an organ’s con-

ductivity on the body surface potentials for both atrial and ven-

tricular signals. Signal changes were described by a mean sig-

nal and one pre-dominant variation pattern calculated using the

first PCA eigenvector. Knowing this eigenvector the body sur-

face potentials corresponding to any conductivity value could

be constructed. The original and reconstructed signals showed

a good match based on the analysis of the root mean squared

error. Using an interpolation technique, surface potentials were

reconstructed for conductivity values that were not part of the

initial sample. This allowed for efficiently predicting the impact

of tissue conductivities on the body surface potentials for a wide

range of conductivity values from few sample simulations.

Keywords— forward problem, electrocardiographic simulation,

body surface potentials, tissue conductivity, PCA

I. INTRODUCTION

Patient-specific computer models have become increas-
ingly important in recent years. Often, individual anatomical
geometries are extracted from MRI or CT scans whereas elec-
trophysiological parameters can be measured using a catheter
or patch-clamp techniques. One of the main goals in patient-
specific modeling is to investigate the impact of cellular
changes on the body surface ECG. This can be accomplished
by solving the so-called forward problem of electrocardiogra-
phy which connects the cardiac sources with the body surface
potentials by using a model of the patient’s torso.

Besides an anatomically correct description of organ sizes
and locations, the torso model contains specific tissue con-
ductivities and anisotropy information for each organ. Al-
though it is well known that a variation in tissue conductiv-
ities impacts decisively on the potential distribution on the
body surface, there is only scarce and partly contradicting
tissue conductivity data in the literature [1, 2, 3]. This varia-
tion in measured values is on the one hand due to difficulties
measuring in-vivo tissue conductivity especially at low fre-

quencies and on the other hand due to sample variations.
Earlier studies have examined the importance of certain

body inhomogeneities regarding the body surface poten-
tial distribution [4, 5, 6, 7]. According to [4], conductivity
changes in the lungs, fat and skeletal muscle have the great-
est effect on surface ECGs. So far however, the ECG for dif-
ferent conductivity values can only be assessed by repetitive
forward calculations using the conductivities of interest.

In this work, we propose a more efficient method based on
Principal Component Analysis (PCA) to identify the signal
changes caused by conductivity modifications. Input data was
based on few sample simulations over a wide range of con-
ductivity values. Signal changes were described by a mean
signal and one pre-dominant linear pattern of change ob-
tained from the first PCA eigenvector. Making use of this
structure and applying an interpolation technique, body sur-
face potentials could be reconstructed for conductivities that
were not part of the initial sample. This demonstrates a
method to estimate the ECG signal over a wide range of con-
ductivity values from few sample simulations.

II. METHODS

The Visible Man dataset [8] provided the anatomical basis
for the simulation of the excitation conduction process in the
atria and ventricles as well as for the forward calculations of
the body surface potential maps (BSPMs).

A recent version of the ten Tusscher and Panfilov model
[9] was used to describe the electrophysiological processes
during the ventricular activation. Heterogeneous ion channel
distributions of IKs, Ito and INaCa [10] were incorporated. The
cardiac fiber orientation which determines the anisotropic
conduction properties was modeled using a rule-based ap-
proach based on measurements of [11]. Cell coupling was
simulated using the monodomain model. The atrial model
was isotropic. Cardiac excitation was simulated using a cel-
lular automaton (CA) parameterized from the cell model by
Courtemanche, Ramirez and Nattel [12]. Conduction velocity
was set to 700 mm/s.

With the intra- and extracellular conductivities σi and σe,
the current sources on the heart Iimp were derived from the
transmembrane voltages Vm as Iimp = −∇ · (σi∇Vm). Finally,
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Fig. 1: Body surface potentials (P-wave) at t = 41ms together with the
electrode positions (7 electrodes are located on the back)

the potentials φ in the whole volume conductor were forward-
calculated by solving Poisson’s equation

∇ · [(σe +σi)∇φ ] = Iimp (1)

using a finite-element method model representation of the
Visible Man dataset with segmented organs. Tissue conduc-
tivities were obtained from Gabriel et al. [3].

For our calculations we varied the conductivity of fat, lung
and isotropic skeletal muscle, which have the greatest ef-
fect on the body surface potentials according to Klepfer et
al. [4]. The following reference conductivity values for the
forward calculations were also obtained from Gabriel et al.
[3]: σdefault(fat) = 0.012S/m, σdefault(lung) = 0.039S/m and
σdefault(muscle) = 0.202S/m. These values were increased
and decreased by 25%, 50% and 75% from the reference
value σdefault to account for individual differences and mea-
surement errors. Thus forward calculations were done for
seven sample conductivity values for each organ under study.
The potentials were extracted from the body surface using 64
electrodes at the locations shown in figure 1.

The body potentials extracted from the 64 electrodes were
further processed using Principal Component Analysis. PCA
is a technique of multivariate data analysis that is able to
detect patterns in data of high dimension [13]. Structures
are identified by diagonalizing the covariance matrix calcu-
lated from the input data after subtracting the mean. Here,
we chose the following matrix representation of the original
BSPMs to perform the PCA:

Electrode1 ... Electrode64

σ1
...
σn

⎛
⎝φ(t1) ... φ(tmax) ... φ(t1) ... φ(tmax)

... ... ... ... ... ... ...
φ(t1) ... φ(tmax) ... φ(t1) ... φ(tmax)

⎞
⎠ (2)

The resulting eigenvectors are ordered according to their
respective eigenvalues (EVs). An orthogonal transformation
then represents the data more efficiently in a coordinate sys-
tem aligned with the ordered PCA eigenvectors. Thus, the
greatest variance in the data is aligned with the first axis, the
second greatest variance with the second axis and so on.

It is desirable to reconstruct the signal from as few pro-
jections as possible. Ideally the signals can be reconstructed
from the first eigenvector only. This is possible if the first EV
is much greater than the second EV (which is the case in this
study as shown in table 1). The PCA score matrix contains the
coefficients for the signal representation in the transformed
coordinate system. For every eigenvector there is a distinct
score for each conductivity investigated.

In our case, the reconstructed signal φrec can be calculated
using the first eigenvector only by multiplying the score with
the first eigenvector (eigenvec1) and adding the mean signal.

φrec(σi) = mean+ score(σi, eigenvec1) · eigenvec1 (3)

In figure 2 the scores are plotted with their correspond-
ing conductivity values. As there is an obvious relationship
between conductivity and score, the scores for missing con-
ductivities can be interpolated from the scores obtained by
PCA (the latter are referred to as exact scores). We used poly-
nomial interpolation, where the order of the polynomial was
determined by the number of supporting points. For n sup-
porting points we used a polynomial of order n−1.

Reconstruction based on an interpolated score was carried
out by omitting one simulated conductivity value from the
input data and performing a new PCA with six conductivities
only. The score of the missing conductivity was interpolated
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Fig. 2: Scores of the first eigenvector with their respective conductivities for
the variation of the lung conductivity
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from the exact scores that had been determined by PCA as
can be seen in figure 2.

To assess the quality of the reconstructed signal in quan-
titative terms, the deviation of the reconstructed signal from
the original signal was evaluated with the root mean squared
(RMS) error for the complete signal, including all 64 chan-
nels. This error measure quantifies the difference in magni-
tude between two solutions and is therefore sensitive for scal-
ing and translation of the signal.

III. RESULTS

From the PCA the EVs were calculated in order to deter-
mine how many eigenvectors should be retained for recon-
struction. In table 1 the first two EVs for each organ stud-
ied are shown for both atrial and ventricular signals. The first
eigenvalue (EV1) was in all cases at least 40 times larger than
the second eigenvalue (EV2). This implied that the loss of
information when only using the first eigenvector for recon-
struction was minor. For atrial signals the ratio of the first two
EVs was always higher than for ventricular signals.

In a first setup to validate the technique, we reconstructed
the signals for the known exact scores using only the first
eigenvector. Figure 3 shows a ventricular signal recorded at
electrode 45 with the lung conductivity decreased by 75%
compared to the reference value (σ−75% = 0.01S/m). The
original signal and the reconstructed signal show a good
match. The deviation from the signal for σdefault, which is
caused by the decreased conductivity, is obvious.

The RMS error calculated from all electrodes is shown in
table 2 for atrial and ventricular signals. The error measures
the deviation of the reconstructed signal from the original sig-
nal. It was smaller for atrial signals than for ventricular sig-
nals.

In a second setup the signal was reconstructed from an
interpolated score. Polynomial interpolation of order n − 1
gave good results for the interpolated score (see figure 2).
Figure 4 shows the signal at electrode 45 for a lung conduc-
tivity that was decreased by 50% from the reference value

Table 1: First and second EV of atrial and ventricular signals and their ratio
given by EV1/EV2

Fat Lung Skeletal muscle

A
tr

iu
m EV1 0.8995 3.5664 3.5458

EV2 0.0091 0.005 0.0271
Ratio 99 713 131

V
en

tr
ic

le EV1 0.0891 ·10−3 0.1509 ·10−3 0.4582 ·10−3

EV2 0.0022 ·10−3 0.0004 ·10−3 0.0050 ·10−3

Ratio 40 377 92
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Fig. 3: Ventricular signal recorded at electrode 45 if the lung conductivity is
decreased by 75% from the reference value. The signal was reconstructed

from the exact score.

(σ−50% = 0.02S/m). Again the simulated signal and the re-
constructed signal show a good match. For the reconstruction
of the signals from interpolated scores the RMS error is given
in table 3 for atrial and ventricular signals. It was slightly
higher than for the reconstruction with exact scores.

IV. DISCUSSION & CONCLUSION

We have reconstructed body surface potentials for differ-
ent tissue conductivities using only the first eigenvector of
a PCA decomposition. The RMS error between the recon-

Table 2: RMS error (in μV ) of atrial and ventricular signals that were
reconstructed from the exact score

Fat Lung Skeletal muscle

A
tr

iu
m

σ−75% 0.835 0.615 0.13
σ−50% 0.428 0.266 0.927
σ−25% 0.663 0.476 0.12
σdefault 0.506 0.413 0.789
σ+25% 0.176 0.177 0.165
σ+50% 0.241 0.174 0.528
σ+75% 0.692 0.536 0.12

V
en

tr
ic

le

σ−75% 12.121 4.737 19.219
σ−50% 7.684 2.758 12.796
σ−25% 10.697 4.31 16.363
σdefault 7.783 3.506 10.998
σ+25% 2.285 1.246 2.454
σ+50% 4.484 1.898 6.923
σ+75% 11.808 5.101 16.48
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Fig. 4: Ventricular signal recorded at electrode 45 if the lung conductivity is
decreased by 50% from the reference value. The signal was reconstructed

from the interpolated score.

Table 3: RMS error (in μV ) of atrial and ventricular signals that were
reconstructed from the interpolated score

Fat Lung Skeletal muscle

A
tr

iu
m σ−50% 0.584 0.364 0.12

σdefault 0.595 0.485 0.934
σ+50% 0.332 0.374 0.717

V
en

tr
ic

le σ−50% 10.273 3.677 17.189
σdefault 9.193 4.146 12.981
σ+50% 6.13 2.622 9.448

structed signal and the original signal was small compared to
the signal amplitude. The reconstruction of signals resulting
from atrial activity exhibited smaller errors than those result-
ing from ventricular signals. This was caused by the smaller
amplitude of atrial signals.

Moreover it was possible to calculate an interpolation
function from the scores of the simulated conductivities and
finally compute the body surface potentials. Comparing the
errors for signals that were reconstructed from exact scores
and from interpolated scores showed only a small decline
due to the interpolation. This means that the error was mainly
caused by the fact that only the first eigenvector was used and
the interpolation did not significantly increase that error.

A limitation of this study is that only the effect of chang-
ing one tissue conductivity at a time has been investigated.
In reality, there are uncertainties regarding several tissue con-
ductivities. Therefore, this approach will be further extended
to include multiple conductivity variations simultaneously.

But even the analysis of BSPM changes for single tissue

conductivity variations is of great interest. With the presented
method it is possible to calculate the potential distribution
on the body surface for a wide range of conductivities from
few sample simulations only. This is useful for an efficient
estimation of how variations in certain tissue conductivities
may affect the results obtained from patient-specific models.
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Abstract— Intracardiac catheter recordings are available in

common clinical practice. They can therefore be employed to

adapt and validate atrial computer models of individual pa-

tients. Hence, their information content needs to be analyzed

quantitatively. During treatment of atrial arrhythmia such as

atrial flutter or fibrillation, the location of ectopic foci in the pul-

monary veins is of special interest. In this study, virtual catheter

signals are extracted from an atrial simulation on a realistic ge-

ometry with normal sinus rhythm as well as ectopic stimuli in

all four pulmonary veins. Using a simplified Pan-Tompkins al-

gorithm, the activation times are determined. Based on the anal-

ysis of the activation sequence in a circular mapping catheter

simulated on the posterior left atrial wall, all four ectopic foci

can clearly be associated with the pulmonary vein they came

from. For a catheter on the anterior wall, this is possible for

three of the four ectopic beats. Despite the knowledge gathered

for the personalization of patient models, such simulations may

help cardiologists to better classify measured signals.

Keywords— Atrial Fibrillation, Catheter Signals

I. INTRODUCTION

Simulations of the human heart are more and more con-
sidered for use in clinical applications. To generate ther-
apeutically relevant data for individual patients, a patient-
specific adaptation of physiological model parameters is cru-
cial. Considering applications in the field of atrial arrhythmia
like atrial flutter or atrial fibrillation (AF), the most signif-
icant data generated in normal clinical routine are intracar-
diac catheter measurements [1]. Typical catheters are circular
mapping catheters (CMCs) like Lasso or Orbiter and multi-
polar deflectable catheters in the coronary sinus (CS).

To use such catheter recordings for the adaptation and val-
idation of patient models, we need a good quantitative un-
derstanding of their information content. However, clinically
measured data may be hard to be interpreted directly. First,
there are many unknown variables such as the conduction ve-
locity. Then, noise or artifacts can complicate the analysis.
With virtual catheter signals extracted from a well-defined
simulation environment, we present a reference that mea-

sured signals can be compared with. Using this reference, we
further demonstrate a new method how to gain important di-
agnostic information from the activation sequence of a CMC.

II. METHODS

Atrial excitation was simulated in the Visible Man (VM)
data set. A rule-based Cellular Automaton (CA) described
transmembrane voltages Vm and excitation conduction. It was
parameterized from the cell model in [2]. Conduction ve-
locity (CV) was set to 700 mm/s. The CA was initialized
with two beats at a cycle length of 800 ms. For normal si-
nus rhythm (NSR), the third beat was analyzed. Ectopic foci
in the pulmonary veins (PVs) were applied approximately
100 ms before the third beat would originate in the sinus node
(SN). This ensured that no parts of the atria were still in the
refractory state and that wavefronts from the ectopic beats did
not interfere with sinus rhythm. With the intra- and extracel-
lular conductivities σi and σe, the current sources on the heart
were derived as Iimp = −∇ · (σi∇Vm). Finally, the extracellu-
lar potential Φe was calculated from solving Poisson’s equa-
tion ∇ · [(σi +σe)∇Φe] = Iimp using a finite-element method.

For the CMCs, we used a projection method to select
points representing the catheter electrodes [3]. Metal spheres
of 1 mm radius had been inserted at the electrode positions
before solving Poisson’s equation. We placed a CMC on the
anterior and the posterior wall of the left atrium (LA). Both
comprised ten equally-spaced electrodes on a circle with a
nominal radius of 6 mm. Electrode 1 was in the superior po-
sition. In the CS, a decapolar deflectable catheter was mod-
eled by manually placing five electrode pairs with 1.5 mm
electrode spacing and 9 mm distance between the pairs. Elec-
trodes were numbered from the distal to the proximal end.

A signal-processing algorithm calculated the center point
of activation in each difference signal. The method is a sim-
plified Pan-Tompkins algorithm [4] including differentiation,
squaring and a moving window integrator. The filter delay
was corrected, then we applied threshold of 90 % of the max-
imum signal to mark the plateau. The middle of the plateau
was then defined as activation time. It was used rather than
the signal onset, as in a difference signal (like 1-2) the onset
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Fig. 1: Stimuli sites in the PVs (posterior-anterior view). Ectopic beats were
triggered in the left superior, left inferior, right inferior and right superior

PV (LSPV, LIPV, RIPV and RSPV). The CMC on the posterior LA wall is
located on the endocardium but visualized arbitrarily enlarged to be visible

from the outside. A decapolar deflectable catheter was placed in the CS.
The extracellular potential after the RSPV stimulus is superimposed.

can be caused by either of the electrodes and thus cannot be
associated with one defined position. In contrast, the center of
the signal can be assigned to the point between the electrodes.

The resulting activation pattern was then analyzed quan-
titatively. Considering a plane wave front traveling over a
CMC, we describe the activation pattern as a cosine function

t(n) = tc −A · cos [ϕ(n)−ϕ0] (1)

where t(n) denotes the time at which the signal in electrode
n is detected. tc is the center activation time (base line of
the cosine function), ϕ(n) the angle at which electrode n is
placed and ϕ0 is the angle at which the earliest activation oc-
curs. Defining ϕ relative to electrode 1, i.e. ϕ(1) = 0◦, ϕ is
expressed as ϕ(n) = γ · (n− 1), where γ is the angle offset
between neighboring electrodes. Thus, (1) becomes

t(n) = tc −A · cos [γ · (n−1)−ϕ0] (2)

The parameters tc, A, γ and ϕ0 were then fitted to the mea-
sured activation times using a sequential programming algo-
rithm. Initial values for tc, A, and ϕ0 were estimated from the
activation sequence, a best-guess for γ was supplied based on
the catheter parameters. As the resulting value for ϕ0 cor-
responds to the direction at which the wave front hits the
catheter, it was used as main indicator in which of the PVs
an ectopic focus had originated. Further, catheter radius r and
amplitude A give an estimation of the CV as v = r/A.

From the CS data, a linear correlation coefficient (CC) be-
tween pair number and activation times was calculated. Then,
from a linear regression of time vs. pair number, the slope

Fig. 2: Catheter signals simulated in the CS catheter (top, scaled by factor
1.5) and CMC on the posterior LA wall (bottom). Each column of 90 ms

covers the relevant region for the given stimulus. Detected activation times
(signal center) are marked with dots. The resulting cosine and linear fits are

printed with dashed lines for the circular and CS catheter, respectively.

was determined. Additionally, the first (t f ) and last (tl) ac-
tivation in any electrode pair determine the signal sequence
width (tl − t f ) and center time tc = 0.5 · (t f + tl).

III. RESULTS

The CMCs are uniformly shaped with an average center-
to-electrode distance of rp = 6.02± 0.03mm for the poste-
rior and ra = 6.08±0.07mm for the anterior position. Aver-
age off-plane deviations are 0.2 mm for the posterior catheter,
mainly due to surface roughness, and 0.5 mm for the anterior
one, caused by wall curvature.

The signals extracted from the CS catheter and the CMC
on the posterior LA wall are shown in fig. 2. Table 1 sum-
marizes the fitted parameters. For the posterior CMC, the in-
cidence angle ϕ0 shows a clear distinction between the PV
stimuli. ϕ0 from the LSPV and the LIPV differ by 70◦, from

IFMBE Proceedings Vol. 25
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Fig. 3: Cosine fit to detected activation times from LA posterior catheter for
the LIPV stimulus. These are placed at half-integer electrode numbers (i.e.
pair 1-2 at n = 1.5), as differences from electrode pairs are considered. In

the initial guess, taking into account only the first detected signal is
misleading as two electrode pairs show a signal at almost identical times.

The fitted function in contrast suggests an incidence angle between the two
electrode pairs and is in agreement with the detected activation times.

the LIPV to the RIPV there is an offset of 80◦, between the
RIPV and the RSPV the difference amounts to 75◦ and from
the RSPV to the LSPV there is a gap of 135◦. The average
CV amounts to 714±32mm/s.

A single wavefront is passing the anterior catheter only
for stimuli in the LSPV, RIPV and RSPV. For the LIPV stim-
ulus, the front is split at the mitral valve (MV). Then, two
fronts reunite in the catheter area and induce a complex ac-
tivation pattern. The fit residual increases more than 10-fold
compared to the single wavefronts. Further, tc decreases by
a factor of more than two and γ is more than 6◦ off the ac-
tual angle between neighboring electrodes. In NSR, the ex-
citation is conducted over from right atrium (RA) to LA in
the catheter interior and spreads outwards. The fit residual
is not significantly increased. However, the electrodes are al-
most activated simultaneously, so tc decreases by a factor of
more than three and again, γ does not represent the geomet-
ric setup anymore. The average CV for the three single-wave
cases was 656±11mm/s.

Moreover, table 1 lists the analyzed CS parameters. The
CC is positive for foci in the left PVs (proximal electrodes
activated later) and negative for stimuli in the right PVs or
the SN. An absolute CC close to 1.0 indicates a strong linear
relation. This corresponds to a CS activation from one end
along its direction and is observed for the stimuli in the LSPV
(1.0) and in the RIPV (-0.96). Like the CC, the slope of the
linear fit is also negative for the left PV stimuli and positive
for right PV stimuli and NSR.

Fig. 4: CMC on anterior LA wall (anterior-posterior view). (a) For sinus
rhythm, the excitation is conducted from RA to LA within the catheter.
(b) The stimulus from the LIPV splits up at the mitral valve (MV) and

reunites in the catheter region. (c) Simulated potentials, same notation as in
fig. 2. The LSPV, RIPV and RSPV stimuli result in the typical pattern. Yet
in sinus rhythm, all channels are activated within less than 6 ms and for the

LIPV stimulus, the fit residual is increased 10-fold.

IV. DISCUSSION AND CONCLUSION

We used a signal processing method based on Pan-
Tompkins to detect the center point of activation in simulated
catheter signals. Though designed for QRS detection, it deliv-
ers stable results also for regular intracardiac signals as their
morphology is comparable to QRS complexes. In contrast to
the signal onset, the center point of the signal can be clearly
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Table 1: Parameters obtained for CMCs by fitting activation times to (2). n0 = ϕ0/γ +1 is the electrode number associated with ϕ0, and Res the fit residual.
For the CS, the linear correlation coefficient (CC) and the slope of a linear regression are given together with the width and center of the CS signal block.

LA posterior LA anterior Coronary Sinus
tc A γ ϕ0 n0 Res tc A γ ϕ0 n0 Res CC Slope Width tc

(ms) (ms) (◦) (◦) (ms2) (ms) (ms) (◦) (◦) (ms2) (ms) (ms) (ms)
Sinus 93.1 8.0 36.1 332 10.2 4.9 56.2 2.7 31.4 32 – 2.1 -0.71 -5.0 26.5 109.3
LSPV 52.6 8.8 36.3 76 3.1 0.7 57.6 9.1 36.0 315 9.8 0.4 1.0 15.7 62.5 61.3
LIPV 40.9 8.2 36.6 146 5.0 0.5 77.0 3.8 29.4 244 – 39 0.62 5.6 35.5 39.8
RIPV 51.2 8.9 37.0 226 7.1 3.8 51.9 9.4 36.4 150 5.1 2.9 -0.96 -9.8 38.0 76.0
RSPV 53.0 8.4 36.6 301 9.2 2.1 46.3 9.2 36.2 82 3.3 1.1 -0.88 -7.0 28.5 96.3

associated with a point between the two electrodes, while the
onset may result from signals in either of the electrodes.

Although the excitation wavefront is not plane but slightly
curved, the activation sequence was well-described by equa-
tion 2. In the posterior catheter, stimuli from the PVs could
clearly be discriminated by the angle of incidence, since ϕ0
lies in the corresponding circle quadrant for all ectopic foci.
The two detected angles that are closest are from the RSPV
stimulus and NSR where ϕ0 differs by only 31◦. In that am-
biguous case, the time difference between the CMC and CS
signal block might help to identify the trigger source. This
shift is 16.2 ms for NSR and 43.3 ms for the RSPV stimulus.

An anatomical study [5] reports comparable gaps between
ipsilateral veins (75◦ right PVs, 63◦ left PVs). Yet while in
our study the largest gap is between the superior veins (135◦),
they observe it between the inferior veins (123◦). However,
the PV location may be different in our anatomical dataset.
Another limitation is that the stimuli were placed at infe-
rior sides of inferior PVs and superior sides of superior PVs
which maximizes the angle spread. For other PV stimuli sites,
offsets between superior and inferior PVs on the same side
may decrease, while differences between the left and right
PV in the superior (or inferior) position are likely to increase.

For the anterior LA catheter, the method gave similar re-
sults when the assumption of a single wave front was true.
However, it is interesting to note that for the LIPV stimulus,
multiple wavefronts traveled around the MV and reunited in
the catheter region. Further, for NSR, the excitation was con-
ducted from the RA to the LA in the interior of the catheter,
resulting in a wavefront propagating outwards into all direc-
tions. In these cases, abnormal values of the fitted parameters
(A, γ and for the LIPV stimulus the residual) clearly indi-
cated that the assumptions were not valid. We further con-
clude from this simulation study that signals recorded on the
posterior LA wall facilitate the localization of ectopic foci.

The CV of 714 mm/s calculated from the catheter on the
posterior LA wall differs by 2 % from the parameterized

value of 700 mm/s. For the CV from the anterior catheter
(656 mm/s), the deviation of 6 % is higher. Here, wall curva-
ture might lead to an underestimation of the distance traveled
by the wavefront over the catheter. However, to give a first
approximation of the CV, this method still seems sufficient.

The demonstrated analysis techniques provide a way to
quantitatively employ the information content available in in-
tracardiac ECG recordings. This is of great interest for the
personalization and validation of cardiac simulations. Ad-
ditionally, the technique may be directly useful for analyz-
ing intracardiac recordings on-the-fly during interventions to
support the examiner with information about the angle of in-
cidence and the CV. Finally, the simulation of intracardiac
ECGs under pathological conditions allows for proposing ap-
propriate measurement locations to assess the pathology.
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Intracellular Memory of Stress Fiber Orientation:

Focal Adhesions Store It and Microtubules Erase It

During Disassembly–Reassembly Process of Stress Fibers
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Abstract— Stress fibers (SFs) play essential roles in various

cellular functions, and they reorganized in response to changes

in mechanical environment. Recently, we noticed that the SF

networks reappeared following their temporal disruption with

cytochalasin D looked similar to those before disruption in rat

aortic smooth muscle cells (SMCs). This indicates that the cells

may have a memory of SF orientation. The aim of this study

was to clarify the mechanism of the memory focusing on the

effects of microtubules (MTs) and focal adhesions (FAs) dur-

ing the reorganization process of SFs. Firstly, we precondi-

tioned the cells with cyclic stretch to make their SFs align in a

uniform direction. After cyclic stretching, we depolymerized

SFs completely with cytochalasin D, and let them repolymerize

in the drug-free medium. To investigate the effects of MTs

during the SF repolymerization, we depolymerized MTs. FAs

were observed with a surface reflective interference contrast

microscopy. In the presence of MTs, repolymerized SFs were

randomly orientated with newly formed FAs. In contrast, in

the absence of MTs, FAs were not destroyed and the SF align-

ment was conserved. These indicate that FAs might store the

memory of SF alignment while MTs may erase it.

Keywords— Stress fiber reorganization, Microtubules, Focal

adhesion, Cyclic stretch

 I. INTRODUCTION

Stress fibers (SFs) play essential roles in various cellular

functions such as cell movement, shape maintenance and cell

division.  They dynamically change their structures in respon-

se to mechanical environment to which they are exposed.  For

example, cultured endothelial cells exposed to cyclic stretch

reorganize their SFs to the direction that minimizes the strain

magnitude applied to the fibers [1].

SFs disappear upon administration of actin polymerization

inhibitor such as cytochalasin D, and they reappear following

removal of the inhibitor.  Recently, we found that the reap-

peared structure of SFs sometimes resembled the structure

before destruction.  This indicates that the cells have a mem-

ory of SF orientation.  It would be very interesting to study

how this memory is maintained, because there should be

some important mechanisms determining SF morphology

behind this memory phenomenon.  Focal adhesions (FAs) are

the anchors between SFs and extracellular matrix, and they

may affect SF organization by regulating positions of the

anchors. It has been reported that growth of microtubules

(MTs) induces disassembly of FAs [2]. Thus, MTs and FAs

should play major roles in SF reorganization.

In this study, we observed reassembly process of SFs in

cultured smooth muscle cells (SMCs) with and without col-

chicine, a MT polymerization inhibitor. We also observed the

change in FAs during disassembly and reassembly of SFs.

Using these approaches, we investigated the effects of MTs

and FAs on the reorganization process of SFs.

 II. MATERIALS AND METHODS

Prealignment of SFs and their disassembly and reassembly

Rat aortic SMCs obtained with an enzymatic digestion

and cultured until 5–18th passage were used as the test

model.  To investigate the intracellular memory on SF ori-

entation, we preconditioned the cells with cyclic stretch to

make their SFs align in a uniform direction.  SMCs were

seeded on a silicone rubber substrate coated with fibronectin,

and cultured for 24 h.  Then, the cells were stretched cycli-

cally for 24 h with magnitude of ~7 % and a frequency of 1

Hz with a cyclic stretching apparatus (ST-75, Strex, Japan).

After cyclic stretch, we disassembled SFs completely with

cytochalasin D (2 mg/ml), and let them reassemble in drug-

free medium for 3 h. In order to investigate the effects of

microtubules on the SF reassembly process, we inhibited MT

polymerization with colchicine (1 mg/ml) throughout the

experiment in some cases.

Analysis of SF orientation

To analyze the orientations of SFs, cells were fixed and

permeabilized with 10 % formaldehyde and 0.1 % Triton X,

respectively, and their SFs were stained with Alexa flour 546

phalloidin (Molecular Probes).  SFs were observed with an

inverted fluorescence microscope and their images were

obtained with a cooled-digital CCD camera.  SF orientation

was analyzed in these images with a two-dimensional fast

Fourier transform analysis.
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Observation of FAs during SF reassembly

SMCs plated on the fibronectin-coated glass bottom dishes

were used.  Their SFs were disassembled with cytochalasin D

for 1–6 h, and reassembled for 3 h by washing out of the drug.

Change in FAs during this process was observed with a sur-

face reflective interference contrast (SRIC) microscopy in

which cell structures in contact with the substrate can be

observed as dark regions against gray background [3] with a

x60 oil immersion objective (NA=1.45).  SRIC images were

obtained with a cooled-digital CCD camera.  Changes of total

FA area at cell periphery were analyzed with image analysis

software (MetaMorph Ver 6.0, Universal Imaging).

III. RESULTS AND DISCUSSION

We confirmed that the peak alignment angle of SFs of

SMCs almost corresponded to the angle in which normal

strain becomes zero in this chamber (56º) (Fig. 1a).  When

SFs were disassembled for 3 h and reassembled for 3 h with

the presence of MTs, reassembled SFs appeared in random

orientation and lost their memory before depolymerization

(Fig.1b).  In contrast, SFs appeared as they had been in the

absence of MTs (Fig.1c).

Figure 2 shows a typical example of SRIC images of

SMCs (a), and the changes in the total area of FAs (b).  In the

presence of MTs, FA area decreased with the depolymeriza-

tion time, indicating that FA disassembly was induced with

release of tension caused by SF disruption.  While in the

absence of MTs, the area did not change significantly even

after 6 h.  Thus, the conservation of FAs observed in this

study might serve as a memory of SF alignment.  A previous

study reported that MTs target FAs and facilitate their disas-

sembly [2], i.e., MTs may serve as an eraser of the memory

of SF alignment. The present results may indicate that MT

disruption inhibited disassembly of FAs and prevented mem-

ory loss of SF alignment.
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Figure 1.  Typical examples of fluorescence images of SFs

(left) and SF orientation distributions (right).  SMCs just after

cyclic stretch (a), and the cells having experienced SF disas-

sembly–reassembly process with intact MTs (b) and without

MTs (c).  0º represents stretching direction. *P<0.05 vs un-

stretched control (random alignment).

   

               (a)                                              (b)

Figure 2. Typical example of SRIC images (a) and total area

of FAs at cell periphery (b).   

650 Y.F. Yang, K. Nagayama, and T. Matsumoto

IFMBE Proceedings Vol. 25



On the Self-affinity of the Electroencephalogram: Evaluation of a Whole Spectrum 
of Scale Coefficients by Detrended Fluctuations Analysis  

P. Castiglioni1, L. Pugnetti2, M.Garegnani2,E. Mailland3 and R. Carabalona1 

1 Biomedical Technology Dept., "S.Maria Nascente" Research Hospital, Don Gnocchi Foundation, Milan, Italy.   
2 Neurophysiology Service, "S.Maria Nascente" Research Hospital, Don Gnocchi Foundation, Milan, Italy 

3 U.O.C. Neurologia, Azienda Ospedaliera "Ospedale San Carlo Borromeo", Milan, Italy 

Abstract— Previous studies evaluated the self-affine charac-
teristics of the electroencephalogram (EEG) by Detrended 
Fluctuations Analysis (DFA). This has been done by computing 
scaling exponents over certain time-scales. However, litera-
ture is not univocal regarding i) the number of coefficients 
which properly describe the EEG self-affinity, and ii) the tem-
poral regions over which the coefficients should be estimated.  

We investigated this issue by computing the whole spectrum 
of scale coefficients, (n), assessed over a wide range of tempo-
ral resolutions, n. This method was then validated by means of 
synthesized fractal signals. We also assessed the effects on DFA 
of filters traditionally used for EEG pre-processing.  

Results suggest that the self-affine structure of EEG is more 
complex than usually considered. In particular, EEG self-
affinity should be described by a continuous spectrum of scal-
ing exponents, rather than by two or three coefficients only, as 
done in previous studies. Moreover, filters for signal pre-
processing may have dramatic effects on DFA, and could have 
influenced results previously reported in literature. 

Keywords— DFA, EEG, self-similarity, fractal. 

I. INTRODUCTION  

In the last years, several studies investigated the self-
affinity of physiological signals to reveal aspects of their 
dynamics not easily detectable by more traditional methods, 
like spectral analysis. Self-affinity is a concept strictly re-
lated to random fractals [1]. In fact, some physiological 
time series behave like geometric fractals: they can be split 
into smaller data segments and, if the smaller segments are 
plotted at a higher time resolution, properly rescaling the 
amplitude, they show fluctuations statistically similar to the 
original series.  

Self-affine signals are usually modeled as one of two 
ideal classes of random processes, called fractional Gaus-
sian noise and fractional Brownian motion. The fractional 
Gaussian noise x(t) is a stationary self-affine process be-
cause it has the same statistical properties of (1/aH) x(at) 
for any a>0, where H (the Hurst exponent), is a coefficient 
between 0 and 1 characterizing the self-affinity of the frac-
tional noise. The integration of a fractional Gaussian noise 
is a fractional Brownian motion: this latter is a nonstation-

ary self-affine process described by the same H of the origi-
nating fractional noise. Therefore assessing the self-affinity 
of a fractal signal means the identification of the family of 
processes (fractional Gaussian noises or fractional 
Brownian motions) to which the signal belongs, and the 
estimation of H. 

Detrended fluctuation analysis (DFA) is a popular tech-
nique for estimating the self-affinity of physiological series 
[2,3]. In fact, unlike other methods, DFA can be directly 
applied on the time series without knowing in advance 
whether it should be modeled as random noise or brownian 
motion. DFA estimates a coefficient, called , which is 
equal to H for fractional Gaussian noises, and to H+1 for 
fractional Brownian motions [1]. The exponent is esti-
mated as the slope of a variability function, F, plotted ver-
sus the time resolution, n, in a log-log scale. For monofrac-
tal processes (i.e., processes which are described by a single 
fractal dimension), F(n) appears as a straight line with slope 

in the log-log plot. Real physiological signals, however, 
may show a more complex structure, and F(n) may change 
slope over certain ranges of n. 

Also the electroencephalogram (EEG) has been modeled 
as a self-affine process. However, results reported in litera-
ture show some discrepancies. Application of DFA over 
short segments of data (10 seconds) revealed that the EEG 
cannot be simply described by a single scale coefficient , 
being better modeled as a “bifractal” process with a short-
term and a long-term scale coefficients, respectively called 

1 and 2. These coefficients were found by linear fitting 
the logarithm of F(n) over a short-term temporal region (n 
between 11 ms and 49 ms) and over a long-term temporal 
region (n between 132 ms and 1250 ms) [3]. A more recent 
study confirmed the bifractal nature of the EEG analyzing 
shorter EEG segments (5 s), but a different temporal region 
was used to assess 2 (between 80 ms and 430 ms) [5]. 
However, when longer EEG sequences (30 seconds) were 
considered, a more complex structure was described. In this 
case, three coefficients ( 1, from 6.1 to 24.4 ms; 2 from 
40 to 157.8 ms; and 4, from 1579 to 6000 ms) were pro-
posed to describe the EEG dynamics [6]. 
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Aim of this study is to clarify this issue, and to describe 
the fractal structure of EEG by applying a different ap-
proach recently proposed for the analysis of cardiovascular 
signals [7]. This method allows the estimation of a whole 
spectrum of scale coefficients (n), as a continuous function 
of the resolution n. The method will be applied to provide a 
detailed description of the EEG fractal structure in a healthy 
volunteer, and to evaluate the effects of filtering on the EEG 
self-affinity. Finally, the applicability of the method to ana-
lyze EEG recordings will be validated by means of synthe-
sized data. 

II. METHODS 

A. Data Collection and DFA.

We recorded 28 EEG channels and 4 electro-
oculographic derivations in a healthy volunteer following 
the international 10-20 system, with a 32-channels XLTEK-
Connex system. The sampling frequency was 512 Hz, with 
16-bit resolution. The acquisition lasted 5 minutes. During 
the acquisition, the volunteer was sitting at rest with opened 
eyes, fixing a computer screen. No filters were used. We 
then selected a 2-min long EEG segment, free of electroocu-
lographic and muscular artifacts. Signals derived from the 
Fz, Cz, Pz and Oz electrodes were then analyzed by apply-
ing the DFA to estimate a whole spectrum of  coefficients, 
as described in [7]. Briefly, given the series x(k) of length N 
samples, the integrated series y(k) was obtained after sub-
traction of the mean : 

1
    

k

i

y k x i     (1) 

k=1,…, N. 
The integrated series was divided into M boxes of length 

n, and the local trend in each box, yn(k) was subtracted. The 
root-mean square of the detrended series, F(n), was calcu-
lated for each block size n: 

2

1

1     
N

n
k

F n y k y k
N

  (2) 

We employed the algorithm provided in [8] which esti-
mates F(n) on a subset np (p=1,2, …, 47) of all the possible 
integers n, spaced evenly on a log scale from n1=4 to 
n47=11585 samples. We then estimated the spectrum of 
scale exponents (n) as the derivative of log F(n) with re-
spect to log n: 

1 1

1 1
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p p

F n F n
n

n n
  (3) 

for p=2,…,46. 

In this way we obtained a full spectrum of scale expo-
nents from n2=5 to n46=9742: this last value corresponds to 
a time scale of 19 s, i.e., about 15% of the total duration of 
the analyzed segment. 

To evaluate the effects of filtering, the EEG of the Oz 
electrode was high pass filtered, removing frequencies 
lower than 0.5 Hz, and the DFA was applied on the filtered 
signal. 

   
B. Statistical bias of the (n) estimator.

DFA is based on the estimation of F(n) defined in eq. (2), 
i.e., the root-square of the average over M blocks of length n 
of the dispersion of n samples. Since M decreases when n 
increases, the statistical properties of F(n) should also 
change with n. Consequently, the statistical characteristics 
of (n), in particular its bias, may depend on n too, and it 
could be possible to wrongly conclude that the DFA scaling 
exponents change with n even if they are actually constant.  

The bias of (n) can be estimated by computing the DFA 
scale coefficient for monofractal processes generated with a 
known Hurst exponent. The power spectrum of a fractal 
process with DFA exponent follows a 1/f  trend with 

=2 -1. Therefore we synthesized fractal signals with a 
given DFA coefficient by means of the Fourier filtering 
method. To obtain a simulated series of fractal noise with 
theoretical scale coefficient Th, first we generated 61440 
samples of random white Gaussian noise. This is the same 
number of samples in the 2-min long EEG recordings se-
lected for the DFA. We calculated the FFT coefficients of 
the generated white noise, we multiplied the FFT coeffi-
cients by 1/f , with =2 Th-1, and finally we computed 
the inverse FFT to obtain the signal synthesized with the 
desired Th. In this way we generated fractional Brownian 
motions with Th equal to 1.1, 1.3 and 1.5, and fractional 
Gaussian noises with Th equal to 0.5, 0.7 and 0.9. For each 

Th, we generated 100 different simulated series. 
For each synthesized series, we computed (n) as de-

scribed in eqq. (1-3). Then we computed the mean (n)
spectrum over the 100 fractional noises synthesized for each 

Th, and compared the mean estimate to Th. 

III. RESULTS 

The full spectrum of (n) coefficients calculated for the 
four EEG electrodes is plotted in figure 1. We expressed the 
scales n in milliseconds dividing their value by the sampling 
frequency.  

IFMBE Proceedings Vol. 25

652 P. Castiglioni et al.
 



 

 
Fig.1 Spectrum of DFA scale coefficients (n) for the EEG collected from four electrodes (Fz, Cz, Pz and Oz) in one healthy volunteer. 

The (n) spectrum decreases quickly from values greater 
than 1 at the resolution scale of 10 ms, to a minimum 
around 0.6-0.7 at n =1000 ms. At greater scales n, (n) 
shows a clear-cut peak greater than 1.5; the peak occurrs at 
scales n between 4000 and 6000 ms. This means that the 
characteristics of the EEG dynamics change abruptly from 
those typical of white noise (a stationary process with 

=0.5) to those characterizing the Brownian motion (a non-
stationary process with =1.5) in a narrow range of scales, 
i.e., between 1 and 6 seconds. 

Figure 2 compares (n) calculated from the raw EEG of 
the Oz electrode with (n) estimated from the same elec-
trode after high pass filtering. The filter produces dramatic 
effects at scales larger than the inverse of the cut-off fre-
quency (2 s), decreasing (n) to zero. 

Results of the simulation study are shown in figure 3. Es-
timates obtained for scale coefficients lower than 0.7 or 
between 50 ms and 104 ms do not show important estima-
tion bias. The method seems to underestimates short scale 
coefficients when . 

 
 

 
Fig.2 Left: F(n) plotted vs. n in a log-log scale for the original (dotted line) 
and the high-pass filtered (continuous line) Oz electrode. Right: compari-

son of the corresponding (n) spectra. 
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Fig.4 Average estimates of the spectrum of DFA scale coefficients, (n), 
for the monofractal data synthesized with DFA coefficient equal to Th. 

IV. CONCLUSIONS  

The application of a method for estimating the whole 
spectrum of DFA scale exponents confirms that the fractal 
nature of EEG cannot be regarded as a simple monofractal 
process. However, it also suggests that its self-affine struc-
ture is more complex than usually considered, and that it 
should be described by a continuous spectrum of scaling 
exponents, rather than by a finite number of  coefficients. 
In fact, the shape of the (n) spectra do not show any clear 
“plateau” which can be properly described by a constant  
value. 

The simulation study indicates that the DFA method we 
employed could have underestimated short term coefficients 
of fractional Brownian motions (i.e., when >1). Assuming 
that this result is not due to a spurious effect of the Fourier 
filtering algorithm for synthesizing Brownian processes, 
then the rapid decrease of (n) with n which we observed 

between 10 ms and 1 s, could even be steeper. This will 
further exclude the possibility to describe the short term 
structure of EEG with a single scale coefficient.  

Finally, our study also emphasized the remarkable effects 
of EEG filtering on DFA. The filter employed in this study 
is similar to traditional high pass filters used for EEG pre-
processing [5]. Its effects on the assessment of EEG self-
affinity, however, are dramatic, and could easily explain 
why a previous study reported long term  coefficients 
surprisingly close to 0 [6]. 
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Abstract— With aging, tensile strength, elongation and burst 
pressure of artery decrease, however its stiffness (stress/strain) 
increases. Also rate of arteriosclerosis progression depends on 
individual. It is an urgent task to establish inspection tech-
nique with those strength parameters for arteriosclerosis pro-
gression. The report proposes that a technique for estimating 
sclerosis of common carotid artery in vivo using ultrasound B-
mode (Brightness-mode) imaging. The method is based on in 
vivo stiffness, Eth, calculated from variations in carotid diame-
ter with changes in systolic and diastolic blood pressures. In 
addition, from the results of tensile and internal pressure tests 
by subjecting human and animal arteries specimens to step-by-
step loads in vitro, we found a correlation between Eth and 
strength ( u). Thus, using the correlation curve, in vivo Eth 
and u of the carotid artery can be predicted. To simplify the 
technique for routine medical examination, prototype software 
that is capable of measuring diameter changes by image proc-
essing based on 30-image/s and one pixel size data  from an 
ultrasound device was developed. The total examination time 
for both sides of the common carotid artery was less than 300 
seconds. To examine the validity of this technique, clinical data 
was used. The results indicated that stiffness (Eth), strength 
( u), and critical burst pressure (Bp) are useful symptom indi-
ces for arterial sclerosis, particularly for identifying the begin-
ning of sclerosis in patients in their early twenties. 

Keywords—in vivo strength, stiffness, common carotid artery, 
arteriosclerosis, B-mode image.  

I.  INTRODUCTION  

With aging, property of artery wall changes both 
morphologically and mechanically. And the progression 
rate of sclerosis depends on individual. Mechanical changes 
include thickening of arterial walls, alteration of arterial 
elasticity, contraction of smooth muscle, increased 
sensitivity to pharmacological stimulation and increased 
arterial viscoelasticity, i.e., arteriosclerosis [1]. A report by 
the Japan Ministry of Health, Labor and Welfare indicated 
that cardiac and cerebrovascular diseases were the main 
cause of one-third of deaths in Japan in 2002 [2]. Cardiac 

diseases, such as myocardial infraction, and cerebrovascular 
diseases are directly related to arteriosclerosis [3]. 
Arteriosclerosis is a disease of the arterial walls, in which 
clinical symptoms are typically only seen when the disease 
is advanced. Therefore, it is necessary to detect 
arteriosclerosis by early diagnosis methods in order to 
prevent the progression of this condition.  
In order to establish a noninvasive method for estimating 
sclerosis of in vivo arteries, we first examined the relation-
ship between mechanical properties (stiffness and strength) 
and diameter changes in blood vessels due to heartbeats. 
Secondly, prototype software that is capable of measuring 
small diameter changes based on 30-image/s by ultrasound 
B-mode imaging (0.0713 mm/pixel, 7.5 MHz linear probe) 
was developed. The system was applied clinically during a 
feasibility study that may become a routine health examina-
tion item in the near future. 

II. ESTIMATION OF STRENGTH OF IN VIVO AERTERY 

A. Definition of elastic stiffness (Eth) of artery 

Hardening of blood vessels is a sign of aging in humans, 
and is the result of degradation of elongation and strength 
from a mechanical viewpoint. It is essential to establish 
simple and noninvasive techniques for measuring 
mechanical properties.  

Figure 1 shows a schematic stress-strain relationship of 
arteries. The curves, for both young and older adults, exhibit 
non-linear relationships due to the viscoelastic nature of 
blood vessels. In addition to strength reduction with 
increasing age, the curve becomes steeper. For this 
nonlinear relationship, the definition of a generalized 
mathematical expression for calculating stiffness, d /d , of 
the human artery is complex. Several reports describing the 
mechanical propertys of in vivo arteries have been published 

[4, 6-9]. In the present report, because the variations in 
blood vessel diameter are very small, 3~12% of the 
diameter (0.2~1.2 mm) due to systolic (Ps) and diastolic 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 655–658, 2009. 



(Pd) blood pressures in the resting state, we defined a linear 
relationship between stress and strain, d /d  =Eth, 
designated in vivo stiffness. The equation is based on a 
hollow thick-walled cylinder model subjected to internal 
pressure, as the ratio of thickness (t) and diameter (D) of the 
human artery, approximately t/D=0.1~0.15, is given by,  

th = ( )                                                                  

iiiii
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,/

),/()()( 222222

From the condition of no volume-change between systolic 
and diastolic pressures, it is given as,        

)()( 2222
oioi RRRR                                                                       

where  and  are circumferential stress and strain at the 
inner wall, Ri and Ro are the inner and outer radius of blood 
vessel respectively. Underline means the diameter at the 
systolic pressure, ps.  

Figure 1.  Schematic stress-strain curves showing change in mechanical 
properties of artery with aging; Eth increases and u decreases. 

On the other hand, there is a non-dimensional equation 
known as beta parameter, * expressing by natural 
logarithm of Ps/Pd.  The equation [1] is 

idsiiids RppRRRpp /)/ln(]/)/[()/ln(*         (3). 

The coefficients (Ri, Ro, Ri, and Ro) in Eq. (1) or (3) can be 
measured using ultrasound B-mode motion image.  

To establish an estimation technique of strength of in 
vivo artery, we examined the relation between ultimate 
strength ( u) and Eth by tensile and liquid pressure tests for 
in vitro human and animal arteries specimens; step-by-step 
loading and rupture finally[5]. And critical burst pressure 
(Bp) of in vivo artery can be estimated as a hollow cylinder 
model subjected to inner pressure, 

Bp= u(Ro
2-Ri

2)/(Ro
2+Ri

2)                                                   (4) 

In general size of the common carotid artery, Ri=3.5, 
Ro=4.0mm, i.e. Bp =0.133 u, MPa. 

B. Strength of in vivo artery using B-mode image 

Since stiffness (Eth) was assumed between upper (Ps) 
and lower (Pd) pressures as a linear relationship, then we 
examined  practical utility of Eq. (1) by comparing, 
mechanical properties by tensile and liquid-pressure tests 
using some materials. And the Eth was compared with other 
four equations (Ep,Einc,VE, and *) in terms of stiffness 
reported in references [6-9]. Some kinds of materials 
including human common carotid [10] and artery of ox, big, 
tube of silicon and rubber specimens were tested. In 
determining Ri, the microscopic change in the specimen’s 
diameter due to inner-pressure was measured using optical-
image expanded.  
 

Figure 2.  A system developed for estimating strength of in vivo artery 
using B-mode ultrasound image; variation of Ri wtith time is shown. 

Figure 2 shows a trial system for estimating sclerosis of 
in vivo artery using B-mode image. For measurement of the 
common carotid artery, the patient lays down on a bed in a 
relaxed mood keeping their chin slightly upward and 
turning 30o approximately in a direction opposite to the side 
where carotid artery to be viewed. Ultrasound gel is applied 
on the skin surface of the subject’s neck and a linear-type 
ultrasound transducer (7.5 MHz) was placed. Subsequently, 
the B-mode image of the subject’s artery appeared on the 
monitor of the ultrasound equipment (540x420 pixel, 
0.0713 mm/pixel in case of SonoAce PICO). The variation 
of Ri and Ro wtith time is measured from B-mode moving 

Central position estimated.
Ri=0.68 mm 1 sec.   1 

mm

Common 
carotid artery

Ri-variation with time,  
22-year old 

2Ri =7.43 mm at Ps 
2Ri =6.75mm at Pd 
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image of a couple of heartbeats. And we assumed that 
Ro=Ri+wall thickness (t) =Ri+0.6 mm ( t=0.4~0.8mm; 
anatomical data for age of 40s~80s ). The trial software 
developed for analyzing the variation of Ri allows real-time 
measurement.  

III. RESULTS AND DISCUSSIONS 

 Figure 3 shows a curve of stress vs. srain subjected to 
tensile and liquid-pressure loading for human common 
carotid artery,80s. Although a non-linear relation is 
observed, we fitted by a linear line between upper (Ps=150 
mmHg) and lower (Ps=70 mmHg) blood pressures for the 
both loading tests. Thus, Eth of the artery was measured as 
0.53 MPa and 0.46 MPa for tensile and pressure loadings, 
respectively. The beta value ( *) was 0.22 and 0.68 
respectively. In addition, we examined other stiffness 
parameters, Ep, Einc, and VE in the references [6-9], and we 
confirmed that Eth estimated by Eq. (1) is only equivalent 
with tensile and internal pressure tests by comparing some 
viscoelastic materials[5]. We concluded that the Eth is 
reasonable as a strength index to express progression of 
arteriosclerosis.  

Figure 4 shows the correlation between in vivo Eth and 
u, which allows estimation of in vivo u of arteries ( a 

cylindrical model ) by B-mode imaging using the curve. 
rical model, which allows estimation of in vivo strength 
from the Eth. For example, u is 0.8 MPa (Bp=798 mmHg) 
when in vivo Eth is 0.5 MPa (average for age 60-70 years).. 
If tensile strength is below a lower threshold ( u=0.2 MPa), 
the probable value of Bp is 200 mmHg when in vivo Eth is 
larger than 3~4 MPa, and this might indicated a potential 
risk to patient health.  

Figure 3.  Relationship between stress and strain of the common carotid 
artery, 80s male ( Eth=0.46~0.53 MPa, ruptured stress u=0.56MPa.). 

 
Figure 4.  Correlation between in vivo Eth and strength ( u) obtained from 

tensile and internal pressure tests of  the human common carotid artery 
specimens, which allows estimation of . u and Bp. 

Figure 5.  Clinical investigation data showing dependence of age, gender 
and location ( right or left ) of common carotid artery on stiffness; special 

investigation is requrired if Eth is over 2.0 (under 400 mmHg). 

Figure 5 shows the dependence of Eth on the age of test 
subjects (159 males and 51 females) for right and left 
common carotid arteries. All experiments complied with the 
rules of the Ethics Committees of Gifu University Hospital 
and Chubu Rosai Hospitals. In this graph, the scale of 
critical burst pressure predicted from the relationship in Fig. 
5 was confirmed. Differences in Eth for the right and left 
common carotid arteries are visible for both young adults 
and older adults, but the trend is prominent for the latter 
group. According to this figure, it cannot be demonsrated 
that Eth for a particular (right or left) artery is always larger; 
rather, it varies by individual. Similarly, it is not always true 
that the difference in magnitudes of Eth for the right and left 
common carotid arteries varies by gender (male or female) 
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at the same age, but the difference in magnitude of Eth 
increases with age for both males and females. Thus, 
measuring Eth for both common carotid arteries during 
diagnosis of arteriosclerosis is necessary. 

Because sclerosis of the artery proceeds in localized 
areas, we measured stiffness distribution of the common 
carotid artery by moving the ultrasound transducer linearly 
with regular intervals of 3~5 mm for nine positions. Figure 
6 shows the results for in vivo Eth in a 64-year-old female. 
From this figure, in vivo Eth has slight dependence on 
location, with the maximum Eth being 1.01 MPa. This 
suggests Bp=548 mmHg based on Eq. 4. This is the 
proposed procedure to estimate the strength of in vivo 
arteries. It is effective to use the mechanical strength of 
arteries as an index of sclerosis development.  

 

 
Figure 6.  Distribution of stiffness (Eth) showing sclerosis progression of 

the common carotid artery, measurement of 4~5-mm inerval.  

IV. CONCLUDING REMARKS 

A new technique for investigating risk of arteriosclerosis 
by measuring in vivo stiffness (Eth) of the common carotid 
artery is proposed. This method is based on in vivo Eth, as 
calculated from the variations in carotid artery diameter at 
systolic and diastolic blood pressures by image processing 
using B-mode images.  

The technique was applied clinically to during feasibility 
study that could become a regular health examination item 
in a near future. It can be concluded as, 

1) In vivo Eth can be estimated using Eq. (1) and  critical 
burst pressure (Bp) using Eq. (4). 

2) In vivo Eth, tensile strength ( u) and burst pressure 
(Bp) are useful symptom indices for arteriosclerosis, 
particularly for identifying the beginning sclerosis that 
during the early twenties. 
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Abstract— The interplay of biomechanical stresses to 
subsequent histopathological response in the wall of abdominal 
aortic aneurysm (AAA) is poorly understood and investigated. 
Meanwhile individually acting forces can be calculated 
precisely by wall stress analyses as well as biologic activity of 
AAA wall can be studied in-vivo by 18F-fluorodeoxyglucose 
positron emission tomography. For better insights in stress-
tissue interactions and methodical reasons we studied 
therefore the correlation of metabolic activity with the results 
of computational wall stress analyses in two patients. Thereby, 
areas of highest metabolic activity were well correlated to 
regions with highest computational peak wall stress for these 
two patients. 

To proof these findings further analyses in 25 patients are 
planned and the results will be presented. 

Keywords— abdominal aortic aneurysm, finite element 
analysis, glucose metabolism, stress tissue 
interaction  

I. INTRODUCTION  

 
An abdominal aortic aneurysm (AAA) is an abnormal 

dilation of the infrarenal aorta with a high prevalence of 6-
8% in male over 60 years. Despite improvements in 
emergency repair and intensive care AAA rupture is still a 
potential life threatening disease because AAA rupture is 
fatal in 70-90% [1]. Main determinants of AAA formation 
and rupture are biomechanical forces exerted by blood 
pressure and the strength of the withstanding AAA wall. At 
present individually acting hemodynamic forces can be 
calculated more and more precisely by computational wall 
stress analyses [2, 3, 4] while evaluation of patient specific 
patho-histological changes of AAA wall in vivo is still 
unsolved. Therefore interaction mechanisms of 
biomechanical stresses with subsequent tissue response in 
the wall of abdominal aortic aneurysm (AAA) in vivo are 
poorly understood and investigated. However individually 
biologic activity of AAA wall can be visualized meanwhile 
in-vivo by 18F-fluorodeoxyglucose positron emission 

tomography (FDG-PET/CT) [5]. Thereby increased FDG 
metabolism has been associated with increased proteolytic 
activity, structure protein degradation, AAA progression 
and therefore AAA wall instability and rupture risk [6]. For 
better insights in stress-tissue interactions and for 
methodical reasons we initially studied the correlation of 
metabolic activity with the results of advanced 
computational wall stress analyses in two exemplary AAA 
patients. 

II.  PATIENTS AND FDG-PET7CT 

 
 
One 84 year old female patient with symptomatic AAA 

(maximum infrarenal crossectional diameter 98mm) and 
one 68 year old male patient with asymptomatic but 
progressive AAA (maximum infrarenal crossectional 
diameter 65mm) were subjected to FDG-PET/CT for further 
consecutive metabolic and biomechanical analyses. 

Patients were instructed to fast for at least 6 hours before 
PET/CT examination. After bolus injection of 370 MBq 
FDG (uptake time: 90 min) a low-dose CT scan (Siemens 
Biograph Sensation 16®, Erlangen, Germany; 120 kV, 20 
mAs) was obtained first for attenuation correction of PET 
emission data, followed by routine diagnostic contrast 
enhanced thoraco-abdominal multi-slice CT (100 ml 
contrast medium Imeron® 300; table speed 12 mm/s, 5 mm 
slices thickness reconstruction). The data were processed on 
a Volume Wizard workstation® (Siemens medical solutions) 
and slices were indexed at 3 mm. Immediately after the CT 
scanning PET emission images were acquired for 3 min for 
each in bed position. The emission data were consecutively 
reconstructed with measured attenuation correction based 
on the low dose CT transmission data.  

Consecutively the FDG-PET/CT scans were visually 
analysed by a nuclear medicine physician and a vascular 
surgeon on a Syngo workstation (Siemens medical 
solutions). The CT- and combined PET- images were 
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evaluated for aneurysm morphology and distribution of 
FDG tracer-uptake in correlation to anatomical landmarks. 
Of each AAA the average standard uptake value (SUVmean) 
and the maximum standard uptake (SUVmax) value in areas 
of maximum focal FDG-uptake were assessed.  

III. COMPUTATIONAL BIOMECHANICS  

 
For further FEA evaluation, 2 dimensional 3mm CT 

DICOM data slices were converted by a commercially 
available image post-processing software tool (Mimics 
12.01 ™, Materialize) for semi-automatic segmentation and 
3-dimensional multiplanar reconstruction of the aorta, side-
branches and the AAA. Moreover luminal thrombus 
geometry was reconstructed accurately while AAA wall 
itself cannot be detected from the CT data and was assumed 
therefore with a uniform thickness of 1mm extruded on the 
outer surface of AAA geometry. Thereafter using the 
commercial Harpoon software® (Sharc Ltd) a hexahedral 
element dominated finite element mesh was generated with 
a basic mesh size of 1.0 mm. For simulation an adequate 
isotropic, nonlinear hyper-elastic material model specially 
designed for AAA wall [7] and a isotropic NeoHookean 
material law for intraluminal thrombus were used and 
geometrical non-linear model assumptions for ortho-
pressure simulation of deforming AAA wall and thrombus 
were applied. Moreover prestressed state of the initial AAA 
geometry, loaded by in vivo acting forces of at least 
85mmH was considered in computational simulation. 
Maximum systolic blood pressure was assumed to be 
p=121mmHg to make results of the patients comparable. 

Subsequent the results of simulations were correlated to 
FDG-uptake in PET/CT  

 

 
Figure 1: 68 year old male patient with progressive AAA (maximum 

infrarenal crossectional diameter 65mm); b): increased FDG uptake in 
PET/CT; a): anterior view of peak wall stress simulation; c: left lateral 
view of peak wall stress simulation; red arrows: correlation of computed 
maximum peak wall stress with PET/CT; color indicates von Mises stress 

IV. PRELIMINARY RESULTS  

The progressive asymptomatic and the symptomatic 
AAA showed markedly increased localised FDG-uptake at 
the proximal anterior (SUVmax 4.2; SUVmean 3.4) sack and at 
the right lateral AAA curvature (SUVmax 3.8) respectively. 
Interestingly, these areas of highest metabolic activity were 
in well correlated to regions with highest computational 
peak wall stress for these two patients. Furthermore the 
calculated maximum peak wall stress values were similar 
with 44.2 N/cm2 in the symptomatic female patient and 41.1 
N/cm2  in the progressive AAA indicating a putative 
threshold of maximum wall stress with detectable FDG 
uptake and therefore tissue reaction  

 

 
 Figure 2  , 84 year old female patient with symptomatic AAA (maximum infrarenal crossectional diameter 98mm)  
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 c): increased FDG uptake in PET/CT; a): left lateral view of peak wall stress (PWS) simulation; c): anerior view of PWS 
 simulation; red arrows: correlation of computed maximum peak wall stress with PET/CT; color indicates von Mises 

 

V. CONCLUSION 

These preliminary results strongly indicate that 
biomechanical stresses may induce subsequent 
histopathological tissue response in AAA wall with 
increased glucose metabolism detected by FDG-PET/CT. 
To proof these findings further analyses in 25 patients are 
planned and the results will be presented. Moreover further 
histopathological analyses and biomechanical test of the 
identified tissue samples are needed to understand the 
coupling mechanisms of biomechanical stress with tissue.  
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Abstract—Statistical shape models are used as a generic tool 
for medical image processing and image analysis. Their key 
advantage is the incorporation of prior knowledge about the 
shape variability of a certain anatomical object based on a set 
of representative training instances. 

The automatic identification of corresponding points 
(landmarks) across the entire set of training samples poses the 
essential challenge on the generation of the model. Minimiza-
tion of the model’s description length has proven to be an 
adequate strategy for this delicate matter. Thereby, a set of 
landmarks is distributed over each training shape, 
representing the initial set of corresponding points. These 
points are subsequently optimized in an iterative manner. 

The resulting landmark configuration however does not 
necessarily represent the shape of the structure of interest 
adequately. One possibility to overcome this problem is to 
employ a remeshing technique during and/or after the optimi-
zation. Rather than interfering with the optimization method 
we chose a more appropriate initialization. This allows us to 
generate a homogeneous landmark distribution without em-
ploying any remeshing steps. Moreover, we ensure that the 
algorithm converges to a global minimum since the landmark 
distribution adequately represents the object’s shape at any 
time during optimization. 

In order to measure the goodness of the shape representa-
tions we opt for a modification of the established landmark-
distance based error measure, which takes surface similarity 
into account. Visual inspection as well as the computed quan-
titative results show that the proposed initialization enables us 
to generate a model that outperforms the one resulting from 
employing the previously used initialization. 

Keywords—Statistical shape model, surface parameterization, 
landmark configuration, evaluation, error metric 

I. INTRODUCTION  

Since their introduction by Cootes et al. [1], statistical shape 

models (SSM) have been widely applied in medical image 

analysis tasks during the last years. Most popular applica-

tions are shape-based discrimination (e.g. pathological vs. 

non-pathological anatomy), or segmentation of objects from 

images (active shape models, ASM). In either case the 

strength of these models is their ability to adapt elastically 

to previously unseen shapes under the constraint of statistic-

al plausibility. That is, any deformation is inherently specif-

ic for the particular object class represented by the model. 

Statistical variability is modeled on the basis of correspond-

ing landmarks that have to be identified across the samples 

of a representative training set. This correspondence prob-

lem is the most challenging part in statistical shape model 

generation. 

The essential demand for automatic model building me-

thods arose with the extension of SSM to the 3D domain. 

The approaches that have been proposed to cope with this 

problem range from geometrical measures of shape [2] or 

distance [3] to physically motivated point pairs [4], spheri-

cal harmonic parameterizations [5], and the identification of 

correspondences in the original image space [6]. 

In contrast to previous approaches, Kotcheff and Taylor 

[7] identify the “optimal” correspondence over the entire set 

of training shapes. The key idea is that the optimal set of 

corresponding points implicitly provides the “best” model. 

Meanwhile, minimization of the model’s description length 

(DL) as proposed by Davies et al. [8] is widely accepted as 

gold standard for the construction of statistical shape mod-

els. Based on Davies’ initial work several modifications of 

the Minimum DL based objective and its optimization have 

been proposed [9,10]. In the present work we use the highly 

efficient implementation of Heimann et al. [11]. 

The automatic manner of establishing correspondences 

can result in deficient landmark distributions in the sense 

that they do not represent the actual shape adequately. To 

overcome this problem continuous/final remeshing of the 

landmarks during/after the optimization is proposed in [12]. 

Instead we chose a more appropriate initialization of the 

optimization compared to [11,12]. By this we do not only 

avoid interference with the optimization scheme but also 

ensure the convergence of the algorithms towards the global 

minimum. Eventually, we propose a modification of the 

quantitative performance measures for statistical shape 

models, which accounts for deficient shape representations. 

II. MATERIALS AND METHODS 

A. Statistical Shape Models 

Given a set of ns training shapes {Si ⊂
 ℝd

, i=1,…,ns} sam-

pled at corresponding positions using np landmarks. Hence, 

the ith
 shape is represented by the dnp-D vector xi. Combin-

ing these vectors in the ns×dnp landmark matrix A and sub-
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tracting the mean, singular value decomposition (SVD) 

reveals the principal modes {pm} and associated eigenvalues 

{λm} as the right singular vectors and square roots of the 

diagonal matrix, respectively. Thus, shape variability can be 

described by the mean x  and a linear combination of {pm}: 

where b'm is the shape-space coordinate for the mth
 out of nm 

principal modes for any valid shape representation x'. 

B. Correspondence Optimization 

We minimize the DL of our model using the objective [9] 

which is a simplification yet quite good approximation for 

large ns of the objective originally introduced in [8]. The 

parameter λcut reflects the noise in the training data. 

While F is evaluated in the shape’s primary space, re-

mapping of the landmarks such that F→min requires a dif-

feomorphic mapping Φ(Ωi) and, therefore, initial paramete-

rization Ωi= (Si). Most anatomical objects are homeomor-

phic to the unit sphere Ω
3
, which hence is an appropriate 

parameter domain. To reposition the landmarks on the 

sphere during optimization we rely on the local re-

parameterization method presented in [11].  

C. Initial Landmark Configuration 

The initial groupwise correspondences are found by dis-

tributing the set of landmarks over each training sample Si 

(cf. Fig. 1) based on the respective parameterization Ωi. 

Basically, parameterization of a surface denotes the one-

to-one mapping : ℝ3→ℝ2
, Si→Ωi. Considering the case of 

mapping onto the unit sphere Ω
3
, we refer to the landmark 

position q on Si as qi(θ,φ) = (xi(θ,φ), yi(θ,φ), zi(θ,φ)), where 

the parameters θ
 ∈ 

[0…2π] and φ
 ∈ [0…π]. 

 

Fig. 1 The initial set of correspondences is found by distributing the set of 

landmarks (left) over each training sample based on the respective spheri-
cal parameterization, which is shown in Fig. 2 for the 1st shape. 

 always introduces distortions since polygon angles and 

polygon area cannot be fully preserved at the same time. 

Heimann et al. [11,12] use the conformal (i.e. angle pre-

serving) variational approach by Gu et al. [13]. Initialized 

with the Gauss map : Si→Ω
3
, the harmonic energy is mi-

nimized in an iterative manner resulting in the conformal 

mapping : Si→Ωi. 

Angenent et al. [14] approximate the conformal mapping 

 of Si onto the plane Ρi using finite elements. Subsequent-

ly, conformal stereographic projection embeds Ρi into Ω
3
. 

The SPHARM description [15] demands for an area pre-

serving mapping : Si→Ωi. The parameterization is formu-

lated as a constrained (wrt vector length, polygon area and 

polygon angles) optimization problem to find the minimally 

distorted surface Ωi. Diffusion mapping provides initial 

values for θ and φ while the root of the non-linear objective 

is found using a Newton scheme [16]. 

Fig. 2 shows the spherical parameterization Ω1 for the 1
st
 

shape in Fig. 1 under similar views using , , and . 

Same colors identify corresponding regions of S1 and Ω1. 

Fig. 2 Spherical parameterizations of the 1st training shape in Fig. 1: Con-

formal mappings  and , and area preserving mapping  

D. Model Quality Measures 

Davies introduces three quantitative measures for the 

evaluation of the performance of SSM [17], each a function 

of the number of modes nm used for the reconstruction of x': 

Generalization G(nm): Ability to represent unseen shape 

instances, measured by a series of leave-one-out tests. 

Specificity S(nm): Validity of x' expressed as similarity 

to the object class represented by the training set; meas-

ured by randomly varying b'm wrt λm over 10,000 runs. 

Compactness C(nm): Variance of the model, which is 

inherently minimized using (2), hence not appropriate 

to compare the results of different objectives. 

The mean absolute distance between landmarks [18]  

is a common measure to evaluate G(nm) and S(nm). See [12] 

for a discussion on limitations of this measure. 
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In order to account for non-homogeneous landmark dis-

tributions (cf. Fig. 3, left) we introduce the mean absolute 

distance normalized with the average vector length: 

where niv is the number of originally available vertices v of 

the ith
 training sample. Deficient shape description is indi-

cated by the quotient of the model surface area and the 

original average area over all samples: rgss=|Smodel|·(ns|∑Si|)
-1

. 

III. RESULTS 

We evaluate the effect of different initial landmark con-

figurations for the model quality based on a medical data set 

consisting of 21 MRI training samples of the right hippo-

campus. Triangulated surfaces are extracted from the image 

volumes (resolution: 0.5×0.5×0.5mm
3
; mean radius of hip-

pocampus region: 60 voxel) using Marching Cubes, result-

ing in shape complexities in the range 8322-10380 vertices. 

Four different models are computed, where initial corres-

pondences are found using the spherical mappings  and 

 for 2562 and 10242 equidistant landmarks, respectively. 

Fig. 3 provides the final models (2562 landmarks) that are 

obtained based on the conformal mapping  in com-

pliance with [11,12] (left) and the area preserving 

Fig. 4 for the genera-

lization ability and specificity using up to 10 modes for the 

reconstruction of x', representing 90% of total variance. 

       

Fig. 3 Deficient landmark distribution leading to a poor shape representa-

tion (left) and a much more appropriate, homogeneous distribution (right). 
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Fig. 4 Generalization ability and specificity for landmark initializations 

using conformal and area preserving parameterization. 

IV. DISCUSSION 

The results clearly show that the initial set of correspon-

dences has an immense impact on the performance of the 

model. The proposed initialization using an area preserving 

spherical parameterization yields a model with significantly 

improved generalization ability and specificity compared to 

the conformal parameterization used previously [11,12]. 

Visual inspection of Fig. 3 clearly reveals that the  

based initialization performs superior. However, the com-

puted quantification seems to underestimate this difference. 

This observation is linked to the limitations of the landmark 

based error measure mentioned. The normalized measure 

(4) introduced above provides a compensation of inadequate 

shape representations in a global fashion. In Table 1 we 

show that, while the originally used dmad does not reflect an 

inadequate representation of the actual shape at all, dnmad 

correlates with the value F in (2) and the ratio rgss. 

Table 1 Comparison of dmad and dnmad for nm = 10 (90% of total variance) 

related to the value F of the objective and global shape similarity rgss. 

 
G(10) S(10) F 

rgss 
dmad [mm] dnmad [mm] dmad [mm] dnmad [mm] init. final 

 0.21±0.01 0.48±0.02 0.42±0.00 0.95±0.00 68.8 37.4 0.75 

 0.35±0.01 0.35±0.01 0.67±0.00 0.67±0.00 55.6 26.2 1.00 

 

Conformal spherical parameterizations preserve the or-

thogonality of the gradient vectors, which is especially 

beneficial for the utilized gradient descent based optimiza-

tion of (2). However, as already apparent in Fig. 2, large 

area distortions may occur, especially at regions of high 

curvature. Thereby,  still outperforms  in terms of 

area preservation, which we therefore omit for the evalua-

tion of the resulting model. Nevertheless, area distortions 

and thus non-homogeneous landmark distributions are sig-

nificant when using  compared to  (cf. Fig. 5). 
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Fig. 5 Close-up of the parameterization for the posterior, high curvature 

part of the hippocampus, emphasizing the inevitable area distortions by 

using the conformal mapping  (left) compared to  (right). 

In order to compensate for these deficiencies we should 

also consider increasing the number of landmarks according 

to the training sample’s complexity. Though there is a bene-

fit in terms of improved specificity, the absolute difference 

of the model quality for the  based initialization com-

pared to that using the area preserving mapping  does not 

change considerably (cf. Fig. 4). 

It should be noted that the optimization takes approx. 10 

times longer for the  based initialization. To some extent 

this can be ascribed to the introduced angle distortions. 

However, we should have in mind that angle preservation is 

one of the constraints of the optimization onto which  is 

based on and further take into account that the final value of 

F is much smaller compared to the  based initialization 

(cf. Table 1). Thus, the time overhead emerges predomi-

nantly from the elongated optimization towards the actual 

global minimum due to the superior initialization. 

Certainly, the main limitation of our present study is the 

restricted data base. Therefore, the next step is to evaluate 

the proposed landmark initialization for SSM of other ob-

jects. But considering the fact that the hippocampus is a 

highly “non-sphere-like” structure with regions of large 

changes in curvature and hence prone to a deficient land-

mark distribution, we are confident that our method also 

performs well for other anatomical objects. 

V. CONCLUSIONS  

We contributed an initialization scheme for the auto-

mated generation of SSM that leads to appropriate landmark 

distributions of the final model. Due to the superior initiali-

zation the need for intra-/post-optimization remeshing be-

comes obsolete. This avoids interference with the optimiza-

tion scheme and guarantees a more stable convergence 

towards the global minimum. 

We plan to apply the proposed method for the generation 

of SSM of other anatomical regions. Moreover, evaluation 

of local shape similarity with respect to the training samples 

will be included in our next studies. This does not only 

measure dissimilarities more reliably, but also may help to 

identify further weak spots that can be tackled accordingly. 
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Abstract— A single cell and Monte-Carlo based computer 
model has been developed to simulate tumor growth and ra-
diation response. It reflects the impact of oxygenation on the 
tumor control probability incorporating the temporal irradia-
tion pattern and the proliferation rate of the tumor cells as 
well as the impact of radio-sensitivity heterogeneity. Here, the 
impact of the uncertainties of published values for the radio-
sensitivity of human colon adenocarcinoma cells on tumor 
control probability is studied. As the uncertainties of the radio-
sensitivity parameters provided in the literature are large, the 
variation of the model output is also large and more biological 
data from experiments are needed to verify the performance of 
the computer model. 

Keywords— Computer simulation, Tumor control probability 
(TCP), Spheroids 

I. INTRODUCTION  

Currently, most treatment plan optimizations for photon 
radiation therapy are based on the physical dose distribu-
tion. Biological modeling of tumor control probabilities 
(TCP) is needed to predict tumor response on the basis of 
tumor specific parameters like radio-sensitivity, its varia-
tion, cell density, hypoxia, etc. An important issue is to test 
the performance of a biological model and the used input 
parameters. Using generally accepted biological principles 
in the model alone does not guarantee a good prediction of 
the TCP of a biological system. A major problem is that 
data from in vitro experiments as well as clinical data are 
available only with limited accuracy. Hence, the study of 
the conversion of biological uncertainties into model output 
is the first step to determine the strength of the prediction a 
biological TCP model. 

II. MATERIALS AND METHODS 

A. Model outline 

A single cell and Monte-Carlo based model was devel-
oped to simulate tumor growth and radiation response [1]. 
The cells are arranged on a three-dimensional lattice, each 
knot representing a possible position of a cell. Tumor cells, 
capillary cells and fibroblastic cells are considered. Tumor 

cells are characterized by their age, their radio-sensitivity 
and their oxygenation. The age of each individual cell is set 
according to a normal distribution; the oxygenation is de-
termined by the distance to the neighboring capillary cells. 
According to the oxygenation, tumor cells are classified into 
three groups: oxic, hypoxic and necrotic tumor cells. 
Whereas oxic tumor cells are considered to be alive and to 
be able to proliferate, hypoxic cells are alive but not able to 
proliferate. Hypoxic cells emit tumor angiogenesis factors 
(TAF) to stimulate capillary cells to proliferate. Necrotic 
cells are dead and resorbed after a certain time. The transi-
tion between the oxic state and hypoxic state and vice versa 
may happen after each time step, whereas necrotic tumor 
cells always stay necrotic. Capillary cells are represented by 
isolated cells providing oxygen according to radial profile. 
At the beginning of the simulation, they are equidistantly 
distributed over the lattice to provide a good oxygenation 
throughout the lattice. 

B. Oxygenation 

In the simulation model, capillary cells are considered as 
isolated cells and not connected to each other. It is assumed 
that each capillary cell supplies oxygen independently from 
other capillary cells according to a radial dependent oxygen 
profile:  

r
ara

D
rPO 3

2
3
1

2
)(

3
22

2
  (1) 

where - is the oxygen consumption rate, D the oxygen 
diffusion constant, a the maximal diffusion radius and r the 
distance to the capillary cell. In this case, r is only defined 
between the capillary radius and the maximal diffusion 
radius. This oxygen profile is laid around each capillary cell 
and the oxygen concentration at a specific tumor cell is 
given as the sum of the contributions of all adjacent capil-
lary cells at this point. This leads to an inhomogeneous 
oxygen distribution within the tumor.  

C. Angiogenesis 

Angiogenesis, the formation of new capillary cells, is 
also simulated in this model. Hypoxic cells are considered 
to emit TAF independently of other hypoxic tumor cells. 
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The concentration CTAF of TAF around a hypoxic tumor cell 
is assumed to be inverse proportional to the distance r to the 
hypoxic tumor cell: 

r
rcTAF

1)(   (2) 

This profile is truncated at a maximum diffusion radius 
to allow for consumption of TAF by capillary cells. This 
profile is laid around each hypoxic tumor cell and the con-
centration of TAF at a capillary cell is the sum of the con-
tributions of all adjacent hypoxic cells at this point. If a 
predefined angiogenesis threshold (AGT) is exceeded, the 
capillary cell divides. 

D. Tumor growth 

The simulation of the tumor consists of two successive 
phases: the growth phase and the irradiation phase. Starting 
with the growth phase, the tumor develops from a single 
tumor cell placed in the middle of the grid. After the tumor 
cell passes the cell cycle time, it divides placing its daughter 
cell to one of its 26 adjacent positions. If this position is 
occupied, the respective cell is shifted to one of its 
neighboring positions towards the border of the tumor. 
These shifts are repeated until a free lattice position is 
found. The growth phase ends if a predefined number of 
cells is reached. 

E. Radiation response 

The response of a tumor is simulated on the basis of the 
response of the individual tumor cell. All cells of the tumor 
are considered to react independently to radiation. The dose 
distribution is assumed to be homogeneous within the tu-
mor. Therefore, for each individual tumor cell the surviving 
probability SF is calculated according to the linear quadratic 
model extended by the radio-sensitivity modulating influ-
ence of the local oxygen concentration, described by the 
oxygen enhancement ratio OER:  

22
2exp),( OERD

m
OERD

m
OERDSF . (3) 

 and  are radiation specific parameters describing the 
radio-sensitivity of the tumor cells for oxic conditions. D is 
the absorbed dose, m the maximal value of the OER. The 
OER is calculated as a function of the oxygen concentration 
PO2 at the respective tumor cell [2]: 

2
2

2

( ) O
O

O

mP kOER P
P k

.  (4) 

k is the oxygen concentration, where 50 % of the maxi-
mum sensitization due to the oxygen effect occurs. 

The survival of each cell is randomly determined by 
Monte-Carlo methods on the basis of its surviving probabil-
ity calculated by equation 3. In the case of death the cell 
becomes instantly necrotic. Between two fractions complete 
repair is assumed. Capillary cells are assumed to be radio-
resistant.  

F. Spheroids 

Spheroids are three dimensional cell clusters in a growth 
medium. They provide a system of intermediate complexity 
between fitting monolayer radiation survival data and out-
come of solid tumor in vivo [4]. For this reason, the radia-
tion response of spheroids of human colon adenocarcinoma 
cells is studied. Data for radio-sensitivity  and  for 
monolayer cells are taken from [5,6]:  

Table 1 Radio-sensitivity of human colon adenocarcinoma cells 

Resulting /  Reference 

0.215 ± 0.035 0.024 ± 0.004 8.96 ± 2.09 [5] 
0.27 ± 0.06 0.035 ± 0.009 7.71 ± 2.6 [6] 

G. Simulation 

The growth of spheroids with a cell number of 100 is 
simulated. Since oxygenation within the spheroids is pro-
vided by diffusion from the medium outside of the spheroid, 
the AGT is set to 1000 a.u. so there is practically no angio-
genesis. Only single dose irradiations are applied. Mean 
values for  (0.24 Gy-1) and /  (8.0 Gy) from table 1 are 
used for the simulation. For each relevant dose point, 10 
tumors were simulated and the rate of controlled tumors, i.e. 
which have no surviving cell, is calculated. To obtain TCP 
curves these incident rates were fitted with the logistic dose 
response model using the statistical software Octave [3]. 
Since the tolerance dose D50, i.e. the dose where the tumor 
control probability is 50 %, is a stable parameter of the dose 
response curve, this instead of the whole TCP-curve is ana-
lyzed. 

III. RESULTS 

The influence of the uncertainty of the -value as well as 
of the / -value on the tolerance dose D50 are displayed in 
figure 1 and 2, respectively. 
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Figure 1: Dependence of tolerance dose on the -value. 

 
Figure 2: Dependence of tolerance dose on the / -value. 

The tolerance dose decreases significantly with increas-
ing -value. Providing -values as in [4] and [5], the model 
predicts a tolerance dose uncertainty of around 1.5 Gy. The 
tolerance dose increases with increasing / -values. The 
uncertainties of the / -values given in [5] and [6] lead both 
to a prediction of an uncertainty of around 1.5 Gy by the 
model. 

IV. DISCUSSION 

The influence of the uncertainty of biological data on the 
model output has been analyzed. The conversion of biologi-
cal uncertainties into model output shows a significant 
range of the prediction of the model. Therefore, reliable 
quantitative predictions of tolerance doses based on these 
cellular input data and assuming this model are difficult. 

The next step of the analysis is the comparison between 
TCP data of cell experiments from literature with the model 

predictions starting with such relatively simple biological 
systems. It is expected that the input data can be adjusted 
within their range of uncertainty such that the model de-
scribes the radiation response. Therefore, more accurate 
data from cell experiments are needed to verify the per-
formance of and the parameters used by the computer 
model.  

V. CONCLUSION 

To conclude, a verification of this TCP model can only 
be done by considering of the involved biological uncertain-
ties. The model might be used for the prediction of the im-
pact of specific parameters on TCP, but its prediction 
strength will always be limited by the uncertainty of the 
underlying parameters. 
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Abstract—In cardiac myocytes, the calcium flux through the 
release channels (Ryanodine Receptors; RyRs) defines the 
transient changes of intracellular calcium corresponding to the 
trigger, i.e., the transmembrane calcium current, and there-
fore determines the dynamics of the contractile function of 
myocytes on a beat-to-beat basis. A controversy exists related 
to the exact mechanisms responsible for the activation and 
termination of calcium release, as well as to the increased 
leakiness of RyR, which has been reported in association with 
various heart failure conditions. Our aim was to develop, 
based on previously published models, a mathematical model 
of RyR that would describe both the calcium-dependent dy-
namics and the regulation of the calcium release by cal-
cium/calmodulin dependent kinase II (CaMK). We validate the 
model by comparing the simulated results to in vivo observa-
tions, both under normal and CaMK hyperphosphorylation 
conditions. Results show that the model describes, in a quanti-
tative way, the functional connection between the calcium 
trigger and release, the dynamic enzymatic regulation, as well 
as the role of RyR as a component of the whole myocyte. Our 
results also suggest that CaMK is an important downstream 
effector in -adrenergic regulation. We conclude that the pre-
sented model is a solid component that can be employed in 
further modeling studies, e.g., to explore the double-edged role 
of CaMK in various heart failure conditions.  

Keywords—Calcium (cellular), cardiomyocytes, ryanodine 
receptor calcium release channel, mathematical modeling. 

I. INTRODUCTION  

The periodic changes of the cytosolic calcium concentra-
tion ([Ca2+]i) that take place in the cardiac myocyte are the 
basis of the contractile function of the heart. The contractile 
cycle is initiated by transient depolarization of cell mem-
brane; the action potential (AP), and the process is thus 
referred to as excitation-contraction coupling (ECC). The 
rise of [Ca2+]i is caused initially by the Ca2+ influx from the 
extracellular space and followed by further release from the 
sarcoplasmic reticulum (SR), through the L-type calcium 
channels and the calcium release channels (ryanodine recep-
tors; RyRs), respectively [1]. During one contraction cycle, 
the Ca2+ influx has to be balanced with an efflux to the same 

compartments. In cardiac myocytes, majority of Ca2+ is re-
circulated back to the SR by the SR Ca2+-ATPase (SERCA), 
leaving a smaller fraction of calcium to be extruded from 
the cell [1]. 

RyR sensitivity to calcium activation is regulated by 
PKA (protein kinase A; -adrenergic regulator) and CaMK 
(Ca2+/calmodulin-dependent protein kinase II) via multiple 
phosphorylation sites, however, currently no consensus 
exists on their exact functional effects. Based on lipid bi-
layer experiments, it is known that CaMK phosphorylation 
promotes an increased release [2] and diastolic calcium leak 
[3]. However, at the cellular level the release seems to be 
governed by the SR Ca2+ content [4] rather than by modula-
tion of the gating properties of the channel [5]. A large body 
of data indicates that hyperphosphorylation of RyR, e.g., in 
heart failure, is related to a PKA-dependent mechanism [6]. 
However, PKA-dependent phosphorylation of RyR and the 
subsequent SR Ca2+ leak in cardiac disease are controver-
sial. PKA-mediated effects appear to be indirect, and rely 
predominantly on elevation of SR Ca2+ load, whereas 
CaMKII appears to be able to activate RyRs directly via 
phosphorylation [7, 8].  

The amount of calcium stored in, and the fraction releas-
able from the SR are the fundamental factors regulating 
ECC. Thus, accurate description of these mechanisms is one 
of the focal points in understanding the modulation of car-
diac function at the cellular level, and furthermore, in the 
response of cardiomyocyte to stress or exercise both in 
normal conditions and in heart failure.  

In this study, our goal was to construct a feasible mathe-
matical model that would describe in a simple, yet accurate, 
way both the calcium buffering-release dynamics and the 
enzymatic regulation of RyR. We validate the model simu-
lations corresponding to standard in vivo experiments. Us-
ing this model we further show that CaMK is a significant 
downstream effector of PKA in the regulation of RyR and 
that even small changes in calsequestrin (CSQN) concentra-
tion have large effects on the cellular calcium dynamics. 
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II. METHODS 

The platform for the mathematical modeling is a previ-
ously published mouse ventricular myocyte excitation-
contraction coupling model (the ECC-model) [8]. For this 
study we have added to the ECC-model a CaMK reaction 
scheme [10] in the modified form that was used in our ear-
lier studies [11, 12, 13]. The scaling factor of Na+/Ca2+-
exchanger was also increased slightly to adjust the calcium 
re-circulation fractions (modified value shown in Table 1.). 
A schematic presentation of this model that incorporates the 
CaMK-dependent regulation of excitation-contraction cou-
pling, to which we refer as the RADECC-model, is shown 
in Fig. 1. In addition to the shown Ca2+ currents and fluxes, 
the RADECC-model includes the descriptions of other ionic 
dynamics (Na+, K+ and Cl–), but for simplicity they are not 
presented in Fig. 1. 

The basis of the novel RyR model is the recently pub-
lished elegant scheme by Restrepo et al., which is the first 
model to include detailed, yet robust, description of the 
effect that CSQN has on the dynamics of the calcium re-
lease [14]. We adapted this model from a stochastic scheme 
to a deterministic one. The RyR parameter values were 
modified by assuming a Q10-value of 3 from 35°C to 25°C 
and fitting the calcium release characteristics for mouse 
cardiomyocytes. In addition, the total CSQN concentration 

(BCSQN) was increased according to Shannon et al. [15]. All 
the modified parameter values are shown in Table 1. 

An elementary novel feature of the modified model is the 
mechanism of CaMK-dependent regulation of calcium re-
lease that has been implemented based on the preliminary 
results of our previous studies [16]. The scheme includes 
the modulation of CSQN-unbound (KU) and CSQN-bound 
(KB) opening rates of the channel according to regulatory 
activity of CaMK (CaMKreg): 

3 11 0.4 1.9 10U regK CaMK ms  (1) 

4 11 0.4 2.5 10B regK CaMK ms . (2) 

The markovian transition rates of the RyR model are cal-
culated using these parameters according to the scheme of 
Restrepo et al. [14]. 

III. RESULTS AND DISCUSSION 

A. Characteristics of the RyR Model 

In order to validate the function of the RyR model in a 
deterministic setting, we executed two principal in silico 
experiments to estimate 1) the dependence of the release 
fraction on SR calcium load and 2) the gradedness of re-
lease as function of the amplitude of the calcium trigger. 

As the results in Fig. 2C show, the fractional release de-
pends steeply on the SR Ca content, in line with in vivo 
findings [4]. Fig. 2D indicates that the amplitude of the 
calcium transient is a graded response to the L-type calcium 
current (ICa,L) that initiates the release. It is quite typical for 
deterministic RyR models that there is a certain threshold of 
the trigger, above which the release is near maximal [17]. 
This phenomenon can also be seen to some extent in Fig. 
2D. However, the release clearly does not operate with an 
on-off function, since the response is affected by the in-
creased trigger even beyond the threshold. Furthermore, it 
should be kept in mind that in physiological conditions the 
amplitude of calcium transient is mainly controlled by the 
SR calcium content and the release fraction [4]. 

Fig. 1 Schematic presentation of the RADECC-model. Intracellular [Ca2+]i 
is increased by 1) the L-type calcium current (ICa,L) and 2) release from the 
junctional SR (Jrel) through the Ca2+ release channels (ryanodine receptors; 

RyRs). SERCA pumps Ca2+ back into the SR, while the Na+/Ca2+-
exchanger (NCX) and plasmamembrane Ca2+-ATPase (PMCA) transport a 

smaller fraction of the released Ca2+ out of the cell. A rise in [Ca2+]i in-
creases Ca2+ binding to calmodulin (CaM), which in turn phosphorylates 

more Ca2+/calmodulin-dependent protein kinase II (CaMK) and calcineurin 
(CaN). Phosphorylation of the latter induces phosphorylation of protein 

phosphatase 1 (PP1). The autophosphorylation of CaMK is presented as a 
positive feedback loop and PP1 inhibition as a negative feedback. Protein 

kinase A (PKA) inhibits PP1 and thus activates CaMK. The main Ca2+ 
transport mechanisms are regulated by activated CaMK. 

Table 1  Parameter values 

Symbol Definition Value 
kNCX Scaling factor of Na+/Ca2+-exchanger 362.5 pA/pF 

U CSQN unbinding timescale 375 ms 
B CSQN binding timescale 15 ms 
C RyR closing timescale 9.75 ms 

BCSQN Concentration of CSQN molecules 550 µM 
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B. Effect of CaMK on Calcium Release 

CaMK phosphorylation of RyR is thought to increase the 
calcium release for a given trigger [2]. To test this feature of 
the release, we set the CaMK-dependent parameter in the 
RyR model to the maximum and minimum value and simu-
lated the calcium dynamics for one action potential cycle. 
As the results in Fig. 3A show, the model reproduces this 
phenomenon nicely. 

It has been shown, e.g. in the elegant experiments of 
Curran et al. [8], that activation of CaMK induces a larger 
diastolic calcium leak. Fig. 3B shows how the RyR leak, 
corresponding to calcium sparks in experimental measure-
ments, increases as a function of [Ca2+]SR and depends on 
CaMK phosphorylation in our RyR model, reproducing the 
experimental findings [7, 8]. 

C. Physiological Implications 

To demonstrate the significance of the novel RyR model 
in the context of cellular function, we implemented two 
transgenic version of the digital myocyte: decreased and 
increased expression of CSQN by 25%. Fig. 4 indicates that 
even such small deviations have a large effect on the cal-
cium dynamics. As the diastolic and systolic calcium con-
centrations change in opposite directions, the amplitude of 
the calcium transient, and thus the amplitude of the myocyte 

contraction, decreases and increases substantially in CSQN 
underexpression and overexpression, respectively. This 
finding underlines the importance of this model feature, 
e.g., in simulations of heart failure conditions where the 
expression of a multitude of cellular proteins are changed. 

The preliminary explorations with varying PKA activity 
levels (data not shown) establish the complexity of cardio-
myocyte as a system with interdependent regulation mecha-
nisms. For example, the RyR leak is actually decreased 
slightly with enhanced PKA activity. First intuition would 
be that the RyR leak should be increased, because PKA 
promotes activation of CaMK and thus leakiness of the 
RyR. However, the consequent activation of CaMK also 
increases the calcium uptake by SERCA. This leads to 
lower diastolic [Ca2+]i and thus there is less calcium to pro-
mote the opening of RyR. Together these changes override 
the effect of increased RyR phosphorylation and [Ca2+]SR. 
The role PKA in the regulation of RyR warrants future 
 

Fig. 2 Calcium release characteristics of the RyR Model. (A, C) The SR of 
the myocyte was first emptied (mimicking caffeine application), then 

loaded to increasing [Ca2+]SR values, while external [Na+] was set to zero, 
and followed by one pulse. The fractional release, which is estimated from 
the consequent calcium transient, shows steep dependence on SR calcium 
content. (B, D) The myocyte was clamped to varying voltages after condi-
tioning pulses. The trigger of the release, ICa,L, is proportional to the clamp 
voltage and thus the resulting calcium transient amplitude increases as a 

function of the applied voltage. In both protocols, the actual clamp pulse is 
preceded by a pre-pulse to inactivate the Na+ channel. 

Fig. 3 Calcium release dependence on CaMK activity. (A) CaMK promotes 
larger and faster calcium release. The myocyte was paced with a normal 

current stimulus for one action potential cycle using frequency of 1 Hz. (B) 
RyR leak increases significantly more rapidly under maximal CaMK phos-
phorylation. Simulation protocol is the same as in Fig. 2 B and D except for 

the CaMK-dependent parameters of RyR. 

Fig. 4 Effect of CSQN expression level on the calcium dynamics. (A) 
Increased expression of CSQN (dark grey line) induces higher systolic and 
lower diastolic calcium concentration, whereas, decreased expression (light 
grey line) causes opposite changes in comparison to wildtype (black line). 

(B) Changes in the diastolic and systolic calcium concentrations due to 
changed CSQN expressions level cause a significant deviation in the cal-

cium transient amplitude. 
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studies using a myocyte model that includes all the regul-
tion targets of PKA (L-type calcium channel, contractile 
element, etc.) 

IV. CONCLUSIONS 

To our knowledge, this is the first mathematical model of 
RyR that includes two main regulators of calcium release: 
1) interaction of the SR Ca2+ with CSQN and 2) the phos-
phorylation by CaMK. We conclude that the presented RyR 
model is a solid component that can be used in future mod-
eling studies to elucidate both physiological and patho-
physiological roles of PKA and CaMK in -adrenergic 
regulation of other components of the ECC machinery be-
sides the RyR channel. 

Future work will include a more detailed description of 
the CaMK reactions calculated separately in the vicinity of 
RyR instead of one activation profile that is based on the 
bulk cytosol. Together with addition of regulation of RyR 
by PP1 these improvements should also increase the physio-
logical accuracy of the myocyte model further. 
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Semi-automatic segmentation of sinus node, Bachmann’s Bundle and Terminal
Crest for patient specific atrial models
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Abstract— The human atria contain fine structures, which
can hardly be distinguished with common medical imaging tech-
niques. However, some of these structures play an important
role in the electrophysiologic depolarisation sequence of the
atria. We present a semi-automatic algorithm to segment the si-
nus node, Bachmann’s Bundle and the Terminal Crest in given
anatomical shape models of the atria. The algorithm bases on
anatomical knowledge of the atria and only requires the user to
provide few distinct landmarks in the atria as input. Incorpora-
tion of these structures into patient individual atrial geometries
augments the electrophysiological correctness of the models.

Keywords— atrial conduction system, patient specific models,
automatic segmentation

I. INTRODUCTION

The human atria are composed of a thin wall and fine my-
ocardial structures. The atria are therefore hard to distinguish
with common medical imaging techniques. Recent advances
in imaging technology yield the possibility to manually de-
termine the anatomy of the atria [1, 2]. However, it is cur-
rently not possible to automatically generate three dimen-
sional models of the atria in day-to-day medical practice. A
promising approach to solve this problem is the segmentation
using active deformation of statistical shape models to fit the
patient’s data. Although a lot of effort is put into the develop-
ment of these methods, it will hardly be possible to detect fine
structures or fiber orientation within the atrial myocardium on
imaging basis.

Nevertheless, fine structures, most often muscular bundles
or connective tissue, have a significant influence on the exci-
tation propagation within the atria for both healthy and patho-
logic hearts [1, 3, 4, 5]. Especially the Terminal Crest and
Bachmann’s Bundle have been shown to play an important
role in sustaining atrial fibrillation and are common targets of
radio frequency ablation [3, 6, 7, 8].

Current anatomical models of the heart have underlying
statistical shape geometries (e. g. [9, 10]) or represent just a
single anatomy [11]. Fine myocardial structures as well as
fiber orientation in the atria are thereby inserted manually
based on anatomical knowledge. Towards the goal of being

able to provide patient specific anatomical models, it is im-
portant to develop methods for the determination of the over-
all shape and dimension of the myocardium. However, re-
garding the use of such models for electrophysiological simu-
lations, it is also crucial to incorporate intra-myocardial struc-
tures and fiber orientation.

We present a semi-automatic algorithm for the segmenta-
tion of the Terminal Crest (CT), Bachmann’s Bundle (BB)
and the sinus node (SN) in shape segmented anatomical
datasets of the human atria.

II. METHODS

A. Anatomical Structures

The SN is the myocardial tissue with the fastest autorhyth-
mic activity and therefore the source of cardiac impulse. It
lies subendocardial in the musculature of the CT near the
anterolateral junction of the CT and the superior caval vein
(SVC) [1, 8]. The SN is a spindle-like structure extending
from its origin along the CT towards the inferior caval vein
(IVC) [1]. Its position, length and thickness vary among stud-
ied specimen [1].

We approximate the SN as an ellipsoid. Its main axis is set
parallel to the surrounding fiber orientation of the CT (Sec-
tion III.C). In the presented model the SN is considered to be
isotropic tissue and used only to determine the site of excita-
tion triggering during electrophysiologic simulations.

We consider two myocardial bundles in our algorithm. The
so-called Bachmann’s Bundle (BB) is the most prominent
interatrial muscular connection [4]. BB is a broad muscular
band running in subepicardium and extending from the junc-
tion of the right atrial appendage (RAA) and the SVC towards
the left atrial appendage (LAA) [8, 12, 13]. Its insertions fan
out into the myocardium. Nevertheless, BB begins rightward
mainly near the site of the SN [8]. It provides a direct ex-
citation path from the SN to the left atrium (LA) [12, 14].
Studies have shown a variation of location, dimension and
distribution or even absence of BB [7]. Yet, in the majority of
studied anatomies the bundle is completely developed [2].

The Terminal Crest, or Crista Terminalis, is the largest and
strongest muscular bundle in the right atrium (RA) [14]. The
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CT is visible on the endocardial surface of the RA. It marks
the border between the smooth wall of the venous component
of the RA and the rough wall of the appendage [8]. The CT is
a horseshoe-shaped longitudinal muscular ridge originating
near the SN. It descends laterally curving to the right of the
entrance of the IVC [1]. The CT diminishes in size as it ex-
tends from the SVC towards the IVC [14, 15]. The CT ends
near the orifice of the coronary sinus (CS) [14] as it fans out
into finer muscular bundles (inferior isthmus) [8].

In the presented work, the above described bundles are
generated as band-like structures growing within the my-
ocardium from the site of the SN towards their terminal lo-
cations. The algorithm requires four distinctive anatomical
landmarks as prerequisite, which are manually marked on a
3D representation of the patient specific atrial geometry.

The first point PSN flags the location of the SN on the
epicardium. The SN-ellipsoid is centered at the transmural
midpoint of the free RA wall corresponding to the epicardial
landmark given by the user. A second point PBB,end locates
the approximate left end of BB at the epicardial surface of
the LAA’s narrow mouth (location at LAA mouth with mini-
mal distance to the SN). A set of two points marks the curva-
ture of the CT. One of those points is located right to the IVC
orifice on the epicardial surface (inflexion point of the CT,
PCT,in f ). Another point PCT,CS is set near the orifice of the CS
on the endocardium. This location can be seen from outside
the atria through the opening of the tricuspid valve. Figure 1
illustrates the location of the landmarks.

Input-coordinates outside the atrial tissue are replaced by
the nearest coordinate in tissue, to prevent algorithm errors.
We tried to identify locations, which are easily reachable for
the user in any patient geometry. Therefore mostly epicardial
locations were chosen. Nevertheless, the algorithm produces
better output if an endocardial location is passed for the CT’s
inflexion point PCT,in f . The epicardial coordinates for PCT,in f
provided by the user are therefore translated to the nearest
endocardial location.

B. Structural Segmentation

The band-like structures for BB and the CT are generated
along a path within the given atrial anatomy connecting the
user provided landmarks. For BB, the SN location PSN is con-
nected with the BB end point at the LAA PBB,end . For the CT
PSN is connected with the CT end point near the orifice of the
CS PCT,CS via the inflexion point of the CT PCT,in f .

Starting from SN center coordinates, the direction �d from
the current location �Pi to the next landmark is determined.
The 26 neighbors �Ni of the current location in a three-
dimensional grid structure are evaluated. To qualify for struc-
tural propagation, the neighbor needs to be inside atrial tissue,

Fig. 1: Example landmarks chosen in the Visible Female dataset. Left:
Posterior view of atria showing approximate location of the SN on

endocardium PSN as well as inflexion point of the CT PCT,in f near the orifice
of the IVC. Right: Anterolateral view revealing end markers of BB PBB,end

and the CT PCT,CS.

and may not be assigned to be bundle-tissue yet. A quadratic
distance criterion Q for each of the qualified neighbors with
respect to direction �d is calculated.

Q = ‖�d − (�Ni −�Pi)‖2 (1)

The neighbor with the minimal distance criterion Q is se-
lected for structural propagation. The propagated point is then
dilated to give the bundle its physiological diameter. To ac-
count for the diminishing diameter of the CT, the algorithm
incorporates a linear reduction of the CT diameter between
PSN and PCT,in f . The diameter of BB is set to be constant.
Table 1 lists the sizes used in the algorithm. The maximum
transmural width of the bundles is determined by the atrial
wall thickness and the minimum diameter by the resolution
of the dataset. Dilation may spread in tissue as well as out of
endocardium into the atria. Dilation into atrial free space is
thereby limited to a distance of 2 mm from endocardial sur-
face. This accounts for the reported visibility of the struc-
ture [8], but does not significantly change the morphology
of the endocardium. Unlike ventricular conduction pathways
(bundle of His, Purkinje fiber network), atrial myofiber struc-
tures are not electrically isolated to surrounding myocardium.

Table 1: Maximum sizes of structures generated by the algorithm.

Structure length width source

SN 9 mm 4 mm [9]
BB 4.6 mm [2]
CT (near SN) 9.1 mm (male) [15]

9.2 mm (female) [15]
CT (near IVC) 6.2 mm (male) [15]

8.1 mm (female) [15]
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Fig. 2: Left: Location and dimension of BB (blue) and the CT (green).
Right: fiber orientation (red) in the bundles.

C. Fiber Orientation

Muscular bundles within the atrial working myocardium
(AWM) have well aligned myofibers [4, 8, 14, 15] resulting
in a faster longitudinal conduction velocity in these bundles
than in the common atrial myocardium [8, 16] . Therefore,
we determine fiber orientation in BB and the CT by the algo-
rithm, but consider the AWM and the SN to be isotropic for
this study, as in [11]. Fiber orientation in a single location of
the bundles �Oi,av is averaged from the direction towards the
next location �Oi+1, the direction from the previous location
towards the current location �Oi−1 and the averaged orienta-
tion value of the previous location �Oi−1,av.

�Oi,av =
�Oi+1 + �Oi−1 + �Oi−1,av

‖�Oi+1 + �Oi−1 + �Oi−1,av‖2
(2)

This calculation shows a low pass behaviour and thereby en-
sures continuity of fiber orientation. Fiber orientation in ele-
ments resulting from dilation is set to the orientation calcu-
lated within the originating voxel. An example for calculated
fiber orientations is depicted in figure 2, right.

For initial electrophysiologic simulations, geometry was
taken from the Visible Female dataset [17] with a resolu-
tion of 0.33 mm. The algorithm described above was used
to add the SN, BB and the CT to the anatomy, creating an
anisotropic model (Fig. 2). Simulations were performed us-
ing an adaptive cellular automaton [18]. Excitation was au-
torhythmically triggered at the site of the SN with a basic
cycle length of 800 ms. Values for conduction velocities in
AWM (0.75 ms−1, isotropic), BB (1.77 ms−1 longitudinal,
0.75 ms−1 transversal) and the CT (1.3 ms−1 long., 0.75 ms−1

transv.) were taken from a previously published model [9].

III. RESULTS

We tested the algorithm with the Visible Man [19] and
Visible Female [17] dataset in different spatial resolutions
(0.33 mm, 0.4 mm, 1.0 mm) and with a variation of user-
selected points. Figure 2 depicts the result of the algo-

Fig. 3: Transmembrane voltages during the simulation of sinus rhythm in
isotropic atria (left) and anisotropic atria including BB and the CT (right).
LA is activated faster from direction of BB in anisotropic tissue compared

to circular depolarisation in isotropic tissue.

rithm exemplarily on the geometry of the Visible Female
dataset. On the left side the location and dimension of BB
and the CT can be seen. The right figure illustrates the
fiber orientation within the bundles. The results have simi-
lar shapes and dimensions compared to manually segmented
models [9, 10, 11] (not shown) as well as fiber orientation de-
termined in clinical studies [8, 14]. Previously reported per-
pendicular fiber orientation of BB and the CT near their junc-
tion [8] is correctly reproduced as well as the continuous fiber
orientation between RA and LA along BB. The latter effect
is also seen in the CT.

Two initial electrophyiologic simulations were conducted
to reproduce the known effects of the CT and BB on exci-
tation propagation and to highlight the importance of their
incorporation into patient specific anatomical models.

Figure 3 shows the transmembrane voltages during excita-
tion spread over the atria in the isotropic model (left) and in
the anisotropic model (right). The simulation using isotropic
tissue reveals a slow excitation propagation, spreading cir-
cular from the SN. Activation wave front rolls over LA in a
direction normal to the SN (Fig. 3, left). Using the anisotropic
model, excitation propagates faster along the myocardial bun-
dles, resulting in a more homogeneous activation of the atria
(Fig. 3, right). Activation of both atria is finished after 119 ms
for the isotropic case and after 101 ms for the anisotropic
case. Latter value corresponds to published atrial activation
times of 103 ms [11] and 108.2 ms [9]. The difference of ac-
tivation times between isotropic and anisotropic tissue are
shown in figure 4. Activation times near the SN are equal,
whereas activation of the bottom of the RA and the LAA is up
to 35 ms earlier in the anisotropic case. Repolarization starts
in both cases near the location of the SN, but it occurs more
homogeneous in the enhanced model (not shown).

IV. DISCUSSION AND CONCLUSION

We present a semi-automatic algorithm for the segmenta-
tion of the sinus node, the Terminal Crest and Bachmann’s
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Fig. 4: Difference of activation time between isotropic and anisotropic
tissue. Activation times near the SN are equal, whereas activation of the
LAA and bottom of the RA is up to 35 ms earlier in the anisotropic case.

Bundle in the human atria. These fine structures are cru-
cial for electrophysiologic simulations with patient specific
anatomical models. The algorithm incorporates realistic fiber
orientation in the muscular bundles and determines a site for
autorhythmic cardiac excitation.

We approximate the bundles by simple band-like struc-
tures, although BB for example splits at the LAA and its
fibers curve around the mouth of the LAA [13, 14, 16]. How-
ever, initial simulations show that the principle location and
fiber orientation of the structures already have a great influ-
ence on the excitation sequence. The user input might also be
subject to errors. The determination of distinctive and easily
accessible landmarks is minimizing the error rate. Addition-
ally faulty coordinates are transformed to other locations.

The algorithm already shows results which agree with pre-
viously published models and physiologic measurements. Al-
though no optimization of parameters was done, first electro-
physiological simulations show close agreement with previ-
ously published activation times of the atria. The simulation
results highlight the influence of the atrial structures on ex-
citation propagation. In a next step we will validate the algo-
rithm on clinical datasets and incorporate the generation of
pectinate muscles.
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Abstract—The treatment of unicompartmental knee 
arthritis with unicompartmental knee arthroplasty (UKA) has 
renewed popularity in recent years. Good coverage of tibial 
component and proximal resected tibial surface can be 
expected to improve the strength of component fixation and 
thus avoid component subsidence, especially for the situation 
that body weight mainly transfers through the cortex of the 
medial tibial plateau. Most of previous studies reported the 
effect of malalignment in UKA, but few study focused on the 
coverage and morphology between implant and resected 
surface. The purpose of this study was to investigate the 
morphology of medial tibial plateau for Chinese, and 
compared the coverage area with different commercial 
unicompartmental tibial prostheses (Smith & Nephew, 
Zimmer, Wright and Stryker). Eighty one knees with mild 
osteoarthritis were collected for analysis. Morphologic data 
was measured by three-dimensional proximal tibial model that 
were reconstructed from Computed-Tomography slices. Five 
posterior slop cuttings of 0, 2.5, 5, 7.5 and 10 degrees were 
simulated and analyzed in the models. Five parameters 
including two linear dimensions (anteroposterior length (AP) 
and mediolateral width (ML)), two radii (anteromedial radius 
(AM) and posteromedial radius (PM)), and the resected 
surface area were measured. The results showed the mean AP 
length was 47.6mm (40.7-57.8), mean ML width was 27.4mm 
(22.2-34.6), mean AM radius was 26.7mm (22.0-34.8), mean 
PM radius was 20.7mm (17.0-27.6), and mean resected surface 
area was 790.8mm2 (780.7-814.5). There were no significant 
differences between the patient data and prosthesis in AP 
dimension, but high discrepancy was found in ML dimension. 
Comparing the resected surface area with 4 commercial tibial 
components, the design of complex contour, Zimmer (M/GTM 
Unicompartmental Knee System), could provide better 
coverage for Chinese knee. 

 
Keywords—Unicompartmental arthroplasty, proximal tibia 

anthropometry, coverage characteristics 

I. INTRODUCTION 

Osteoarthritis of the knee usually affects the medial 
compartment of the tibiofemoral articulation first and it may 
later involve the lateral compartment. Unicompartmental 
knee arthroplasty (UKA) was then developed in the early 
1970’s [1,2]. However, the clinical outcomes were 

undesirable at that time due to the inadequate selection of 
patients, poor implant designs, overcorrection of the 
deformity, and misconception of the surgeons [3]. In recent 
years, UKA has become an alternative method for treatment 
of unicompartmental osteoarthritis again because of its 
excellent survivorship [4-6]. Comparing to the total knee 
arthroplasty (TKA), the advantages of UKA include shorter 
hospital stay, larger post-operatively range of motion, closer 
to normal knee kinematics, and more bone stock preserved 
[7].  

Although several authors have reported excellent 
results at 10 years of follow-up with modern designs [8], the 
aseptic loosening and subsidence of tibial component are 
still the main complications at early stage after arthroplasty 
[9]. Many studies reported the functional outcome, 
longevity and biomechanical behavior in UKA, but less 
information provided the anthropometry of the Chinese 
knee joint for the design of UKA components. Good 
coverage of tibial component and proximal resected tibial 
surface can be expected to improve the strength of 
component fixation and thus avoid component subsidence, 
especially for the situation that body weight mainly 
transfers through the cortex of the medial tibial plateau.  

 In general, Caucasians have larger body shape and 
weight than Chinese [10]. Most of the prostheses that 
currently available in the Chinese market are imported from 
USA or Europe which can’t provide good enough coverage 
for the Chinese. This leads to the problem of implant size 
mismatch with the resected bony surfaces in the Chinese 
population and makes the need for a study on the 
anthropometry of the resected bony surfaces to achieve the 
best outcome of UKA. The purpose of this study was 
therefore to investigate the morphology of medial tibial 
plateau for Chinese and compare the coverage rate with four 
different commercial unicompartmental tibial prostheses. 

 

II. MATERIALS AND METHODS 

Eighty one knees with mild osteoarthritis were 
collected for analysis, 27 male knees and 54 female knees. 
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The average age was 59.2 years (28-79). The mean patient 
height was 156.9 cm (142-175) and the mean weight was 
63.5 kg (40.0-90.0). Morphologic data was measured by 
three-dimensional proximal tibial model that were 
reconstructed from computed-tomography (CT) slices. The 
patients were placed supine in the scanner with the knees 
taped to the scanner platform in the extended and neutral 
position. The bony measurements were scanned with a 
thickness of 1.0-2.5mm, from the distal femur to proximal 
tibia with above and below 15cm of the joint line. We used 
the software of Pro/Engineer Wildfire 2.0 to reconstruct the 
bony model.  

The knees were then used for further measurement of 
the tibial plateau contour and resected area in different 
posterior slopes. Five posterior slope cuttings of 0, 2.5, 5, 
7.5, and 10 degrees were simulated and measured in the 
models by the Pro/Engineer Wildfire 2.0 (Fig 1). Five 
parameters including two linear dimensions (anteroposterior 
length (AP) and mediolateral width (ML)), two radii 
(anteromedial radius (AM) and posteromedial radius (PM)), 
and the resected surface area were measured. The resected 
surfaces of the knee and the anatomical parameters were 
shown in Fig 2.  

In addition, we compared the AP, ML and the aspect 
ratio (AP/ML) with four different commercially available 
UKA tibial components (Smith & Nephew, Zimmer, Wright, 
and Stryker) which were implanted with each suggested 
surgical techniques. 
 

 
Fig. 1 Five different posterior slope cuttings of the sagittal plane  

 

 
Fig. 2 Anatomical parameters of the resected surfaces in tibia. 

III. RESULTS 

For the medial plateau, the mean AP length was 

47.6mm (40.7-57.8), mean ML width was 27.4mm 
(22.2-34.6), mean AM radius was 26.7mm (22.0-34.8), 
mean PM radius was 20.7mm (17.0-27.6), and mean 
resected surface area was 790.8mm2 (780.7-814.5). The 
aspect ratio (AP/ML) was 1.74 (1.58-1.93). The 
measurement data for 5 different posterior slopes was 
shown in Fig 3, Fig 4 and Fig 5. The coverage analyses of 
four prostheses were shown in Fig 6. 
 

 
Fig. 3 Comparison of parameters (AP, ML, AM, and PM) for 5 different 

slopes on sagittal plane 
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Fig. 4 Comparison of resected area for 5 different slopes on sagittal plane 
 

 
Fig. 5 Comparison of the aspect ratio for 5 different slopes on sagittal 

plane 
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(A)             (B)            (C)             (D) 

Fig. 6 The coverage analyses of four prostheses (slope 0 degree) 
(A) Smith & Nephew (76.5%), (B) Zimmer (80.3%), (C) Wright 
(79.6%), and (D) Stryker (78.3%) 

IV. DISCUSSION 

Good coverage of tibial component and proximal 
resected tibial surface can help enhance the fixation strength 
and avoid component subsidence. Especially for 
unicompartmental knee, medial compartmental of the 
proximal tibia will shared larger external loading due to the 
surgical rationale of UKA is suggested to undercorrect of 
the tibiofemoal alignment on the coronal plane when 
comparing to lateral condyle. Thus, if poor bone coverage, 
bone quality or misalignment of components were 
encountered, catastrophic complications such as bone 
collapse will be found.  Therefore, it’s important to 
evaluate the morphology of medial tibial plateau for 
ensuring better bone coverage. 

There are no significant difference in the four 
parameters with AP, ML, AM, and PM, but high 
discrepancy is found in the resected area at five different 
posterior slope cuttings. There is maximum area ranged in 
posterior slope 0-5 degree. According to previous dynamics 
study, motions of squatting and kneeling can be facilitated 
and stress concentration will be avoided. Our previous FEM 
study finds that the contact stresses rise with the increasing 
of posterior cutting angle of the component. So, it is 
suggested that the posterior cutting angle should be kept in 
0-5 degree. It can squat and kneel easily and provides more 
area for fixation to decrease contact force. 

In addition, better result in coverage was found with 
the Zimmer for our data because of its curvature design of 
implant applied with complex contour was provided. It is 
believed that it can reduce early mechanical failure of the 
medial UKA and apply sufficient contact area to sustain the 
main loading on tibial cortex, especially at medial-posterior 
rim.  

V. CONCLUSIONS 

Resected surface area is decreased with the increase 
of cutting angle of posterior slope. To achieve maximum 
contact area between tibial component and resected area, 
the degree of cutting slope less than five degrees is 

suggested. In addition, there were high discrepancy between 
the patient data and prosthesis in ML dimension as the same 
AP dimension of prosthesis was given. It may implicate that 
the ML dimension of these imported prosthesis design is 
differed from that of the measured proximal tibia. 
Comparing the resected surface area with 4 commercial 
tibial components, M/G UKA could provide better area 
coverage for Chinese knee (80.3%) but still need to be 
improved.   
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Abstract— In-stent restenosis, formation of neointima fol-

lowing a coronary stent implantation, still remains a major 

issue in intravascular intervention. Studies show that biologi-

cal response after stent implantation depends on various pa-

rameters including stent design which alters arterial hemody-

namics. This study investigates the effect of strut-connectors, 

connecting links in stent design, on arterial hemodynamics. 

Pulsatile blood flow analysis is performed over two freshly 

deployed coronary artery stents using 3-D computational fluid 

dynamics (CFD).  The study uses representative designs of two 

commercially available stents viz. Arterial Remodelling Tech-

nologies (ART) stent and Bx VELOCITY stent, both currently 

used in clinical practice. While the ART stent has linear con-

necting links, the Bx VELOCITY stent has ‘n’ shaped flex 

segments that connect the struts. This study compares flow 

features viz. recirculation zones, velocity profiles, wall shear 

stress (WSS) patterns, and oscillatory shear index (OSI) 

through the two stents thereby investigating the effect of con-

nectors in stent design which could potentially have an effect 

on restenosis. 

Keywords— Stent, Restenosis, Computational fluid dynamics, 

Coronary artery, Pulsatile blood flow 

I. INTRODUCTION  

Stents are tubular structures or meshes which are inserted 

in the stenotic region, usually after angioplasty, and then 

expanded plastically to prevent arterial recoil. Though stents 

are frequently used today, a major concern with their use is 

restenosis - formation of neointima causing a reduction in 

the lumen size. Restenosis is a complex phenomenon and its 

development post stent implantation is not yet completely 

understood. However, there have been studies to identify 

factors that affect restenosis rate. Kastrati et al. [1] analyzed 

4,510 patients with stent implantations and showed that 

stent design was the most important factor affecting 

restenosis, second only to vessel size.  

There are studies that correlate altered hemodynamics, 

essentially wall shear stress patterns, through the stented 

vessel with restenosis rates. Berry et al. [2] performed an 

experimental and 2-D computational flow analysis using 

custom-made models of a braided wire coronary stent, 

Schneider Wallstent
®
, to reveal flow separation and forma-

tion of stagnation zones between the wires. They reported 

that low shear stress between the wires may be a factor 

affecting thrombus accumulation and intimal thickening. 

Wentzel et al. [3] studied neointimal thickness in fourteen 

patients after 6-months of Wallstent implantation. They 

used a 3-D reconstruction of arteries to determine neointim-

al thickness and computational flow analysis to calculate 

shear stress on the surface of the stent. For 9 out of 14 im-

plantations they observed that neointimal thickening and in-

stent shear stress were inversely correlated. Rajamohan et 

al. [4] studied pulsatile non-Newtonian blood flow through 

a stent with helical strut matrix and identified recirculation 

zones at immediate upstream and downstream of each strut 

intersection. Similar other studies [5-6] have shown that 

stents, depending on their design, cause significant altera-

tions in hemodynamics leading to particular zones which 

could be susceptible to smooth cell proliferation and reste-

nosis.  

While earlier studies have used stent designs without any 

connectors between the struts, the present study uses two 

different coronary stents, Arterial Remodelling Technolo-

gies (ART) stent and Bx VELOCITY stent, to contrast the 

effect of connectors on blood flow dynamics. The ART 

stent has linear connecting links and the Bx VELOCITY 

stent has ‘n’ shaped flex segments that connect the struts. 3-

D Computational fluid dynamics simulations are performed 

on these two stents with a typical coronary artery pulsatile 

flow to compare velocity profiles, wall shear stress (WSS) 

patterns, and oscillatory shear index (OSI). 

II. METHODOLOGY 

A. Geometry 

Since actual data for all dimensions of the two stents are 

not available, representative geometries for the ART stent 

[7] and the Bx VELOCITY stent [8] are constructed using 

Rhinoceros 4.0, a commercially available NURBS based 

modeling software. The length, diameter, strut width, and 

wall thickness of each stent are 8 mm, 3 mm, 0.05 mm and 

0.1 mm respectively. Fig. 1 shows the flat geometries for a 

quarter of each stent and full length.  For all flow simula-

tions the stent is placed at the center of the artery with a 

distance of 2 times artery diameter on either side of the 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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stent. Numerical simulations are performed over a quarter 

of the stented segment to exploit the periodic symmetry of 

the stent-artery assembly.  

B. Governing Equations 

The governing mass conservation equation (1) and mo-

mentum conservation (2) equations are solved numerically 

over the flow domain - a quarter segment of each stent-

artery assembly. 

����
.(v) = 0                  (1) 

�
(∂v/∂t) + 

�
v. 

����
v = -

����
P + �

����2
v   (2) 

In the above equations, v, 
�

, �, & P denote blood veloci-

ty, density, dynamic viscosity, and pressure respectively. 

Blood flow is assumed to be incompressible, Newtonian, 

and pulsatile with a density of 1.06x10
3
 kg/m

3
 and dynamic 

viscosity of 3.7x10
-3

 Pa-s. The peak and mean Reynolds 

numbers (Re=
�

vD/�) for the flow are 77 and 44 respective-

ly. Womersely parameter (
�

=R√(2��/�T) is 1.72 corres-

ponding to a pulse time period of 0.735 s (T) used for one 

cardiac cycle. Modified oscillatory shear index (MOSI) [4] 

is calculated using the following formula, 

MOSI = �wdt / �w|dt   (3) 

where �w dt is the wall shear stress on arterial wall and both 

integrals are calculated over one cardiac pulse. 

C. Boundary Conditions 

The artery wall is assumed to be a rigid wall. A no-slip 

boundary condition is applied to the artery wall and stent. A 

physiologically realistic velocity waveform [9] is used at the 

inlet, and the outlet is set to be a zero pressure boundary. 

Fig. 2 shows the inlet velocity profile with mean and peak 

velocities of 5.04 cm/s and 8.99 cm/s respectively. The peak 

reverse flow velocity is -1.3 cm/s when negative flow oc-

curs during the initial phase of systole. Six different points 

are chosen in the cardiac cycle to study the flow: 3 points in 

the systole phase and 3 points in the diastole phase of car-

diac pulse. 

D. Computational Fluid Dynamics 

A commercially available flow solver, Star CCM+ 

3.06.006, is used for creating finite volume meshes and 

numerically solving the governing equations. Mesh inde-

pendence tests are carried out for one segment of the ART 

stent. Three different meshes are used: base, mesh-1, and 

mesh-2 (mesh-1 has three times the number of cells and 

mesh-2 has four times the number of cells as the ‘base’ 

mesh). Fig. 3 shows the results for WSS magnitude, at the 

2
nd

 point in Fig. 2, on the 2nd pulse for a time-step of 10
-3

s, 

along the central line on the arterial wall for the three mesh-

es used. For time-step independence four different time 

steps are used: 10
-2

 s, 10
-3

 s, 10
-4

 s, and 10
-5

 s. Fig. 4 shows 

the results for WSS magnitude, at the 2
nd

 point in Fig. 2, for 

the ‘base’ mesh, along the central line on the arterial wall 

for different time steps. 

Simulations for five pulses are carried out for all meshes 

and the results show no variation after the second pulse. Fig. 

5 shows the results for WSS, at the first point in Fig. 2, for a 

time-step of 10
-3

 s on mesh-2, along the central line on the 

arterial wall for the five pulses. Based on the mesh, time-

step and pulse independence studies all final simulations are 

carried out for two pulses for a time step of 10
-3

 s and mesh 

sizes as shown in Table 1. Stopping criterion for each time-

step is either a minimum value of 10
-5

 for continuity resi-

duals or a maximum of 50 iterations.  

III. RESULTS 

A. Wall Shear Stress  

Wall Shear stress decreases from a high value at the inlet, 

due to the developing nature of flow, to a constant value as  

 

Fig. 1 Strut designs: ART stent on top and Bx VELOCITY stent on bottom 

 

Fig. 2 Inlet velocity profile showing the points of interest in one pulse  
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the flow approaches the stent. In case of the ART stent, for 

most of diastole, where the flow velocity is positive, axial 

WSS goes negative just before the proximal end of the con-

nector and then rises back to zero. At the distal end, WSS 

decreases to a negative value and then increases to reach 

positive values which are close to the constant value that 

WSS reached before the stent. The same constant value is 

achieved further down the artery once the flow has passed 

the stent. During systole, when the flow velocity is negative, 

and flow is decelerating, a similar pattern is observed except 

that the sign of WSS is opposite and the recirculation zones, 

length between two consecutive points along a straight line 

on arterial wall where the axial WSS value is zero, are larg-

er and more prominent. Similar overall patterns are ob-

served for the Bx VELOCITY stent except at the strut con-

nectors. Due to the presence of ‘n’ shaped segments WSS 

increases and decreases back to zero between the gaps of 

the link giving rise to additional recirculation zones. Fig. 7 

shows the axial WSS values along the central line, as shown 

in Fig.1, at the six points in Fig. 2, for both the stents. The 

recirculation zones are larger, in general and particularly 

during diastole, for the Bx VELOCITY stent than those for 

the ART stent. 

B. Velocity Profiles & Recirculation zones 

The complex 3-D flow due to stent placement results in 

the formation of recirculation zones. While for ART stent 

recirculation zones are formed only at the proximal and 

distal ends of each connector, for Bx VELOCITY stent they 

are formed between the gaps of the link as well. Of particu-

lar interest are the first and third points in Fig. 2, during 

systole when the flow is decelerating. At these points the 

two recirculation zones - the one distal to one connector and 

the other proximal to the next connector - tend to join. Simi-

lar joining of recirculation zones was reported by Berry et 

al. [2] for flow through a braided wire stent. Fig. 8 shows 

the recirculation zones in one of the connectors for each 

stent at the third point in the cardiac pulse, (c.f. Fig. 2). 

When the flow velocity is negative, the rotation of the recir-

culation zones is in the opposite direction to when the flow 

velocity is positive. 

C. Oscillatory Shear Index(OSI) 

The pulsatile nature of blood flow causes the shear stress 

to oscillate during the pulse cycle. Fig. 6 shows the MOSI, 

calculated using equation (3), at each point along the central 

line for one connector of both the stents. MOSI values very 

close to ‘-1’ show that the arterial wall area between the ‘n’ 

segments of Bx VELOCITY stent experiences negative wall 

shear stress for a very large part of the cardiac pulse. 

 

Fig. 3 Mesh dependence study: WSS along central line on artery wall 

 

Fig. 4 Time-step dependence study: WSS along central line on artery wall 

 

Fig. 5 Pulse independence: WSS along central line on artery wall 

Table 1  Mesh Statistics 

Stent Base size (mm)  Cell size in stent Number of cells 

ART 0.075 50% of base size 1,076,793 

Bx VELOCITY  0.075 50% of base size 1,097,951 

 

Fig. 6 Modified oscillatory shear index for the two stents   
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IV. DISCUSSION & FUTURE WORK 

Since the efficacy of a stent depends on many factors 

other than alteration of hemodynamics, it would be inap-

propriate to say which stent is better by analyzing just the 

hemodynamics. The authors are currently in a process of 

compiling a data-base to survey a wide range of stent de-

signs for shear stresses induced, structural properties, and 

drug distribution patterns which will eventually lead to 

multi-objective design studies. Understanding gained from 

this survey will then help in optimization studies to devise 

designs that are more resistant to restenosis. 
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Fig. 7 Axial wall shear stress along the central line for each stent  

 

 

Fig. 8 Recirculation zones in connectors of the two stents: ART stent on left and Bx VELOCITY stent on right. Flow direction is right to left  
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A Software Assistant for the Manual Acquisition  
of Landmark Data in Medical Images  

H. Prüm and R. Floca 

German Cancer Research Center, Software Development for Integrated Diagnostics and Therapy, Heidelberg, Germany 

Abstract—We present a software assistant for marking and 
managing anatomical landmarks in medical images based on 
the rapid prototyping platform MeVisLab. The acquisition 
and management of large amounts of landmark data for the 
evaluation of registration algorithms is a time-consuming task 
for the health professional, and it is vulnerable to errors and 
inconsistencies. A lack of availability of appropriate tools 
makes it further difficult. Our goal is to support clinicians and 
scientists in the process of dealing with landmark data safely 
and efficiently; therefore the software assistant provides the 
user with intrinsic knowledge of the registration problems and 
an easy-to-use, wizard-like graphical interface.  

Keywords—MeVisLab, landmark acquisition, software as-
sistant, registration. 

I. INTRODUCTION  

In order to transfer image processing research, especially 
registration algorithms, into clinical practice a sound 
evaluation of these algorithms is crucial [1]. This evaluation 
should be based on suitable reference data that is (in addi-
tion to other qualities) of high equivalence to the “real life” 
problem [2]. 

To evaluate the exactness of a registration algorithm, 
knowledge of the gold standard transformation is required, 
meaning that the optimum solution of a registration process 
has to be already determined. Such a transformation can  
be computed if the spatial position of predefined landmarks 
in both the reference image and the moving image are 
known [3]. 

The use of extrinsic markers during image acquisition al-
lows marking anatomical positions with great accuracy. 
Therefore it is a suitable source of reference data for many 
registration problems [4].  

However, it is often not possible to use this technique. 
Reasons may be that it means too much strain for the patient 
or simply because the images have already been acquired 
without extrinsic markers. In these cases evaluation of reg-
istration algorithms can be done with intrinsic anatomical 
landmarks that have been identified by a health profes-
sional.  

In the development, optimization and evaluation of the 
registration functionality of the DIROlab platform for  

diagnostic imaging and radiooncology at the German Can-
cer Research Center there is a demand for the identification 
of a considerable number of landmarks in a large number of 
images. A “pen-and-paper” solution for the acquisition of 
intrinsic landmarks (“points”) is inappropriate here due to 
the error-proneness of the point management, possible in-
consistencies in the protocol of point acquisition and the 
lack of coordination between the different health profes-
sionals in the acquisition process.  

A MeVisLab-based [5] software assistant that has been 
custom-built for point acquisition and management ap-
proaches these problems. 

II. PURPOSE  

For the evaluation of registration algorithms for medical 
images it is essential to have a sufficiently large dataset of 
typical images that have been created by a standard protocol 
as well as points in these images that allow to measure reg-
istration success. 

In the context of the development of the DIROlab appli-
cation and the associated medical studies there is a need to 
provide the application user with image registration algo-
rithms for a multitude of different registration problems 
which vary in registration goal, organ, modality and image 
characteristics.  

Each of these different problems requires a distinct algo-
rithm and algorithm configuration to be solved. In order  
to soundly evaluate the quality of these configured algo-
rithms a large amount of test data is required. This com-
prises a set of sample images for every registration problem 
as well as the reference points for every image. At the  
moment work is done on a sample image database that com-
prises 455 different image series, and this number is con-
stantly increasing. 

Since these amounts of medical image data are not avail-
able with extrinsic markers health professionals have to 
retroactively identify points in every image that are used for 
quality assurance for the registration algorithms. The whole 
approach leads to a large number of images and a large 
number of points per image. 
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While these points can be obtained and managed with 
rather simple means like an image viewer and a spreadsheet 
an approach like that leads to a number of problems:  

Reliability of data handling: The first issue is that trans-
ferring the point coordinates manually (e.g. from an image 
viewer to a spreadsheet) is not only impractical, but also 
error-prone (inter alia conversion errors or mixing of coor-
dinates). 

Coordination of data acquisition: Furthermore there is 
no mechanism that coordinates the data acquisition process, 
especially if more than one person is acquiring data. This 
might lead to the acquisition of unnecessary doubles or, 
even worse, to leaving out data completely.  

Acquisition protocol consistency: In addition to that there 
is no guarantee that the process of acquiring a point always 
follows the same protocol, especially when acquiring data 
over a longer period of time. This leads to the data being 
possibly inconsistent and the evaluability of the data cannot 
be guaranteed. 

A way to approach these problems and to handle the ac-
quisition of these gold standard points is by using a tool that 
accounts for a predefined acquisition protocol. Hence the 
tool has formal knowledge about the registration problems 
covered by the protocol in terms of an ontology. It can 
therefore keep track of all points and is able to automati-
cally check the acquired point data for conformance and 
completeness in respect of the acquisition protocol. The 
software assistant for marking anatomical points, named 
“Klondyke”, has been built for this purpose. 

III. THE MARKING ONTOLOGY 

A. Formal Specification 

In order to successfully acquire point data the problem 
has to be formalized. Klondyke supports formalization by 
allowing the user to fill up an ontology frame with a con-
crete description of the point data that shall be acquired. 
The formal representation of the problem is realized as 
relationships between entities as shown in figure 1. 

B. Working with the Ontology 

Before using Klondyke to acquire points the ontology 
frame has to be filled with information about the problem:  

• A list of image has to be added to the “Images” entity, 
together with the image file name, the DICOM patient 
ID and the DICOM study ID. The latter are used for 
grouping images together in the user interface. 

 

Fig. 1 Entity relationship diagram of the ontology 

• All points that shall be marked have to be defined, 
given names and added to the “Pointdefinitions” entity. 

• All marking problems (that is registration problems) 
have to be identified, named, given a minimum number 
of points that have to be found in an affected image and 
added to the “Markingproblems” entity. 

• All point definitions that belong to a certain marking 
problem have to be connected to that marking problem 
using the “MarkingproblemPointdefinitions” relation. 
Here, such a connection can also be flagged as manda-
tory or optional.  

• The “MarkingproblemInstance” relation eventually 
connects marking problems and their respective images. 
Such a relation always contains a marker image and a 
comparison image (that typically is the reference im-
age) that will help the user acquire points in the marker 
image. Images connected to a marking problem in-
stance that share the same marking problem are auto-
matically grouped together in the user interface. 

• The “Points” relation keeps track of the markers that 
have been set in an image and that have been assigned 
to a point definition. It also remembers the coordinates 
of this point. 

IV. THE APPLICATION 

A. Configuring the Ontology 

Before using the software assistant to acquire points the 
ontology has to be set up. This is done by editing an XML 
configuration file. A snippet of a sample file is given in 
figure 2. 
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Fig. 2 Sample ontology configuration file 

B. Functionality 

Figure 3 shows the software assistant’s main user inter-
face. The information given in the ontology is used to gen-
erate the tree view on the left. In the middle there is the 
viewer area with the reference view at the top and the 
marker view at the bottom. On the right the list of points 
connected to the marker image is given as well as a list of 
buttons to choose a specific point to set. 

The user can navigate through the marking problems, pa-
tients and studies in the tree view and select an image that 
he wants to mark points in. The selected image is opened in 
the marker view. The comparison image given in the ontol-
ogy is shown in the reference view. Points that have already 
been set with these images will be shown here, too. 

Points can be set in the marker view by just clicking on a 
specific location in the image. Pressing one of the buttons 
on the right assigns the newly set point to a point definition 
(thus adding semantics to the coordinates) and saves the 
point. 

The program also has some assistant features that make it 
easy to use. An example is the “coordinate quick finder” 
that allows you to navigate to a point directly. If the point 
has not been set in the marker view, the marker view will 
jump to the coordinates that this point has in the reference 
view. Provided the images are not completely misaligned 
this will give the user an easy access to the approximate 
region of the point he is looking for.  

 

Fig. 3 Main user interface 

C. Managing Marked Points 

Points are saved in an XML file, containing an identifier 
of the image and a list of all the points that have been 
marked in this image. Using XML as a standard output 
format allows for easy post-processing of the point data 
using standardized tools.  

D. Solving the Data Acquisition Problems 

Klondyke approaches the three problems of point data 
acquisition that have been addressed before:  

Reliability of data handling: Because this software assis-
tant takes care of the acquired points directly no human 
interaction is required when it comes to storing the acquired 
points. Therefore the chance for human error is eliminated 
here.  

Coordination of data acquisition: Since all registration 
problem instances are defined in the ontology and there is 
an integrated data handling the assistant can keep track of 
all problem instances and their respective status. The user 
will be notified of instances where not enough points have 
been identified. The possibility of double acquisition is 
eliminated due to program design. 

Acquisition protocol consistency: The assistant provides 
a standardized protocol and interface for the acquisition of 
point data. Due to this design it is always guaranteed that 
the acquired data is consistent, evaluable and in confor-
mance with the ontology. 
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V. CONCLUSIONS 

We presented a software assistant for the manual acquisi-
tion of anatomical landmarks (“points”) in medical images. 
These points will be used as gold standard data for the pur-
pose of evaluating registration algorithms. The software tool 
has formal knowledge about the registration problems and 
according acquisition protocols in terms of an ontology. It 
keeps track of all points that have been marked and checks 
these points for conformance and completeness in respect of 
the definition given in the ontology. 

This approach offers a solution to the three immanent 
problems of retroactive point acquisition, which are reliable 
data handling, coordination of data acquisition and acquisi-
tion protocol consistency.  

The software is in use at the German Cancer Research 
Center. The effectiveness of the tool still has to undergo a 
final evaluation conducted by the supported DIROlab stud-
ies. So far the user feedback and interim results are promis-
ing and therefore affirm the presented concept. The data 
acquired by Klondyke is a vital part of our optimization and 
evaluation strategies. 

As with every software project, there is always room for 
improvement. Considered future developments include 
more grouping possibilities, further streamlining of the 
application workflow, especially rearranging GUI elements, 
and the extension to other gold standard relevant data like 
contours of segmented objects. 
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Abstract—Several different and alternative algorithms, that 
are components of the template matching registration method, 
are compared in this paper. These building blocks, like simi-
larity measures (NMI, NCC), numerical optimizers (Downhill 
simplex, Powell) and the set up of template positioning vectors 
are implemented as modular components of the registration 
method and can be flexibly interchanged in the system. An 
evaluation and validation of different brands of the template 
matching method compared to defined gold standard datasets 
was performed. We present the results of the different algo-
rithms considering registration accuracy.  

Keywords—Imaging, Registration, Comparison,  
Algorithms. 

I. INTRODUCTION 

Malsch et al. [1] introduced a block matching registration 
method for registration of monomodal images. This paper 
presents the integration of further numerical algorithms as 
in the original implementation. A quantitative comparison 
and validation of these other algorithms against the gold 
standard data is shown here.  

The basic workflow of the block matching registration 
method is to identify a set of suitable landmark positions for 
block templates in the moving image which can be matched 
with an area of the same extends in the reference image by 
maximizing a similarity function. Due to its modular im-
plementation developed inside the MeVisLab environment 
and using modern software techniques the interchangeabil-
ity for algorithms inside the method is easily possible. 

This allows the comparison of different algorithms (listed 
in II Methods) in the same controlled environment. The 
comparison and evaluation of registration accuracy is statis-
tically interpreted. Results are presented in chapter III. 

II. METHODS 

A. Techniques for Landmark Identification 

This method uses landmark positions as the center of 
template blocks for which the registration method searches 
corresponding templates in the target image. According to 
that, template areas should contain a high level of  

diversified information. Malsch et al. [1] state, that this is 
for CT and MR imaging most likely the case near tissue 
boundaries. Suitable landmarks are aligned along edges in 
the image. A predefined minimal distance between land-
marks is enforced. A threshold filtering is done to divide 
tissues by intensity. Söhn et al. [2] evaluate the following 
approach; positions are placed on each node of a regular 
grid. During the search process each template position gets 
a score assigned using a quality rating function. The score 
determines either to keep or to reject the template. 

In this paper three algorithms are compared: Canny edge-
detection method (described in [3]), and a simple threshold 
filter. An alternative approach is to place landmarks ho-
mogenously on a grid with same Euclidian distance in each 
direction (regular grid). 

B. Similarity Measures 

The template matching process relies on a metric that 
quantifies the similarity between a given block to any other 
in the corresponding image.  

NCC: The normalized cross correlation coefficient be-
tween intensity values of corresponding templates is calcu-
lated as stated in equation (1), whereby X consists of the 
template block in the moving image and Y is the template 
block in the reference image; x and y are the mean intensi-
ties of the template. 
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NMI: As NCC is linear dependent on the gray scale value 
and thus best usable for monomodal registration purposes, 
normalized mutual information is also implemented as simi-
larity measure, especially to enable multimodal registration 
where linear dependency of gray values cannot be assumed. 
Equation (4) depicts how the NMI approach is included into 
the registration method by measuring similarity based on 
statistical information and entropies. The entropy [5] of 
intensity values (gray values) of an image region X is 
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calculated using (2). The calculation of the joint entropy of 
two image regions X and Y is shown in equation (3). 
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C. Optimizers 

An optimizer based on the similarity function is used to 
find the transformation vector for each landmark (template 
center position) depending on three parameters, movement 
in directions x, y and z. There are currently two algorithms 
implemented, the downhill simplex approach in three di-
mensions and Powell’s direction set. See [6]. 

D. Interpolation 

After the transformation vectors for the templates have 
been found, an elastic interpolation using the thin-plate-
spline method is performed to retrieve the complete  
transformation vector field. In [1] options for different in-
terpolation algorithms were discussed. Here we focus on the 
thin-plate-spline interpolation as described in [4]. The inter-
polation is applied on a slice per slice base. 

E. Parameters 

Parameters as the template size, search range and land-
mark spacing have to be specified. An optimal choice for 
these settings depend on the image properties, like the imag-
ing modalities, voxel size and image extends.  

This implementation is aimed towards non expert users. 
The settings are abstracted from a technical point of view to 
achieve better user friendliness. Each parameter is described 
and supplied by some intuitively understandable description 
containing relative, human interpretable information,  
like template size huge, large, medium or small, which is 
then turned into a discrete numerical value used for the 
calculation.  

Table 1 shows the additional parameters and the corre-
sponding equations, where m is the minimum extend of a 
slice in either x or y-axis. 

 

Table 1 Additional Parameters 

Parameter Value Calculated by Unit 
search range Near 7.0 Voxel 
 Normal 8.0 + m / 64 Voxel 
 Far 9.0 + 2m / 64 Voxel 
template size Small 9.0 Voxel 
 Medium 10.0 + m / 128 Voxel 
 Big 14.0 + 3m / 128 Voxel 
 Huge 16.0 + 3.5m / 128 Voxel 
landmark spacing  Small 6.0 Voxel 
 Medium 8.0 Voxel 
 Large 16.0 Voxel 
max landmarks per slice Numeric default value: 600 - 

F. Statistical Interpretation 

A χ²-test on the distribution of the misalignment dis-
tances after the template matching registration proves it to 
be non Gaussian. A non parametrical Wilcoxon signed-rank 
test is then used to determine which set of algorithms yields 
the best results. Equation (5) shows the calculation of the 
tendency, where di is the difference of i-th sample peer. 
Tests are run as a proof of concept randomly across six 
patient datasets assigning different parameter settings. Each 
patient appears in several evaluations and each evaluation 
consists of at least 4x2 complete datasets. 
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Equation (6) approximates the rank-sum T to a z-value 
that determines the significance. 
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III. COMPARISON 

A. Overview 

The comparison of the different template matching flavors 
is done using 6 patient datasets as a proof of concept. Each 
dataset contains a radiotherapy planning CT image stack, a 
follow-up CT scan (256x256x144 voxel; 1.9x1.9x3mm 
voxelsize) and a statistical set of 28 to 52 manually defined 
equivalent points (gold standard) in both images defined by 
an expert.  
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Fig. 1 Registration accuracy distribution (NMI, big template blocks) 

The distribution of individual and sum distances of the 
misalignment is measured before and after the registration 
process to quantify the quality of the method. Resulting 
occurrences of registration accuracy for points of patient 1 
to 5 is shown as a histogram of distances in figure 1. The 
histogram is limited to distances up to 1.12 mm, while the 
amount of overflows is 18 (some seen in figure 3). 
 

 

Fig. 2 Misalignment of the defined templates before (unregistered) and 
after elastic registration (registered) with NMI metric for one patient 

Figure 2 shows exemplarily for one patient the mis-
alignment before and after the registration process using 
normalized mutual information. 

The corresponding results when using the normalized 
cross correlation metric is shown in figure 3. Both registra-
tion tasks used otherwise the same parameter set consisting 
of big templates blocks (22x22x22 voxel), normal search 
range (20 voxel) and small landmark spacing (6 voxel). 
 

 

Fig. 3 Misalignment before (unregistered) and after elastic registration 
(registered) with NCC metric for the same patient shown in fig. 2 

B. Results 

The tables (2 to 5) show spot checks of the results (p* de-
notes the patient test-case). They list parameters, mean 
distances of the sample points before ( x ) and after ( y ) the 
registration and their standard deviations σ in mm.   

Table 2 Comparison NCC and NMI  

Parameters x  σx y  σy 
big blocks, normal search range, small landmark spacing  

NMI (p1) 3.960 0.72 0.173 0.23 
NMI (p5) 11.743 4.49 7.134 7.61 
NCC (p1) 3.960 0.72 2.061 3.40 
NCC (p5) 11.743 4.49 6.551 6.63 

big blocks, normal search range, medium landmark spacing  
NMI (p1) 3.960 0.72 0.536 0.92 
NCC (p1) 3.960 0.72 2.533 4.09 

medium blocks, normal search range, small landmark spacing   
NMI (p4) 7.211 2.50 3.513 4.00 
NCC (p4) 7.211 2.50 4.968 5.41 

small blocks, near search range, large landmark spacing  
NMI (p1) 3.960 0.72 1.384 1.30 
NMI (p2) 6.703 2.02 3.556 2.60 
NCC (p1) 3.960 0.72 1.671 1.93 
NCC (p2) 6.703 2.02 4.594 3.11 

 
Table 3 compares different settings of parameters listed 

in table 1. In table 4 the trend of registration quality consid-
ering landmark detection techniques is exemplarily shown. 
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Table 3 Comparison (p1): block size, search range and landmark spacing 

Parameters x  σx y  σy 
small blocks, search near, large 

landmark spacing 3.960 0.72 1.385 1.30 

medium blocks, normal range, 
small spacing 3.960 0.72 0.834 1.90 

medium blocks, normal range, 
medium spacing 3.960 0.72 0.346 0.84 

big blocks, normal range, 
medium spacing 3.960 0.72 0.536 0.91 

big blocks, normal range, 
medium spacing 3.960 0.72 0.173 0.23 

Table 4 Comparison: Canny, Threshold and Regular Grid 

Parameters x  σx y  σy 
Canny (p3) 11.545 3.34 5.184 3.03 
Canny (p4)  7.221 2.50 1.548 3.49 

Threshold (p3) 11.545 3.34 5.163 2.69 
Threshold (p4) 7.221 2.50 1.628 2.68 

Regular Grid (p3) 11.545 3.34 5.388 3.03 
Regular Grid (p4) 7.221 2.50 4.485 3.70 

 
Table 5 lists the comparison results between downhill 

simplex and Powell’s direction set optimizer. 

Table 5 Comparison: Downhill Simplex vs. Powell’s Direction Set 

Parameters x  σx y  σy 
Canny     

Downhill Simplex (p4) 7.221 2.50 6.053 7.62 
Powell’s Direction Set (p4) 7.221 2.50 1.548 3.49 

Downhill Simplex (p1) 3.960 0.72 1.385 1.30 
Powell’s Direction Set (p1) 3.960 0.72 3.446 3.31 

Threshold     
Downhill Simplex (p4) 7.221 2.50 5.428 5.89 

Powell’s Direction Set (p4) 7.221 2.50 1.628 2.68 
Downhill Simplex (p3) 11.545 3.34 6.456 4.36 

Powell’s Direction Set (p3) 11.545 3.34 5.163 2.69 

Table 6 Test results 

Test N Tmin z α τ  
NMI  better than NCC 180 6529 -2.30 0.95 -0.133 

Powell  better than Simplex 176 4486 -4.88 0.999 -0.352 
Canny better tha Threshold 149 4630 -2.88 0.99 -0.321 
Canny b. th. Regular grid 155 3430 -4.720 0.999 -0.058 

 
Table 6 displays results obtained from Wilcoxon signed-

rank tests, including sample size N, approximated z-value, 
significance α and tendency τ (see equation (5)). A τ<0 

means the left test-candidate is better, τ>0 points to the 
candidate on the right side of the test-description. 

IV. CONCLUSIONS 

Normalized mutual information generally yields to a 
more accurate registration result than the normalized cross 
correlation coefficients metric even for monomodal registra-
tion (see y and σy from table 2). The test “NMI better than 
NCC” listed in table 6 shows with a significance of 95% 
that NMI is better than NCC (6x2 corresponding datasets). 

 The assumption that Powell’s direction set has advan-
tages over the downhill simplex approach in this environ-
ment could be proven with the test result “Powell better 
than Simplex” (table 6, also 6x2 datasets).  

According to table 4 and 6, the canny edge detection 
leads to improved results over the threshold method or the 
positioning of templates on regular grid. This should be 
further investigated with larger datasets.  

Considering block size, search range and landmark spac-
ing, table 2 shows also that bigger block sizes and smaller 
landmark spacing result in a better registration quality. The 
trend of increasing accuracy (and minimizing its standard 
deviation) by using bigger template block sizes and smaller 
landmark spacing can also be observed in table 3. 
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Abstract— In the present study, a non-rigid image regis-
tration method was employed for verification of the radio-
therapy isocenter position. The registration method was 
applied to the CT scan of the treatment planning and an 
additional verification CT scan, which was acquired prior to 
the treatment delivery. The alignment of the two CT scans 
allowed the estimation of the isocenter displacement with 
respect to the initial isocenter position in the planning CT 
volume. The results, acquired from the CT scans of twenty 
patients with breast/lung cancer, were compared with the 
actual setup errors, estimated using DRR and EPI in the 
clinical practice. This comparison led to the conclusion that 
the isocenter displacement, calculated by the proposed me-
thod, can further be translated into patient setup error 
inside the LI AC, providing a good approximation of the 
setup error correction of the DRR/EPI comparison. 

Keywords— radiotherapy, image registration, isocenter, 
virtual simulation, CT. 

I. INTRODUCTION  

The accuracy of the patient setup is fundamental in ra-
diotherapy, since the extent to which the treatment plan is 
implemented in the treatment delivery determines the 
tumor coverage as well as the protection of healthy tissue. 
In clinical practice, the patient setup errors are mostly 
corrected with the use of Digital Reconstructed Radio-
graph (DRR) and Electronic Portal Imaging (EPI) [1][2].  

The present study addresses the issue of accuracy in 
radiotherapy in terms of isocenter position verification 
using an additional CT scan, which was carried out after 
the CT scan of the radiotherapy planning and before the 
first treatment fraction. The objective of the study was 
twofold: a) to introduce an automatic non-rigid point-
based registration method for 3D images and b) to em-
ploy this method for verification of the isocenter dis-
placement with respect to the isocenter position in the 
radiotherapy planning CT. The isocenter displacement, as 
calculated between the registered CT scans, provides a 
good estimation of the actual setup errors in the Linear 

Accelarator (LINAC), which are corrected by the DRR 
and EPI comparison in the clinical practice of radiothera-
py. 

II. MATERIALS AND METHODS 

A. Study protocols and patient characteristics 

For the present study, CT scans were acquired from 20 
patients with breast or lung cancer, treated at the Depart-
ment of Radiotherapy, Medical School of University of 
Athens, at Attikon Hospital in Greece, from June until 
October 2006. According to the clinical protocol of the 
study, the patients were positioned on the CT scanner 
couch in the treatment position. A reference was marked 
on the patient’s skin by the CT operator at the projection 
points of the laser system of the CT scanner. The CT 
volumes, which were acquired using a GE HiSpeed Scan-
ner (120.0 kV, 130.0 mA), were used for the treatment 
planning. Both slice thickness and slice spacing were 5.0 
mm. The number of slices of each volume ranged from 75 
to 110, depending on the tumor position and geometry. 
Acquisition matrix was 512×512 and the pixel size was 
approximately 0.889×0.889 mm2. The acquired CT scans 
were transferred to a computer workstation, where con-
touring and physical treatment planning were performed 
by the oncologist and the physicist, respectively. The 
treatment plan was then verified in the virtual simulator 
using DRRs. The coordinates of the plan isocenter were 
calculated with respect to the reference mark on the pa-
tient’s skin. 

Unlike the standard procedure of radiotherapy treat-
ment, the patients underwent an additional CT scan prior 
to the first radiotherapy treatment fraction. This addition-
al CT scan, consisting of approximately 11-15 slices with 
the same slice thickness and spacing as the planning CT 
scan, was used for verification of the position of the plan 
isocenter. This verification CT scan was centered at the 
isocenter position, as calculated from the shift coordinates 
of the treatment plan with respect to the initial reference 
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of the planning CT scan. The isocenter coordinates in the 
longitudinal axis of the patient as well as in the transver-
sal plane were marked by the medical staff on the pa-
tient’s skin by means of radio-opaque markers. 

B. on-rigid registration method 

After the acquisition of the CT scans, an image regis-
tration method was employed for the spatial alignment of 
the two volumes. The CT scan used for treatment plan-
ning was defined as the reference image, whereas the 
verification CT scan was the image to be registered (float-
ing image). The two CT scans were aligned by a new 
automatic point-based registration procedure, which in-
corporates the following steps: 

1. Automatic extraction of landmark points in the 
planning CT scan. 

2. Correspondence establishment between homo-
logous points of the two CT scans. 

3. Rigid pre-registration of the CT scans using point 
correspondences located in the spine region. 

4. Non-rigid registration of the CT scans using the 
detected point correspondences. 

 The extraction of landmark points in the reference 
image of the radiotherapy planning CT scan was per-
formed automatically in each CT slice using the method 
proposed by Rohr in [3]. Since bony structures undergo 
less deformation than other anatomical features, e.g. soft 
tissues or organs, landmarks located on bones can be 
more accurately detected in consecutive CT scans. By 
applying an appropriate threshold to the Hounsfield units 
of the image at the extracted landmark points, only land-
mark points located on bones were selected. In Fig. 1, a 
typical slice of a thoracic CT scan is shown along with 
the extracted landmark points. 

For the establishment of point correspondences be-
tween the two CT volumes, the automatic iterative point 
correspondence algorithm proposed in [4] was extended 
to 3D. In particular, local rigid transformations were 
defined, acting only in image blocks centered at the 
landmark points of the reference CT scan. During the 
iterative procedure, candidate solutions were tested for 
the parameters of the local transformation vectors and the 
optimization of the similarity between corresponding 
image blocks in the reference and the verification CT 
scan was attempted. The similarity between the two CT 
volumes was quantified by the correlation coefficient. 

The pre-registration of the scans was required for the 
specific CT data, since image deformation in breast/lung 
scans can be decomposed into two principal components: 
the deformation due to the rigid movement of the spine 
and the local deformation due to the respiratory move-

ment. During the pre-registration step, the corresponding 
landmark points located on the spinal vertebrae were used 
so as to determine the parameters of a 3D affine trans-
formation, which compensates the rigid movement of the 
spine. The transformation parameters were calculated 
using the least squares method between the sets of corres-
ponding points in the two CT volumes. The pre-
registration results can be visually assessed in Fig. 1(c)-
(d). As can be seen, the misalignment of the edges of the 
reference and floating CT slice is evident in Fig. 1(c). 
After the pre-registration (Fig. 1(d)), the edges of the 
reference image are aligned to these of the transformed 
image in the region of the spine, indicating an adequate 
approximation of the rigid movement of patient’s body. 
However, the edges of the two CT scans do not coincide 
in the front region of the thoracic cavity due to the respi-
ratory movement, which is to be compensated in the reg-
istration step. 

The transformation model used to describe the spatial 
mapping between the CT scans was a non-rigid transfor-
mation, based on thin plate splines (TPS) [5]. The trans-
formation parameters were determined by the correspond-
ing point sets, detected during Step 2. The points located 
on the spinal region were excluded from the registration 
procedure, since they were used for the pre-registration 
(Step 3). The remaining points, located either on the ribs 
or on the sternum, were used for the determination of the 
parameters of the TPS transformation, representing the 
local deformation, introduced by the respiratory move-
ment of the thoracic walls. The results of the registration 
are shown in Fig. 1(e), in which the edges of the reference 
CT slice are superimposed on the aligned CT slice of the 
verification scan. 

After the registration of the two CT scans, the coordi-
nates of the isocenter position in the registered verifica-
tion scan, marked on the patient’s skin before the scan, 
were compared to the coordinates of the isocenter posi-
tion in the planning CT scan. The displacement of the 
verification CT isocenter with respect to the planning CT 
isocenter provided an estimation of the positioning errors 
of the patient’s setup inside the LINAC during the treat-
ment delivery. In the clinical practice, these setup errors 
are corrected by comparison of the DRRs, generated with 
the virtual simulation software, and the EP images, ac-
quired prior to the delivery of the treatment. The compar-
ison of the isocenter displacement in x-, y- and z-axis 
between the planning and the verification CT scan, as 
calculated by the proposed registration method, with the 
DRR and EPI results, verified that the proposed method 
could be used in order to calculate a good approximation 
of the actual setup errors in the LINAC before treatment. 

IFMBE Proceedings Vol. 25

Isocenter Verification in Radiotherapy Based on Automatic Image Registration 693



 Fig.  1 Landmark points in the isocenter slice of a reference CT (a) and their corresponding points in the center slice of the floating CT (b). The edges of 
the reference CT slice superimposed on the corresponding CT slice before registration (c), after pre-registration (d) and after registration (e). 

 

III. RESULTS 

The isocenter displacements between the CT of the vir-
tual simulation and the verification CT were calculated 
along x-axis (right-left), y-axis (anterior-posterior) and z-
axis (superior-inferior). The spatial displacement ∆s of the 
field isocenter was also calculated: 

2 2 2s x y zΔ = Δ + Δ + Δ     (1) 
where ∆x, ∆y, ∆z are the displacements along x-, y- and z-
axis, respectively. 

The results of isocenter displacement are presented in 
Table 1. In order to validate the accuracy of the isocenter 
displacement results, the patient setup error correction was 
used, calculated from the DRR/EPI comparison prior to the 
treatment delivery. The results obtained from the DRR/EPI 
comparison are included in Table 1, where the mean values 
as well as the standard deviation of the displacement are 
also shown along the three axes. 

Two-tailed paired T-tests were performed on the results 
of Table 1, in order to assess, whether there was a signifi-
cant difference between the results provided by the pro-
posed registration method and the results of the DRR/EPI 
comparison along x-, y- and z-axis. The null hypothesis was 
that there is no significant difference between the two me-

thods for all axes. As inferred from the calculated p-values 
(p>0.05), the null hypothesis cannot be rejected for all T-
tests; thus, the differences between the results of the pro-
posed method and the DRR/EPI comparison along the three 
axes were insignificant. 

Another issue that was statistically investigated was the 
effect of the axis direction on the calculated isocenter dis-
placement. In order to assess if the axis direction has a sys-
tematic effect on the value of isocenter displacement, three 
T-tests were performed between the displacements along x- 
and y-, y- and z-, z- and x-axis. The null hypothesis was that 
there is no difference in the mean displacement among the 
three axes. The results of the analysis showed that the null 
hypothesis is valid between x- and z-axis (p>0.05), but 
should be rejected for the T-tests between x- and y-, y- and 
z-axis (p<0.05). Consequently, the mean displacement along 
y-axis proved to be statistically different from the displace-
ments along x- and z-axis. 

IV. DISCUSSION 

Objective of the present study was to introduce an auto-
matic point-based 3D image registration method using a 
non-rigid transformation model and to apply this method to 
CT scans for verification of the isocenter displacement in 
radiotherapy treatment. The registration method, which was 

 

(a) (b) 

 

(c) (d) (e) 
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based on an iterative point correspondence establishment 
between the two CT volumes, embedded two transformation 
models: a rigid transformation, defined by the point corres-
pondences located on the spine and a non-rigid one, defined 
by the rest of the point correspondences, located on the ribs 
and the sternum. By incorporating two registration trans-
formation models, the method compensates for both major 
components of the misalignment between the two CT scans, 
namely, the rigid movement of the patient relatively to the 
initial position of the planning CT scan and the local defor-
mations due to respiratory movement. 

Table 1 Isocenter displacement (in mm) 

Pa
tie

nt
 Registration DRR/EPI 

∆x ∆y ∆z ∆s ∆x ∆y ∆z ∆s

1 -8.01 1.06 2.08 8.34 -8.00 1.00 2.00 8.31
2 1.23 -7.49 0.88 7.64 1.20 -7.50 1.00 7.66
3 4.56 -0.51 -6.24 7.75 4.50 -0.20 -6.00 7.50
4 -2.97 -1.78 5.97 6.90 -2.95 -1.90 6.00 6.95
5 7.05 -6.91 -5.29 11.20 7.02 -7.00 -5.50 11.34
6 -2.15 -5.43 0.22 5.84 -2.20 -5.50 0.00 5.92
7 2.54 -5.32 0.67 5.93 2.40 -5.10 0.50 5.66
8 0.59 2.28 2.70 3.58 0.60 2.00 2.50 3.26
9 -3.28 -3.22 -2.74 5.35 -3.30 -3.00 -2.50 5.11

10 -3.63 -7.38 3.56 8.96 -3.50 -7.50 3.50 8.99
11 -5.96 -7.53 0.84 9.64 -6.00 -7.50 1.00 9.66
12 -0.31 2.70 2.49 3.69 -0.50 2.50 2.50 3.57
13 2.03 3.42 -5.23 6.57 2.00 3.50 -5.00 6.42
14 -1.86 2.34 6.69 7.33 -1.80 2.50 7.00 7.65
15 -2.78 -8.00 1.61 8.62 -2.50 -8.30 1.50 8.80
16 -0.25 -4.28 -9.25 10.20 -0.50 -4.00 -8.90 9.77
17 -1.01 -4.22 1.77 4.69 -1.00 -4.50 2.00 5.02
18 -5.29 -2.41 5.49 8.00 -5.30 -2.50 5.00 7.70
19 7.02 -5.56 2.55 9.31 0.60 -0.25 -0.10 0.66
20 2.36 -7.01 5.98 9.51 5.70 -4.70 0.00 7.39

Mean -0.51 -3.26 0.74 7.45 -0.68 -2.90 0.33 6.87
STD 4.04 3.91 4.40 2.13 3.84 3.85 4.12 2.52

As can be inferred from the statistical analysis of the pre-
vious section, the calculated isocenter positioning errors are 
direction dependent. In particularly, errors along the ante-
rior-posterior axis are statistically larger that these along the 
lateral or the longitudinal axis. These errors can be attri-
buted to the thoracic movement due to the respiration, 
which is not controlled. This conclusion verifies that the 

exact repositioning rates in the breast/thoracic radiotherapy 
are comparatively low, since immobilization techniques 
used in other cases, such as head/neck tumors, cannot be 
applied. 

Finally, it should be noted that, in the study protocol, the 
procedure of isocenter marking on the patient’s skin is car-
ried out in the CT scanner instead of the LINAC. Moreover, 
the displacements of the isocenter position, calculated au-
tomatically by the developed image processing software, 
provide an estimation of the error correction of the patient 
treatment position. Thus, the time expenditure per patient in 
the LINAC can be reduced, improving the cost effective-
ness of the radiotherapy treatment. However, the staff work-
load in the CT scanner as well as the increased time expend-
iture inside the CT scanner should also be taken into 
consideration. 

V. CONCLUSIONS 

Objective of the present study was to propose an auto-
matic 3D point-based registration method of CT volumes 
for verification of isocenter displacement in radiotherapy 
treatment. Apart from the CT of the treatment planning, an 
additional verification CT scan was acquired for the needs 
of the study. The results of the isocenter displacement be-
tween the two CT scans were verified by those obtained 
from DRR/EPI comparison and proved to be a satisfactory 
estimation of the actual error correction of the patient’s 
treatment position inside the LINAC. 
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New Studies in the Cardiovascular System: Diagnostic and Therapeutic 
Applications 
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Diseases of the heart and circulatory system are among 
the leading causes of death in the industrial world.  At 
nearly 75%, this ranks statistically significantly higher than 
cancer.   Among these diseases, the most common are heart 
attack and stroke, disturbances of kidney function and 
diabetes.    

From a simply economic perspective, the yearly loss 
arising from these catastrophic illnesses and their 
consequences has been estimated to be nearly 20 billion 
Euro. In Germany, for example, every year close to 350,000 
people suffer catastrophic stroke.  More than 100,000 of 
these die and nearly 100,000 are permanently disabled and 
are no longer able to care for themselves.  The German 
Society for Vessel Surgery has expressed the opinion that 
the number of vessel surgeries must be increased five-fold 
at the very least.   These numbers are based only on stroke 
patients and do not include the other common diseases of 
the circulatory system, for example, heart attack, diabetes or 
kidney disease.  In Germany, it is estimated that 100,000 
people died every year from sudden, fatal heart attack.    

There are two ways in which the costs arising from 
disease processes can be reduced:  

 
• Fundamental understanding of the causes  
• Improvement of early detection, diagnosis and  

treatment  
 
The basis for these disease processes lie in pathological 

changes in the blood vessels and the blood itself.   To 
investigate these profoundly subtle, but crucial areas, a 
thorough understanding of the mechanics of flow and the 
interaction of the blood vessel with the blood flow in the 
human system is necessary.  For this a relatively new 
research field, biofluid mechanics, plays a critical role.  
Biofluid mechanics in an interdisciplinary field which 
demands an interactive cooperation between the fields of 
biology, engineering, medicine, biophysics and 
biochemistry.   

 

 

Fig. 1 Red blood cells (Erythrocytes) are influenced  by the flow 

Biofluid mechanics concerns itself with flow behavior in 
biological fluids, for example, gases, water, blood, and 
tissue fluids in living things such as people, animals and 
plants.  The primary areas of research include the movement 
and balances of forces in resting and moving fluids.   We 
distinguish between the flow around bodies, e.g. bird flight 
or the influence of air flow around the human body, which 
is, for example, very important for air conditioning systems 
and the clothing; and flow in bodies, e.g. the blood flow in 
the human body. 

 
Classical hemodynamics is concerned with the 

measurement of pressure, flow and resistance.   Modern 
biofluid mechanics, on the other hand, concerns itself with 
the local, time-dependent velocity and flow measurements 
in blood vessels, the lungs, the lymph and other body fluids 
including the micro-circulation. 

Biofluid mechanics is a complex field that includes some 
of the most important and also most complicated research 
areas such as blood flow and the circulation with all its 
pathology.  Biofluid mechanics, far from being a esoteric 
field for mathematicians and engineers, focuses on very 
practical clinical applications such as bypass surgery, 
anastomosis techniques and the development of artificial 
heart valves, artificial vessels, stents, vein and dialysis 
shunts.  Biofluid mechanics focuses on questions such as 
what are the optimal procedures, the best methods, the most 
effective and economical therapies and how do we measure 
the parameters such as blood flow, pressure, pulse wave, 
velocity distribution, elasticity of the vessel wall, the flow 
behavior (viscosity) of blood?  These questions must be 
answered through biofluid mechanic studies, in order to 
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avoid or minimize complications in vessel,- neuro-, and 
heart surgery. 

In order to investigate all of the various processes, it is 
necessary to carry out experimental measurements in 
models.   Model studies have many advantages over in vivo- 
and in vitro-measurements.  The experiments are 
reproducible and can be repeated as often as necessary or 
desired.  The use of models for experimentation also 
reduced the number of animal studies.  It also a major 
advantage that systematic flow studies can be carried out. 

 

Fig. 2 Transparent silicon vessel model of the coronary artery with 
implanted stent 

Individual flow parameter can be studied separately.  
New radiological measuring methods such as catheter, 
ultrasound and magnetic resonance imaging can be tested.  
Physicians can be trained in surgical procedures.  Model 
studies can also be combined with numerical studies to 
create computer simulation and these data can be compared 
with the experimental model studies. 

In pathologically altered models, the disturbed flow 
structure and its effects (high pressure) can be analyzed.  
Correlation measurements between LDA- and pulsed color 
Doppler ultrasound measurements can be compared.  This 
allows the refinement of ultrasound signals and their 
interpretation, making it possible in the future to have more 
reliable noninvasive diagnostic procedures.    In the same 
way, LDA measurements can be compared with magnetic 
resonance imaging results.  

Additional possibilities for practical application of 
biofluid mechanics in anatomical models include, for 
example, the study of pharmaceuticals, e.g. the effect blood 
thinning products on flow.  Artificial heart valves and 
artificial vessels can also be studied under precise 
physiological conditions within a complete circulation 
system.  

 

Fig. 3 Laser Doppler Anemometer for measuring the velocity in arterial 
models 

Areas of Application 

Biofluid mechanics fundamentally influences many 
processes in the body.  Among the most important are: the 
lungs and circulatory system; blood flow and the micro-
circulation; lymph flow, artificial organs.  Corresponding 
applications include the improvement of or development of 
heart-lung machines and dialysis equipment; artificial 
vessels, for example, end-to-end and end-to-side-
anastomosis, patch plastics, artificial heart valves.  Medical 
procedures directly affected by biofluid mechanics include 
the treatment of aneurysms e.g. with coils; varicose vein 
surgery, urological measurements, artificial urethra 
implantation, shock waves for the elimination of kidney 
stones, the entire blood rheology, the mass transport through 
membrane, wave development, diffusion processes.  The 
physico-chemical and rheological mechanisms of 
atherogenesis can be studied systematically in 
physiologically accurate arterial models.  There is a direct 
connection between changes in the flow behavior and the 
risk factors for atherosclerosis.  For example, with biofluid 
mechanics, it is possible to prove the influence of blood 
viscosity on various LDL, HDL concentrations, smoking 
and lung disease.  

At the Institute for Biotechnik, one priority is the design 
and production of vessel models.  These models are the 
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basis for research into the physical and chemical reactions 
caused by the changes in flow behavior in the vessels.  The 
models, produced with a technique developed over several 
years at the Institute, begin either with a mold of a vessel 
taken at autopsy or from a pre-digitized model. Transparent 
Silicon is used for the basic models, however biocompatible 
materials can also be used.  Stents, catheters and valves can 
be inserted into the vessel models in exactly the same way 
they would be placed in vessel surgery.  

 

   

 

Fig. 4 Flow visualization with the colored dye method in a carotid 
bifurcation with an implanted Stent. The right figure shows undisturbed 
flow, while the figure on the left displays flow strongly disturbed by the 
stent 

The use of stents is controversial because their rigid 
structure can damage the vessel.  Stents also alter the 
surface structure of the vessel and thereby alter the flow 
significantly.  This often results, in a very short time, in a 
re-closing of the artery that the stent should ideally hold 
open. The carotid artery is a good example here.  
Approximately 60 % of all strokes are the result of stenosis 
in the area of the carotid artery.  Studies have determined 
that between 70-99 % of high-grade symptomatic carotid 
stenosis should be operated on.   

The properties of the stents are often dependent on their 
construction. The thickness of the wire and the width of the 
mesh define the size of the stent's surface and therefore the 

contact area with the vessel.  We distinguish between stents 
according to way in which they unfold or expand: self-
expanding, balloon expanded and thermally expanded 
stents.  The two most serious problems which can arise after 
stent implantation are thrombosis and intimal hyperplasia, 
the extent of which are strongly influenced by the extent of 
damage to the vessel from the stent and the geometry of the 
stent placement.  For stent implantation, the flow behavior 
in the vessel plays a major role especially concerning 
thrombosis, re-stenosis and intimal hyperplasia.  Using 
model studies it has become possible to measure and 
evaluate the changes to the flow that arise from such 
implants.  Only in this kind of objective evaluation can 
quality assurance in stents be taken seriously and their 
influence on the organism evaluated.  It is one of our goals 
to test the influence of various commercially available 
stents on the flow behavior in arterial models.  

 
 

 
 

Fig. 5 Flow, disturbed by the altered arterial form is visualized in a radial 
artery with aneurysm. In order to filter out areas of high velocity (dark 
lines) or high shear stress (lighter zones), the arterial model was placed 
between two polarized filters and where filled with birefringent solution. 
These models produce a clear picture of the flow, changes in the flow 
behavior and areas of disturbance 

In order to make a detailed analysis of the development 
of re-stenosis or re-thrombosis, the influence of the 
surgically reconstructed carotid bifurcation on the flow was 
studied.  For qualitative localization of the flow 
disturbances, the flow is visualized with dyed streampaths 
and birefringent fluids.    After the relevant flow areas are 
identified, detailed velocity measurements are carried out 
with LDA.   

The velocity profiles are then compared with each other 
and with the results taken from a healthy normal carotid 
artery.  The shear stresses are calculated from the local 
velocity vectors, in order to determine, eventually, 
biochemical processes and also the strain on the blood cells 
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and the vessel wall.  The results should enable vessel 
surgeons to have a better understanding of the optimal 
placement of patches to reduce the risk of re-stenosis. 

Model studies have, over time, provided a number of the 
practical applications.  For example, model techniques have 
been incorporated into the development of artificial heart  
 

 

Fig. 6 Left ventricular support system for the  human Heart, developed at 
the Deutschen Zentrum for Luft- and  Raumfahrt, Oberpfaffenhofen 
(German Air and Space Center) 

chambers for a left ventricular support system. The 
chambers were designed, in cooperation with the German 
Air and Space Center (DLR), as 3-dimensional computer 
models were optimized with help of flow simulations. With 
this technique heart chambers of medical silicon can be 
produced: They are 100% biocompatible.  With help laser 
methods (LDA and PIV) the flow in chambers was 
measured under physiological conditions (pressure, 
viscosity, pulse). The results of these measurements, for 
example, the visualization of the rotation areas or the 
calculation of shear stresses in the fluid have already made 
it possible to determine the effects and compatibility of the 
artificial heart before it is implanted in a living organism. 

 
                               
 
 
 
 
 
 
 
 
 
 
 

  
Fig. 7 Flow measurements in an artificial Heart chamber in horizontal and 
vertical directions. Both measurements localized backward flow zones at 
the inner wall of the chamber 

Flow studies in arterial models represent a major advance 
in research.   Experiments can be accurately reproduced 
without invasive techniques on patients or animals.   The 
most minute flow changes can be observed and their 
influence qualitatively measured.  This information is of 
utmost important for diagnosis and therapy.  In the future a 
closer cooperation between physicians, engineers and 
chemist must be achieved.  The results of fluid mechanic 
studies have shown that in the addition to basic biology, an 
understanding of the forces and movement on the cells is 
essential. 

Because biofluid mechanics allows for the detection of 
the smallest flow changes, it has an enormous potential for 
future cell research.   The popular focus may be gene 
technology, however, without a basic understanding of the 
mechanics of movement and the effect of the forces on the 
cellular and subcellular levels many if not all of the 
processes in gene research will be incompletely understood 
and used.  So biofluid mechanics will play a decisive role in 
the development of bio- and gene technology in the future. 
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Abstract—Magnetic Resonance Elastography(MRE) is a 
noninvasive imaging technique that measures the mechanical 
properties of tissues to provide additional information for 
differentiation of benign and malignant tumors. This process 
typically involves the application of an external excitation to a 
tissue and measuring the resulting tissue motion with MRI and 
converting the motion into a stiffness distribution with a re-
construction algorithm. This paper presents a hypothesis that 
finite element method(FEM) can be used to solve the hyper-
bolic partial differential equation which governs shear wave 
propagation in the soft tissue such as breast. 2D models of 
breast were developed to investigate the effects of material 
properties, boundary conditions, location and frequency of 
mechanical excitation and reflection problem on shear wave-
length. Results clearly show the finite element method ability 
to predict and visualize wave propagation in nonhomogeneous 
model. 

Keywords—Breast lesion, FEM, MRE, Shear wavelength. 

I. INTRODUCTION  

In medicine, tissue mechanical properties are of funda-
mental interest in the detection of tumors. Tumors and other 
pathologies often exhibit elastic moduli that are signifi-
cantly different from healthy tissue. Physicians have relied 
on palpation of hard regions to help find malignant lesions. 

This method, however, is limited to only those tumors 
that are located close to the accessible skin and large 
enough to detect. It is common for surgeon at the time of 
laparotomy to palpate lesions that were not detected in pre-
operative medical imaging like CT, MRI or ultrasound[1]. 

None of these modalities perceive the characteristics of 
such tumors elicited by palpation. Thus, there is a need for 
imaging the elastic properties of the tissue that can provide 
new information about tissue abnormalities. Since the  
elastic properties of soft tissue are directly related to the 
underlying structures of the tissue, such as molecular and 
structural organization of the tissue block[2], measuring the 
elastic properties and detecting abnormalities in elastic 
stiffness is a useful diagnostic technique. Elasticity imaging 
is a procedure which measures tissue deformation, using 
existing imaging modalities, and then determines the basic 
mechanical properties of tissue from the measured  

deformations. The spatial distribution of mechanical proper-
ties within soft tissue can be explored by this technique. 
Magnetic resonance elastography (MRE) is a recently  
developed technique that can directly visualize and quanti-
tatively measure propagating shear waves in tissue-like 
materials subjected to harmonic mechanical excitation by 
MRI(Muthupillai et al., 1995, 1996)[8-10]. But reconstruc-
tion of shear modulus is only feasible under certain assump-
tions(i.e. plane strain requirement), which are challenging to 
achieve for in vivo measurements on complex structures 
providing heterogeneous boundary conditions[3]. The abil-
ity of material testing to systematically examine the effec-
tive factors in wave propagation is limited.  

Recently, new elasticity reconstruction algorithms have 
been proposed which use finite element method(FEM) to 
model tissue deformation[4-7]. Such models can be used to 
provide useful data for MRE experiment design as well as 
insight into the physics of precisely how the shear wave 
interacts with materials. FEM can generate a mathematical 
model of the geometry of tissue and accurate knowledge of 
the distribution of the biomechanical properties of the  
tissue.  

The physical configuration of the tissue can then be 
mathematically manipulated to facilitate image comparison. 
The major hypothesis of this paper is that numerical analy-
sis can be used for the study of elastic wave propagation in 
the soft tissue like as breast. The in-vitro MRE results of 
breast phantom of other article[3;7] are compared to ac-
quired results of this article simulations and show good 
agreement. 

II. THEORY 

The balance of linear momentum for linear, elastic, iso-
tropic solid material can be expressed as[11] 

iijij fb ρρσ =+,                                 (1) 

σij,j represent the divergence of stress tensor, ρ is the ma-
terial density, bi represents an external steady-state accelera-
tion and fi represents an external applied acceleration. 

The constitutive equation that relates stress to strain in a 
linear elastic solid is given by 
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ijijij μεδλσ 2+Δ=                         (2) 

λ , µ represent the Lame constants for the material. The 
strain (εij) is defined as the symmetric displacement gradient 
using the following relationship 

 )(
2
1

,, ijjiij uu +=ε                      (3) 

ui represents particle displacement. Note that both σij and 
εij are symmetric tensors. Δ represents the material dilata-
tion given by  

iiiiu ε==Δ ,                                (4) 

Time independent body force, such as gravity, can be ne-
glected in Eq. (1) because this linear equation can be de-
composed into elastostatic and elastodynamic components 
that are are separable[11]. To derive an expression for dis-
placement in absence of external body force(bi), the consti-
tutive relationship(Eq. 2) is substituted into the balance of 
linear momentum expression(Eq. 1) with bi=0 and ii uf =  , 
to yield 

)( ,,,, ijjjjiijij uu ++Δ= μλσ                  (5) 

jjijiji uuu ,,)( μμλρ ++=                  (6) 

The displacement equation (6) can be written in vector 
form as 

uuu ρμμλ =∇+∇∇+ 2).()(                                  (7) 

The displacement field in a solid can be decomposed 
such that 

Wu ×∇+∇= ψ                           (8) 

Where ψ represent the dilatational (scalar, time-
dependent, volume change) components of displacement 
that occur in the direction of wave propaga-
tion(longitudinal), and W represents the equivoluminal 
components of displacement that occur transversely to di-
rection of wave propagation. These scalar and vector dis-
placement fields can be determined by using a Helmholtz 
decomposition [11]. Substituting Eq. (8) into Eq. (7) yields 
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The displacement components shown in Eq. 9 are sepa-
rable and each of them takes the form of a wave equation. 

For example, in one direction )ˆ(x , these equations can be 
expressed as 

ρ
μλψψ )2(01

2

2

22

2 +==
∂
∂−

∂
∂

L
L

C
tCx

   (10) 

ρ
μ==

∂
∂−

∂
∂

T
T

C
t
W

Cx
W 01

2

2

22

2
              (11) 

The constants CL and CT represent the longitudinal and 
transverse(shear) wave speeds respectively. The terms in-
volving components in the different orthogonal directions 
are now decoupled, and each component satisfies the equa-
tion separately. Thus, measurements in only one sensitiza-
tion direction suffice to determine µ.  

In MR elastography method, external oscillations are ap-
plied to a material at known frequency. The acoustic strain 
waves caused by the oscillations are visualized in MR im-
ages. Thus, the shear modulus and the Young’s modulus are 
calculated from Eq.(10) and Eq.(11) by measuring the 
wavelength from the images. For the accurate measurement, 
it is necessary to measure the density ρ of a material. How-
ever, in the case of human tissue, it can be approximated as 
ρ ≈1.0[12]. 

III. METHODS  

To explore the effect of  material properties, boundary 
conditions, location and frequency of mechanical excitation 
and reflection problem on shear wavelength, two 2D models 
were developed. First a 2D model without circular lesion 
was used to predict number of elements, location of external 
excitation and range of its frequencies. Then a stiffer mate-
rial as the breast lesion was embeded in the model to inves-
tigate the influence of other factors such as the reflection 
problem and boundary conditions. Both the matrix and the 
lesion are assumed incompressible such that their Possion’s 
ratios are 0.495.  

Breast modeling: A typical finite-element model of a 
breast with and without circular lesion was used in this 
study. The external excitation is introduced into the model 
by applying a sinusoidal motion at 15, 20,25,30,35 Hz .  

Wave propagation finite-element analyses in the model 
were conducted in the present study by ABAQUS 6.6-1 
capability. ABAQUS employs the ‘‘modal dynamic’’  
approach to solve the nonlinear problems[13]. In this ap-
proach, natural frequency is extracted from the static pertur-
bation response of the load that is applied (Lonczos solver is 
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selected method to eigenvalue extraction in this study), then 
modal dynamic is used to characterize the propagation of 
wave. 

To examine the effects of boundary conditions and to 
remove of contributions originating the longitudinal wave 
from shear wave, the model width(W) was changed. By this 
technique, extract out of the total displacement field contri-
butions originating solely from shear wave. To compose a 
direct evaluation between the conditions under which the 
MRE expriment were obtained from experimental data and 
obtained shear wavelength from FE modeling, mechanical 
properties of the model were selected similar to previous 
study(E=1kPa and ν=0.495 for breast)[3]. 

From wave physics, it is well known that reflection occurs 
at the boundary surface between two materials of different 
stiffness and if a boundary surface is not perpendicular to the 
wave direction, not only the reflected wave but also the 
refracted wave will be generated[14]. To investigate these 
problems, a stiffer material as the breast lesion with 2 and 
3kP of elastic modulus was embeded in the model.  

IV. RESULTS 

An example of the shear wave propagation in the model 
at frequency of 20Hz is shown in Fig. 1. This figure shows 
two situations in breast modeling : (a) without lesion that 
elastic modulus of whole model is 1kPa ; (b) lesion embed-
ded at 20 cm inside the breast from left edge and elastic 
modulus of lesion is 2kPa. For more detailed configuration 
one model is shown undeformed and another model is 
shown deformed.  
 
 
 
 
 

(a) 
 
 
 
 
 

(b) 

Fig. 1  An example of the shear wave propagation: (a) model of breast 
without lesion; (b) lesion embedded at 20 cm of inside the breast from 
left edge(Arrows) 

The shear waveform along the top edge in both models is 
illustrated in Fig. 2. The shear wavelength was computed 
from distance between two successive peak or valley. Shear 
modulus can be determined from equation of motion(Eq. 11). 

 

Fig. 2  Shear waveform along top edge of the model 

The external sine wave at frequency of 30Hz and ampli-
tude of 1mm was applied on the top corner of the model 
with lesion and create a shear wave as shown. Frequency of 
external wave performed on model without lesion was 
20Hz. In both models attenuation due to energy dissipation 
can be observed. 

V. DISCUSSION 

The base of this study is upon the idea of removing the 
longitudinal wave effects on shear wave via changing the 
width of the model. For this reason, model width has been 
changed to reach the best waveform which can determine 
correct shear wavelength in the model.  

Sinkus et al.[3], has removed the effect of longitudinal 
wave by utilization of curl-operator. They report the com-
pressional wave leads to a strong DC component added to 
shear wave displacement. In present study, we make this 
separation by changing the model geometry. This was our 
first step for determination of shear wavelength. Also, the 
propagating wave form was ideal near the natural frequency 
of model(20-35Hz) but it was distorted in other frequencies. 
In Manduca research, it has been concluded that the spatial 
wavelength and shear stiffness decrease and increase re-
spectively as the mechanical frequency increases, and at-
tenuation increases. The best frequency for a particular 
application depends on this tradeoff[1]. Chen et al. devel-
oped FE model to examine the influences of the vertical 
dimension on modeling the shear wavelength versus shear 
modulus[7]. Their results indicate the boundary conditions 
of the model(model width) affect to simulation of the wave 
propagation. At the continue of simulations, the size and 
frequency of model was choose respect to these section of 
results. 
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To investigation of dependency of shear wavelength on 
external load location, the calculated wavelength at different 
direction was compared together and concluded  at the same 
direction of excitation, wavelength is approximately equal 
to  analytical calculation. 

When a boundary surface is not perpendicular to the 
wave direction, not only the reflected wave but also the 
refracted wave will be generated. To overcome to this prob-
lem, we proposed to locate the lesion at the same direction 
of excitation. Results indicate the refraction of wave was 
reduced very much in this case. But the effect of reflection 
depend on mechanical properties of two media that wave 
move in them. To validate this problem, lesion with differ-
ent stiffness was modeled. The reflection error at the stima-
tion of shear wavelength was calculated in table 1. 

Table 1 Comparision between shear wavelength in the breast and in the 
lesion at two case: a) Elastic modulus of lesion is 2-fold of elastic modulus 
of breast at f=30Hz. b) Elastic modulus of lesion is 3-fold of elastic 
modulus of breast at f=35Hz 

Freq.=30Hz Freq.=35Hz 
EBreast=1kPa     ELesion=2kPa EBreast=1kPa     ELesion=3kPa  
λAnalytical λSimulation Dev. λAnalytical λSimulation Dev. 

Breast 0.019 0.020 5.2% 0.0164 0.018 9.7% 

Lesion 0.027 0.026 3.7% 0.0285 0.028 1.7% 

 
From the point of view of shear wavelength determina-

tion, this has two computing effects: the lesion stiffness and 
frequency of excitation. The error increases when the fre-
quency and elastic modulud of lesion increases. This con-
clusion validate in wave physics text[14-15]. Results show 
good agreement with analytical solution in both model(with 
and without the lesion). 

VI. CONCLUSIONS 

Magnetic resonance elastography is a great potential 
method for the non-invasive in vivo determination of me-
chanical properties in a variety of  tissues[1]. The detection 
of propagating acoustic waves yields quantitative measures 
of elasticity that clearly demarcate differences between 
tissue types and identify tumors as areas of higher stiffness. 
But, MRE experiments set up may needs the high pre-
instalation costs. FEM can use to quantitatively study of the 
relationship between the shear wavelength and various 
parameters of the experiment. Obtained results of this 

method can be helpful to understanding the dominant condi-
tions on wave propagation phenomena[16]. 
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Abstract— We present a closed-loop taxonomy 

framework for interventional procedures assisting to 
understand and locate an increasing number of “buzz-
word driven” techniques within the workflow of the in-
terventionalist. Our framework applies equally for open 
and minimally invasive techniques and emphasizes the 
fact that all steps within an interventional procedure act 
as a closed chain, thus none of them can be regarded 
separately from all others. We give a concrete example 
of one of the first soft tissue navigation systems intro-
duced to clinical routine since 2002  

Keywords— Interventional techniques, fusion imaging, 
soft tissue navigation, RF ablation 

I. INTRODUCTION  

The revolution introduced by medical imaging is still 
evolving. After X-rays several other modalities have 
been developed giving us new, different and more 
complete views of the body interior: tomography (CT, 
MR) gives a very precise anatomical view and allows 
localisation in space, nuclear medicine gives pictures 
of metabolism, ultrasound and IR-imaging enable non-
invasive imaging, to name only but a few. However, in 
recent times and with increasing economic pressure 
challenging the efficiency of medical applications a 
dominant development became more and more obvi-
ous: “better diagnosis alone” is not desired by the 
health professionals if there is no impact on the ther-
apy procedure. As a result, interventional procedures 
are gaining importance as compared with pure diag-
nostics and will become the driving force for the years 
to come. This new tendency has been announced by 
various names, such as intra-operative imaging, im-
age-guided therapy, navigation systems, computer-
aided treatment, VR/AR in medicine, etc. All players 
have a diffuse feeling that the above systems should 
be regarded as parts of a bigger picture; however the 
lack of a reference classification scheme so far cre-
ates a certain level of confusion among practitioners 
and users.  

The ultimate goal of future developments must be on 
integrating all of the above aspects in what we call to 
be a holistic and closed loop. Such an integrated ref-

erence system unifies particular aspects such as those 
mentioned above in one unique integrated ubiquitous 
transparent system. The image below serves as a 
classification scheme giving a reference model such 
as a holistic & closed loop of image-involving therapy 
systems, with an emphasis on minimal invasive pro-
cedures.  

  

 

 

 

 

 

 

 

 

 

 

 

The driving idea is that clinical procedures are not 
isolated, but interact with each other – especially every 
module down the pipeline accesses information gen-
erated by another module upstream. Already today it 
is usual to perform pre-operative image acquisition, 
(manual) organ segmentation and target setting, 
treatment planning and its simulation. Some naviga-
tion systems are also available. During the intervention 
organs can (or latest in open surgery will) change po-
sition and/or shape. An advanced system must be 
able to consider such changes intra-operatively by re-
acquiring the new anatomy during the intervention and 
by adapting the initial plan to the new situation. Since 
the tasks will take place under stress situations, all 
steps necessary for completing the loop must be inte-
grated and must perform robustly and autonomously: 
Organs have to be recognized and segmented auto-
matically, the original operation plan must be adapted 
to the intra-operative registered morphology, the navi-
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gation support must be updated accordingly and eve-
rything has to be presented to the surgeon in a way 
supporting his tasks rather than destructing him from 
his work. 

In this paper we emphasize the key aspects of a 
soft tissue navigation system. Image guidance is es-
sential in the treatment of liver tumours using percuta-
neous ablative techniques. Apart from careful pre-
procedure planning and elaborate post-procedure 
evaluation, accurate intra-procedure targeting, moni-
toring, and controlling play a critical role in the success 
of the technique.  

 

II. FUSION IMAGING VIRTUAL NAVIGATOR 

Radiofrequency (RF) ablation is most commonly 
performed under ultrasound (U/S) guidance, with com-
puted tomography (CT) guidance being reserved for 
lesions inconspicuous on U/S. However, there are oc-
casions when the liver lesion is only optimally visual-
ized on contrast-enhanced CT, making targeting and 
monitoring difficult due to lack of real-time imaging 
guidance. In this scenario, it would be desirable to co-
register information from different imaging modalities 
(e.g., U/S and CT) and such multimodality matching 
have been utilized in nuclear medicine, radiotherapy, 
and neurosurgery.  

 

 
Fig 1: U/S device with integrated NaviSuite 

The system consists of an U/S scanner integrated 
with the Navigation unit (Fig 1). The U/S system pro-
vides the U/S image and over a specific interface 

communicates its characteristics such as the spatial 
dimension, orientation, and probe field of view. This in-
formation permits a right representation in size and 
orientation of the second modality image. These data 
provided by the U/S scanner are automatically up-
dated at every change on the console of the scanner. 
The U/S image is provided either over a digital inter-
face, or trough the video signal and digitalized by a 
standard frame grabber in order to be presented be-
side the virtual one.  

 

 
Fig 2: Side-to-side display of U/S and correspond-
ing oblique CT plane 

An electromagnetic tracking system, composed by 
an transmitter and a small receiver (mounted on the 
U/S probe) provides the position and orientation of the 
U/S probe in relation to the transmitter. The electro-
magnetic tracker works even in presence of objects, 
tools etc. between tracker and receiver and therefore 
can be easily placed in any environment, furthermore 
its cost is much lower than that of an optical tracker. A 
disadvantage of the magnetic principle is the sensitiv-
ity concerning metallic objects close or near the re-
ceiver or transmitter. It has been found during the 
clinical tests that due to some filtering implemented by 
us, this requirement can be achieved without affecting 
the clinical routine in noticeable way.  

Registration between patient anatomy visible on the 
real-time U/S image and its preoperatively gathered 
CT data can be done by a number of ways:  by fiducial 
markers in the CT, by clicking anatomic markers, by 
manually shifting the CT and U/S images until registra-
tion appears acceptable, or by a fully automated 
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method employing multual information registration. Af-
ter registration is completed, during navigation the sys-
tem extracts in real time an oblique CT slice at the lo-
cation and orientation parallel to the U/S image and 
displays both images side-to-side on the screen. Over-
lapping of the CT and U/S image enables quick and in-
tuitive test of the registration accuracy (Fig 3). Addi-
tional interventional aids include the display of biopsy 
line in U/S and CT, (magnetic) tracking of the position 
of the needle, delineating and marking targets in CT 
visible in U/S, and display of RF ablation area and/or 
treated volume (Fig 2). 

 

 

Fig 3: Overlapping U/S and CT, biopsy guideline 

 

III. CLINICAL RESULTS 

After some learning curve in setting up the naviga-
tion system, we were able to perform the system setup 
including the registration within 3-5 min. CT-U/S regis-
tration is reliable with a mean registration error of 3mm 
± 1 mm. The needle-to-target distance is 1.8 ± 0.8 
mm. Thus accuracy is very good and sufficient for 
clinical routine. 

Several hundreds patients have been treated in our 
clinics since 2002, here we present representative re-
sults of a study performed in 2006. In 87 patients with 
liver carcinoma and cirrhosis (51) or liver metastases 
of colorectal origin (36), 175 malignant tumours identi-
fied with multilayer CT were subjected to percutane-
ous radiofrequency thermal ablation using a real time 
image fusion system linking volumetric CT scanning 
with B-mode ultrasound. 96 of 175 (54.9%) tumours 
were poorly (69) or completely (27) invisible to ultra-
sound. The results of the treatment (centring precision 

and size of necrotic area with respect to size of tu-
mour) were verified after 24 hours with CT multilayer 
scanning using contrast agent. Complete ablation was 
achieved in 165 of 175 (94.3%) tumours and, notably, 
in 65 of 69 (94.2%) of tumours with poor ultrasound 
visibility and 24 of 27 (88.9%) of those completely in-
visible to ultrasound. There were no major complica-
tions (Fig 4). 

 

 

Fig 4: Performing RF ablations 

 

IV. CONCLUSION 

In conclusion, real-time registration and matching of 
pre-procedure CT volume images with intra-procedure 
U/S is feasible and accurate. For simple biopsies, an 
experienced interventionalist will not ask for such a 
guidance tool (this is different of course for still-not-so-
experienced ones!) and, given the cost and its avail-
ability, individually applied U/S and CT guidance with-
out image fusion will remain the "workhorses" for bi-
opsy procedures. However for lesion of hardly visible 
at U/S or CT, or for more complex procedures, such as 
thermal tumor ablations that require positioning of mul-
tiple applicators and puncture of multiple lesions, navi-
gation systems might be of help to reduce puncture 
risk and procedure time and to allow for more com-
plete and radical therapy. 

The main limitations are that the system can not 
distinguish differences in respiratory excursion and 
subject motion. To extrapolate the utility in routine 
clinical practice, precise registration of CT volume im-
ages into the patient required proper synchronisation 
with respect to the respiratory phase and arms’ posi-
tion during CT examination, and patient movement 
must be avoided. Possible solutions for detection of 
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patient movement would be the implementation of ex-
ternal electromagnetic position sensors to the patient's 
body. The solution could be based on methods used in 
radiation therapy, as well as on those used in positron 
emission tomography–CT image fusion. 
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Abstract––In orthopedical practice,  simple classical devices 
like rods, pins and hinges are widely used to deal with 
orthopedical disorders. However, these simple-looking tools 
complicate the pre-operative planning in removing such 
disorders as bone misalignments in connection with the 
extremity fracture and deformity cases. Thus, a novel 
approach is needed to take this burden off the orthopedist. In 
this work, a simplified procedure is proposed, in which a 
robotic frame is initially fixated easily at first to the fracture 
site and then fine-tuning in the alignment is done after 
processing medical input data within the framework of a 
mathematical model of the system. The robotic frame 
considered here is the so-called (6-6) type of Stewart-Gough 
Platform that consists of two platforms to which proximal and 
distal fragments are attached by means of six adjustable legs 
through the six spherical and six universal joints. Here, a 
mathematical model is developed to transform the medical 
input data obtained from antero-posterior (AP) and lateral (L) 
X-ray films and clinical examination into appropriate leg 
lengths required for the alignment process. To validate the 
mathematical model, the process is demonstrated on an 
example involving a specially designed and manufactured 
model of Stewart-Gough platform of (3-3) type as an external 
fixator and a physical model containing synthetic bone 
fragments. 

Keywords––External fixation, robotic frame, alignment, 
medical input, leg lengths. 

I.   INTRODUCTION 

External fixation is a widespread clinical practice used in 
the treatment of bone fractures and deformities. It involves 
stabilizing bone fragments by using tools like rods, clamps, 
hinges, pins, wires and screws. This practice, dating back to 
Hypoccrates’ era, was abandoned early in 20th century due 
to unsatisfactory clinical outcomes, mostly caused by 
unconscious usage disregarding the mechanical principles 
behind fixation. Later, in the view of mechanical studies 
done by various researchers, the external fixation practice 
gained its effectiveness and popularity. The development of 
the ring fixator by Iliazarov that provides flexibility and 
controllability of  fixation is widely considered an important 
milestone in the field [1-2]. 

Although a large literature on external fixator mechanics 
exists, most studies have taken an empirical/experimental 
approach [3-4]. Besides, investigation of the alignment of 
bones has attracted some attention only recently [5-6]. In 
the current work, the fixation problem is handled at multiple 
levels. First, a robotic frame is developed involving a 
Stewart-Gough platform [7] to be used in place of classical 
fixation devices. Next, the mathematical model of the 
robotic frame is derived to relate various clinical input data 
to the kinematics of the robotic frame and bone fragments. 
That way, the pre-operative planning can be performed in a 
quantitative manner simplifying the fixation procedure. 

II.   MATHEMATICAL MODEL 

A.   View – Position Relationships 

In order to set up the mathematical model, the first step is 
to resolve the fundamental relationships between the 
orientation of a body in three dimensional space and its 
views projected along three orthogonal directions. To this 
end, let the rod, with its centerline represented by the w-
axis, be given in the defined xyz cartesian co-ordinate 
system (Fig.1). Let the rod be looked at, once in the x-
direction to produce L-view; and then against y-direction to 
generate AP-view. Denoting the x,y,z components of the 
rod of length c by cx, cy, cz; and the projected lengths along 
L and AP by cL and cAP, respectively, the following 
relationships can be written in view of Fig.2 and Fig.3. 

tanc cx z APψ=           (1) 

tanc cy z Lψ= −         (2) 

2 2 2 2
c c c cx y z= + +            (3) 

2 2 2
c c cx zAP = +             (4) 

2 2 2
c c cy zL = +        (5) 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 708–711, 2009. 
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Fig. 1 Definitions of L-AP directions 

  
 

            Fig. 2  L-View  Fig. 3  AP-View 
 
Substituting (1) and (2) in (3) - (5), one obtains the 

following relations: 

2 2
1 tan tan

c
cz

LAPψ ψ
=

+ +
        (6) 

cos tanc cx L L APψ ψ=                (7) 

cos tanc cy L L Lψ ψ= −                (8) 

2 2
cos 1 tan tanc cL L LAPψ ψ ψ= + +         (9) 

cos tanc cL L AP APψ ψ=     (10) 

Now, if the angles between the rod-axis w and x,y,z axes 
are represented by , ,wx wy wzψ ψ ψ ,respectively, the 

following can be deduced from Fig. 1: 

cos ; cos ; cos
cc cyx z

wx wy wz
c c c

ψ ψ ψ= = =   (11) 

Evaluating (6) - (10) in (11), the following relationships 
are obtained: 

tan
cos

2 2
1 tan tan

AP
wx

LAP

ψ
ψ

ψ ψ
=

+ +
     (12) 

tan
cos

2 2
1 tan tan

L
wy

LAP

ψ
ψ

ψ ψ

−
=

+ +
      (13) 

1
cos

2
1 tan tan

wz
LAP

ψ
ψ ψ

=
+ +

      (14) 

Resultantly, based on the measurements of cL (or cAP) 

Lψ , APψ from L and AP views, it is possible to compute the 
real length of the rod and the direction cosines of the rod 
axis w. This is to say that, in case a unit vector ew is 
considered along the rod axis, it will have known 
components (ewx ,ewy ,ewz) along the x,y,z axes of the 
reference system, because of the fact that; 

e cos cos cosi j kw wx wy wzψ ψ ψ= + +  (15) 

Now it will be assumed that an orthogonal uvw reference 
system coincident with the xyz co-ordinate system at the 
beginning is obtained by rotating it first about x-axis by θx, 
then about y-axis by θy and finally about z-axis by θz. In this 
case, a composite rotation matrix uvw

Axyz⎡ ⎤⎣ ⎦  can be 

constructed as follows; [8]: 
cos cos cos sin sin sin cos cos sin cos sin sin

sin cos sin sin sin cos cos sin sin cos cos sin

sin cos sin cos cos

z y z y x z x z y x z x
uvwAxyz z y z y x z x z y x z x

y y x y x

θ θ θ θ θ θ θ θ θ θ θ θ

θ θ θ θ θ θ θ θ θ θ θ θ

θ θ θ θ θ

− +

= + −

−

⎡ ⎤
⎢ ⎥⎡ ⎤⎣ ⎦ ⎢ ⎥
⎢ ⎥⎣ ⎦  

(16) 
Here, knowing (θz, ewx, ewy , ewz), θx and θy are evaluated 

as follows: 
cos sin

tan
e ewx z wy z

y
ewz

θ θ
θ

+
=    (17) 

cos
cos

ewz
x

y
θ

θ
=                  (18) 

It is seen that all the unit vectors [eu, ev, ew] associated 
with uvw-system are determined from (16). Consequently, 
by providing the data set ( Lψ , APψ ,θz, cL or cAP) the 
relevant transformation matrix, as well as length c, will be 
evaluated. 

B.   View-Position Relationships of the Biomechanical 
      Assembly 

The biomechanical assembly under consideration is a 
system consisting of mechanical and biological 
subassemblies in which proximal and distal bone fragments 
are fixed to the base and moving platforms, respectively, 
(Fig.4). The mechanical subassembly is the so called 
Stewart-Gough platform of type (6-6) which is formed by 
joining the two circular platforms by means of six 
adjustable legs through six spherical and six universal 
joints. Departing from the projected views of the assembly, 
when the fragments are in displaced positions, the 
fundamental problem is to obtain the leg lengths required to 
align the fragments. 

 



710 İ.D. Akçali et al.

 

  
 

IFMBE Proceedings Vol. 25

 

 

  
 

Fig. 4  View-position relationships               Fig.5  L-view 
in a biomechanical assembly 
 
 

Four different right-handed orthogonal co-ordinate 
systems referred to as xyz (located at the center G of the 
proximal ring), xıyızı (located at the center Gı on the 
proximal ring plane), uvw (with origin at the center G1

ı of 
distal ring on the moving platform plane) and lastly uıvıwı 
(fixed to the distal ring at the center G1

ıı of the distal bone 
on the moving platform plane) are shown in Fig. 4. The 
axes z, zı, w, wı of the corresponding co-ordinate systems 
are coincident with the proximal ring normal, proximal 
bone axis, distal ring normal and distal bone axis, 
respectively. The projected views along the directions 
designated by L, AP and Ax are shown in Figs.4,5,6,7. 

  

 
 

            Fig. 6    AP-view                                   Fig. 7  Ax-view 

 
As far as notation is concerned, the sub indices “o” and 

“n” represent the configuration of the biomechanical 
assembly when the bone fragments are displaced and when 
they are anatomically aligned, respectively. Firstly, by using 
the theory in section A and making use of the data 

( Lψ , APψ , δ0) obtained from Figs.5,6,7, the rotation matrix 

0
uvwAxyz⎡ ⎤⎣ ⎦  signifying the transformation between the fixed 

xyz and the moving uvw system is determined. Secondly, a 
similar procedure is followed to compute the transformation 
matrix  

0

ı ı ıu v wAxyz
⎡ ⎤
⎢ ⎥⎣ ⎦

between the xyz and  uıvıwı systems 

corresponding to the data set (βL, βAP, δAX,cL), where δAX 
symbolizes the relative rotation about the z-axis between the 
proximal and distal bones. During the same process the 
distal bone length c is also found. Next, (βL

ı
, βAP

ı
, 00, bL) 

extracted from Figs.5,6 will allow the determination of the 
transformation matrix 

0

ı ı ıx y zAxyz
⎡ ⎤
⎢ ⎥⎣ ⎦

and the proximal bone 

length b. 
In the fourth step, based on the orthonormal properties of 

rotation matrices, the matrix 
0

ı ı ıu v wAuvw
⎡ ⎤
⎢ ⎥⎣ ⎦

signifying how the 

distal fragment is attached to its ring is determined as 
follows: 

' ' ' ' ' '
00 0

Tu v w uvw u v w
A A Auvw xyz xyz=⎡ ⎤ ⎡ ⎤⎡ ⎤⎣ ⎦⎣ ⎦ ⎣ ⎦   (19) 

where superscript “T” denotes the transpose operation.  
In the fifth step, the world coordinates xAi, yAi  i=1-6 of 

the proximal ring joints Ai and local coordinates of the 
distal ring joints Bi (uBi, vBi i=1-6) are calculated as follows: 

cos , sinAi i Ai ix R y Rα α= =  i=1-6  (20) 

1 1cos , sinBi i Bi iu R v Rε ε= =  i=1-6  (21) 

where R, R1 are proximal and distal ring radii; ∝i, εi 
represent the angular positions of the Ai, Bi joints, 
respectively. 

Now, by utilizing the orthonormal properties together 
with the alignment condition whereby the rotation 
matrices

n

ı ı ıx y zAxyz
⎡ ⎤
⎢ ⎥⎣ ⎦

,
n

ı ı ıu v wAxyz
⎡ ⎤
⎢ ⎥⎣ ⎦

 become equal and also by 

taking into account the invariant characteristics of 
0

ı ı ıu v wAuvw
⎡ ⎤
⎢ ⎥⎣ ⎦

 

and
0

ı ı ıx y zAxyz
⎡ ⎤
⎢ ⎥⎣ ⎦

matrices, the following conclusion is reached: 

' ' '
00n

ı ı ı Tx y zuvw u v w
A A Axyz xyz uvw= ⎡ ⎤ ⎡ ⎤⎡ ⎤⎣ ⎦ ⎣ ⎦⎣ ⎦   (22) 

Under the bone union conditions, the following vector 
equation is written (Fig.4): 

1 1 1 1( ) ( ) ( )ı ı ıı ıı
i n n i n= + − +GB GG G G G G G B   i=1-6  (23) 

where 

; ( )( )ı ı ı
ı ı ıı

x y z x z y z z
q q b c e e e= + = + + +GG i j GG i j k

 
(24) 
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1 1 ; 1( ) ;( )ıı
n u un v vn i n Bi un Bi vnr r u v= + = +G G e e G B e e

  (25) 

0 0 0 0 0
;u x ux y uy v x vx y vy z vzr r e r e r r e r e r e= + = + +     (26) 

Here qx, qy are the co-ordinates of the proximal bone 
center; rx, ry, rz are the distances between the distal ring and 
distal bone centers along x,y,z axes respectively; all other 
quantities 

0 0 0 0 0 0
( , , , , , )ux uy uz vx vy vze e e e e e and unit vectors (e ,e )un vn are 

the entries and columns of the previously computed 
matrices associated with the non-aligned (o) and aligned (n) 
configurations. Finally, the leg lengths (Li) are computed 
by:- 

i i i n
L = −GA GB  i=1-6   (27) 

where: 

i Ai Aix y= +GA i j    i=1-6   (28) 

III.   NUMERICAL EXAMPLE 

To validate the mathematical model, a biomechanical 
system consisting of a specially designed and manufactured 
(3-3) type Stewart-Gough platform and synthetic bone 
models was formed (Fig.8.a). AP and L x-ray films were 
taken together with an axial view by means of a digital 
camera. Data were collected as such: 

L-Data: 
cL=100.57 mm,  bL=61.00 mm,  βL=-4.110,  βL

ı=-3.200   
ΨL=-0.910,  ry=15.76 mm,  rz=0.25 mm  qy=12.15 mm   

AP-Data: 
 βAP=2.990, ΨAP=0.010, βAP

ı=8.160, rx=8.73 mm, qy=3.67 

mm 
Axial and Clinical Data: 
R=72.5 mm, R1=72.5 mm, δ0=-92.050, δAX=15.800 
 α1=200, α2=200, α3=1600, α4=1600, α5=2600, α6=2600 
ε1=700,  ε2=2000, ε3=2000, ε4=3100, ε5=3100, ε6=700 
When the data were entered into the mathematical model, 

the following leg lengths were obtained: 
L1=162.56 mm, L2=173.06 mm, L3=180.90 mm,  
L4=166.45 mm, L5=173.10 mm, L6=175.25 mm 
By adjusting the leg length to those values above, the 

configuration of the biomechanical system appeared as in 
Fig.8.b in validation of the theory. 

IV.   CONCLUSIONS 

A mathematical model has been developed to be 
implemented on the alignment of bone fragments by using a 
robotic system, namely a (6-6) Stewart-Gough platform. 
Application of the model has been exercised on a 

biomechanical system with a specially designed (3-3) type 
Stewart-Gough platform in validation of the theory. 

 

 
 

                       (a)                 (b) 
 

Fig. 8 Manufactured Biomechanical Assembly in non-aligned (a) and 
aligned (b) bone configurations 
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Abstract— In functional MRI, accurate knowledge of ex-
perimental stimulus time-course, which depends on accuracy 
of subject’s behavioral response, is necessary to obtain valid 
and meaningful results. For one type of inaccuracy, missing 
response to stimulus, we present the methods to calculate reli-
ability maps. Two criterions to calculate maximal tolerable 
inaccuracy are proposed. Their combination can guarantee 
both detection of activation for inaccurate model and insignifi-
cant difference between accurate and inaccurate results. We 
can use the maps to find weak and/or robust activations in 
accurate realization of experiment, and subsequently use it to 
prevent us from wrong inferences in inaccurate realization of 
experiment. 

Keywords— fMRI; GLM; inaccuracy; reliability; behavioral 
response 

I. INTRODUCTION  

 In functional magnetic resonance imaging (fMRI), de-
tection of activation is often realized using massively uni-
variate statistical methods (e.g., the general linear model - 
GLM) [1]. The measured signal is modeled using convolu-
tion of stimulus time-course and hemodynamic response 
function (HRF). Accurate knowledge of experimental 
stimulus time-course, which depends on accuracy of sub-
ject’s behavioral response, is necessary to obtain valid and 
meaningful results. In previous work [2], we studied three 
possible types of inaccuracy (missing responses to stimula-
tion, time-shift of responses and different sensitivity of 
responses) but we focused especially on the first one. Some 
of these findings are presented in following section. 

 In this work, we present the methods to calculate reli-
ability maps with respect to inaccuracy (missing responses). 
We propose two criterions to calculate maximal tolerable 
inaccuracy. The first one guarantees that the two parameter 
estimates (one for accurate response/model, one for inaccu-
rate response/model) do not differ significantly. The latter 
one guarantees that we are able to detect activation using 
inaccurate model if it was (or should be) detected with accu-
rate model (accurate behavioral response). Both of these 
criterion as well as the minimum of theirs (guarantee both 
detection and insignificant difference) are used to calculate 
spatial maps of maximal tolerable inaccuracy. These maps 

can be used to find out robust or weak activation in fMRI 
experiments. 

II. THEORY AND METHODS 

A. Short summary of previous findings 

We provide here some previous findings [2] and theory 
about impact of inaccuracy in subject’s behavioral response 
on fMRI results. Consider time-invariant linear hemody-
namic system and processing fMRI data using GLM. We 
know the time-course of experimental stimulation and 
hemodynamic response function (hrf). If the response to 
stimulation of subject undergoing the fMRI measurement is 
accurate then it will be easy to detect activation and we can 
trust such results. If the response to stimulation is inaccurate 
and do not know the exact time-course of response then our 
model is not accurate and estimated parameters of GLM and 
statistical values will be affected. We considered three types 
of inaccurcy: missing responses to stimulation or self-
initiated responses, time-shift of responses (e.g. caused by 
tiredness, fluctuation in attention) and different sensitivity 
of responses (e.g. caused by tiredness, fluctuation in atten-
tion, learning effects). All of these inaccuracies affect as 
estimated parameters as residual variance and thus statisti-
cal values. Consider basic GLM equation for fMRI data 

 εXβY += , (1) 

where Y is a vector of measured data, X is the design ma-
trix, ββββ is a vector of estimated parameters and εεεε is a residual 
time-series. Now, consider second model 

 saDXY ++= )( , (2) 

where D is a differential matrix (difference between real and 
predicted design matrix), a is a vector of weights of signal 
components, and s is an additive noise. We considered sec-
ond model to generate data with incorporated inaccuracy 
and the first model to estimate parameters using equation 

 ( ) YXXXβ T1Tˆ −= . (3) 

After substitution of Y in (3) from (2) we obtain 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 712–715, 2009. 



 ( )( )aDXXXIβ T1Tˆ −+= . (4) 

For simple design matrix with only two columns (one 
experimental regressor and constant term) we can express 
the effect of experimental regressor as 

 ( )
( ) 1

1

11
1 var

,cov
1ˆ a⋅⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
+=

X

DXβ . (5) 

We can express the equation for residual variability in 
similar way 

 εε T2
R

1

mn −
=σ , (6) 

where n-m are degrees of freedom. 

 ( ) ( )[ ]sRDassRDaRDa ,cov2
1 TT2

R ++
−

=
mn

σ , (7) 

where R is the residual forming matrix [3] 

 ( )sRDa,cov2222
R ++= SD σσσ . (8) 

In (8), we can see differentiation between two sources of 
variability. One caused by inaccuracy (matrix D) and the 
other caused by additive noise. Variability caused by inac-
curacy can be expressed as 

 ( ) ( )
( ) ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
−≈

1

11
2

1
2
1

2

var

,cov
var

X

DX
DaDσ . (9) 

 

Fig. 1 Results of simulation for missing or self-initiated responses. Simula-
tions were created for several noise levels from σS=0,01 to σS=5. 

Equation for t-statistics of effect β1 is then 

 

( )
( )

( )( ) ( ) ( )mn

a

t

SD −
++

⋅⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+

=
1

var

1
,cov2

var

,cov
1

1

22

1
1

11

X
sRDa

X
DX

σσ

. (10) 

 
We concluded, that the estimated parameter β1 depends 

linearly on covariance between experimental regressor and 
differential regressor which express inaccuracy in our 
model. Dependencies for residual variability and t-statistics 
were revealed from simulations (see Fig. 1). We found that 
residual variability is constant for higher levels of noise (if 
we can disregard σD). Then t-statistics depends linearly on 
inaccuracy. These findings were verified using real data (see 
Fig. 2). Similar results we can obtain for more complicated 
design matrix (with two or more experimental regressors). 
Using previous knowledge, we can consider possibility to 
correct the estimated parameters in simple way as 

 
Nvk −

⋅=
100

100ββ . (11) 

 

Fig. 2 Verification of impact of inaccuracy on fMRI results using real data. 
Data from one person and three different regions are presented. 

B. Calculation of maximal tolerable inaccuracy 

Considering the results from previous subsection, we 
tried to calculate reliability of inaccurate results or maximal 
tolerable inaccuracy. We proposed two different criterions. 
The first one guarantees that the two parameter estimates 
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(for accurate and inaccurate response/model) do not differ 
significantly. Confidence interval and the slope of estimated 
effect beta with respect to inaccuracy were used to create 
the criterion (see fig. 3).  

 ( )1211
ˆˆ ββ α SEtCI ⋅±= − , (12) 

where β1 is the estimated effect of regressor of interest, 
t1-α/2 is a percentile of t-distribution and SE(β1) is a standard 
error of β1 estimation. Then the criterion is 

 ( ) ( )121
1

1 ˆvar βα SEt
a

MTIs ⋅−= −
X , (13) 

a1 is the real/true effect (obtained from accurate model or 
corrected from inaccurate estimation). 

 

Fig. 3 Illustration of MTIs. 

 

Fig. 4 Illustration of MTId. 

The MTIs criterion is not able to guarantee detection of 
activation. Hence, the second criterion (MTId) guarantees 
that we are able to detect activation using inaccurate model 
if it was (or should be) detected with accurate model. Thus 

the inaccurate t-statistics is still higher than threshold used 
for inference. 

 ( )1var X
M

KM

t

tt
MTId

−= . (14) 

If we can to guarantee both insignificant difference of ββββ 
from accurate and inaccurate model, and detection of activa-
tion, we can use minimum of the two criterions (maximal 
tolerable inaccuracy will be the lowest one) 

 ( )MTIdMTIsMTIMIN ,min= . (15) 

Using these criterions, we can calculate the reliability 
maps for real fMRI data. There are two possibilities to use 
the maps. We can have accurate model and data, and then 
use such maps for prediction of robust/weak regions in our 
activation. Such information can be useful if it is probable 
that we will measure some data-sets with inaccuracy. The 
other way is to calculate these maps on inaccurate results to 
find out whether we can trust our results. 

III. RESULTS 

 

Fig. 5 Reliability maps for real data from epoch-related experiment. 
A) Activation maps for p<0.001 uncorr. (t > 3.23) B) Map of MTIs > 10%. 

C) Map of MTId > 10%. B) Map of MTImin > 10%. 
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In this work, we present the calculation of reliability 
maps only for accurate model and data. Hence we can iden-
tify weak or robust activations with respect to possible inac-
curacy in such experiment. The threshold masking was used 
to calculate maximal tolerable inaccuracy only for poten-
tially active voxels (p < 0.001 uncorrected).  

We present maps for two different experiments. First has 
epoch/related designs (fig. 5) and third (fig. 6) has event-
related design. Specifications of design and acquisition and 
processing can be viewed in published articles [4, 5]. 

 

Fig. 6 Reliability maps for real data from event-related experiment. 
A) Activation maps for p<0.001 uncorr. (t > 3.09) B) Map of MTIs > 10%. 

C) Map of MTId > 10%. B) Map of MTImin > 10%. 

 

IV. CONCLUSIONS  

We presented the concept of reliability maps with respect 
to inaccuracy. Two criterions to calculate maximal tolerable 
inaccuracy were proposed. Their combination can guarantee 

both detection of activation for inaccurate model and insig-
nificant difference between results obtained from accurate 
and inaccurate model. Reliability maps for proposed criteri-
ons were demonstrated for two real data sets. We can use 
these maps to find weak and/or robust activations in accu-
rate realization of experiment, and subsequently use it to 
prevent us from wrong inferences in inaccurate realization 
of experiment. The other possibility, not presented in this 
work, enables us to calculate reliability maps from inaccu-
rate results and use it to find potentially not-detected activa-
tions or to conclude how much we can trust our detected 
activations. 
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Abstract— In this article we show that Adaptive Multivari-
ate Autoregressive (AMVAR) modeling accompanied by 
proper preprocessing is an effective technique for evaluation of 
spectral Granger causality among functional brain networks 
identified by independent component analysis from event-
related fMRI data. 

Keywords— fMRI, ICA, spectral, Granger, adaptive. 

I. INTRODUCTION  

The concept of functional connectivity in the analysis of 
functional MRI data, which is defined as the correlations 
between spatially remote neurophysiological events [1], was 
recently extended to the concept of functional network con-
nectivity (FNC) [2]. The goal of FNC is to characterize 
distributed changes in the brain by examining the functional 
interaction among different correlated brain networks, usu-
ally identified by independent component analysis (ICA).  

There have been several attempts to investigate the direc-
tional influence among different activated brain regions by 
using a Granger causality test [3] in either the time or the 
spectral domain. However, in both cases the basic assump-
tion of stationarity required by Granger’s method was ig-
nored.  

Therefore, we propose a method based on parametric 
spectral analysis in which multivariate autoregressive 
(MVAR) time series models are adaptively extracted from 
the data using short time windows and become the basis for 
deriving spectral quantities. This approach was originally 
introduced for analysis of event-related potentials [4]. We 
suppose to apply this powerful method to event-related 
fMRI data for the first time. 

We propose the following general approach to a time-
frequency based evaluation of FNC during a cognitive task: 

1. Perform fMRI data analysis by ICA and select unique 
time courses of components of interest. 

2. Do necessary preprocessing for each time course. 
3. Split time courses into equal segments with starting 

points based on the event onset function.  

4. Apply overlapped time windows short enough that the 
process in each window can be treated as locally sta-
tionary. 

5. For each window apply MVAR model by fitting data 
from a set of segments. 

6. Derive transfer function and spectral matrix from the 
model coefficients. 

7. Use spectral quantities to calculate causal influence 
between pairs of time courses and identify the fre-
quency profiles at a window position with the highest 
value of Granger causality.  

II. METHODS 

A. Independent Component Analysis 

ICA is multivariate statistical technique that uses higher 
order statistic to separate observed signals into maximally 
independent components. Most ICA approaches assume that 
the data have at most one Gaussian distribution. The non-
Gaussianity of the extracted components can be used as a 
measure of independence. The non-Gaussianity of the com-
ponents being extracted can be measured by a contrast func-
tion, which compares the expected non-linear function of 
the data with the expectation of the same function on Gaus-
sian data having the same variance. The non-linear function 
can be any smooth non-quadratic function. In our study, we 
have used extended Infomax algorithm [5] with hyperbolic 
tangent as a non-linear function. For fMRI data the typical 
approach is to identify maximally spatially independent 
components (sICA). In this case raw data are considered to 
be a linear mixture of spatial activation maps, assumed to be 
maximally independent, while their corresponding time 
course is unconstrained [6].  

B. Estimation of AMVAR model 

Let X(t)=[X1(t),X2(t),…Xp(t)]
T be a p dimensional ran-

dom process defined in a segment of windowed time series 
data, where T denotes matrix transposition. In our case, p 
represents the total number of time series of independent 
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components. Assuming stationarity of the process X(t) in 
each window, one can describe X(t) in each window by pth-
order autoregressive equation 

)()()1()1()()( mtmttt −++−+= XAXAXE … , (1) 

where A(i) are p×p matrices and E(t) is a p-dimensional, 
zero mean, uncorrelated noise vector with covariance matrix 
Σ. In order to estimate A(i) and Σ we can apply the Levin-
son, Wiggings, Robinson (LWR) algorithm [7], which is 
based on the ideas of maximum entropy, and is imple-
mented in the BSMART Matlab toolbox [8].   

The estimation should be performed for correct model 
order m that can be determined by minimizing the Bayesian 
Information Criterion (BIC) defined as   

total

total

N

Nmp log2
)]log[det(2

2

+= ΣBIC , (2) 

where Ntotal is the total number of data points from entire 
segment. It should be noted that we estimate the model 
order for each single segment and then the average order is 
used in the AMVAR model. 

C. Spectral Granger Causality 

Whenever the model coefficient matrix A(i) and the co-
variance matrix Σ of the noise are estimated, the spectral 
quantities can be easily derived in the frequency domain. 
From the transfer function 
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the spectral matrix of the time series data is given by 

)()()()()( fffff ∗∗ == ΣHHXXS , (4) 

from which all ordinary multivariate spectral quantities such 
as power and coherence can be derived. These quantities do 
not tell us anything about the direction of influence among 
different components. Fortunately, based on the above spec-
tral measures we can also derive the Granger causality. 
According to Geweke’s formulation [9], the Granger causal 
influence from time series i to time series j is given by 
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It is evident that if Fi→j = 0, then there is no causal influence 
from i to j and if Fi→j > 0, then there is, and vice versa.  
 Equation (5) enables us only to measure causality be-
tween two components, but because we are able to estimate 
autoregressive model for arbitrary number of time series, 
we can catch also the direct or indirect influence from other 
components.  

III. EMPIRICAL DEMONSTRATION 

 The validation of the combined procedures given by 
ICA and the AMVAR model was conducted on a set of 
artificial data, simulating an fMRI experimental measure-
ment, in order to evaluate causal influence among selected 
time series. 

A. Simulation of fMRI data 

 We considered one spatial-slice time series of real fMRI 
data of the grid size 53×63 voxels, 256 time points with  
scan repeat time TR = 2.3 s. In this slice series, three func-
tional areas were selected and each of them was assigned a 
specific modeled time course. First, we designed one event-
related stimulation function (see Figure 1) and convolved it 
with hemodynamic response function (HRF) derived from 
Balloon model. The delay of HRF related to onset was 6 s 
and the length of HRF kernel was 20 s. Further, we modeled 
two more time courses with delay 10 s and 15 s; length of 
HRF kernel 18 s and 22 s; and amplitude 0.8 and 0.9, re-
spectively and all relative to the main stimulation function. 
Note, that we also included “errors” in the form of missing 
responses to the stimulus. Furthermore, time courses were 
distorted by additional Gaussian noise (zero mean, variance 
given by 20 % of the functional maximum) and sinusoidal 
drift to make them non-stationary in mean, variance and 
frequency content. Finally, when the time courses were 
already inserted into the fMRI slice series, which we con-
sidered here only as a disturbing background, each slice was 
smoothed by averaging mask of the size 3×3. This entire 
simulation process is illustrated in Figure 1. Functional data 
prepared in this way were consequently analyzed by sICA. 

B. ICA decomposition and preprocessing 

 Prior to the sICA decomposition, we had to perform 
routine data reduction over time dimension by the principal 
component analysis (PCA). Only the first 6 principal com-
ponents with the highest variance were further used for 
sICA decomposition. By using extended Infomax algorithm, 
we obtained 6 spatially independent components. The 
unique component time courses were back-reconstructed by 

Evaluation of Functional Network Connectivity in Event-Related FMRI Data Based on ICA and Time-Frequency Granger Causality 717

IFMBE Proceedings Vol. 25



the means of the de-whitening matrix (obtained during the 
PCA) and ICA mixing matrix. The results are depicted in 
Figure 2. ICA successfully decomposed our simulated data.  
 Based on visual inspection of spatial activations, the 
three component time courses corresponding to the simu-
lated regions were selected and used in AMVAR modeling. 
   

 

Fig. 1 Process of fMRI data simulation. 

 

Fig. 2 Results after ICA decomposition. Spatial maps of independent 
components (left) and their unique time courses (right). Spatial maps were 

converted to z-score and threshold at p<0.02. 

 Before we could have started with autoregressive mod-
eling, it was necessary for each time course to carry out the 
following preprocessing steps: low-pass filtering with cut-
off normalized frequency 0.25; zero-mean correction in-
cluding division by standard deviation; and resampling by a 
factor of 10. For interpolation we used a cubic method. 

C. AMVAR modeling and Granger causality 

 The first arrangement that we have to accomplish is to 
split the time courses into equal segments, using the starting 
points for these segments the event onsets (stimulation func-
tion). It is important to find the optimal window length and 
the length of the entire segment, i.e. the window trail. Here 
we consider the empirical average duration of HRF (25 s) 
and according to this, the window width (w) was selected a 
half of it, i.e. 12 s. Then the total length of segment was 
considered w + w/3 (see Figure 3).  

 

 

Fig. 3 Interpolated time courses with illustration of considered short time 
windows and their trails. 

 Once we had separated time course into set of segments 
based on timing of stimulation function, we again per-
formed mean removal and standard deviation normalization 
on each segment. Then the coefficients of MVAR model 
and spectral quantities were estimated for each window 
position inside segments. Since the causal influence (5) was 
calculated for each window position, finally we obtained a 
spectrogram of the Granger causality (Figure 4), where 
dynamic changes of causal influence between two time 
courses during the short window movement can be seen. By 
selecting the frequency profile with the maximal amplitude 
from the spectrograms, related to both tested causal direc-
tions and by their subsequent comparison, we identified the 
prevalent causal direction and also the main driving fre-
quency (Figure 5). Based on the results we confirmed cau-
sality among three brain networks that was predetermined 
by simulation.  

 Ordinary Granger’s model a priori assumes stationarity 
of data. In case of fMRI data it is not true and may lead to 
wrong identification. In contrast, our approach handles non-
stationary data and it exploits the time-frequency represen-
tation of time series to manifest causal relationship in dif-
ferent frequency bands, as well as at different time instants. 

718 M. Havlicek et al.

IFMBE Proceedings Vol. 25



 

Fig. 4 Spectrograms of Granger causality among component time courses 
3, 4 and 5. In each spectrogram, the time window center is highlighted, in 

which the maximum Granger causality was found. 

 

Fig. 5 Individual spectra of maximal Granger causality among component 
time courses (3, 4 and 5) selected from spectrograms. In the left bottom is 

the final estimated integration of functional connectivity network including 
values of Granger causality and normalized driving frequencies in the 

brackets. 

IV. CONCLUSIONS  

 We introduced the concept of the identification of 
causal influence among functional brain networks in event-
related fMRI data by combining ICA and a spectral Granger 
test through the AMVAR time series modeling over short 
overlapping time windows. On an fMRI-like simulation, we 
demonstrated that by using proper preprocessing of inde-
pendent component time courses and by the usage of ex-
perimental event onset, this method is able to successfully 
estimate the direction of causal influence among time series.  
 Finally, our method effectively minimizes the non-
stationary features of fMRI data, and thereby increasing the 
validity of estimated results. 
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Discriminant System for Severity of Prostate Tumor 
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Abstract—In this study, we make a system which automati-
cally discriminates the severity of prostate tumor. This system 
includes the automatic gland extraction and the support vector 
machine as discriminant analysis. The automatic gland extrac-
tion is difficult in recent studies because of ill-defined of glands. 
Also, support vector machine makes up for a fault of discrimi-
nant analysis, Mahalanobis' generalized distance which was 
used in recent studies. As the result of that, the rate of accura-
cy for discriminant is individually 96.0% as the first step , and 
80.9% as the second step, so we confirm the usefulness of the 
algorism used in this study. 

Keywords— prostate tumor, support vector machine, texture 
analysis, automatic extraction. 

I. INTRODUCTION  

In many countries a diagnosis support is performed for doc-
tors by computer. Those supporting systems [1][2] are mainly 
developed for mammogram and X ray CT, and breast cancer 
and lung cancer are diagnosed by both doctor and computer. 
Therefore those systems are used in some departments such as 
gynecology or respiratory disease. But we think that the diagno-
sis supporting system is not enough developed in the department 
of pathology.   

In this paper we pay attention to prostate cancer because 
more persons have cancer in step with the aging of the popula-
tion. In Japan prostate cancer [3] appears in their 70s, and this 
cancer is called cancer of senior-citizen. Since the aging popula-
tion recently increases rapidly in Japan, the early detection of 
prostate cancer is required as soon as possible. But the lack of 
pathologists is important problem for the early detection. The 
solution of the lack is the diagnosis supporting system for the 
prostate cancer. In our laboratory the diagnosis supporting sys-
tems for the glandular cancer such as gastric cancer and colon 
cancer are studied. The supporting systems obtained in those re-
searches have some problem and limitation.  

One of the problems is a discriminant method. In the pre-
vious research we use Mahalanobis distance [4] for the discri-
minant method of cancer severity, and other discriminant me-
thods are not discussed. In recent research, support vector 
machine [5]-[9] is paid attention as the method that covers the 
shortage of Mahalanobis method. Moreover, since a clipping of 
ROI (region of interest) is manually performed, it is difficult to 

make automation system. We make automation system of can-
cer diagnosis by using texture features [10] [11] and shape fea-
tures.  

II. WRITING THE PAPER 

A. Gleason Grade System 

Gleason Grade System is used the diagnosis of prostate cancer. 
In this system discrimination of severity of prostate cancer is 
performed by the shape of gland in the prostate tumor. Gleason 
Grade consist of five grades; GG1 to GG5. GG1 and GG2 are 
non-cancer, GG3, GG4 and GG5 are cancer. Specially, GG5 is 
the most serious. Rough indication of glandular shape in each 
Gleason Glade is shown below. 
 
 

 

 

 

 

 

Fig.1  Gleason Grade System 
(http://pathology2.jhu.edu/gleason/patterns.cfm  08/11/27) 

 
The glands of GG1, GG2 and GG3 gather shape as shown in 

Fig. 1. Those of GG4 and GG5 do not gather shape. 
 
B. Support Vector Machine[3] 

Support Vector Machine (SVM) used in this research is de-
scribed below.  

Training data are ),( )(
i

i yx )1( li , and pi Rx )( , 
}1,1{iy . For estimation of complex and general discrimina-

tion function, we think that input data are mapped into the high 
dimension space with the mapping pp RR

~
: . The discrimi-

nant function is )
~

))(~sgn(()( bxxf . And 
))(~( x  means inner product of ~ and )(x in pR

~~  
and Rb . Parameters )

~
,~( b for maximal margin to training 

data set are computed by the following optimization problem. 
 

GG1 GG2 GG3 GG4 GG5
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(1) 
 

 (2) 
 

(3) 
 
 
The optimization problem characterized by the above equation 

(1) to (3) is transcribed into the following dual problem by using 
Lagrange multiplier )0(i . 

    
(4) 

 
(5) 
(6)               

 
In the above equation, ))()((),( )()()()( jiji xxxxK  is 

called kernel function. In SVM parameters b
~

,~ are decided by 
solving the dual problem (4) to (6), obtaining i , and conditional 
equation. Some kernel functions are known for SVM, and we use 
Gauss kernel for our system. Gauss kernel is defined as shown 
below. 

 
(7) 

                     
 
Since our proposed system requires many class SVM, we use 

one-many method for SVM. 

III. PROPOSED METHOD 

A. Our used images for research 

In this research we use 49 images that are provided from Cancer 
Institute Hospital of JFCR. The severity of cases in those images is 
shown from the doctors of Cancer Institute Hospital. One example 
of images is shown in Fig.2. In our study, 173 glands are got out 
from those images, and each gland are analyzed for the cancer 
discrimination. 
 
 
 

 
 
 
 
 
 

Fig 2  Prostate Tumor Image 
A. Our proposed algorithm 

The flowchart of our proposed method is shown in Fig.3. 
 

<Step 1> Calculation and Selection of Texture Parameters
Sort Group(GG1 to GG3) and Group(GG4,GG5) by SVM

<Step 2> Calculation of circularity
for glandular cavity Sort Group(GG3)

Input Images

<Step 3> Automatic Extraction of gland

Gleason
Grade 1

Calculation of
Images Textures

Calculation of
Glands Textures

<Step 4> Selection of Textures Parameters
Sort GG1,GG2 and GG3 by SVM

Gleason
Grade 2

Gleason
Grade 3

Gleason
Grade 4,5

Fig.3  Flow of This Study 
 
<Step 1> We use the shape feature that the glands of GG4 and 

GG5 do not gather shape, and that the glands of GG1 to GG3 
gather shape. First, we perform texture analysis for input images, 
and divide into 2 classes (GG1 to GG3 class, GG4 and GG5 class).  

<Step 2> Next, roundness of each gland is performed. Because 
some types of glands in GG3 have a branching structure, a part of 
GG3 is discriminated in this stage. 

<Step 3> Next, automatic extraction of glands is performed by 
using assumption that each gland has a cavity of gland, cytoplasm, 
and cell nuclear in sequence from the barycenter. In our algorithm 
the intensity of each pixel of image is obtained radially from the 
barycenter of image, and the shapes are obtained by the difference 
between cavity, cytoplasm and nuclear. The coordinates of nuclear 
are computed with the intensity, and the gland shape is obtained by 
spline interpolation.  

<Step 4> Next, the feature analysis is performed for the gland 
without cavity, and finally the discriminant analysis is performed. 
 
B. Feature computation and selection 

In this research, 18 sorts of features obtained from grayscale his-
togram and co-occurrence matrix are computed in the first stage 
discrimination. Moreover some features are selected by stepwise 
method, and discrimination analysis is performed by SVM. In the 
second stage, discrimination analysis is performed by 24 features, 
which 6 sorts of nuclear features are added to the features in first 
step.  
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IV. RRESULT AND DISCUSSION 

A. Discrimination of GG4 and GG5 

The features obtained in the first stage are skewness and kurto-
sis. The result obtained by those features is shown in Table 1. The 
cross validation is performed by SVM in the result of Table 1.  
 

Table 1 Result of Discriminant Analysis  
 
 
 
 

 
 
In the above result, discriminant ratio of 95.7% is obtained in 

the first stage. The discrimination result is enough for the first state 
discrimination ratio. 
 
B. Extraction of gland 

First, a profile of intensity is made in the direction of 0 degree 
from the barycenter of gland cavity. The example of profile is 
shown in Fig.4.  In Fig.4 the horizontal axis show the coordinates 
of image in the direction of 0 degree, and the vertical axis shows 
intensity value in the coordinates.  
 
 
 
 
 
 

 
 
 

Fig.4  Profile for the Glad 
 
In Fig.4 it seems that the intensity decreases to two-stage in the 

large sense. The gradient in the figure is subjected to the difference 
of cavity, cytoplasm and cell nuclear. We found out from the 
profiles that our assumption to the intensity is effected. Here, the 
gradient of Fig.4 is smoothed by performing Gaussian filter with 

 to the original image.  
The result of gland extraction with the profile is shown in Fig.5. 

The black broad line is a gland contour obtained by our algorithm. 
It seems that the broad line covers all gland including most cell 
nuclear. From these results our proposed algorithm is valid for the 
automatic extraction of prostate gland. 

 
 
 
 
 
 
 

Fig.5  Result of Automatic Extraction of Gland 

 
C. Discrimination of GG1 to GG3 

In the second stage, short axis length of cell nuclear, kurtosis of 
gland, entropy, correlation and average density are selected in the 
discriminant algorithm. The result by performing the cross valida-
tion with SVM is shown in Table 2, using the selected features. 
 

Table 2 Result of Discriminant Analysis  
 

In the second stage, the correct discriminant ratio of GG1 to 
GG3 reached 80.9%. In the above result, images of GG2 include 
“GG1 or GG2” group and “GG2 or GG3” group. In this research, 
there are some cases that the pathologists find it difficult to recog-
nize Gleason Grade. In such meaning, our proposed method is 
valid as the diagnosis supporting system.  

V. CONCLUSIONS  

This paper deals with a discriminant system for severity of 
prostate tumor. The extraction of gland is automatically performed 
by our proposed algorithm, and the severity of prostate tumor is 
totally diagnosed. More over, discrimination method becomes 
more robust than previous system by using Support Vector Ma-
chine. As the result, discriminant ratio reached 96% in the first 
stage, and the discriminant ratio reached 81% in the second stage. 
Our proposed system is valid as the diagnosis supporting system 
from those results. 

ACKNOWLEDGMENT 

The authors are grateful to Dr. Yuichi Ishikawa and Dr. 
Kengo Takeuchi who affiliate with Cancer Institute Hospital of 

Gleason Grade 1,2,3 Gleason Grade 4.5
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(95.7%)

Gleason Grade
 1,2,3

26
(96.3%)
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Discriminated Group
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(90.8%)
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4
(4.6%)

Gleason Grade
 1

Gleason Grade
 2

Gleason Grade
 3
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(83.9%)

4
(19.0%)

0
(0.0%)

10
(11.5%)
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(38.1%)

6
(9.2%)
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JFCR and provided us prostate tumor images and those 
Gleason Grade values.  
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Abstract— Nonlinear signal processing methods were ap-
plied to oxygen saturation signals obtained from overnight 
pulse oximetry for 84 patients diagnosed for obstructive sleep 
apnea (OSA) and 58 healthy controls. The central tendency 
measure (CTM) was calculated and used to classify patients 
and controls. A modified CTM approach was developed in 
order to include the quality of apnea events into the evaluation. 
With a sensitivity of 100% and a specificity of 98.6% our study 
showed that nonlinear characteristics can provide valuable 
additional information for OSA diagnosis. 

Keywords—  obstructive sleep apnea, pulse oximetry, nonlinear 
analysis, central tendency measure 

I. INTRODUCTION  

Obstructive sleep apnea (OSA) is characterized by the 
repetitive cessation of air flow leading to hazards of noctur-
nal hypoxemia. Since OSA is among the most common 
sleep related diseases various attempts have been made to 
develop a convenient and cost effective yet reliable screen-
ing method based on the variability of pulse oximetry re-
cordings. 

Pulse oximetry signals, however, suffer from significant 
noise caused by the resolution of typically ±1% oxygen 
saturation (SaO2) [1]. With apnea events resulting in a de-
crease of minimum 4% SaO2 it is obvious, that common 
variability measures, i.e. standard deviation, are effected 
more by the level of noise rather than by the occasional 
apnea events. Nonlinear measures seem appropriate to ad-
dress this problem. 

Álvarez et al. applied various nonlinear methods to pulse 
oximetry recordings and found that nonlinear features could 
provide valuable additional information for OSA diagnosis 
[2-4]. With a sensitivity of 90.1% and a specificity of 
82.9%, one of the most promising features was the central 
tendency measure (CTM), which is based on an approach 
by Cohen et al. [5]. CTM measures the degree of variability 
by calculating the length of a vector given by the two dif-
ferences between a data point and its two adjacent neigh-
bors and calculating the ratio between vectors within and 
vectors without a given radius ρ, thus counting the number 

of events with significant slope while neglecting all jitter (or 
noise) under a given level. 

While CTM seems appropriate to solve the noise prob-
lem of pulse oximetry it does not take into account the qual-
ity of detected apnea events. Therefore, in this study, we not 
only applied CTM to diagnose OSA and optimized the 
parameters involved, but we also modified the method by 
taking into account the length of all vectors outside the 
given radius ρ. This approach is inspired by a work by 
Jeong et al. who used vector lengths in second-order differ-
ence plots for EEG analysis [6]. 

 

II. METHODS 

A sample of 84 patients diagnosed for OSA (71 male and 
13 female, 58.1 ± 11.7 years, BMI 33.5 ± 6.2) and 58 
healthy controls (33 male and 25 female, 32.5 ± 10.5 years, 
BMI 22.7 ± 2.9) was studied by nocturnal pulse oximetry 
using the Nonin WristOx 3100 portable oximeter with a 
sampling rate of 1Hz. For all patients and controls the num-
ber of oxygen desaturation events per hour (ODI) was de-
termined. 

For all OSA patients clinical findings were available. The 
clinical findings include the average number of apnea 
events per hour as well as the overall diagnosis and pre-
scription of CPAP treatment. They are based on polysom-
nography performed in a sleep lab and diagnosed by an 
experienced sleep physician. 

Patients with unclear diagnostic findings or with sleeping 
time below 3 hours were not included in this study. 

Signal variability is analyzed by means of the central 
tendency measure. As shown in Fig. 1 the CTM method is 
based on a second-order difference plot, selecting a circular 
region of radius ρ around the origin and counting the num-
ber of points inside this region. According to [5] CTM is 
defined as the number of points that fall within the radius 
divided by the total number of points:  

 
(1) 

 
 

2

1

1

2

N

i
i

CTM
N

δ
−

=
=

− ∑

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 724–727, 2009. 



where 
 

(2) 
 

and N  is the total number of points of the signal x. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Before the CTM can be calculated the data needs to be 

sampled down to a lower data rate; otherwise second-order 
differences would reflect noise rather than apnea events, 
which occur with a slew rate of approximately 1 % SaO2 per 
second. Álvarez et al. used a sampling rate of 0.2 Hz [3]. In 
order to optimize the sampling rate we used different under-
sampling factors n.  

The other crucial CTM parameter that needs to be opti-
mized is the radius ρ. ρ should be chosen as small as possi-
ble in order to be sensitive to short apnea events, yet big 
enough to exclude noise. With a noise of typically ±1 a 
radius of ρ = √2 should be appropriate. However, we used 
values from 1.0 to 3.0 in order to find the optimal radius for 
our application. 

We then modified the CTM approach by taking into ac-
count the actual length of those vectors that fall outside of 
the radius. First we calculated the average length of these 
vectors (d ), normalized by the total number of data points. 
Then we calculated the average length only of that part of 
all vectors that exceeds the radius (dout), thus weighting sta-
tistically those vectors that significantly exceed ρ. This 
seems appropriate as we consider all vectors within the ra-
dius (or the part of a vector that lies within the radius) to rep-
resent noise. Definitions of d and dout are depicted in Fig. 1. 

III. RESULTS 

Fig. 2 shows the resulting CTM values for patients and 
controls over their individual oxygen desaturation index 
(ODI) reflecting the number of apnea events per hour. 

As in all following figures only patients with an ODI ≤ 
30 are shown and used for the optimization of parameters. 
Severely ill patients with ODI > 30 can easily be diagnosed 
with any given method – it is borderline cases with an ODI 
around 10 that need to be addressed (ODI = 10 is commonly 
used as a threshold in clinical routine). 

 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

 

In order to clearly distinguish between OSA patients and 
healthy controls we need a linear correlation between ODI 
and CTM with a high gradient. Fig. 2 shows that an under-
sampling factor of n = 7 (a sampling rate of 1/7 Hz) is best 
suited to meet these requirements. 

The optimization of the radius ρ is shown in Fig. 3. Once 
again a linear correlation between ODI and CTM with high 
gradient is needed in order to clearly separate patients and 
controls.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
However it is important that the linear relationship starts 

in the upper left corner representing no apnea events (ODI = 
0). Too small a radius leads to a CTM < 1 without any ap-
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d
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Fig. 1 Second-order difference plot with radius ρ. 
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Fig. 2 CTM as a function of undersampling factor n (ρ = 1.5). 

Fig. 3 CTM as a function of the chosen radius ρ  (n = 7). 
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nea events, due to noise. When the radius is chosen too big, 
apnea events do not affect the CTM. Fig. 2 clearly shows 
that ρ = 1.5 is best suited here. 

Fig. 4 shows distance d with respect to the corresponding 
SaO2 signal for a typical OSA patient (ODI = 20.0) with the 
part of d above the radius (dotted line) representing dout. 
Clearly d and dout reflect both the number and the quality of 
apnea events while noise has little or no effect.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5 and 6 show how CTM and dout can be used to di-

agnose OSA; once again patients with ODI > 30 are not 
displayed. For both methods the resulting classification 
shows good correlation with clinical findings obtained from 
polysomnography. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

With a threshold of 0.91 CTM results in a sensitivity of 
100% and a specificity of 97.3%.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

With a threshold of 0.12 the parameter dout can classify 
patients with a sensitivity of 100% and a specificity of 
98.6%. Results for parameter d are slightly worse than for 
dout and are not displayed here. 

IV. DISCUSSION 

The nonlinear methods examined in this study show a 
high potential to support OSA diagnosis. They clearly rep-
resent the frequency (and in the case of dout the quality) of 
apnea events while being insensitive to noise. 

Specifically the CTM shows an excellent correlation with 
the ODI. This is not surprising since both measures aim at 
counting apnea events over a certain threshold while ne-
glecting the quality of the apnea events. 

The most important criteria, however, is the correlation 
with clinical findings. Here the parameter dout that was de-
veloped as a modification of the CTM approach and that 
takes into account the quality of apnea events was found to 
be superior.  

The best results were found using a radius of 1.5 % SaO2.  
This was to be expected since noise caused by the pulse 
oximeter's resolution of ±1 leads to second-order differ-
ences of √2. It is, however, remarkable that Álvarez et al. 
used a radius of only 0.25 in their CTM studies [3]. This 
difference is probably due to the fact that their preprocess-
ing of choosing the lowest data point within a 5 second 
window has low pass characteristics, thus reducing both 
noise and second-order differences of apnea events. 

With our sample of 84 patients and 58 controls conven-
tional classification based on a threshold of ODI = 10 would 
lead to a sensitivity of 93.2% and a specificity of 100%. 

Fig. 4 SaO2 signal with corresponding distance d (n = 7, ρ = 1.5). 

Fig. 5 CTM versus ODI for patients diagnosed with OSA (triangles),
patients with negative findings (diamonds), and healthy controls (circles). 

Fig. 6  dout versus ODI (same groups as in Fig. 5). 
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However, it should be noted, that for this sample a threshold 
of ODI = 7 would have been much more appropriate, result-
ing in a sensitivity of 100% and a specificity of 97.3% (see 
Fig. 5 and 6). 

V. CONCLUSIONS 

The proposed methods based on nonlinear characteristics 
of overnight pulse oximetry recordings were found to be 
useful diagnostic screening tools for OSA. Specifically for 
borderline patients with an ODI around 10 they might sup-
ply valuable additional information. 

However, it should be noted, that OSA diagnosis should 
not rely on automatically analyzed pulse oximetry alone. 
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Hepatic RF Ablation  
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Abstract—We present a model for blood clotting, induced 
by high temperatures.  The model is based on a Lattice–
Boltzmann discretization of the blood flow, together with a 
finite-difference scheme for the temperature and the coagula-
tion, the latter given by an Arrhenius law.  We discuss the use 
of our model together with a numerical simulation of radiofre-
quency (RF) ablation. 

Keywords—Blood clotting, Simulation, Lattice–Boltzmann, 
Radiofrequency ablation. 

I. INTRODUCTION  

Radiofrequency (RF) ablation is a minimally invasive 
therapy form for the treatment of tumor diseases, with a 
major focus on hepatic tumors—both primary and metas-
tatic.  A needle shaped applicator, inserted into the tumor, 
heats up the tissue by an electric current, which leads to 
protein denaturation and cell death. 

Mathematical modelling and numerical simulation of RF 
ablation, that can assist the intervention planning considera-
bly, has been subject of many publications [1, 2, 3, 4, 5]. 
During RF ablation, a number of complex physical, chemi-
cal, and biological effects occur that influence the outcome.  
The selection of effects that are taken into account by simu-
lations (and thus the complexity of the models) vary essen-
tially among the publications.  An important effect is the 
cooling influence due to the hepatic vascular system: Blood 
flow transports heat away and thus reduces the size of the 
necrosis.  Most authors classify blood vessels by their di-
ameter into “small” vessels (including those that cannot be 
seen using common imaging techniques), modeled by a 
global heat sink, and “large” vessels, that are usually as-
sumed to be indestructible.  A typical threshold for the di-
ameter is 2–3mm [6].  However, in reality, vessels may be 
occluded by clots, and the diameter cannot be the only crite-
rion that determines occlusions: The distance from the ap-
plicator will also influence this, as well as the pulsatility 
profile and possibly the duration of the ablation.  Once a 

blood vessel is occluded, no cooling effect arises any more 
from this vessel, which in turn will influence the ablation 
outcome. 

In this work, we present a first step towards the simula-
tion of the heat induced blood clotting.  Although the mod-
eling and simulation of blood clotting have been examined 
by various authors [7, 8, 9, 10], , heat as cause of the clot-
ting has, to our knowledge, not been considered so far. We 
present a simple model, based on a Lattice–Boltzmann (LB) 
scheme, that assumes a cylindrical vessel together with 
rotational symmetry.  The heating is assumed to take place 
via prescribed normal temperature gradients at the shell 
surface of the cylinder.  Also, we take pulsatility of the flow 
into account. 

In future investigations, we will use the results obtained 
with the model presented here to employ a full simulation of 
RF ablation. 

The remainder of the paper is organized as follows: In 
Sect. II, we briefly recall a mathematical model of RF abla-
tion.  The main part of the publication is formed by Sect. 
III, in which we present our Lattice–Boltzmann model for 
blood flow and blood clotting.  After presenting some nu-
merical results in Sect. IV, we give concluding remarks in 
Sect. V.  

II. A MATHEMATICAL MODEL OF RF ABLATION 

Let  be a cuboid shaped computational domain 
and , , and  the subsets that are occupied by 
blood vessels, electrodes, and applicator. The electric poten-
tial  is modeled as the solution of the elliptic partial 
differential equation [5] 

−σΔϕ(x) = 0, in Ω \ Ωpr,     
where  is the electric conductivity, together with 
appropriate boundary conditions. The electric power density 

 is then given by , where  is a sca-
lar normalization factor [5]. 
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The temperature distribution  is modelled by the 
bio-heat transfer equation [5, 11, 12] 

 

together with appropriate boundary and initial conditions.  
Here,  is the thermal conductivity,  is the native 
body temperature, and  quantifies the cooling due to small 
vessels, which are assumed to pervade the complete tissue.  
Finally, the relative tissue damage  is given by an 
Arrhenius law [13] 

   
(1)

 

where , , and  are constants. 

III. SIMULATION OF BLOOD CLOTTING WITH  LB 

A. Lattice–Boltzmann for Incompressible Flow 

For the modelling of the blood clotting, we consider a 
single, straight blood vessel and assume cylindrical symme-
try.  We follow the model of He and Luo [14] for unsteady, 
incompressible flow and consider a uniform Cartesian grid, 
at each node of which there are  pressure densities 

, of particles. The particles are moving with 
fixed velocities , given by  

 

Note that in contrast to classical LB schemes where the 
degrees of freedom represent mass densities, the incom-
pressible model by He and Luo [14] is based on an ap-
proximately constant mass density  and considers the 
pressure as an independent quantity instead. 

The  form the so-called microscopic state; each mi-
croscopic state gives rise to a macroscopic state, consisting 
of pressure  and velocity , which are given by 

 

where  is a model parameter of the LB method (speed of 
sound).  A given macroscopic state can be represented by 
several microscopic states, but for each macroscopic state 
there is a unique so-called equilibrium distribution , 

which models the long term limit for a given macroscopic 
state, after repeated collisions of particles.  It is given by 

p(0)

α = wα

(
p + ρ0c

2

s

(
3(eα · u) +

9
2
(eα · u)2 −

3
2
(u · u)

))
,

wα =

⎧⎪⎨
⎪⎩

4

9
, α = 0,

1

9
, α = 1, 2, 3, 4,

1

36
, α = 5, 6, 7, 8.  

A time step of the Lattice–Boltzmann scheme now consists 
of two sub-steps: an advection step of the particles along 
their respective velocities  (where the lattice units are 
chosen such that all particles happen to arrive exactly at grid 
nodes); and a collision step in which each microscopic  
state  is replaced with a convex combination of  and 
the corresponding equilibrium distribution . The  
coefficient of the convex combination is specified by the 
viscosity. 

B. Heat Transfer and Coagulation 

In our model, heating of the blood vessels is solely in-
duced via the boundary conditions.  The temperature equa-
tion hence reads 

                  (2) 
where  is the macroscopic velocity (see above). 

We discretize this equation using finite differences in 
space (on the same grid on which also the LB scheme is 
carried out) and forward Euler in time.  For the advection 
term , the upwind direction is taken into account. 

The coagulation is computed in an operator splitting 
manner, employing (1) and the advection equation 

 
Which is discretized analogously to (2). 

C. Cylindrical Symmetry 

Let us denote by  the longitudinal and by  the radial 
coordinate (where  corresponds to the center of the 
cylinder).  We align the grid such that there are no nodes on 
the center line; rather, the inner-most grid nodes are located 
half a grid spacing distant from the center line. 

The transformation to cylinder coordinates leads to 
source terms in the scheme.  For the incompressible LB 
scheme, these source terms have been published e. g. by 
Lee et al. [15].  For the heat transfer, the source term is 
given by  (to be added to the left hand side of 
(2)), while no change at all arises for the coagulation. 
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D. Boundary Conditions and Clotting 

The boundary conditions were implemented using the 
ghost cell approach, i. e. one layer of grid nodes is added at 
all boundaries of the computational domain, which are filled 
with certain values before each time step.  At the center of the 
vessel, we use symmetric boundary conditions for all quanti-
ties; the remaining boundary conditions are as follows: 

• For the temperature, we use fixed values at the 
inflow ( ), zeroth order extrapolation 
at the outflow ( ), and a user-defined 
normal derivative along the shell surface 
( ). 

• Analogously, for the coagulation, we used 
 at the inflow and  at the out-

flow. Along the shell surface, no boundary con-
ditions are required since the  component of  
should vanish there. 

• The inflow and outflow boundary conditions for 
the pressure densities  are implemented fol-
lowing the ideas of Chen et al. [16], but obeying 
the observation of Guo et al. [17].  In other 
words, we use zeroth order extrapolation for the 
ghost nodes together with a modification of the 
computation of the macroscopic quantities on 
the outer-most computational layer.  That is, for 
these nodes, although the velocity  is computed 
as usual, the pressure  is set to a fixed value, so 
that the difference of the pressure values at the 
inflow and outflow boundaries induces the flow.  
To model pulsatile flow, this difference has 
been chosen to be time dependent. 
On the shell surface, we use the well-known 
bounce-back rule, i. e. the ghost layer is filled 
with particles that move in the opposite direc-
tion of the particles on the outer-most computa-
tional layer. This results in a no-slip boundary 
condition for the flow. 

Whenever the coagulation  in any grid node exceeds a 
certain threshold , the blood in this node is assumed to be 
clotted.  In this situation, the respective grid node is no longer 
considered to be part of the computational domain for the flow 
equation.  Instead, it is handled as an additional ghost node and 
filled with ghost values using the bounce-back rule.  However, 
the node continues to be considered as a normal node (with 

) for the temperature and coagulation equations. 

IV. FIRST NUMERICAL RESULTS 

We applied the scheme to a vessel segment of 5cm length 
and 1mm diameter.  The normal temperature gradient at the 

shell surface, , was set to   along the middle 
3cm of the tube and 0 elsewhere.  The grid spacing was 
0.03mm, and the time step size was .  We made 
numerical experiements with three different pulsatility pro-
files to simulate the arterial, the portal venous, and the he-
patic venous system of the human liver.  All profiles have 
been created as to visually match the data measured by 
Taylor et al. [18].  The details (cf. Fig. 1) are: 

 

• For the arterial (HA) system, we let the average 
flow velocity increase linearly from  to 

 within the first  of each phase, then 
decrease linearly to  within the next  
of the phase, and finally decrease linearly to 

 again in the remainder of the phase.  The 
pulse frequency was 70 beats per minute. 

• For the portal venous (PV) system, we used a 
constant flow velocity of . 

• For the hepatic venous (HV) system, we parti-
tioned each phase into three equal parts, in each 
of which the average flow velocity increases 
linearly from 0 to  and then decreases 
linearly back to 0.  In one of the three parts, the 
direction of the flow was reversed (backflow).  
The pulse frequency was again 70 beats per 
minute. 

As a result, the flow in the hepatic venous vessel was essen-
tially undisturbed for about the first 3.5s, followed by 
growth of clots at the boundary, until after a total time of 
4.65923s the vessel was occluded.  Figure 2 shows the 
growing clot at selected time levels.  The other two vessels 
did not occlude during the whole simulation time of 100s. 

V. CONCLUSIONS AND FUTURE WORK 

We presented a model for heat induced blood clotting, 
using a Lattice–Boltzmann scheme.  We assumed a cylin-
drical symmetry around the cessel centerline.  In our model, 
the clotting process follows the same Arrhenius law as the 

 
Fig. 1 Flow profiles that we used for the three vascular systems 
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protein denaturation of liver parenchyma.  In future investi-
gations, we plan to use different models that consist of a 
temperature-based vessel wall damage model and an adhe-
sion model (cf. Fogelson et al. [7] or Harrison et al. [10]).  
An evaluation using appropriate clinical experiments should 
be performed as well. 

Once a reliable model has been found, we will create a 
look-up table for vessel occlusion.  This allows us to pa-
rametrize the occurence and the grade of occlusion, depend-
ing on various anatomical and physical parameters such as 
vessel type, vessel diameter, and temperature gradient.  Our 
long term goal is to use this table in a simulation model of 
RF ablation, in order to detect vessel occlusion (within the 
simulation of RF ablation) and to accordingly incorporate 
this in the prediction of the ablation outcome. 
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Abstract— Although “minimal model” are widely used in 
physiological research on the metabolism of glucose, it may 
have an unbounded solution, which is not possible to occur in 
any model. To solve the problem, a modified minimal model 
was proposed by replacing the third equation in the minimal 
model. Some computations indicated that model fitted the data 
slightly better than the minimal model did, and a series of 
mathematical analysis shown that solutions of new model have 
three desirable characteristics stability, positivity and 
boundedness. In conclusion, the modified minimal model is 
reasonable and acceptable.  

Keywords— glucose-insulin dynamical systems, the minimal 
model, global stability. 

I. INTRODUCTION  

 The measurement of insulin sensitivity in humans from a 
relatively non-invasive test procedure is being felt as a 
pressing need, heightened in particular by the increase in the 
social cost of obesity-related metabolic diseases. 
Consequently, the modeling of the glucose–insulin system 
has become a topic of intense interest and research. Many 
models have been presented as described in a survey by 
Makroglou et al. [1], in which most of the models proposed 
in the literature in the last decades can be found. The most 
widely used model in physiological research on the 
metabolism of glucose is the so-called “minimal model”, 
which describes intra venous glucose tolerance test (IVGTT) 
experimental data well with the smallest set of identifiable 
and meaningful parameters [2,3]. 

The minimal model takes the form of [4] 

1 1 0

2 3

4 5 6 7

'( ) [ ( )] ( ) , (0) ,

'( ) ( ) [ ( ) ], (0) 0,

'( ) ( ( ) ) ( ( ) ), (0) .

b

b

b b

G t p X t G t p G G p
X t p X t p I t I X
I t p G t p t p I t I I p I

           (1) 

where  if  and 0 otherwise. 

Here G(t) [mg/dl] and I(t) [ UI/ml] are the plasma glucose, 
insulin concentration at time t [min], respectively. The X(t) 
[min 1] is an auxiliary function representing insulin excit-
able tissue glucose uptake activity,  roughly proportional to 
insulin concentration in a “distant” compartment. The Gb 

[mg/dl], and Ib [ UI/ml] are the basal levels of glucose and 
insulin concentrations, respectively. Refer to [4] for the 
meanings of the parameters p0, p1, p2, p3, p4, p5, p6, and p7, 
which are constants. 

,)())(( 55 ptGptG 5)( ptG

Though the above minimal model has minimal number of 
parameters (p0 p7) and has been widely used in
physiological research works,it has the following drawbacks 

[4]. The fitting process of the parameters is divided into two 
separate stages. First, the recorded insulin concentration is 
used as given input data in order to derive the parameters of 
the first two equations in the model. Second, the recorded 
glucose concentration is used as given input to derive the 
parameters of the third equation. However, the system is an 
integrated physiological dynamic system. It should be 
treated as a whole and the parameter fitting process should 
be conducted in a single-step. Consequently, De Gaetano 
and Arino[4] introduced the following aggregated delay 
differential model which they named it as “dynamic model.” 
It takes the form of 

5

1 4 7

6
2 3

5

'( ) ( ) ( ) ( ) , (0)

'( ) ( ) ( ) , (0) ,

b

t

bt b

G t b G t b I t G t b G G b
b

0

0I t b I t G s ds I b b I
b

                    (2) 

where ( ) bG t G , for 
5[ ,0t b ] . As in the minimal model, 

G(t) [mg/dl], I(t) [ UI/ml] is the plasma glucose, insulin 
concentration at time t [min], respectively. The Gb, Ib, b0, b1, 
b2 and  are the same as or similar to those Gb, Ib, p0, p1, 
and p2 in the minimal model with the same units. The b4, b5, 
b6, and b7 are constants, for the meaning of them we refer to 
[4]. 

3b

Li, Kuang, and Li [5] believed that while the dynamic 
model solves the problems of minimal model, it implicitly 
or explicitly made a few assumptions that may not be 
necessary or realistic. Specifically some of the interaction 
terms are too special and thus too restrictive. For example, 
the term b4I(t)G(t) assumes mass action law applies here. 
By replacing this term by b4I(t)G(t)/( G(t)+1), Li, Kuang, 
and Li [5] proposed a  more popular, general and realistic 
model, which  includes the “dynamic model” (2) as a 
special case. Also, there are several models proposed in 
journals, such as [6-8]. Those models are more complicated 
than model (1).  

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 
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As A. Boutayeb and A Chetouani (2006, [9]) pointed out: 
Mathematical models constitute interesting tools for the 
understanding of diseases. They provide insights, improve 
intuitions, clarify assumptions for formal theory. In addition, 
they allow for planning studies, estimating parameters, 
determining sensitivities, assessing conjectures, simulating 
simple and complex phenomena and providing future 
predictions. In the case of diabetes, simple and 
comprehensive models dealing with different aspects of the 
disease have been used during the last three decades. In 
general, simple models are so simple as to be inadequate but 
they have the advantage of using a small number of 
identifiable parameters. Comprehensive models try to 
represent the system (biological, clinical, etc...) by taking 
into account all interactions, which makes them very 
complex and generally unidentifiable. The dynamic model 
(2) is the form of integro-differential equations, which is 
more complicated than the form of ordinary differential 
equations.  

Therefore, the aim of this paper is to present a minimal 
model, which is almost the same to the model (1) except for 
the third equation. The boundedness of the solutions and the 
stabilities of the steady state of this modified model will be 
investigated in next sections.  

II. THE MODIFIED MINIMAL MODEL  

The third equation of model (1) is chosen by [2] from the 
six mathematical representations for the highly variable 
plasma insulin dynamics. It takes the form of  

'( ) ( ) ( ),I t IDR t nI t                                                          (3) 

with satisfying the following, respectively: ( )IDR t

( ) [ ( ) ],bIDR t G t G                                                         (3a) 

( ) ( ( ) ) ,IDR t G t h t                                                      (3b) 

( ) ( ), '( ) ( ) ( ( ) ) ,bIDR t y t y t y t G t G                   (3c) 

( ) ( ), '( ) ( ) ( ( ) ) ,IDR t y t y t y t G t h                     (3d) 

( ) [ ( ) ] ( ), '( ) ( ) ( ( ) )b bIDR t G t G y t y t y t G t G (3e) 

( ) [ ( ) ] ( ), '( ) ( ) ( ( ) )IDR t G t h y t y t y t G t h ,     (3f) 

The best one chosen by [2] is (3b) according to 
identifiablity, plausibility of parameters, goodness-of-fit, 
and statistical characteristics of error. However, the 
problems founded by [4] are due to the term ( ( ) )G t h t  in 

model (1).   In fact, this term can be replaced. Motivated by 
(3c)-(3f), we propose the model 

( ) [ ( ) ] ( ), '( ) 1 ( ),IDR t G t h y t y t y t                             (4) 

Since, for sufficiently small 0 , ( )y t t , but does not 

equal to t . Thus we provide the modified minimal model:  

1 1

2 3

4 5 6

'( ) ( ( )) ( ) ,

'( ) ( ) ( ( ) ),

'( ) ( ( ) ) ( ) ( ( ) ),

'( ) 1 ( ).

b

b

b

G t p X t G t p G
X t p X t p I t I
G t p G t p Y t p I t I
Y t Y t

                        (5) 

where  if  and 0 otherwise. 

The initial conditions are as following 
,)())(( 55 ptGptG 5)( ptG

0(0) , (0) 0, (0) , (0) 0.bG p X I I p Y7
                    (6) 

The sums-of-squares of the difference between observed 
and predicted insulin values by model (4) are smaller than 
those by model (3b), where the observed data in [2] were 
applied, and the values of is in the interval [0.0001, 
0.0601]. This indicates that the goodness-of-fit of the model 
(5) is slightly better than the model (1). 

The model (5) is almost the same with the model (1), 
except for the third equation. Moreover, for sufficiently 
small 0 , ( )y t t , but does not completely equal to t . 

Thus, these two models should have similar features. Using 
six set of data provided in [2] and the same algorithm, the 
parameters of the model (5) and model (1) were estimated, 
respectively. Compared with the parameters of the model 
(1), the parameters of the model (5) varied slightly. The 
relative errors of the parameters h, p4, p6, and I0 in each data 
set are listed in Table 1, from which we can see that the 
difference between the model (5) and model (1) has little 
effect on the parameters. So the model (5) should also have 
the merits of the identifiability and plausibility of 
parameters and statistical characteristics of error. In addition, 
the boundness of the model (5) is discussed in the next 
section. 

Table.1. The relative errors of the parameters estimated by the  (5) and (1) 

Data set h P4 P6 I0 
1  0 -0.2263 -0.152 -0.174 
2 0.028 -0.0828 -0.001 0.0105
3 0.153 0.82 0 0.3104
4 0 -0.0012 0 0.0001
5 0.02 -0.0057 0.8545 -0.014
6 0.036 0.88025 -0.333 0.5368
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III. RESULTS 

A. Boundedness of solutions 

Any solution ( (  of (5) with  ), ( ), ( ), ( ))G t X t I t Y t (0) 0,G
(0) 0I and  is ultimately bounded, and so 

is the solution of (5)-(6). 
(0) (0) 0X Y

In fact, By the third equation of (5), obviously, 
, one can get that the following 

inequality 
( ) (1 ) / 0tY t e

4 5 6 6'( ) ( ( ) ) ( ) ( ( ) ) ( ( ) ).b bI t p G t p Y t p I t I p I t I  

It follows that there is a sufficiently large such that 1 0T

1( ) , .bI t I for t T

1

2

2

2

                                               (7)  

By the second equation of (5), we obtain that  

2 2 2'( ) ( ) ( ( ) ) ( ), ,bX t p X t p I t I p X t for t T  

which implies that  as ,where 

 is a constant. Thus there exists a number   

such that 

2( ) 0p t
aX t X e t

0aX 2 1T T

2( ) 0, .X t for t T                                               (8)  

Thus (  is a positive solution for  

The first equation of (5) gives that  
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3T T
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Solving the third equation of (5) gives that  
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Since for , 4t T

2 3 2 3'( ) ( ) ( ( ) ) ( ) ( ),b MX t p X t p I t I p X t p I I   

it is easy to know that 

3
5 4

2
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M
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p
T T                       (11) 

Thus solution (  is ultimately bounded 

by (7)-(11) and 

( ), ( ), ( ), ( ))G t X t I t Y t
( ) (1 ) /tY t e 0 . The proof is 

completed.  
 
B. Stability of the steady state 

According to [2], 5p is a critical value of plasma glucose 

at which glucose begins to have a marked influence on the 
magnitude of the second phase. In this section we assume 
that 

5pGb . Let  

1 5

2 5

{( , , , ) : 0 . 0, 0, 0},

{( , , , ) : . 0, 0, 0}.

D G X I Y G p X I Y
D G X I Y G p X I Y

 

It is obvious that point ( ,0, ,1/ )b bG I is a steady state of 

system (5) in domain
1D if , and that there is no 

steady state in domain 
5pGb

2D .  

Let  

, , , 1/b bG G g X x i I I Y y ,  

The system (5) in 
1D can be rewritten as 
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Take the following function as Liapounov’s function 

,),,,( 2222 yixgyixgV  

where ,and )2/( 21
2 ppGb  is positive number such 

that 2
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3
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2

(12) 1

2 3 6

2 2 2
1 2 3 6

2 2 2 2
2 6 1 3

' | ' ' ' ' 2 [ ]

2 [ ] 2 [ ] 2 [ ]

2 2 2 2 2 2

2 0, 4 .

g x i y b

b

b

V V g V x V i V y g p g xg G x
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p g G xg p x p xi p i y

y for p p p p G
0, ,1/ )b bG IThe stability of ( ,  in 

1D follows from the 

Liapunov’s theorem. Any solution with initial data in
2D , 

by (9), will eventually goes cross . Then it will be 

attracted to the steady state ( ,
5G p

0, ,1/ )b bG I . Therefore 

steady state ( ,0, ,1/ )b bG I is globally stable. This 

completes the proof. 

IV. DISCUSSION AND CONCLUSIONS 

In the proceeding sections we proposed a modified 
minimal model, which is almost the same to the minimal 
model (1) except for the third equation. Data analysis 
showed that the parameters estimated according to these 
two models varied slightly (with small relative errors). 
Therefore the modified minimal model (5) should also have 
the merits of the identifiability and plausibility of 
parameters and statistical characteristics of error.  

We also applied mathematical methods to prove that 
model (5) is a bounded system and that the steady state 
( ,0, ,1/ )b bG I  of model (5) is globally stable if 

5bG p . 
In this case, the modified model (5) admits only one steady 
state, which represents the resting, basal glucose and insulin 
values for the subject. The stability of the model around this 
point is assured, with small coefficients of variation and 
good overall fitting to the experimental observations. 

 However, the modified minimal model (5) depends on 
nine parameters, which is one more than the minimal model 
(1). Since the data of experiment on which the parameters 
are estimated consists of about twenty points for glucose 
and insulin, estimating nine parameters is a major 
experimental cost which we would try to avoid. In fact, we 
should like to reduce the number of parameters needed to 
model the experiment. Or, we should need to show that it is 
reliable to estimate the parameters , by which one 

gets insulin sensitivity and glucose effectiveness, where the 
recorded insulin concentration is used as given input data in 
order to derive the parameters of the first two equations in 
the model (5). 

1 2 3, ,p p p

Although further work on estimation has not yet been 
carried out, the modified minimal model (5) presented here 
may be not only a working approximation to a structure 

which diabetologists and physiologists might consider 
acceptable, because model (5) is almost the same to the 
minimal model, and possess desirable characteristics, such 
as stability, or positivity of solutions, or boundedness of 
solutions, which are decided by its structure.  

  

ACKNOWLEDGMENT 

Financial support for this work was provided by Beijing 
Municipal Education Commission Foundation with No. 
KM200810025020. 

REFERENCES  

1. Makroglou A, Li J, KuangY. (2006) Mathematical models and 
software tools for the glucose-insulin regulatory system and diabetes: 
an overview. Appl Numer Math 56:559–573 

2. Bergman R N, Ider Y Z, Bowden C R et al. (1979) Quantitative 
estimation of insulin sensitivity. Am J Physiology 236:E667-E677 

3. Toffolo G, Bergman R N, Finegood D T et al. (1980) Quantitative 
estimation of beta cell sensitivity to glucose in the intact organism. 
Diabetes 29:979-990 

4. Gaetano A De, Arino O. (2000) Mathematical modelling of the 
intravenous glucose tolerance test. J Math Biol 40:136–168 

5. Li J, Kuang Y, and Li B. (2001) Analysis of IVGTT glucose-insulin 
interaction models with time delay. Discrete And Continuous 
Dynamical  System. Ser B 1:103-104 

6. Panunzi S, Palumbo P and De Gaetano A.(2007) A discrete Single 
Delay Model for the Intra-Venous Glucose Tolerance Test. 
Theoretical Biology and Medical Modelling 4:35, at  
http://www.tbiomed.com/content/4/1/35 

7. Palumbo P, Panunzi S and De Gaetano A. (2007) Qualitative behavior 
of a family of delay-differential models of the glucose–insulin system 
Contin. Dyn. Syst. Ser. B 7:399–424 

8. Gianga D V, Lenbury Y, De Gaetano A eta l. (2008) Delay model of 
glucose–insulin systems: Global stability and oscillated solutions 
conditional on delays.  J Math Anal Appl 343: 996–1006 

9. Boutayeb D T, Chetouani A. (2006) A critical review of mathematical 
models and data used in diabetology. BioMedical Engineering 
OnLine,5:43  at http://www.biomedical-engineering-
online.com/content/5/1/43 

* The corresponding author: 

Author: ZhiCheng Liu 
Institute: School of Biomedical Engineering, Capital Medical 

University 
Street: No.10 Xitoutiao, You An Men 
City: Beijing 
Country: People’s Republic of China 
Email: zcliu@ccmu.edu.cn 
 

 
 

IFMBE Proceedings Vol. 25

A Simple Modified Minimal Model 735



Pattern Recognition and Feature Selection for the Development of a New Artificial 
Larynx 

Megan J. Russell1, David M. Rubin2, Tshilidzi Marwala3,*, Brian Wigdorowitz4 

1 School of Electrical and Information Engineering, University of the Witwatersrand, 
Johannesburg, South Africa, 2050. m.russell@ee.wits.ac.za  

2 University of the Witwatersrand, Johannesburg, d.rubin@ee.wits.ac.za  
3 University of the Witwatersrand, Johannesburg*, tmarwala@gmail.com 

4 University of the Witwatersrand, Johannesburg, b.wigdorowitz@ee.wits.ac.za 

*Abstract––A palatometer system is used to read in tongue-
palate contact patterns made during speech. The purpose is 
ultimately to develop an artificial larynx which will operate by 
determining the intended speech, and then synthesising the 
voice in a way that will hopefully mimic the user’s pre-
laryngectomy sound.  

This paper describes the pattern recognition and feature 
selection techniques used to extract information from the 
tongue-palate contact patterns, and the effects the various 
methods have on the classification results. Training and testing 
datasets were constructed using 50 common words. The 
following feature extraction methods were used on the 
datasets: Principal Component Analysis, Fourier Descriptors, 
Correlation, Image Properties and Generic Fourier 
Descriptors. Once the features were extracted they were then 
used as input to a Multi-Layer Perceptron (MLP) Neural 
Network.  

The best MLP-based classification rate for the testing 
dataset was 78%, and this was achieved with the input of 
Correlation Coefficients. Further research will be conducted to 
try to improve these classification rates using a voting scheme, 
and possibly the application of word context. 

 

I. INTRODUCTION 

The loss of the ability to communicate vocally is a life 
changing disability. Approximately 136 000 new cases of 
laryngeal cancer are diagnosed each year [1]. Patients with 
advanced cancer will often have to undergo a laryngectomy in the 
course of their treatment. Currently those patients have three main 
vocalisation options available to them: Oesophageal Speech, the 
Electrolarynx and Tracheoesophageal Speech [2]. All of  
these methods have problems associated with them and a 
significant number of people (7-40%) never regain natural 
sounding speech [3]. 

The Biomedical research group at the University of the 
Witwatersrand is currently developing a new type of artificial 
larynx. This new artificial larynx uses a palatometer to detect 
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tongue-palate contact during speech [4]. These contact signals are 
then processed and sent to a Multi-Layer Perceptron (MLP) for 
classification (see Figure 3). Ultimately, it is intended that the 
classified words will be output using a speech synthesiser that will 
use other physiological signals from the user to make the speech 
sound natural and similar to the user’s pre-laryngectomy voice. 
This paper concentrates on feature extraction from the tongue-
palate signal and how different feature extraction techniques 
impact on the MLP Neural Network’s performance. 

A. Equipment and Data Collection 

The palatometer system (comprising a pseudopalate and a 
signal processing box) used is from LogoMetrix (Arizona). It 
consists of a custom-made pseudopalate with 118 gold touch 
sensors spread out over the palate. This pseudopalate is then 
connected to the signal processing box, which contains various 
signal processing electronics. Data from the palate is sampled at 
100Hz.   

Table 1 Showing the 50 words chosen 

the if day take small 

and will come place large 

is about did live spell 

that many sound through big 

was then number just change

for them call form kind 

I write first great picture 

they like down same animal 

have long side sentence head 

time make been three stand 

The computer used has an Intel Core Duo 2.66GHz CPU with 
3.23GB of RAM. MATLAB® Version 7.6.0.324 (R2008a) was 
used with NETLAB (free downloadable MATLAB software for 
data analysis and neural network implementation [5]). 50 common  
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English words (Table 1) were selected to test and train the MLP. 
One person read in each of the words 20 times to create the 
training dataset. A test dataset was also created, containing the 50 
words recorded another 4 times. Thus datasets of 1000 training 
cases and 200 test cases were created. 

B. Feature Extraction 

The data from the palatometer can be displayed as a binary 
“space-time” image [4]. Visually, the most distinctive difference 
between the different words is their shape. Thus shape descriptors 
were investigated. Shape descriptors can be divided into two main 
groups; Contour-based and Region-based [6]. This classification is 
determined by the manner in which the algorithm extracts data 
from the shape, i.e. whether it uses only the circumference 
(Contour-based) or the whole shape (Region-based).  

 
 
 
 
 
 
 
 
 

In most shape description applications, rotational, 
translation, scale and affine transformations should not 
affect the shape descriptor [6]. However in this application, 
transformations of this type would indicate a different word. 
Thus a large number of common shape descriptors which 
are transformation independent are unsuitable for use in this 
application.  

The following image descriptors and data reduction 
techniques were implemented to find the best results when 
used as input to the MLP (See Figure 3): 

 
1. Principal Component Analysis (PCA): This is a data 

reduction technique which has many uses in image processing 
e.g. face recognition [7]. PCA compresses data and highlights 
patterns and dissimilarities in it. The first 40 Principal 
Components of each word were used. 

 
2. Fourier Descriptors: In this method a shape signature of the 

image is found, and then converted to the frequency domain. 
The low frequency signals represent the general shape of the 
object whereas the high frequency signals give more 
information about the details of the object [8]. Ten Fourier 
Descriptors are generally sufficient to describe a shape [6]. 

 
The complex coordinate function, z(k), was used to find 

the shape signature of the words [8]: 
 

  
 
   Where (xc, yc) is the centroid of the object and  

(xk , yk) are points on the boundary of the object. The Fourier 
Transform is then applied to z(k) and the Fourier Coefficients 

( ) ( ) ( )z k x x j y yc ck k= − + −

Feature 
Extraction MLP 

Palatometer 
data 

Classified 
Word

Figure 3: General Outline of System 

Fig. 2 A space-time plot of the word ”picture”  

The word "picture"
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Fig. 1 a) Screen shot of the LogoMetrix system showing 
placement of sensors on the LogoMetrix pseudopalate. b) The 
LogoMetrix system showing the pseudopalate and the palatometer 
(Taken from [3]) 
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are used. This method has been shown to outperform other 
boundary-based methods, both in terms of its efficiency and 
its accuracy [8]. 

3. Correlation: Correlation between the image f(x,y) and the 
subimage w(x,y) is given by [9]: 

( , ) ( , ) ( , )
s t

c x y f s t w x s y t= + +∑∑  

 
for x = 0,1,2,...M-1, y=1,2,3,...,N-1, and the summation is 
taken over the image region where w and f overlap. In this 
application, templates of each of the words were created by 
aligning and averaging a number of binary space-time plots 
for different cases of the same word. This gives rise to an 8-
bit greyscale space-time plot.  These templates could then be 
correlated against an unknown word, and the template that 
has the highest correlation coefficient is assumed to be the 
closest match to the unknown word. Correlation was used for 
two different approaches: 
• Correlation Number: This is the number of the template 

(from 1-50) that matches the unknown word most 
closely. 

• Correlation Coefficients: These are the correlation 
coefficients of the unknown word against each of the 
templates.  

4. Image Properties: MATLAB was used to identify a number of 
different image properties. The following thirteen properties 
were used in various combinations or all together: 

• Area 
• Euler Number 
• Centroid on X axis 
• Centroid on Y axis 
• Major Axis Length 
• Minor Axis Length 
• Eccentricity 
• Orientation 
• Convex Area 
• Filled Area 
• Equivalent Diameter 
• Solidity 
• Extent 

 

5. Generic Fourier Descriptor (GFD): The GFD is found by 
taking the Fourier transform of a polar-raster sampled image 
[10]. It’s equation is given as follows [6]: 

Where 0 r R≤ < ,  

(2 / )i Tiθ π= , 0 i T≤ < , 0 Rρ≤ < , and 0 Tφ≤ < . R 

and T are the radial frequency resolution and angular 
frequency resolution respectively. The normalised 
coefficients give the GFD. This method is preferred over a 
number of other shape descriptors, according to [6]; it 
outperforms Fourier descriptors, Zernike moments, geometric 
moments and grid methods.  

C. Multi-Layer Perceptrons (MLP) 

The MLP is one of the most commonly used neural network 
architectures [11] and had been recognised by some authors as one 
of the best neural networks architectures for classification 
problems [12]. However, rapidly advancing techniques in 
Artificial Intelligence may supersede this approach. This two-layer 
feed forward neural network was implemented using NETLAB. 
The MLP was trained with a number of different hidden nodes, 
depending on the number of inputs. A logistic activation function 
was used and it was optimised using a scaled conjugate gradient.  

Each of the different shape description techniques were run on 
the training datasets. These were then used as input to the MLP. 
The performance of the MLP was judged on how well it classified 
the testing set. 

D. Results and Discussion 

By pure chance, there is a one-in-fifty probability (2%) of 
randomly getting the correct result.  

Principal component analysis gave disappointing results. When 
the 40 Principal components of each word in the training set were 
correlated against each other many unrelated words had very high 
correlation. This suggests that PCA is unsuitable as a data 
reduction technique of palatometer data. This may possibly be due 
to the data not being linear and therefore not being linearly 
decomposable. 

Fourier Descriptors alone are also not very promising (as seen 
in Table 2). This is probably due to the fact that the shapes in the 
space-time plots are very complex and contain many parts.  
Generic Fourier Descriptors also performed poorly for a similar 
reason as well as the fact that the shape has to be positioned at the 
centre of mass, which destroys any spatial information contained 
in the image. 

The four image descriptors used were: Area, Euler number, 
centre of mass on the X axis and centre of mass on the Y axis. 
These performed poorly, however as soon as the correlation 
number is added the performance increases. This is mirrored in the 
13 image properties’ results. 

 
 

2
( , ) ( , ) exp 22

r i
PF f r jir i R T

π
ρ φ θ π ρ φ∑ ∑= +
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The MLP produces the best results when using Correlation 
Coefficients obtained by convolving each test word against the 
templates and using those results as the input to the MLP. Various 
combinations of inputs were also tried. 

Table 2 Classification results of the different image descriptors used as 
input to the MLP 

Input data 
Best MLP 

classification 
success rate 

PCA 8% 

Fourier descriptors 22.5% 

Generic Fourier Descriptors  38% 

4 image properties 31% 

13 image properties 45% 

Correlation Coefficients   78% 

 

Combinations  

4 image properties and correlation 
number 71.5% 

13 image properties  and 
correlation template number 67% 

Fourier descriptors and correlation 
number 50% 

Fourier descriptors and 4 image 
properties and correlation number 60% 

II. CONCLUSION 

Tongue-palate contact patterns contain enough information for 
the 50 selected words to be classified. It is anticipated that the 
classification rate can be improved by using a voting scheme and 
possibly a predictive scheme using the context of the words and 

this will form the basis of continued research. 
Feature extraction from the tongue-palate contact information 

has proven difficult, as the space-time plot is not an ordinary 
image. Even though the best classification results were not very 
high the use of the MLPs in a voting algorithm may prove to 
provide even better results. 
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Abstract – This paper concerns the electrochemical modeling

of vascular smooth muscle cells. The aim is to describe the in-

fluence of cell stretch on the intracelluar calcium concentration.

A state-of-the-art cell model is extended by a stretch-activated

sarcolemmal channel. Two representations for this channel are

developed which describe several electrical and chemical cell

membrane properties. The unknown parameters of the new

channels are identified by comparing the simulation results

with experimental data. The extended cell model shows a

typical transient behavior for stretch stimulation. As the most

important characteristic it reflects the generation of action

potentials induced by cell elongation.

Keywords – Vascular smooth muscle cells, electrochemical cell

model, cell stretch, intracellular calcium concentration, action

potential

I. INTRODUCTION

For the investigation of mechanical stimulation of vascu-
lar smooth muscle cells, two possible approaches exist: the
stimulation by stress or by stretch. During the last decades,
many scientists have investigated the influence of physical
stress on vascular smooth muscle cell behavior generated by
luminal pressure. Simultaneously, different research groups
have found evidence for cell stretch inducing myogenic con-
traction by stretching different kinds of single smooth mus-
cle cells in vitro, e.g. [1], [2] and [3]. These experiments
showed membrane depolarization caused by calcium Ca2+

influx, suggesting that the change of intracellular Ca2+ con-
centration is essential for myogenic contraction.

� [Ca ]
2+

i

Fig. 1 Block diagram of the smooth muscle cell

The aim of this paper is to describe the relation between
the cell stretch λ as input and the intracellular calcium con-
centration [Ca2+]i as output as shown in Figure 1. To reach
this goal, new stretch-dependent sarcolemmal channels are

suggested to adapt the simulated response of a state-of-the-
art model of a vascular smooth muscle cell to measured data.

II. METHOD

The starting point of the investigations is the mathemat-
ical model of a vascular smooth muscle cell proposed by
Yang et al. in [4]. As this study concerns the influence
of stretch stimulation on intracellular calcium concentration,
just the electrochemical subsystem including the membrane
model is of interest, referred to as the Yang model in this pa-
per. This model includes a mechanosensitive channel whose
activation depends on cellular stress. To replace stress by
stretch as the main stimulus on the cell, the Yang model is ex-
tended in this paper by a stretch-activated sarcolemmal chan-
nel. That means, the cell behavior is modelled by replacing
the mechanosensitive channel by a stretch-activated one.

To this end, two different channel models are implemented
referred to as the Chemical Channel model and the Electrical
Channel model in accordance to their properties. Following
[4], the behavior of each channel model is described by the
currents through the corresponding channel and the channel
activity is calculated by an open channel probability Pm. The
former model is based on the mechanosensitive channel des-
cribed in [4] which uses the ion concentration gradients to
represent the strength of the currents. In contrast, the latter
channel model is based on a mechanosensitive channel des-
cribed in [5] where the stretch-induced currents through the
channel depend on the maximum channel conductance and
the reversal potential of the channel. Although stretch λ and
strain ε are not linearly dependent in case of large deforma-
tion, the linear dependency ε = λ − 1 is assumed for easier
comparison with literature.

The parameters of the new model parts are identified by
using an evolutionary strategy and a gradient-based algorithm
as identification methods. Measurement data from [1], [2]
and [3] serve as reference.

III. RESULTS

A. Chemical Channel model

To adapt the channel activity to cell elongation instead of
stress, the open channel probability Pm is changed to become
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Table 1 Parameter description

Param. Description Value Unit

F Faraday’s constant 96487.0 C mol−1

R Ideal gas constant 8341.0 mJ mol−1 K−1

T Absolute temperature 293.15 K

[I]o Extracellular concentration where I = K+, Na+, Ca2+

[I]i Intracellular concentration where I = K+, Na+, Ca2+
Vm(t) Membrane potential

dependent on strain ε

Pm =
1.0

1 + e
−

(
ε−ε1/2

kε

) . (1)

The half-activation strain is given by ε1/2 = 0.233 and the
activation slope by kε = 0.018.

Additionally, the channel is considered to be permeable
to potassium K+, sodium Na+ and Ca2+ which agrees with
the published statements e.g. in [1], [2] and [6]. Each ionic
stretch-induced sarcolemmal current is a part of the whole-
cell current with the assumed selectivity K+ : Na+ : Ca2+ =
3.0 : 2.0 : 1.0 according to [4].

The behavior of the Yang model extended by the Chemical
Channel model was determined with the given permeability
parameter of the cell membrane taken from [4]. As the sim-
ulation results showed an inexplicable system behavior com-
pared with the published results, the permeability parameters
PK, PNa, PCa for the ionic stretch-induced sarcolemmal cur-
rents have been taken from [7]

Am · PK = 1.8438 · 10−6 cm
3

ms
= pK

Am · PNa = 7.4028 · 10−7 cm
3

ms
= pNa

Am · PCa = 3.3271 · 10−7 cm
3

ms
= pCa,

(2)

where Am is the cell surface given by Am = 1.3863·10−9m2.
Each ion has its individual stretch-induced sarcolemmal

current through the channel dependent on the corresponding
concentration gradient

IM,K = pKPm

F 2Vm

RT
· [K

+]o − [K+]ie−
VmF
RT

1 − e−
VmF
RT

·AF

IM,Na = pNaPm

F 2Vm

RT
· [Na+]o − [Na+]ie−

VmF
RT

1 − e−
VmF
RT

·AF (3)

IM,Ca = pCaPm · 4F 2Vm

RT
· [Ca2+]o − [Ca2+]ie−

2VmF
RT

1 − e−
2VmF

RT

·AF,

with the parameters taken from Eqs. (1) and (2). It turned
out that the simulation results of the Yang model published

in [4] have been obtained with amplified stretch-induced cur-
rents which is reflected by the factor AF = 1012 in Eqs. (3).
The current IM,Ca includes the valence of calcium ions with
the multiplication of 4 and an exponent with factor 2. The
remaining denotations in Eqs. (3) are explained in Table 1.

The overall cell current IM through the mechanosensitive
channel is calculated by the sum of each individual current

IM = IM,K + IM,Na + IM,Ca. (4)

B. Electrical Channel model

For the Electrical Channel the open channel probability is
assumed to be dependent on the strain ε and the correspond-
ing parameters KM, ε′

1/2
and k′

ε, where the identification will
be explained later

P ′
m

=
1.0

1 + KMe
−

(
ε−ε′1/2

k′
ε

) . (5)

The overall cell current I ′
M

through this stretch-activated
channel is given by

I ′
M

= Gstretch · P ′
m
· (Vm − Estretch) · A′

F
(6)

with the open channel probability P ′
m

taken from Eq. (5) and
an amplification factor in the order of A′

F
= 109. The current

is assumed to be dependent on the channel reversal potential
Estretch = −18mV and the channel conductance Gstretch =
6.1 nS.

The permeability of the Electrical Channel is assumed to
have the same ratio as of the Chemical Channel. According
to the selectivity ratio the whole-cell current I ′

m
is divided

into subcurrents

I ′
M,K =

3
6
· I ′

M
, I ′

M,Na
=

2
6
· I ′

M
(7)

I ′
M,Ca

=
1
6
· 1
2
I ′
M

=
1
12

· I ′
M

. (8)

Instead of multiplying I ′
M

with 1/6 in Eq. (8), the additional
coefficient 1/2 takes into account that Ca2+ is a divalent ion.

C. Parameter identification

As mentioned above, the newly introduced parameters
ε′
1/2

, k′
ε, KM in Eq. (5) for the Electrical Channel model

had to be identified from data. Additionally, the values of
the two sensitive parameters Km,CaCM and k−1 in the Yang
model are not given in [4] and, therefore, had to be identi-
fied as well. All unknown parameters are lumped up in the
parameter set p. As reference data the experimental results
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from [1], [2] and [3] are taken where the behavior of the rest-
ing membrane potential Vm,res is investigated dependent on
various persistent strain steps ε.

To get the best-fitting parameter set p, the cost function

J(p) =
N∑

k=1

(Vmeas(εk) − Vsim(p, εk))2

has to be minimized, where Vmeas(εk) are the measured
values for the resting membrane potential and Vsim(p, εk)
the corresponding simulated ones dependent on strain εk for
experimental case k. N = 6 is the number of experiments.

First, an evolutionary algorithm called Evolution Strategy
using stochastic ranking [8] was used because the order of
magnitude of the parameter values was unknown. Subse-
quently, after having found the proximity of the global so-
lution, the gradient-based method implemented in the MAT-
LAB routine fminsearch was used, where the resulting
values from the first identification process were taken as ini-
tial conditions. Both identification algorithms were imple-
mented in MATLAB (see [9]). The best-fitting parameters
for the extended Yang model adapted to the measured data
are shown in Table 2.

Table 2 Identified parameters

Parameter Description Value

KM Open probability constant 0.9705
ε′1/2 Half-activation constant of the

stretch-activated channel 1.4315
k′

ε Activation slope constant 0.0133
Km,CaCM Michaelis-Menten constant

for the Ca2+-pump in mM 0.0688
k−1 Calmodulin degradation

rate constant in (mM ms)−1 2500.0006

D. Model behavior

To determine the behavior of the extended Yang model, the
model equations described in [4] together with the new intro-
duced equations summarized in Table 3 have to be solved.
Thereby, the mechanosensitive channel in the Yang model
has to be replaced either by the Chemical Channel model or
the Electrical Channel model. The strain interval considered
to be relevant for the model behavior is ε = [0.05...0.4]. It is
used for model simulation with a step size of 0.05. As not all
values for the parameters introduced in [4] were given there,
some are assumed and some are taken from [10].

Different kinds of simulations were made to discuss the
behavior of the extended vascular smooth muscle cell model
with the Electrical and Chemical Channel model. First of all,

the behavior of the resting membrane potential Vm,res after
t = 10 s for different persistent steps of strain ε is investi-
gated as shown in Fig. 2. The measured data are marked by
circles and the resulting resting membrane potentials of the
cell are shown by cross marks. Another simulation result is
the transient behavior of the membrane potential after cell
elongation which is called action potential. For the Electrical
Channel with ε = 0.1 this behavior is shown in Fig. 3.
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Fig. 2 Resting membrane potential Vm,res dependent on strain ε for the
Electrical Channel (left) and the Chemical Channel (right)
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Fig. 3 Membrane potential transient behavior

It is assumed that myogenic contraction is initiated by
membrane depolarisation and increased sarcolemmal Ca2+

permeability. The membrane depolarization causes an in-
crease of intracelluar Ca2+ concentration in the manner of
a feed forward loop, wherefore the transient behavior of this
concentration is also investigated. Figure 4 shows exemplari-
ly this behavior for the Electrical Channel with cell strain
ε = 0.2.

IV. DISCUSSION

Both the Electrical and the Chemical Channel extend the
Yang model in such a way that the overall cell model re-
sponds to cell stretch similar to experimental results at steady
state. That means, the resting membrane potential is effected
by persistent induced cell stretch with respect to the measured
data.
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Fig. 4 Transient behavior of intracellular calcium concentration

Action potentials are generated as response to cell stretch
by both channel models at different strength of stretch
(Fig. 3). Hence, this characteristic is simulated in a proper
but not satisfying way.

Table 3 Extension of the Yang model

Eq. Denotation

Chemical Channel

(1) Open channel probability Pm

(3) Stretch-induced sarcolemmal K+ current IM,K

(3) Stretch-induced sarcolemmal Na+ current IM,Na

(3) Stretch-induced sarcolemmal Ca2+ current IM,Ca

(4) The overall cell stretch-induced sarcolemmal current IM

Electrical Channel

(5) Open channel probability Pm

(7) Stretch-induced sarcolemmal K+ current IM,K

(7) Stretch-induced sarcolemmal Na+ current IM,Na

(8) Stretch-induced sarcolemmal Ca2+ current IM,Ca

(6) The overall cell stretch-induced sarcolemmal current IM

Finally, both channel models proved to be reasonable with
respect to the input-output behavior of the Yang model, where
different persistent steps of stretch are used as stimulus and
the intracellular Ca2+ concentration is the corresponding out-
put (e.g. Fig. 4). For small elongations, the intracellular Ca2+

concentration has a lower peak than for large elongations.
This behavior can be explained by the purpose of vascular
smooth muscle cells, to counteract the applied pressure that
induces the cell stretch.

V. CONCLUSION

The state-of-the-art model of smooth muscle cells pre-
sented by Yang et al. 2003 [4] has been extended for the in-
vestigations. The relation between the cell stretch λ and the
intracellular calcium concentration [Ca2+]i is described by
the set up of two different stretch-activated channel models

called Electrical Channel and Chemical Channel model. By
means of measured data, the introduced unknown channel pa-
rameters have been identified.

Both channel models influence the cell model behavior in
the way that some measured effects of the smooth muscle
cell behavior in vitro can be calculated. In the overall, the
adaptation of the model behavior to experimental data was
successful, which means that the resting membrane potential
for both channel models shows qualitatively similar behavior
than the measured data. An important result for the model be-
havior is the simulation of the generation of action potentials
for different induced stretch strength using one of the intro-
duced channel models. Furthermore, the transient behavior
of the intracellular Ca2+ concentration satisfies the observed
physiological behavior.

For further investigations more data, particularly time-
dependent data, are needed to simplify the identification of
sensitive model parameters and to improve the validation of
the transient cell behavior.
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Abstract— A denoising method for Diffusion Tensor Imag-

ing is proposed, with the aim to reduce the presently used 
clinical voxelsize of  8 ~ 27 mm3  to approximately 1 mm3. The 
method combines voxelwise averaging, nonlinear filtering and 
Rician bias correction of the directly measured Diffusion 
Weighted Images. To eliminate residual noise, a final postfil-
tering procedure applied to DTI quantities is performed. The 
method is based on the Delta Method formalizing the asymp-
totic Gaussian limit of nonlinear noise propagation. The 
method is explored via Monte Carlo simulations on human 
brain data measured with 1x1x1 mm3 resolution. The numeri-
cal results indicate the feasibility of quantitative analysis of 
Diffusion Tensor data of the human brain with 1 mm3 resolu-
tion, measured with clinical scanning parameters, under the 
assumption that thermal noise effects are the dominating arti-
facts. 

Keywords— Medical Image Processing, Diffusion Tensor Imag-
ing of the Human Brain with High Resolution, 
Denoising of Human Brain Diffusion Tensor data 
with 1 mm3 Resolution. 

I. INTRODUCTION  

Diffusion Tensor Imaging (DTI) enables the in vivo charac-
terization of nerve fibers in the human brain indicating 
structural lesions caused e.g. by Multiple Sclerosis or Alz-
heimer [1, 2]. A major limitation of DTI is its restriction to 
voxel-averaged quantities, where the voxelsize is large 
compared to the scale of the course of nerve fibers. This 
introduces systematic errors in scalar and vectorial nerve 
fiber information [3]. On the other hand, reducing voxel 
size lowers the signal to noise ratio (SNR) in the measured 
Diffusion weighted images (DWI), producing in nonlinearly 
derived DTI quantities non-Gaussian bias and variability.  

    Denoising methods of DTI data with low SNR are - to 
our knowledge – published in only few papers, see e.g. [4] 
Basu et al. 2006 and [5] Fillard et al. 2006. The main prob-
lem addressed there is the strong influence of the Rician 
mean value bias in the DWIs. By Zhang et al. 2008 [6] the 
Rician noise model is incorporated into a multi-channel 

wavelet-based denoising method. Martin-Fernandez et al. 
2008 [7] apply a multichannel Wiener filter with Rician bias 
correction to the DWIs. In all approaches inclusion of the 
Rician noise model improves the results for low SNR DTI 
compared to those calculated under the assumption of unbi-
ased Gaussian noise. Similar results were published by 
Hahn et al. 2005 [8], where our first approach to the denois-
ing problem of low SNR DTI was presented. In the follow-
ing we present a novel, improved method, see [9] for a more 
detailed report. The method combines voxelwise averaging, 
nonlinear filtering and Rician bias correction of the DWIs. 
These denoising steps reduce the main part of the noise 
effects, but due to sample size restrictions residual noise 
effects may remain. Therefore, a final postfiltering proce-
dure of DTI quantities is performed. The method is based 
on the statistical Delta Method formalizing the asymptotic 
Gaussian limit of nonlinear noise propagation. The method 
is explored by Monte Carlo simulations on human data 
measured with 1x1x1 mm3 resolution. The results indicate 
the feasibility of quantitative analysis of DTI data of the 
human brain with 1 mm3 resolution, measured at a clinical 
field strength of 3 Tesla, with a b-value of ~ 1000 s/mm2 
and with only NEX= 4-8 replications of the basic DWI-
measurements. The method is not limited to the standard 
tensor model, but can be applied to any diffusion model 
based on DWIs. 

II. MATERIALS AND METHODS 

A. Statistical aspects  

Neglecting the influence of non-thermal noise, caused by 
scanner instabilities, patient motion or cardiac pulsation, a 
simplified stochastic model of noise in DTI can be formu-
lated [9]. For this model, an illustration of nonlinear noise 
propagation in DTI and of our denoising strategy is given in 
Fig.1. Distributions for FA, a well known scalar measure of 
anisotropy [3], in a single voxel are derived from Monte 
Carlo simulations with a minimal SN  in the DWIs. R 1
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Without DWI averaging skewness and a heavy tail is appar-
ent, see distribution a). A high risk to draw an outlier is 
evident. DWI averaging of NEX=20 replications introduces 
an approximate Gaussian shape but also a bias  b). Applica-
tion of a bias correction (BC) to the DWIs produces a less 
perfect Gaussian shape but eliminates the mean value bias, 
see c). It is clear from the Figure that c) is best suited to 
estimate the true FA value (vertical bar) drawing a random 
number. The goal of the proposed denoising method is to 
achieve distributions like c) for all relevant DTI quantitites. 
The distribution c) can be further narrowed and comes 
closer to Gaussian shape if more replications in the DWIs 
are applied or if, by a final denoising step, samples of c) are 
averaged to replace c) by its mean value distribution (post-
filtering). The properties of the distributions in Fig. 1 are in 
line with the statistical Delta Method (DM). The DM pre-
dicts approximate Gaussian statistics for the nonlinear de-
rived DTI quantitites, if noise effects in the DWIs are suffi-
ciently reduced [9]. 

 
 

 
 

Fig. 1 FA distributions for low SNR. DWI averaging with NEX=1, a) 
and NEX=20,  b). For distribution c)  an additional bias correction is 
performed. Vertical bar gives the true FA value, the arrow indicates the 
bias shift of the mean for b); the mean value of c) is practically unbi-
ased.  
 
 

B. The spatial filter 

 
We adapt a filter chain proposed originally by Aurich 

[10] to denoise DWI images with low SNR. For a first esti-
mation we iterate nonlinear filters which calculate weighted 
averages of noisy scalar images  on a grid in 
space, , within regions or scales defined by spatial 
and functional Gaussian windows, and he window 
parameters 

( ) DWI( )f x x
3x R

,  control the properties of the filter. Assum-
ing a simplified Gaussian noise model, a constant noise 
level can be deduced from the data. The first iteration of 
the filter ( ,F , )  is defined by

(1) (1)( , , ( )) ( )
Neighborhood of Neighborhood of

F f f
y x y x

x y  

2 2 2 2
(1) (1 )( ) / 2 ( ( ) ( )) / 2with and f fe ex y x y  

 
For (k-1) iterations we define 

 
1 ( 1) ( 1) (2) (2) (1) (1)( ) ( , ,..., ( , , ( , , ( ))))k k kf F F F fx x  

 
The last, k-th, iteration is defined by  
 

( ) ( )( ) ( , , ( ))smooth k kf F fx x
22

( )( ) / 2 ke x y

,   where 

and . 
22

1 1 (( ( ) ( )) / 2k k kf fe x y )

 
In a second denoising step the more realistic Rician noise 
model for DWIs is assumed. The estimated mean values  for 
simplified noise are mapped to the locally varying Rician 
variance of the DWIs. This heteroscedastic noise is then 
used in a second filter application ( x to improve 
the estimation of the mean DWIs. In addition, the number k 
of iterations is adapted to the curvature of the DWI images. 
This averaged DWIs are still biased and need to be cor-
rected further by a BC. Postfiltering is performed also via 
heteroscedastic noise, which can be modelled by a Taylor 
expansion of the variance of DTI quantities [9]. 
 

 
C. The bias correction 

Within the Rician noise model a bias in the averaged 
DWIs can be corrected. See in Fig. 2 SNR=DWI_without 
noise/ 0 versus MNR= DWI_averaged/ 0, 0 is an asymp-
totic data driven noise level [9]. The broken curve (C1) 
indicates a correction below SNR=0.5, to prevent singulari-
ties in DTI quantities caused by the high slope at SNR=0.  

    

 
Fig. 2 Rician bias correction (solid line) and a modification (broken 
line) for SNR<0.5. 
 
 

D. The gold standard model 

For validation a small voxel experiment was performed 
on a consented healthy volunteer. Isotropic 1x1x1 mm3 
DWIs were acquired on a GE 1.5 T MRT scanner using a  
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Fig. 3 Gold standard model, panel a) axial FA map, panel b) directional   
map, panel c) tracks of the corpus callosum. 
 

dual spin echo prepared diffusion sequence; 21 icosahedral 
gradients and a b-value b=1400 s/mm2 were applied, a small 
volume around corpus callosum was measured. Due to the 
very low averaged SNR~2.2, in addition to our denoising 
method a median filter and final mask corrections had to be 
applied to achieve a smooth “realistic” model, which can be 
used as gold standard.   

III. RESULTS 

 
Validation of the denoising method 

The denoising method is tested for the diffusion proper-
ties mean diffusion (MD), FA and main diffusion direction. 
Experiments with field strength 3 T, b=1400 s/mm2 , 21 
gradients and NEX=1, 4 and 8 are simulated on the basis of 
the gold standard model. Negative eigenvalues of the noisy 
diffusion tensors could be removed completely already for 
denoising with NEX=1. For quantitative error analysis of 
diffusion properties noise was put to the model DWIs 100 
times, to enable the calculation of the mean squared error 
(mse) for the ensemble statistics. In Fig. 4 results for MD 
are presented. Panel a) shows a slice of the model, panel b) 
the noisy model (NEX=1), and panel c) the ensemble mean 
after filtering, application of BC and postfiltering (NEX=1). 
A good agreement between a) and c) is apparent, indicating 
an essentially unbiased MD average. In panel d) the SNR 
distribution of the DWIs is presented. In panel e) Box 
Whisker plots of the relative rooted mse (=1/SNR of MD) 
for every voxel are shown for NEX=1, 4, 8 after denoising. 
Left group without BC, right group BC included. Already 
after full denoising with NEX=1 and BC the SNR of MD is 
above 50 for 95% of the voxels, this SNR increases with 
NEX.  

In Fig. 5 the same slice is analyzed for FA, panels a-c) 
like in Fig. 4 but for NEX=4. Again we find an essentially 
unbiased ensemble mean after denoising with BC. Below,   

 
 
Fig. 4 Error analysis of MD after denoising,  see text. 
 

the denoised 1/SNR of FA is presented, in panel d) for 
NEX=1, in panel e) for NEX=4 and in panel f) for NEX=8. 
The error situation is less straightforward than in case of 
MD. NEX=1 produces for white matter only partly a SNR 
above 25 (green). This improves with NEX=4. For NEX=8 
also parts of deep grey matter are well denoised, see for the 
Thalamus indicated as Th in panel f). 
 In Fig. 6 the effect of denoising on the main diffusion 
directions is analyzed. Upper row gives color coded direc-
tional maps of the model (a), of one noisy slice (b) and of 
the ensemble averaged directions after denoising (NEX=8) 
without postfiltering (c), as a convenient filter for vector 
fields was not available. Again, the remaining bias is very 
small, see a) and c). For quantitative error analysis, the 
ensemble averaged angle between model direction and 
denoised model direction is presented, before application of 
BC in the second row, and after application of BC in the last 
row. Panels d - f) and g - i) are calculated for NEX=(1, 4, 
8). In both rows the error is reduced with increasing 

 

 
 

Fig. 5 Error analysis of FA after denoising. For panels a-c), see text. Panels 
d) (NEX=1), e) (NEX=4), f) (NEX=8) present local 1/SNR of FA. Colour-
ing : green < 0.04, blue [0.04, 0.06), red [0.06, 0.08), orange [0.08, 0.1), 
yellow > 0.1.  
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Fig. 6 Error analysis of main diffusion directions after denoising, pan-
els a-c) see text. Panels d-i) show mean angular deviations after denois-
ing; colouring : green < 2°, blue [2°, 4°), red [4°, 6°), orange [6°, 8°), 
yellow > 8°, else see text. 
 

NEX. The error maps resemble those of FA, for NEX=4 and 
8 white matter and parts of the Thalamus have a mean angu-
lar deviation below 2°. Application of  BC improves the 
error map in high FA regions.   

 

IV. DISCUSSION 

Due to patient motion, brain and scanner instabilites scan 
time (or NEX) is limited. Therefore filtering is needed to fill 
this gap at least partially. To quantify the effectiveness of 
our approach, the error maps for simulated voxelwise DWI 
averaging with NEX= 20, 30, 50 (BC included) were calcu-
lated for FA and the main directions. The results are similar 
to those of panels d-f) in Fig. 5 and panels g-i) of Fig. 6. 
This corresponds to a gain of scan time by filtering equiva-
lent to NEX= 19, 26 or 42 replications, depending on the 
actually measured NEX before filtering. In special regions 
the filter acts differently due to its dependence on the size of 
the spatial homogeneous regions. So is the filter more effec-
tive in the compact genu of corpus callosum and mainly for 
FA less effective in the thin external capsule.  

The human brain data for the gold standard model with 
1x1x1 mm3 resolution and field strength 1.5 T revealed 
scanner artefacts which could not be removed sufficiently 
by our method alone. A thorough analysis of the experimen-
tal problems with high resolution is beyond our scope. One 
important restriction for technical parameters like field 
strength, b-values, voxel size and NEX to measure human 
brain DTI with small voxels, however, is the need for a 
reliable quantitative analysis. Our study indicates that ex-

periments with parameters in the range of those applied in 
section III. could be in this sense reasonable candidates.   

V. CONCLUSION 

A numerical denoising method for low SNR DTI is pre-
sented. The method is parameterized and validated in a 
statistically solid way for a human small voxel model. The 
simulation results indicate the feasibility of standard DTI 
with smaller voxels than are in use at present, if thermal 
noise in the DWIs is the source of the dominating DTI arti-
facts.   
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Abstract—Karyotype analysis is a widespread procedure in
cytogenetics to assess the possible presence of genetics defects.
The procedure is lengthy and repetitive, so that an automatic
analysis would greatly help the cytogeneticist routine work. Still,
automatic segmentation and full disentangling of chromosomes
are open issues. The first step in every automatic procedure, is
the segmentation of the chromosomes, as either single entities
or in clusters, in the image. The better the segmentation step,
the easier the subsequent disentanglement. We propose for the
segmentation step a region based level set algorithm that is able
to address the variability in the image background due to the
presence of hyper- or hypo-fluorescent regions in the image. We
compare its performance with other algorithms proposed in the
literature for the segmentation of chromosomes, over a set of
11 manually annotated images. We show the superiority of the
proposed approach both in terms of pixel sensitivity, and in
terms of number of separate clusters with respect to the manual
segmentation.
The images used in the paper are available for public download.

Keywords—automatic karyotyping, chromosome segmentation,
level set

I. INTRODUCTION

Chromosome karyotyping analysis [1] is an important
screening and diagnostic procedure routinely performed in
clinical and cancer cytogenetic labs. Chromosome are first
stained with a fluorescent dye, and then imaged through a
microscope for subsequent analysis and classification. Each
chromosome in the image has to be identified and assigned
to one of 24 classes: the result is the so-called karyotype
image, in which all chromosomes in a cell are graphically
arranged according to an international system for cytogenetic
nomenclature (ISCN) classification [2]. Fig. 1 shows a
typical PAL resolution (768 x 576, 8 bits/pixel) Q-banding
prometaphase image: individual chromosomes only appear as
distinct bodies towards the end of the cell division cycle, at
prophase, when they are long string-like objects, contracting
and separating at metaphase, just before cell division. The
intermediate stage of contraction between prophase and
metaphase is called prometaphase.
Most of the studies aimed at the development of cytogenetics

systems for analysis of banded chromosome preparations,
have concentrated on metaphase chromosomes, avoiding the

Fig. 1: Typical Q-band prometaphase image acquired with
PAL resolution

segmentation difficulties arising from touches and overlaps in
the prophase and prometaphase cells.
The first step that has to be taken in analysing a chromosome
image is the segmentation of chromosomes and chromosome
clusters from the image background. Unfortunately, the high
variability in chromosome and background fluorescence
intensity makes the utilization of a global threshold (and
k-means clustering) impractical for a satisfactory segmentation
of the image, since smaller chromosomes, and terminal parts
of the chromosomes appear with a lighter intensity than
larger ones. Moreover, due to the non-sharp margins of
the chromosomes, to the presence of staining debris, or
to the the fact that long chromosomes touch and overlap,
the first segmentation steps is usually unable to identify all
chromosomes as single objects, but rather present a number
of clusters.
However, the main methods used to segment cytogenetic
images are still based on the evaluation of a global threshold
by means of the Otsu method [3], or on a global threshold with
a local re-thresholding scheme [4], [5], k-means clustering
binarization [6]. In [7] a local thresholding scheme has been
proposed, but it seems to be sensitive to heavily clustered
images, where the fluorescine leaking out of the chromosomes
fills the region where the chromosomes are concentrated.
We propose here a segmentation step based on a level
set framework, with an additional region-based term as
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proposed by [8]. The level set framework has the advantage
of segmenting an image without any topological constraint, so
that the number of separate object identified and their shape
are not fixed, but allowing the tuning of the algorithm so
that the contour of the objects may be smooth. The further
introduction of a local energy term in the level set formulation
allows the relaxation of the homogeneity constraint on the
segmented objects: we show the superiority of this method
with respect to all (except one) the other proposed in the
literature, and its robustness in dealing with the variability
typically found in cytogenetic images and to fluorescine
leakage onto the background.

II. CHROMOSOMES DATA

Q-band images are cytogenetic data obtained by staining
the chromosomes with quinacrine, a fluorescent dye that
concentrates in different regions of the chromosomes, giving
rise to the characteristic banding patterns that identify the
different chromosome types. The images thus appear as a dark
background onto which the chromosomes stand out with bright
and dark banding, as shown in Fig. ??.
The data set used in this work is composed of a set of 11
images manually segmented, randomly chosen from a larger
database of 162 images with PAL resolution (576x768 pixels,
8 bits per pixel), of 117 cells acquired during routine laboratory
analysis, containing a total number of 6683 chromosomes.
The images do not necessarily contain a whole set of 46
chromosomes, as it may happen in routine laboratory acqui-
sition, where the set may be spread over different images.
The whole data set is publicly available for download at
http://bioimlab.dei.unipd.it.

III. AVAILABLE SEGMENTATION ALGORITHMS

Here we briefly review other segmentation algorithms that
have been proposed in the literature, which we refer to for
further details.

A. Otsu Threshold

The idea beyond the Otsu method [9]is that given two classes
of pixels in an image, it is desirable to find the separation that
minimizes the combined intra-class variance. Given two classes
A and B, with numerosity nA and nB , the optimal threshold
θopt is then:

θopt = argmax(σ2

intra(θ))

= argmax(n1(θ)σ
2

1
(θ) + n2(θ)σ

2

2
(θ)) (1)

B. Local Rethresholding

In [5] a three step process was proposed for the chromosome
initial segmentation. The initial step automatically generated
and applied a global threshold to the entire input grey-level
image, providing an under segmentation of the image. Then,
for each connected component of the globally thresholded
image, an automated local thresholding procedure was used
to facilitate object separation. Finally, all objects were labeled
using connected components analysis. We used for both the
global and the local threshold the Otsu method.

C. Adaptive Thresholding

In [7] a space-variant adaptive thresholding scheme has
been proposed: the image I is divided into a tessellation of
squares of fixed dimension ltess (we used ltess=100 pixels).
For each square separately, we evaluated the Otsu threshold
[9], which is supposed to best separate the background image
component from the foreground. We therefore obtained a
matrix of thresholds Mth that is scaled by a factor 1/ltess

with respect to the size of I . Resizing Mth to the size of I
using linear interpolation, we obtained an image representing
the local threshold for each pixel in I .

D. K-means clustering on algebraic moments

Clustering of algebraic moments was proposed as the first
stage of the classification-driven partially occluded object
segmentation (CPOOS) used in [6], where it is claimed that
algebraic moments, as other statistical features, provide a more
comprehensive characterization than the pixel gray level itself.
The (p, q) moment mpq , of a pixel of an image I which is
measured in an neighborhood around the pixel (x0, y0) of
dimension NxN is:

mpq =

N/2∑
x=x0−N/2

N/2∑
y=y0−N/2

(x − x0)
p(y − y0)

qI(x, y) (2)

To keep the computational requirements low, only the two
moments m01 and m02 with N = 1 where used in [6] as
the input features to a K-means clustering, that separates the
image into the chromosome and background classes.

E. Fuzzy clustering (FCM) on intensities

Recently, mostly on M-FISH images, fuzzy clustering ap-
proaches has been proposed for segmenting the chromosomes
from the background to tackle the non sharp margins of the
chromosomes, and the fact that the distributions of features
of the pixels belonging to chromosomes and background are
often not well separated. Even if the utilization of clustering
on intensities values is not widespread in the segmentation
of Q-band images, it is worth including the evaluation of its
performance for the completeness of this study.
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IV. REGION BASED LEVEL SET

Following [8], let us consider an image I : Ω ∈ R
2 → R,

and let C be a contour in the image domain Ω. We define for
each point x ∈ Ω an energy Ex:

F1(x, y) = K(x − y)|I(y) − f1(x)|2 (3)

F2(x, y) = K(x − y)|I(y) − f2(x)|2 (4)

Ex(C) = λ1

∫
in(C)

F1(x, y)dy +

+ λ2

∫
out(C)

F2(x, y)dy (5)

where λ1 and λ2 are positive constants, and K is a kernel
function with a localization property, so that K(u) decreases
and approaches zero as |u| increases, and f1(x) and f2(x)
are used to fit image intensities near the point x. The energy
defined is therefore region based, meaning that depending on
the velocity of decrease of the kernel K , points close to x
contribute to the integral more than those further away that
provide a vanishing contribute. The idea is that for each center
point x, the locally defined energy Ex can be minimized when
the contour C is exactly on the object boundary and the fitting
values f1 and f2 are chosen optimally. However, to find the
entire object boundary, we must minimize Ex for all the center
points x in the image domain Ω:

E(C) =

∫
Ω

Ex(C)dx (6)

In order to allow the contour to automatically handle topologi-
cal changes, the energy can be converted to an equivalent level
set formulation, where the contour C is represented by the zero
level set of a Lipschitz function φ : Ω → R. The local energy
function can be then rewritten as:

Ex(φ) = λ1

∫
F1(x, y)H(φ(y))dy +

+λ2

∫
F2(x, y)(1 − H(φ(y)))dy (7)

where H(·) is the Heaviside function. In order to ensure stable
evolution of the level set function and to regularize the contour,
two additional terms are added to the energy: the first is used to
penalize the deviation of the level set function φ from a signed
distance function, and the second penalizes overlong contours:

P (φ) =

∫
Ω

1

2
(|∇φ(x)| − 1)2dx (8)

L(φ) =

∫
Ω

δ(φ(x))|∇φ(x)|dx (9)

The energy functional becomes:

Λ(φ) = E(φ) + μP (φ) + νL(φ) (10)

where μ and μ are nonnegative constants. From this formula-
tion we can deduce the Euler-Lagrange equation for φ which,
introducing an artificial time t, it yields the evolution equation:

∂φ

∂t
= −δ(φ)(λ1e1 − λ2e2) +

+ νδ(φ)div

(
∇φ

|∇φ|

)
+ (11)

+ μ

(
∇2φ − div

(
∇φ

|∇φ|

))

with
ei(x) =

∫
Ω

Fi(x, y)dy (12)

V. RESULTS

The performance of the various algorithms are evaluated
considering both their ability in correctly identifying the pixels
belonging to a chromosome while rejecting pixels belonging to
the background, and also their ability in identifying as separate
objects all chromosomes that have been manually segmented
as such.
In order to address the former, sensitivity and specificity have

Method Sensitivity Specificity
FCM 0.80 (0.08) 0.78 (0.07)

Otsu [3] 0.81 (0.08) 0.79 (0.07)
Rethresholding [5] 0.42 (0.06) 0.42 (0.06)

Adaptive [7] 0.96 (0.02) 0.84 (0.12)
K-means [6] 0.81 (0.09) 0.79 (0.08)

RBLS 0.94 (0.01) 0.87 (0.01)

TABLE I: Mean (standard deviation) pixel sensitivity and
specificity (defined in the text) of the various methods con-
sidered.

been evaluated. The sensitivity is the number of chromosome
pixels identified as such, over the number of manually seg-
mented chromosome pixels, whereas specificity is the fraction
of pixels wrongly identified as belonging to chromosomes, over
the number of manually segmented chromosome pixels, so to
mitigate the unbalance between the number of background
pixels and chromosome pixels, which would have driven all
specificity values toward a meaningless 0.99. The results are
sumarized in Tab. I, whereas the specific values of specificity
for each image are shown in Fig. 2. Since specificity measures
the amount of pixels added to the correct segmentation, it is
an index of the accuracy of the identification of chromosomes.
The latter is assessed by considering each identified connected
object in the manual segmentation (be it either a single chro-
mosome or a cluster of several ones), and evaluating if the
corresponding automatic segmentation results in one or more
objects. The results are summarized in Tab. II.
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Fig. 2: Pixel specificity for the images in the data set as a
measure of the accuracy of the segmentation.

VI. CONCLUSIONS

We addressed the problem of segmenting chromosomes
(either single or in clusters) in Q-band prometaphase images,
with the aim to provide an accurate description of them to a
subsequent step that deals in resolving the clusters into the
constituent chromosomes. We propose to use a region based
level sets that is able to take into account both the background
inhomogeneity and the chromosome fluorescence variability.
Its performance in terms of are comparable to the best of
the algorithms proposed in the literature, that, however, is
unable to deal with heavily clustered or heterogenous images.
Such behaviour is shown in Fig. 3, corresponding to the
segmentation of image 1 of Fig. 2, where the specificity drops
to 0.50.
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Abstract—Background and purpose: Cerebral circulation is 
robustly controlled. There may be differences in auto-
regulation between hypertensive and normotensive subjects. 
However, auto-regulation in cerebral circulation is poorly 
reported because of difficulty in assessment. The purpose of 
this study was to characterize pulse wave reflection from the 
head in hypertensive and normotensive subjects by using wave 
intensity.  
Methods: Using an ultrasonic system, we measured common 
carotid arterial wave intensity (WI), stiffness parameter ( ), 
and volume flow rate (Q) at rest in 91 hypertensive patients 
(HT) and age matched normal subjects (Norm).  

Results: Both in Norm and HT, magnitude of reflection 
(NA) did not depend on age. NA was considerably greater in 
HT than in Norm (P < 0.0001). NA was correlated with the 
maximum pressure in Norm (r = 0.36, p = 0.0009), but not in 
HT. NA increased with the maximum velocity (max U) consid-
erably in HT (r = 0.51, p < 0.0001), but slightly in Norm (r = 
0.32, p = 0.004). Both in Norm and HT, max U has a tendency 
to decrease with an increase in , but not significantly. In 
Norm, NA did not depend on . In HT, however, NA unexpect-
edly decreased with an increase in  (r = 0.21, p < 0.05). 

 Conclusions: Increased reflection from the head indicates 
enhanced auto-regulation of blood flow in HT. The magnitude 
of reflection depended on the maximum velocity rather than 
the maximum pressure in HT, which suggests the regulation of 
blood flow dominates that of blood pressure in HT. Common 
carotid arterial WI has the potential for analyzing the mecha-
nism of  regulation of cerebral circulation. 

Keywords—wave intensity, hypertension, cerebral circulation, 
carotid artery, pulse wave reflection 

 

I. INTRODUCTION  

It is generally accepted that nearly all organs have an in-
trinsic ability to regulate the local blood flow, which is 
termed auto-regulation. Auto-regulation in a region may be 
manifested as characteristics of pulse wave reflection from 
that region. There may be differences in auto-regulation 
between hypertensive and normotensive subjects. The in-
crease in strength of pulse wave reflections from the lower 
body in patients with hypertension is well documented. 
However, wave reflections from the cerebral circulation in 

hypertension remain poorly reported because of difficulty in 
assessment.  

Wave intensity (WI) is a new hemodynamic index, which 
provides information about working conditions of the heart 
interacting with the arterial system.  

WI was originally defined as the product of P and U, 
where P and U are the changes in blood pressure P and 
blood flow velocity U, respectively, during constant short 
time intervals [1]. We normalized wave intensity as the 
product of the derivatives of P and U with respect to the 
time [2]:  

 
  WI = (dP/dt)(dU/dt). 
 
The physical meaning of WI is simple. A positive value 

of WI means that forward waves generated by the heart are 
predominant and a negative value of WI means that the 
reflected waves from periphery dominate. Although the 
physical meaning of WI is simple, it also has important 
physiological meanings [3]. WI can be defined at any site in 
the circulatory system, and negative values of carotid arte-
rial wave intensity indicate wave reflection from cerebral 
circulation. 

II. METHODS 

A. Noninvasive measurements of wave intensity 

We need pressure and blood flow velocity waveforms to 
calculate WI. To obtain WI noninvasively, we used arterial 
diameter change waveforms. We evaluated the relationship 
between pressure and diameter change waveforms in the 
human carotid artery and reported that it was relatively 
linear throughout a cardiac cycle [4]. Therefore, a diameter 
change waveform was calibrated its peak and bottom values 
by systolic and diastolic pressure measured with a cuff-type 
manometer applied to the upper arm, and was used as a 
surrogate for a blood pressure waveform. 

We developed a real-time measurement system of WI
[5], which simultaneously measured carotid arterial blood 
flow velocity and diameter, and calculated wave intensity 
and stiffness parameter.  This system consists of a color 
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Doppler system for blood flow velocity measurements with 
a linear array probe, and an echo-tracking subsystem for 
diameter change measurements. Figure 1 shows a long-axis 
view of the common carotid artery and ultrasound beam 
configuration. This system uses different ultrasound beams 
for diameter change and for blood velocity measurements 
that can be manipulated independently. The beam direction 
for velocity measurements is shown by the color Doppler 
beam, and for diameter-change measurements by the echo 
tracking beam.  The two beams  intersect at the center of the 
range gate.  

 
 
 

 
In this system, we can also calculate a stiffness parameter 

( ) from the measured data.  was calculated as follows: 
 
   = ln(Ps/Pd)/[(Ds/Dd)-1],                               
 

where Ps and Pd are systolic and diastolic pressures, and Ds 
and Dd are the maximum and minimum diameters of the 
carotid artery. 

Details and reproducibility of this system were described 
elsewhere[6]. 

 
B. Indices of wave intensity 

 
Figure 2 shows representative recordings of pressure (di-

ameter) and blood velocity, and calculated wave intensity 
obtained from the common carotid artery of a human.   

Some intensive and temporal indices are derived from 
wave intensity [6]. In this study, we evaluated negative part 
of WI (NA), which was calculated by integrating the nega-
tive area. 

 
 
 

Fig. 2 Indices of wave intensity 

C. Subjects 

Using the WI measurement system incorporated in ultra-
sonic diagnostic equipment, we noninvasively measured 
common carotid arterial WI in 91 HT (systolic pressure > 
135 or diastolic pressure > 85 mmHg) patients (mean age 
63±8 years, mean systolic/diastolic pressure148 ± 9 / 80 ± 
12 mmHg) and 91 age matched Norm (mean sys-
tolic/diastolic pressure116 ± 12 / 69 ± 10mmHg). We also 
measured carotid arterial volume flow rate (Q). 

Fig.  1  Measurements of wave intensity 

III. RESULTS 

 
Both in Norm and HT, magnitude of reflection (NA) did 

not depend on age.  NA was considerably greater in HT 
than in Norm (HT: 39.2± 20.2, Norm: 26.4 ± 13.6 
mmHgm/s2, P<0.0001)(Fig. 3). NA was correlated with the 
maximum pressure in Norm (r = 0.36, p = 0.0009), but not 
in HT. 
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NA increased with the maximum velocity (max U) con-

siderably in HT (r = 0.51, p < 0.0001), but slightly in Norm 
(r = 0.32, p = 0.004)(Fig. 4).  

 

 
 Max U has a tendency to decrease with an increase in , 

but not significantly both in Norm and HT. In Norm, NA 
did not depend on . In HT, however, NA decreased with an 
increase in  (r = 0.21, p < 0.05)(Fig. 5). There was no dif-
ference in Q between the two groups (HT: 646± 141, 
Norm: 592 ± 124 ml/min). 
 
 

 
 

Fig. 3 Relation between NA and age in normal and 
hypertensive subjects  Fig. 5 Relation between NA and  in normal and 

hypertensive subjects  

 
IV. DISCUSSION 

 
The area, NA, of the negative part of carotid arterial WI 

is attributed to integrated reflections from downstream of 
the common carotid artery in the head and neck. Pulse wave 
reflections from the head do not contribute greatly toward 
the augmentation of central aortic pressure compared with 
those from the lower body. Therefore, it has not been clear 
whether reflections from the head are also enhanced in HT. 
However, wave intensity analysis has made it clear that 
carotid arterial NA is considerably greater in HT than in 
Norm (Fig. 3). This suggests enhanced cerebral vasomotor 
tone in hypertensive subjects. 

The dependence of NA on max U is stronger in HT than 
in Norm (Fig. 4). This indicates enhanced auto-regulation of 
blood flow in hypertensive subjects. Fig. 4 Relation between NA and max U in normal and 

hypertensive subjects 
NA unexpectedly decreases with an increase in  in HT 

(Fig. 5). This can be explained as follows: an increase in  
slightly decreases Max U, which is considered to cause a 
decrease in NA because of the higher dependence of NA on 
max U in HT. 

Carotid arterial blood flow rate is robustly controlled so 
that there is no difference in Q between HT and Norm.

V. CONCLUSIONS 

Increased reflection from the head indicates enhanced au-
to-regulation of blood flow in hypertensive subjects. The 
magnitude of reflection depended on the maximum velocity 
rather than the maximum pressure in HT, which suggests 
that the regulation of blood flow dominates that of blood 
pressure in HT. Common carotid arterial WI has the poten-
tial for analyzing the mechanism of regulation of cerebral 
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Abstract— This study consisted of continuous EEG monitor-
ing of neonates at risk of hypoxia ischemia (HI), alternated by 
MRI examinations on predefined time points. It is hypothe-
sized that combining EEG with MRI could give more informa-
tion about the development of possible brain damage. Included 
were 8 term newborns with suspected neonatal encephalopathy 
caused by perinatal HI. The EEG was intermittently measured 
between day 1 and 8 after birth. MRI data was acquired be-
tween day 1 and 9, within 24 hrs from an observed EEG event. 
Preliminary results indicate an agreement between abnormali-
ties in diffusion weighted MR images and signal fluctuations at 
corresponding electrode locations. 

Keywords— EEG, MRI, Neonatal, Hypoxia, Ischemia. 

I. INTRODUCTION  

Perinatal hypoxia-ischemia (HI) or birth asphyxia is one 
of the major causes of neonatal morbidity and mortality. 
Even when infants survive initial asphyxia, secondary dam-
age processes, caused by the cascade of events triggered by 
reperfusion, can still result in encephalopathy [1]. There-
fore, continuous monitoring is important for timely inter-
vention and the possible prevention of permanent brain 
damage.  

Magnetic Resonance Imaging (MRI), and Diffusion 
Weighted Imaging (DWI) in particular, is often used for 
early detection of HI, but the lack of constant MRI availa-
bility and the necessity of infant sedation restrict the use of 
MRI for continuous monitoring. Furthermore, the outcome 
of DWI examinations is sometimes inconclusive because of 
the specific time dependence of measurable quantities (e.g. 
the diffusion coefficient decrease, subsequent renormaliza-
tion, followed by an increase [2, 3]). Alternatively, the 
availability of EEG makes it suitable for continuous moni-
toring. The EEG signal however is complex, because it is 
non-stationary, and influenced by many factors (e.g. matu-
rational age, sleep-wake cycles, medication etc.). After a 
transient HI insult, reperfusion is often followed by epilep-
togenic activity that can be monitored by EEG. This activity 
could be obscured by similar EEG patterns originating from 

non-pathological circumstances. Therefore, interpretation of 
(changes in) the EEG signal can be complicated.  

It is hypothesized that combining EEG with MRI could 
possibly give more information about the development of 
the brain and of possible brain damage. The goal of this 
study is to develop protocols for the indication of diffusion 
MRI examinations based on continuous EEG monitoring of 
neonates with perinatal HI. 

II. METHODS 

The study consisted of continuous EEG monitoring of 
neonates at risk, alternated by an MRI examination on pre-
defined time points.  

MRI studies were performed using a Philips Gyroscan 
1.0 T, and the protocol included T1, T2, IR-T1 and DTI im-
ages in the axial plane. The T2 measurements were con-
ducted with a double echo TSE sequence with TE1/TE2/TR 
= 12.6/120/4381 ms, a slice thickness of 4 mm and a slice 
gap of 0.4 mm. DTI images were acquired with a single-
shot EPI sequence and Pulsed Field Gradients in 3 or 6 
directions. Voxel size was 1.2x1.2x4 mm with a slice gap of 
0.4 mm; For diffusion weighting, b-values 0, 400 and 800 
s/mm2 were used, as described in Van Pul et al [3]. Sedation 
with chloral hydrate was used in all patients.  

EEG studies were performed using a Viasys NicoletOne 
EEG amplifier, with Ag/AgCl electrodes placed according 
to the full 10-20 system, a 512 Hz sampling rate and a filter 
frequency range of 0.5-70 Hz. 

Included were 8 term newborns with suspected neonatal 
encephalopathy caused by perinatal HI. Excluded were 
perinatal infections, neuro-metabolic diseases and major 
congenital malformations. Perinatal HI was diagnosed when 
clinical symptoms of neonatal encephalopathy were present 
with 2 or more of the following risk factors: abnormal fetal 
heart rate pattern; umbilical artery pH < 7.10; meconium 
stained fluid; Apgar score 5 minutes < 7.  

The EEG was intermittently measured between day 1 and 
8 after birth. MRI was performed between day 1 and 9 after 
birth, within 24 hrs from an observed EEG event. 
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III. RESULTS 

Figures 1 thru 4 show representative DWI and EEG mea-
surements for various conditions and types of encephalopa-
thy. Fig. 1 shows a normal MRI and EEG for a healthy term 
neonate. 

Figure 2 shows a DWI and EEG of a neonate with possi-
ble developmental delay. From this figure, it can be seen 
that the DWI shows no signs of ischemic damage, but dis-
plays decreased signal intensity in the frontal region, possi-

bly due to little myelinisation. The EEG shows high ampli-
tude -activity, mostly in the fronto-polar and frontal 

regions corresponding to the regions of decreased signal in 
the DW image.  

Fig. 3 shows a DWI and EEG of a neonate with deep 
focal HI lesions.  Clearly visible is an increased signal in-
tensity on the DWI, characteristic for HI encephalopathy, in 
the globus pallidus and putamen, as well as pedunculus 

cerebri. The EEG shows paroxysmal (convulsive) slow 
waves, with varying location, although mostly with maxima 
in the C3 and C4 regions corresponding to the DWI abnor-
malities.  

Fig. 4 shows a DWI with cortical increased signal cor-
responding to elaborate HI encephalopathy. The EEG shows 

Fig 1 Representative EEG and DWI dataset of a healthy term neonate. Fig 3 EEG and DWI dataset of a neonate with deep focal HI lesions. 
Abnormalities are delineated in red. 

Fig 2 EEG and DWI dataset of a neonate with possible developmental 
delay. Abnormalities are delineated in red. 

Fig 4 EEG and DWI dataset of a neonate focal and global HI encepha-
lopathy. Abnormalities are delineated in red. 
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occasional - and -activity, mostly located in the (right) 
temporal regions, on a flat line background.  

For the other neonates included in this study, similar 
agreements between EEG and DWI were observed. 

IV. CONCLUSIONS  

Preliminary results indicate an agreement between ab-
normalities in MR images and EEG signal fluctuations at 
corresponding electrode locations, although sometimes it 
has proven difficult to match locations on both modalities. 
In general, cortical DWI lesions lead to local EEG abnor-
malities while both global and deep focal DWI lesions lead 
to global EEG abnormalities. 

To be able to differentiate between global end deep focal 
lesions based on the EEG signal, and to obtain a quantita-
tive correlation between changes in MRI and EEG, further 
research and more clinical data is necessary. A confounding 
factor could be the use of medication, which often influ-
ences brain activity and therefore the obtained EEG signal, 
possibly masking HI effects.  

Currently, simultaneous EEG and MRI measurements in 
a rodent model of neonatal HI are being examined, allowing 

carefully controlled experimental conditions. These com-
bined measurements could possibly provide more insight in 
the correlation of EEG and MRI.  

Further clinical studies will focus on longitudinal moni-
toring of neonates at risk with both EEG and MRI, in order 
to investigate the time course of the correlation of both 
modalities.  
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Particle Deposition in CT-Scanned Lung Model Using Laminar Model  
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Abstract—The particle deposition in CT-scanned lung 
model has been investigated using laminar model. The five-
generation airway is extracted from the trachea to segmental 
bronchi of a 60-year-old Chinese male patient. Particle deposi-
tion patterns, deposition efficiency and deposition factor were 
studied in detail. The cartilage has significant  influence on the 
particle deposition which would capture a lot of particles. 
About 90% of the particles could flow through the upper five-
generation airways and get into the deep bronchi.   

Keywords—Particle deposition, CT-scanned lung model. 

I. INTRODUCTION  

Detailed knowledge of particle deposition in human res-
piratory tracts is an important issue in understanding the 
effect of exposure to pollutants as well as in assessing the 
efficacy of inhaled drug therapy. Studying of the particle 
motion and deposition in bifurcation airways is an effective 
approach to tackle this problem. Many researches based on 
Weibel’s model[1] have been done in this area and found 
due to secondary flow effects, particle deposition efficien-
cies depend not only on the inlet Stokes and Reynolds num-
bers [2], but also on geometric factors [3, 4]. The actual 
human lung airways show distinct irregular features, and the 
idealized Weibel’s model may not enough to reflect the 
realistic status. In this paper, we extended our study to real 
CT-scanned human lung model, and the particle deposition 
pattern and factor are studied in detail.   

II. NUMERICAL METHOD 

Thoracic CT scans were taken from a 60-year-old Chi-
nese male patient using a single-slice helical CT scanner. 
The images were obtained in the axial plane with a resolu-
tion of 0.7mm × 0.7mm. Slice thickness is 0.625 mm. The 
3D surface geometry of the lung airway was reconstructed 
using Mimics and the generated real lung model is shown as 
Figure 1 [5]. Medical statistical regularity exists from the 
trachea to the fifth-order segmental bronchi for the same 
race and gender [6], therefore we focus on the upper fifth-
order airways which would be representative for Asian 
male.  

The computations were carried out at five different Rey-
nolds  numbers ranging from 900 to   2100   with increment  
 

 

Fig. 1 The Schematic View of the CT-based Model 

of 300, corresponding to air flow rates of 190 ~ 440 cm3/s. 
The air flow is considered to be laminar and incompressible. 
The governing equations are the Navier-Stokes equations. 
The boundary conditions are: (1) the inlet velocity is fully 
developed; (2) at the outlets, uniform static pressure is 
specified. To avoid any influence of the outlet boundary 
conditions on the computed solution, each branch exit was 
artificially lengthened with a straight tube; (3) all the walls 
are no-slip.  

The motion of the solid particles in air is governed by 
Newton's second law [7, 8], and the Stokes number is de-
fined as  

2

18
p p

in

d U
St

D
ρ

=
μ

                                                                     (1) 

where ρp is the particle density, dp is the particle diameter, 
U is the inlet velocity, μ is the dynamic viscosity, and Din is 
the hydraulic diameter of the trachea. It is assumed that 
deposition occurs as long as a particle touches the walls. 
The inlet particle distribution is parabolic and the velocity is 
set equal to flow rate at inlet and one-way coupling is 
adopted between the air and particle flow field. 
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The governing equations are solved using FLUENT. The 
hybrid-mesh technique is used. For each Re, the St varies 
from 0.002 to 0.022 with increments of 0.005. The inlet 
particle number is 70837. The cell number of the computa-
tional model is 2,611,360.  

III. RESULT AND DISCUSSION 

A. Particle Deposition Patterns  

It has been found from our calculations that the basic 
characteristics of particle deposition patterns do not vary 
apparently with the change of St and Re number. Thus, the 
deposition pattern will be discussed for the case of St = 
0.022 and Re = 2100 only. Figure 2(a, b) show in this CT-
scanned model the particle deposition is not restricted to 
carina and the scope is more widespread than those sym-
metrical models. Apparently there are much more particles 
deposited in the anterior face than that in posterior face.  In 
the trachea, most of particles deposit on the protrusion of 
the C-shaped cartilage. On the posterior face which is 
formed by flat muscle, only few particles are found.  

The particle deposition on the first divider is shown in 
Figure 2(c). Particles are concentrated asymmetrically along 
the carina ridge with the highest concentration in the central 
portion of the carina. A large number of particles deposit on 
the right side of the carina, since the right main bronchus is 
wider and shorter than the left and more air and particles get 
into it.  

On the right second bifurcation most of particles deposit 
on the high-flow side of this carina as shown in Figure 2(d). 
The left second carina is not in the same plane of the left 
main bronchus. This carina revolves certain angle to the 
anterior direction therefore particles are concentrated 
asymmetrically along the carina ridge with the highest con-
centration in the anterior portion of the carina as shown in 
Figure 2(e). Figure 2(f) shows on the right superior lobe the 
particle deposition occurs primarily at the carina ridges as 
previously discussed, however, the deposition spreads over 
a larger surface area due to the strong secondary motion. In 
lower lobes, particles are concentrated along the carina 
ridge, and the concentration is apparently higher than that in 
superior lobes as shown in Figure 2(h). The reason is that, 
firstly, most of the air flows into the lower lobes which 
would bring more particles; secondly, the secondary motion 
in the inferior lobe is weak, and the deposition is mainly due 
to the particle direct impaction on the ridge.  

Figure 2(g) and 2(i) show on the left superior and inferior 
lobe the bifurcation angle are larger, so more particles de-
posit on the surface but the concentration seems low. As  
 

 
(a)                                            (b) 

 
 (c)                            (d)                          (e) 

 
(f)                                      (g) 

 
(h)                                      (i) 

Fig. 2(a-i) Particle Deposition Patterns of Different Parts 

previously discussed, in the inferior lobe, particle concen-
tration is higher than that in superior one.  
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B. Descriptive Rules 

In order to illustrate the actual particle deposition number 
at each bronchus, the deposition factor is defined as the 
ratio of particle deposited on one part to the total particle 
number entering the trachea, i.e., 

 trachea theenteringnumber  particle total
part oneon  depositednumber  particle factor   deposition = .           (2)    

Figure 3 shows the variation of deposition factor in the 1 
~ 5 generation lung airways with different Re and St, re-
spectively. As expected, more particles deposit on the air-
ways with higher momentum and inertia. When Re = 900, 
the deposition factor is within 7 ~ 10%; when Re = 2100, it 
becomes 10 ~ 15%.  
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Fig. 3 Deposition Factor at the Whole Lung 

Figures 4(a)-(f) shows the deposition factor at each part 
of the lung airway. In trachea particle deposition factor 
increases with increasing Re but decreases with increasing 
St. Since the trachea is almost a straight tube but with carti-
lages, for the same inertia (St), the higher momentum parti-
cles would impact on the cartilages easily; for the same 
fluid flow (Re), the higher inertia (St) particles would fol-
low the fluid flow and are hard to change its direction to 
impact on the wall. It should be noted that the deposition 
factor in trachea is the highest within the five generation 
airways and it is about 2 ~ 3%. The deposition factor on the 
right and left inferior lobes is higher and about 0.7%-1.8%. 
In the right middle, it is the minimum about 0.2%-0.6%.  
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(e)                                        (f) 

Fig. 4(a-f)   Deposition Factor at the Trachea and Lobes 

IV. CONCLUSION 

1.  The particle deposition pattern in CT-scanned lung 
model is quite different from that of symmetrical model. 
The cartilages have significant influence on the particle 
deposition, consequently in the upper airway (1~5 genera-
tion), the trachea captures the most particles. This provides 
the valuable guidance when we design aerosol medicines.  

2.  Due to strong secondary flow, particle deposition is 
lower in the superior lobes. 

3. Generally, there are about 10% of the particles depos-
ited on the upper five-generation airways, and the other 
particles would go to the deeper airways. 
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1 Institute of Biomedical Engineering, Universität Karlsruhe (TH), Karlsruhe, Germany

Abstract— Areas in atrium tissue with complex fractionated

atrial electrograms (CFAEs) are among others responsible for

the maintenance of atrial fibrillation (AFib). Those areas are

ideal target sites for ablation to eliminate AFib and restore nor-

mal rhythm. An automated identification of CFAEs with signal

processing algorithms is essential to develop an objective strat-

egy for AFib ablation. This paper introduces a new approach

to locate signal complexes corresponding to electrophysiological

activity. The idea behind this algorithm is based on the idea of

Pan-Tompkins’ QRS-detection algorithm. However in this ap-

proach, the extracted signal feature is the signal energy and

therefore the algorithm takes into account not only information

of the frequency but also of the amplitude. With adaptive thresh-

olding the algorithm is capable to manage changes in the signal

dynamics. The results were validated by experts and the algo-

rithm shows a robust performance.

Keywords— Atrial Fibrillation, Catheter Ablation, CFAEs,

Signal Processing, Segmentation

I. INTRODUCTION

Atrial fibrillation (AFib) is the most common cardiac ar-
rhythmia and is responsible for substantial morbidity and
mortality in general population. Complex approaches have
been developed for the treatment of AFib where radiofre-
quency ablation is an established curative method.

AFib is characterized by rapid and uncoordinated atrial ac-
tivities resulting in an irregular ventricular response. Allessie
et al. reported that there are two major underlying mecha-
nisms of AFib, i.e. random wavelet re-entry and leading circle
re-entry [1]. It is shown by Haissaguerre et al. that ectopic im-
pulses originating in the pulmonary veins often initiate AFib
[2]. Furthermore, Nademanee et al. suggested that areas in
atrium tissue with complex fractionated atrial electrograms
(CFAEs) are responsible for the maintenance of AFib [3].
Thus, in order to achieve conversion of persistent AFib to nor-
mal rhythm, areas with CFAEs are to be ablated along with
pulmonary veins isolation and linear lesions [4].

Electrophysiologic studies on patients provide the physi-
cians with information to design ablation strategies for the
individual. In order to locate areas to be ablated, CFAEs or

signal complexes, which are related to electrical activity of
electropathological substrate, must be identified. Till now,
this procedure is highly dependent on the experience and sub-
jective assessment of the electrophysiologist. For that reason,
effort in signal processing has been made to describe the char-
acteristics of electrical activities in atrial electrograms during
AFib in either time or frequency domain [5] [6].

There are two commercial mapping systems, CARTO
(Biosense-Webster) and EnSite NavX system (St. Jude Med-
ical), which have implemented software algorithms for au-
tomated detection of CFAEs. Both algorithms are based on
time-domain analysis. However, the results of these algo-
rithms depend on initial settings of specific parameters and
for this reason vary with different operators [7]. Up to now
there is only one algorithm published by Kremen and Lhot-
ska [5] for the purpose of searching for individual signal com-
plexes in CFAEs. Based on wavelet transformation their algo-
rithm uses the affinity of the signal to a wavelet in a certain
frequency band for classification.

In this paper we present a new approach to segment the
intracardiac electrograms into sections of signal complexes
related to electrical activity and into those where an isoelec-
tric line is dominant. Our method is based on the idea of the
Pan-Tompkins’ QRS-detection algorithm [8]. Instead of us-
ing differentiation operator we use Teager’s energy operator
[9] for signal feature extraction. By observing the signal en-
ergy, not only the frequency but also the amplitude is taken
into consideration. Thus, our algorithm shows a robust per-
formance even if the baseline is highly erratic.

II. MATERIALS

Intracardiac electrograms of patients with paroxysmal or
persistent AFib were recorded during endocardial mapping
at roof, septum, anterior and posterior wall of the left atrium.
A Lasso® catheter (Biosense Webster) with 10 electrodes is
used, which provides nine leads of bipolar intracardiac elec-
trograms. The potential difference between two adjacent elec-
trodes is given at each lead. The data is recorded by Ensite
NavX system (St. Jude Medical) with a sample frequency of
1.2 kHz. Each recording has a length of 5 or 6 seconds. The
data is prefiltered by the measurement system.

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 
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III. METHODS

A. Teager’s energy operator

Working in the field of nonlinear speech processing, Tea-
ger proposed a simple Non-Linear Energy Operator (NLEO)
[9] for time-discrete signals given as follows

En = E[x(n)] = x2
n − xn+1xn−1. (1)

Kaiser showed in his analysis, that NLEO can detect fre-
quency and amplitude of the examined signals [9]. For a har-
monic signal NLEO yields

En = E[Acos(Ω n+Φ)] = A2 sin2 Ω, (2)

where Ω is the digital frequency in radians/sample and is
given by Ω = 2π f / fs. f is the analog frequency and fs the
sample frequency. A is the amplitude and Φ the arbitrary ini-
tial phase. For small Ω we obtain

En = E[Acos(Ω n+Φ)] = A2Ω2. (3)

With Ω < π/4 or f / fs < 1/8 the relative error in the last
approximation is always less than 11%. Now let us consider
x(t) = Acos(ωt +Φ) the time-continuous counterpart of x(n).
x(t) can be interpreted as the solution of the well-known sec-
ond order differential equation

ẍ+
k
m

x = 0, (4)

which describes the motion of a mass m suspended by a
spring with force constant k. The energy of the mass-spring
system substituted with x(t) is

E =
1
2

kx2 +
1
2

mẋ2 =
1
2

mω2A2 (5)

and thus, E ∝ A2ω2. Comparing this result with equation (3),
we see that the output of NLEO can be considered as an indi-
cation of the energy of the signal x(n).

B. Segmentation of intracardiac electrograms

During endocardial mapping electrophysiological activity
is marked by changes in amplitude and frequency in intra-
cardiac electrograms. It is desired to locate these ”active sec-
tions” and separate them from sections where isoelectric line
is expected - called ”inactive sections”. As Teager’s NLEO
provides a quantity which is proportional to the (squared) am-
plitude and the (squared) frequency of the signal, we use the
relative value of this quantity as the extracted feature for au-
tomated classification. Table 1 shows the relation between the

steps in Pan-Tompkins’ algorithm and those in the approach
presented in this paper.

Table 1: Comparison between Pan-Tompkins’ method and our approach

Pan-Tompkins’ algorithm New approach in this paper

1 Preprocessing Preprocessing

2 Differentiation & Squaring Evaluation with NLEO

3 Moving-Window Integration Gaussian Lowpass Filtering

4 Thresholding Thresholding

5 Postprocessing Postprocessing

Preprocessing In the first step, baseline wander is elim-
inated by a DWT1-based approach [10] where frequencies
in range 0–1.17 Hz are removed. Moreover, high frequency
noise is eliminated from the atrial electrograms by a gener-
alized equiripple lowpass filter. For the later application of
NLEO, the filter stopband corner frequency fstop (with an at-
tenuation of -32 dB) is chosen to be one-eighth of the sample
frequency, which equals to 150 Hz. Since frequencies greater
than 150 Hz are beyond the physiological frequency range,
this restriction does not lead to information loss. The signal
after preprocessing step is shown in Fig. 1(a).

Evaluation with NLEO The output of NLEO highlights
sections with high frequency and high amplitude. In Fig. 1(b)
we note that the relative difference between NLEO’s output
of sections where the signal is ”active” and where the signal
is ”inactive”, is significant.

Gaussian Lowpass Filtering In order to take the width of
an individual peak into account, the NLEO output is filtered
with a lowpass. For this purpose, a gaussian filter is chosen
because both - its impulse response and frequency response -
are smooth in the range of interest, Fig. 2.

According to Pan & Tompkins, the effective width of the
filter impulse response should be in the order of the aver-
age peak width. In intracardiac electrograms peaks are usu-
ally 10–20 ms wide. The effective width of the filter impulse
response is set to 17 samples, Fig. 2(a), which, in case of a
sample frequency of 1200 Hz, corresponds to 14 ms.

In spectral analysis of intracardiac electrograms, the fre-
quency range of interest is 0–20 Hz [11]. Within this range,
the magnitude spectrum of the electrograms often shows a
single dominant peak with its harmonics. For that reason, the
cutoff frequency fc is set to 24 Hz, Fig. 2(b). The lowpass
filtered NLEO’s output is shown in Fig. 1(c).

1Discrete Wavelet Transformation
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Fig. 1: Visualization of the segmentation algorithm in its steps.
(a) Signal after preprocessing. (b) NLEO’s output: the signal ”energy”.

(c) Filtered NLEO’s output. (d) Result after thresholding.

Thresholding To adapt to changing characteristics of the
signal, thresholds are adjusted periodically after Δ t. Over a
one-second time window wi the threshold θi is calculated
using a factor k of the standard deviation of the filtered en-
ergy within wi. The time shift Δ t is set to 50 ms. Thus, ev-
ery data point has 20 thresholds θi(n) of 20 shifted windows
wi, except for those lying in the first and the last second of
the data set. For each data point, we choose the threshold
θ(n) = min(θi(n)), i = 1, ...,20.

Finally, the factor k is the only arbitrary parameter, which

is used to weight the standard deviation of the filtered energy.
According to experts’ validation, k is set to 0.1.

By comparing the filtered energy in Fig. 1(c) with the
adaptive thresholds θ(n), sections with high energy (active
section) are located and separated from those with low en-
ergy (inactive section). The result is shown in Fig. 1(d).

Postprocessing In the last step the width of inactive and
active sections are revised. All inactive sections, which are
shorter than a refractory period of 30 ms, are removed and
set to be active. In those cases neighboring active sections are
merged.

The respective procedure is applied to the active sections:
an active section should not be shorter than 10 ms.
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Fig. 2: Gaussian lowpass filter

IV. DISCUSSIONS & RESULTS

A new method for automated location and segmentation
of active segments in intracardiac electrograms is proposed.
This method has been applied on recordings from different
positions in the left atrium of five patients with paroxysmal
or persistant AFib. The results were validated by experts.

The presented method uses the signal energy as an ex-
tracted feature for classification. Since both signal frequency
and signal amplitude are taken into consideration, results in-
dicate high performance and stability. Unlike methods based
on the analysis of the signal frequency, perturbation of the
baseline does not affect the result of our algorithm.

With adaptive thresholding, changes in signal characteris-
tic can be detected and evaluated accordingly. Fig. 3(a) shows
that active sections with high amplitudes as well as active
sections with low amplitudes are located accurately with the
presented method.

During endocardial mapping, CFAEs are in the focus of in-
terest since they are associated with AFib substrate. In atrial
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electrograms, sections with a prolonged activation complex
are key indices for CFAEs, Fig. 3(b). By introducing a re-
fractory period, fractionated sections can be identified in their
true length. This is achieved in the postprocessing step, where
adjacent active sections with an intersegment smaller than the
refractory period are merged. Therefore active sections in the
segmented signal are able to represent the local electrophysi-
ological activities.

This method has also been tested on intracardiac electro-
grams during atrial flutter and sinus rhythm. The results are
plausible since in both cases the baseline is smoother than
during AFib. With accordingly adjusted parameters (average
peak width, length of the time-window to calculate thresholds
and refractory period), this method works as well on surface
ECGs for detection of QRS-complexes.
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Fig. 3: Examples of segmented intracardiac electrograms. On a signal with
changing amplitudes in (a) and with continuous electrical activity in (b).

V. CONCLUSION

With this approach we reach our goal of providing a reli-
able algorithm for location and segmentation of signal com-
plexes in intracardiac electrograms. Objective assessment of
the local electrical activity in intracardiac electrograms can
be achieved with the presented algorithm.

Based on the segmented data, further investigation can be
performed to extract more features from the active signal
complexes, such as fractionation evaluation for automated
diagnosis of AFib. With its low computational complexity,
this method is capable for real-time application and can be
an operator-independent guide for electrophysiologists dur-
ing catheter ablation.

Because of its nature, this algorithm works not only with
intracardiac electrograms during atrial fibrillation, atrial flut-
ter or sinus rhythm, but also with surface ECGs. So far this
is a theoretical approach and needs further investigations to
warrant its clinical value.
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Abstract––Studies on the distribution of plantar pressure 
between the sole of the foot and the ground were developed 
before the 19th century. Currently, the most often employed 
plantar pressure measurement systems are Pedar® and F-
Scan®, which have restrictions such as operational difficulty 
and high cost. In the present study, a device was constructed 
from two pressure plates capable of measuring plantar forces 
in discreet areas of the feet at a low cost, using strain-gages 
attached to sixteen strategic points of the mechanical elements. 
Sixteen prismatic beams were soldered to each frame, for 
which the free extremity of each beam represented a specific 
point of the foot. Two strain gauges were attached to each 
beam – one near the upper fixed extremity and the other near 
the lower fixed extremity. Using a Wheatstone bridge electric 
circuit, the gauges were used to measure the force acting on 
the extremity of the beam. Precision and accuracy of the proto-
type was about 10%. In some measurements, accuracy was 
2%. The low precision and accuracy were mainly due to the 
restrictions of the available equipment, which only permitted 
four measurements at a time. Thus, it was necessary for par-
ticipants to stand on the plates four separate times, which 
signified possible changes in the position of the feet on the 
pressure plates. Despite some limitations, the aim was 
achieved. The prototype has been used in some studies and 
represents a contribution to biomechanics, demonstrating the 
viability of using strain gauges. 

Keywords—Sensor, Strain-Gauge, Plantar Force,  
Podobarometry. 

I. INTRODUCTION 

Studies on the measurement of the distribution of pres-
sure between the ground and the sole of the foot were  
developed before the 19th century [1]. The first methods 
applied to estimate the plantar forces were based on plantar 
prints in appropriate materials such as plaster of Paris and 
clay [2]. 

Currently, plantar pressure procedures are more sophisti-
cated, including optic, piezoelectric, resistive and capacitive 
sensors as well as a diversified technological development 
of systems, principles, components and devices usedg in 
biomechanics to measure plantar pressure distribution, de-
nominated podobarometry [1]. 

The most often employed plantar pressure measurement 
systems are Pedar® and F-Scan®, but offer a number of 
restrictions, such as operational difficulty, short time accu-
racy, inability to reproduce variations in pressure at low 
velocity, short useful life and high cost [3, 4]. 

The aim of the present study was to construct a func-
tional device capable of measuring plantar forces at an af-
fordable cost. 

II. WRITING THE PAPER 

A.   Materials and Methods 

The device designed for use in measuring the distribution 
of plantar force is formed by two force plates and was de-
veloped at the Biomechanics Laboratory of the Guaratin-
guetá Engineering School – Universidade Estadual de São 
Paulo (Brazil). 

The device was made up of two steel frames (25 cm x 35 
cm) – one for each foot. Sixteen prismatic beams were sol-
dered to each frame. The free end of each beam corre-
sponded to a specific point of the foot under which plantar 
pressure was measured. Two electric resistance extensom-
eters (strain gauges; Kyowa KFG-3-120-C1-11, with k 
factor = 2.10) were attached to each beam – one near the 
upper fixed extremity and the other near the lower fixed 
extremity. Using a Wheatstone bridge electric circuit, the 
gauges were used to measure the force acting on the extrem-
ity of the beam. A total of 32 strain gauges were used on 
each plate.  

Rubber (1 cm in diameter) was glued to the free extrem-
ity of each beam, representing the precise site of the appli-
cation of weight force as the participants stepped on the 
plates and had the function of leveling the extremities of all 
the beams on the plate. The beams were numbered, begin-
ning with the region corresponding to the first toe (hallux), 
respectively following the outer and inner contour of the 
foot, ending in the region corresponding to the lower part of 
the second toe. 

Rubber surfaces (25 cm x 35 cm) were placed over the 
force plates. In the center of these surfaces, two white, sul-
fite paper insoles (size 37) were glued – one on the  
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right-foot plate and the other on the left-foot plate – in order 
to orientate the participant regarding the correct place to 
stand. The rubber surfaces ensured that the participants 
were not in direct contact with the beams, thereby offering 
them greater comfort and safety.  

 

  
Fig. 1 Detail of the left and right force plates developed at the Mechanics 
Department/Engineering School/UNESP 

The sensation of contact between the foot and the plate 
was the same as standing on a rubber carpet placed on a flat 
surface. The participants remained balanced over the sixteen 
points. To measure plantar pressure, a Wheatstone half-
bridge electric circuit was used. In order for the bridge to be 
completed, we have the following equation: 

 

( )43214
εεεε −+−=Δ k

V
E

               (1) 

 
in which: ∆E = tension of the bridge output. As each beam 
uses a half Wheatstone bridge (ε2 = ε3 = 0) and the deforma-
tions in the upper surface of the beam (ε1) are traction, 
whereas deformations on the lower surface are compression 
(ε4) but equal in the module, we have: 
 

V
E

k
Δ= 2ε                                (2)                                                                          

From the resistance of the materials: εσ E= (tension is 
proportional to deformation) and substituting the equation 
above, we have: 

V
E

k
E Δ= 2σ                                    (3)                                                                                                                

in which E = elasticity module of the beam material. The 
normal tension on the beam at the site of the strain gauge is: 

 

I
Mc=σ                                     (4)                                                                                                                  

 

in which: M = flector moment ( ePlM = ), c = distance 

from the neutral axis to the upper fiber (
2
hc = ) and  I = 

moment of inertia (
12

3bhI = ). 

Substituting I, M, c in Equations (3) and (4), we have: 
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                                 (5)               

 
In this expression, V is the input tension, k is the factor of 

the strain gauge provided by the manufacturer (k = 2.10), P 
is the load applied to the extremity of the beam, le is the 
distance from the force application point to the strain gauge, 
b is the beam width and h is thickness. 

The geometric parameters were calculated considering 
(ΔE/V)max to be between 0.001 and 0.003 for each maximal 
load of approximately 40 N. Each beam was designed con-
sidering this maximal load on the extremity. In relation to 
the length of the beam, an adjustment was made in order to 
adapt the value to the size of the metal frame. The numeri-
cal values of the geometric parameters of each beam were: l 
= 70 mm; le = 55 mm; h =3 mm; b =12.7 mm; E = 200 GPa.  

The intensity of the signals obtained in mV/V from the 
strain gauges is proportional to the deformities in the beams 
and the load applied to the extremity. Using a signal condi-
tioning system (Spider 8, HBM, Darmstadt, Germany), the 
signals from the strain gauges (mV/V) were amplified and 
sent to a microcomputer, where they were captured, stored 
and adequately manipulated using the Catman® program 
(version 3.1, 1997-2000). Calibration was initially per-
formed by applying weights of 1.89 kg, 3.02 kg and 4.04 kg 
to the free extremity of each beam, respectively correspond-
ing to forces of 18.57 N, 29.68 N and 39.67 N. Thus, an 
mV/V signal was acquired proportional to the load applied 
to the free extremity of each beam. The signal from the 
bridge mounted with the strain gauges was automatically 
transformed into a force signal [N] through the application 
of weight on the extremities of each beam on the device. 

Calibration was performed to a load of 4.04 kg. Consid-
ering the total weight of a person weighing approximately 
80 kg (the maximum stipulated for use of the device), di-
vided by two plates (one for each foot) and 16 beams on 
each plate, the result would be a load less than 4.04 kg used 
in the calibration. The calibration results were entered in the 
Catman® program and any load applied to the device was 
automatically converted into force rather than electric signal 
(mV/V). 
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The experimental procedure consisted of measuring plan-
tar pressure from contact of the participant’s foot on the 
pressure plate. Due to the fact that the signal conditioner has 
four channels, only four sensors were coupled at a time for 
each foot. Thus, measurements were collected from sensors 
1 to 4, followed by sensors 5 to 8, 9 to 12 and 13 to 16 for 
both the right and left feet. Prior to the tests, the calibration 
data corresponding to each sensor were activated. The ac-
quisition frequency was 10 Hz, as the tests were performed 
with the individual in a static position. Total collection time 
was twenty seconds, during which the participant was in-
structed to remain as motionless as possible on the pressure 
plates. The first and last six seconds were excluded, as these 
times represented moments of getting up onto and down off 
of the pressure plate, respectively. For the analysis of the 
functionality of the device, plantar pressure measurements 
were performed on 20 female participants, with an average 
age of 42.3 and body mass index of 23.6 kg/m2. 

The tension amplifier bridge was on a flat surface on a 
table. The pressure plates were also on a flat surface on the 
floor. Prior to contact of the individual’s foot with the pres-
sure plate, the signals of the devices were reset to zero. The 
participant remained seated in front of the plates with her 
feet positioned on the paper insoles. When the collection 
began, the participant stood up on the pressure plate for 20 
seconds and then sat down again.  

Three measurements were taken for each four connectors 
coupled to the amplifier bridge, totaling 24 readings for 
both of the pressure plates. Thus, values from each sensor 
were obtained three times. The data were amplified by the 
signal conditioning system and stored on the computer for 
subsequent analysis.  
 
B. Results 

 
The results of the calibration revealed satisfactory linear-

ity between the electronic signal and the forces applied to 
the beam, with a coefficient of determination of 1.0 and p < 
0.0001. 

0,0 0,1 0,2 0,3 0,4 0,5 0,6 0,7 0,8
0

10

20

30

40

50

Lo
ad

 [N
]

Tension in output bridge [mV/V]

 experimental points
 tendency (R=1  P<0.0001)

 

Fig. 2 Calibration of beam number 1 on right-foot device 

Operational ease and satisfactory efficiency were demon-
strated during the procedure. In order to determine the pre-
cision and accuracy of the device, collections were  
performed using 15.24-kg and 30.50-kg metal rings, with 
ten collections performed for each ring. Both precision and 
accuracy achieved approximately 10%. For some measure-
ments, accuracy was 2%. The greatest contribution to the 
error stemmed from the collection being carried out in four 
steps due to the restriction of the four-channel signal condi-
tioner, allowing only four measurements at a time. Thus, for 
each change of the channels, the positions of the metal rings 
underwent slight changes in position, despite the efforts 
made to always place them in same position. 

C.   Discussion 

The prototype developed in the present study proved to 
have good functionality, operational ease and results consis-
tent with those found in the literature. The greatest advan-
tage of this equipment is its lower cost in comparison to 
commercial products.  

According to Domenech et al. (2003), current plantar 
pressure measurement systems, such as Pedar® and F-
Scan®, have a number of limitations, as mentioned above 
[5]. On the other hand, these devices represent a far better 
spatial resolution to the prototype developed in the present 
study. In the case of F-Scan®, the insoles are attached to the 
feet and have a much higher number of sensors. However, 
these factors did not prove to be problematic in relation  
to the pressure platform constructed here, for, despite the 
lesser number of sensors, the device was able to perform 
well-distributed measurements under specific regions of  
the feet.  
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One limitation of this device resides in the fact that it was 
designed for insole size 37. A disadvantage in the study was 
related to the restriction of the available signal conditioner, 
which only had four measurement channels. This deficiency 
led to a greater measurement error due to the change in 
position of the feet over the beams whenever the measure-
ment channels were changed. An attempt was made to 
minimize this error by instructing the participants to step on 
exactly the same position on the insole for all measure-
ments. This disadvantage could easily be overcome with the 
use of equipment with a greater number of channels, 
thereby enabling the reading of all sensors simultaneously 
during a single acquisition. 

III. CONCLUSION 

The device presented here represents a contribution to 
biomechanics, demonstrating the viability of using stress 
gauges. With the application of new adjustments in order to 
obtain improved functionality, the device could have clini-
cal relevance. Despite the limitations of this prototype, it 
was able to obtain plantar forces and therefore achieved its 
objective. The device has already been used in other studies 
addressing orthopedic pathologies. 
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Evaluation of spontaneous infant movements is an impor-
tant tool for the detection of neurological impairments. It is 
necessary to automatically detect movement phases which 
exhibit certain complex characteristics in order to quantita-
tively assess these movements. This article presents a method 
to extract segments of complex movements from multivariate 
kinematic tracking data. Expert knowledge is represented in a 
principal component model. Evaluation shows a good concor-
dance between the segments marked by the experts and the 
results of the automated approach. It is further shown that 
normal infant movements can be discriminated from patholog-
ic movement patterns. 

Keywords  kinematic time series analysis, principal compo-
nent analysis, electromagnetic tracking, infant 
movements 

I. INTRODUCTION  

Evaluation of spontaneous infant movements is a crucial 
diagnostic tool for the detection of neurological impair-
ments at an early stage [1]. Physicians try to detect move-
ment segments in a subjective video-based analysis where 
the infant shows so-called general movements (GM), i.e. 
spontaneous movements that exhibit certain complex cha-
racteristics [2]. This kind of movements has so far only 
been described in a qualitative way and has not been de-
fined by quantitative features.  

It is necessary to automatically identify segments of 
complex GM from recordings (5 to 10 minutes) in order to 
allow an objective analysis which could give valuable deci-
sion support for physicians. 

This article presents a novel method to automatically 
detect segments of complex general movements from quan-
titative motion capture recordings of the upper and lower 
limb. 

II. METHODS 

The motions of the right upper and lower limb of 21 
term and preterm infants at the age of 1 month corrected age 

were recorded with an electromagnetic tracking device 
(3DGuidanceTM, Ascension Technology) and a video cam-
era. Two experienced physicians evaluated the videos ac-
cording to the general movement analysis [2] and diagnosed 
the infant movements as normal or abnormal (11 normal, 
10 abnormal). The best four subjects from the normal group 
were selected for further analysis: The videos were eva-
luated and segments showing complex general movements 
were selected. These segments served as training set. A 
biomechanical model was used to derive segment angle 
time series from the tracking data [3]. The time series were 
segmented into segments of 20 seconds. This length roughly 
corresponds to movement phases considered by physicians. 
Movements of the arm or the leg are constituted by the 
combination and superposition of segmental rotations in the 
kinematic chain (e.g. elbow flexion and rotation and hand 
flexion). For each segment a feature vector (FV) was calcu-
lated consisting of the standard deviation of each time series 
(see figure 1) resulting in several FVs for each subject. 

 

Figure 1: A: the multivariate time series consisting of flexion angle 
hand (a), abduction angle hand (b), flexion angle elbow (c), angular veloci-
ty shoulder (d), flexion angle foot (e), abduction angle foot (f), flexion 
angle knee (g), and angular velocity hip (h) are split into 20 sec segments. 
B: For each segment the standard deviations (STD) of each time series 
constitute a feature vector. 
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Each vector is supposed to represent a phase of move-
ments where a certain subset of segmental rotations shows a 
high variance whereas the rest shows a low variance. Cer-
tain feature combinations might create a more complex 
impression to the physician than others. 

In order to find these combinations a model representing 
e

segments could be assessed regarding their accordance to 
e-

 
For this purpose a principal component (PC) model 

based on the FVs from the training set (29 FVs) was 
created. The first three PCs with an eigenvalue greater than 
1 were selected according to the Kaiser criterion. The space 
spanned by the selected PCs defines this PC model. All FVs 
of both groups were transformed into the PC space. Two 
distance measures were used to quantify the concordance of 
each sample with the model [4]: 

 Q, the sum of squares of residuals between the original 
data and that estimated from the inverted PC model. 

 T2, the Mahalanobis distance which measures the dis-
tance of a subject to the centre of the hyper-plane defi-
ned by the PCs.  

Large values in the Q-T2 plane indicate that the subject 
belongs to a population with a different PC structure. 

III. RESULTS 

Figure 2 shows all segments of all subjects in Q-
T2 space. There is no clear separation between the FVs of 
both groups. However there is a tendency of FVs from the 
normal group having smaller Q-T2 values. Consistent with 
the observation that a movement recording of a subject from 
the normal group consists of some segments of complex 
GM and other segments which exhibit less complexity the 
best FVs of each recording were selected, i.e. the FVs with 
the smallest Q-T2 values. The average of the three best FVs 
of each subject in the Q-T2 plane was calculated, which 
corresponds to 60 sec of movements (see figure 3). Now the 
subjects from the normal group show lower Q-T2 values. 
This indicates a good accordance to the model of complex 
movements. All but one subjects from the abnormal group 
show higher Q-T2 values, indicating that their movement 
segments belong to a different population. Indeed infant 
movements are diagnosed abnormal when they lack com-
plexity. The detected segments of each of the four subjects 
from the training set were compared to the segments se-
lected by the experts in order to evaluate the automated 
segment detection. 

 

Figure 2: Q-T2-distances of all segments. Each black triangle corresponds 
to a 20 sec movement segment of a subject of the normal group; each circle 

corresponds to a segment of a subject of the abnormal group. 

 

Figure 3: For each subject, the average of the 3 segments with the smallest 
Q-T2 values is calculated. Each black triangle corresponds to one subject of 

the normal group; each circle corresponds to one subject of the abnormal 
group. 

This was done by the means of cross validation. E.g. the 
experts had marked segments with a total duration of 
109 sec from the recording of subject 1 as complex. Hence 
the best 109 sec were selected according to the PC model 
based on subjects 2, 3 and 4 (see figure 4). Table 1 shows 
the statistical measures of performance of this evaluation. 
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Figure 4: Cross validation: For each subject of the training set the complex 
segments are calculated corresponding to the PC model without this subject 
(black segments). These are compared to the segments which were selected 

by the experts. 

IV. DISCUSSION 

One basic challenge concerning the automated analysis 
of quantified spontaneous infant movements is the detection 
of the relevant movement segments where the infant's 
movements show characteristics that are related to the status 
of its neurologic system. Knowing these segments meaning-
ful features can be spotted in the multivariate time series. 

The presented approach tackles this problem by creating 
a PC model based on expert knowledge. We believe that 
this model captures characteristics of the term "complexity". 
This hypothesis is supported by the results: recordings from 
the normal group, i.e. from infants which show high com-
plexity, show a higher accordance to the model than infants 
from the abnormal group, which show movements with low 
or no complexity at all. It should be noted that this different 
structure is due to the similarity to the training set alone. 
There was no training aimed at discriminating these two 
groups. Furthermore we constructed a PC model based on 
all segments of the normal group (instead of only the ones 
labeled by the physicians). Using this model the differences 
between the two groups vanish which further supports our 
hypothesis. 

Table 1: Statistical measures of performance of the cross validation. 

i Sensitivity Specificity Pos. 
pred. 

Neg. 
pred. 

Prevalence 

1 0.50 0.94 0.55 0.93 0.12 
2 0.79 0.55 0.82 0.49 0.73 
3 0.78 0.90 0.77 0.91 0.30 
4 0.72 0.80 0.71 0.81 0.41 

mean 0.70 0.80 0.71 0.79 0.39 

The direct comparison of segments detected by this me-
thod and segments marked by experts shows that most of 
the segments can be found correctly even if only 12% of the 
whole recording are marked as complex as can be seen in 
the first chart of figure 4. Since it is our goal to detect com-
plex segments which can be used for feature extraction the 
positive predictive values of table 1 are of special interest. 
71% (mean value) of the selected segments actually were 
selected by the experts. We consider this a good result given 
the fact that our system selects segments with duration 
longer than 20 sec, whereas the experts also marked shorter 
segments (e.g. 12 sec) so that a perfect match is not possi-
ble. There are notable differences between the sensitivity 
and the specificity of subjects 1 and 2 due to the different 
prevalence values of 12% and 73%. Actually we do not 
know yet if it is possible to give a diagnosis if there are only 
very few complex segments like in recording of subject 1. 
This issue will have to be addressed in our future research. 

The mapping of segments to the PC-model may even be 
the basis for a simple classifier, since there is a fairly good 
discrimination between the two groups. But this idea is 
limited by the non-linear nature of the Q-T2 space: segments 
can be ordered as "better" or "worse" according to their 
similarity to the variance model of the training set, but the 
distances between them are not linear. This has a strong 
influence when an average value is to be calculated from 
several segments as done for demonstration purposes in 
figure 3. It seems to be more reasonable to select the k best 
segments to derive discriminating features from them. 
These features can then be combined in a linear way. 

Recent works concerning the quantification of infant ki-
nematics aimed at the detection and analysis of defined 
events like kicking [5] or at analyzing whole recordings, 
e.g. acceleration data [6]. We believe that these approaches 
are - as yet - insufficient to quantitatively evaluate GM, 
because it is still not clear how to describe qualitative terms 
like "complexity" with the means of time series analysis. 
Hence they can neither be defined as events nor does it 
seem recommended to analyze the recorded time series as a 
whole, since important features might be hidden by long 
segments which are irrelevant for the assessment. Therefore 
we believe that our approach presents a valuable tool in the 
further quantitative exploration of the nature of general 
movements. 
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Abstract— Optoelectronic registration of dermal oxygen 
saturation can be done via photoplethysmographic (PPG) 
measurement of arterial perfusion or via measurement of the 
remission spectrum of vital skin. Due to their simple meas-
urement principle and setup photoplethysmographic oxygen 
measurement systems have found their way to daily use in 
clinics and ambulances many years ago. The measured oxygen 
saturation is one of the most important parameters to evaluate 
the patient’s state of health. The used sensors consist just of 
two monochromatic light sources and one photo-detector and 
are either used in reflective or transmission mode. 
In the last years the Institute of High Frequency Technology 
(IHF), RWTH Aachen, has developed an enhancement of the 
PPG measurement called Photoplethysmography Imaging 
(PPGI)  giving the possibility to measure skin perfusion con-
tactless with a sensitive camera instead of the classical sensor. 
This system will also be used for the contactless measurement 
of dermal oxygen saturation. The concept and basic setup of 
this system will be described in this paper. 

Keywords— PPG, PPGI, oxygen saturation, contactless, cam-
era system. 

I. INTRODUCTION  

The great advantage of classical Photoplethysmography 
(PPG) in contrast to other methods has always been the non-
invasive measurement principle.  

Two basic limitations of this principle are the need of 
having direct contact between sensor and skin and the pos-
sibility of measuring just one small spot per sensor. 

Because of the first limitation no measurement within 
open wounds, bubbles and burns is possible. Especially in 
wounds, however, the perfusion state is often important for 
first diagnostics and judging the healing process. 

Furthermore, as shown by recent activities at IHF, inves-
tigators obtain additionally useful information, if data on the 
skin’s local perfusion state can be provided. These devel-
opments started with multi-sensor PPG-systems and re-
sulted in Photoplethysmography Imaging (PPGI), which 
overcomes the limitations of the classical PPG. 

Since it is now possible to measure the skin’s perfusion 
with PPGI, the step to measuring dermal oxygen saturation 
is just one logical consequence. 

II. BASICS OF OPTOELECTRONIC  DETECTION OF SKIN 
PERFUSION 

A. Classical Photoplethysmography 

The principle of optoelectronic registration of functional 
cardiovascular data using selective optical scanning of the 
human skin is based on the work of Cartwright, who devel-
oped methods for measuring the arterial blood volume pulse 
within the 30s of the 20th century. In 1938 Hertzman named 
his device “photoelectric plethysmograph” and wrote the 
following statements about his discovery: “The Volume 
pulse of the skin as an indicator of the state of the skin at 
rest” and “Amplitude of volume pulse as a measure of the 
blood supply of the skin” [1]. Since these discoveries many 
enhancements of this measurement principle have been 
developed, but the way into daily use in clinics and ambu-
lances was only possible because of the rapid developments 
in optoelectronic semiconductors and microprocessor tech-
nology. 

The idea of PPG is based on the fact that the hemoglobin 
within the blood absorbs a lot more photons than the sur-
rounding tissue. Within biological probes there is a much 
higher probability that photons are scattered than absorbed. 
As a consequence of this, sending photons to tissue with 
poor blood supply will result in more backscattered photons 
than sending photons to well supplied tissue, see Figure 1. 

   

Fig. 1 Poorly supplied tissue on the left scatters more photons back than 
well supplied tissue on the right [2] 

Also important for the principle of PPGI are minimal 
losses at the phase change between air and tissue as well as 
low optical wavelength dependent attenuation of upper skin 
regions. This results in a sufficient depth of penetration for 
photons of the visible and near-infrared part of the optical 
spectrum.  
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B. Classical pulse oxymetry 

The function principle of a pulse oxymeter is very similar 
to a classical plethysmograph, but it uses two light sources 
of different wavelength. These light sources are operated 
with one photo detector in time division multiplex mode, so 
the light signals can be registered separately. Typical meas-
urement regions are fingers or earlobes. 

In most cases LEDs of red and infrared wavelength are 
used. For these different wavelengths the absorbance of 
oxygenated hemoglobin and deoxygenated hemoglobin is 
different. Threw calculation of different signal parts com-
bined with empirically developed equations and parameters 
the oxygen saturation can be computed [3,4]. 

 
C. Photoplethysmography Imaging 

The PPGI principle is an enhancement of the classical 
photoplethysmography. The basic measurement principle is 
the same. The setup consists of light source(s) and one de-
tector. The light sources are placed over the measurement 
area similar to the floodlight system of a football stadium. 
The photo detector of classical PPG is replaced by a very 
sensitive camera system (Fig. 2) [5,6,7]. 

 

Fig. 2 Schematic PPGI setup for pulse-oxymetric measurements 

This system allows measuring minimal intensity changes 
of the human skin caused by variations in skin perfusion. 
The great advantage compared to the classical PPG is the 
possibility not only to measure the small spot below the 
PPG sensor, but the whole visual field of the camera. Even 
the measurement inside wounds is no problem for this sys-
tem. 

Using more than one light source e.g. red and infrared for 
alternating skin illumination the PPGI-technique offers the 
possibility for the mapping of oxygen saturation in selected 
skin regions and also inside wounds for the first time [9]. 

Nearly all techniques known from classical PPG can be 
adapted to this new technique e.g. reduction of surrounding 
light influence using “three wavelengths” (red, infrared and 
no light). In contrast to the classical PPG additional work 

load has to be invested into movement artifact reduction 
caused by movements of the measured skin region relative 
to the camera sensor. 

D. PPGI camera sensor 

The first version of PPGI for registration of skin perfu-
sion and preliminary measurements of spatial resolved oxy-
gen saturation of the human skin was a CCD camera 
(EG&G Life Science Resources, Cambridge, UK) with a 
dynamic range of 14 bit, a spatial resolution of 512x512 
pixels at 8 frames per second. The achievable frame rate can 
be increased by reducing the spatial resolution or by binning 
adjacent pixels to e.g. 15 frames per second (fps). This 
frame rate is sufficient to record pulse form and amplitude 
of one wavelength. For the measurement of oxygen satura-
tion a minimum of two wavelengths is needed to measure 
oxygen saturation related behavior of hemoglobin at differ-
ent wavelengths. Two wavelengths require a higher sample 
rate of the camera sensor, because for each wavelength 
different perfusion signals have to be measured in alternat-
ing time slots. If more than two wavelengths are necessary, 
e.g. for the reduction of surrounding light even higher frame 
rates have to be applied for exact pulse form and amplitude 
registration. 

These requirements forced us to search for a new camera 
sensor with higher time resolution, because the low frame 
rate is the most serious disadvantage of the 1st generation 
PPGI. The new camera sensor is also a CCD camera (AVT 
Pike, Allied Vision Technologies, Stadtroda, Germany, 
Figure 3). At a resolution of 1920x1080 pixels it offers a 
frame rate of 16 fps (for 16 bit dynamic range) or 31 fps 
(for 8 bit dynamic range). By reducing the spatial resolution 
to the values of the old system a frame rate above 30 fps can 
be reached. If binning is utilized, even frame rates of 60 fps 
are no problem. 

 

Fig. 3 2nd generation PPGI camera sensor AVT Pike 

Whereas the 1st generation PPGI is already usable with 
all functions and thus also available for oxygen saturation 
measurements with reduced accuracy, the 2nd generation 

IFMBE Proceedings Vol. 25

776 M. Herzog, V. Blazek, and M. Hülsbusch



PPGI system using the AVT PIKE is in the final phase of 
buildup. For this development, however, some challenges 
have still to be solved e.g. picture-illumination sychronisa-
tion. 

E. PPGI image processing system 

The PPGI image registration and processing system con-
sists of an illumination control system for different meas-
urement tasks and the registration unit recording the image 
sequence belonging to each wavelength. Algorithms for 
post-processing of the recorded data are available for differ-
ent evaluation- and error-correction-tasks e.g. movement 
artifact reduction, digital filtering of perfusion data (slow 
rhythms, respiratory rhythms and heart synchronous 
rhythms), visualization methods for wavelength dependent 
pulse amplitudes as well as the well known oxygen satura-
tion methods for pulse-oxymetric measurements.  

III. FIRST RESULTS 

First results have even been achieved using the 1st gen-
eration PPGI by measuring at a relatively large spot at a 
proband’s forehead with reduced spatial resolution. Figure 4 
shows one image of a 90 s recording sequence of the PPGI-
system. 

 

Fig. 4 Virtual sensor of PPGI system represented by red frame, several 
virtual sensors with selectable size can be used for evaluation 

During this measurement the measured region was illu-
minated with alternating light of red (617 nm) and infrared 
(950 nm) wavelength (other wavelengths are possible). The 
illumination was synchronized to the camera frame rate 
using a trigger signal provided by the camera, so that an 
independent cinematographic picture sequence for each 
wavelength was obtained. The plotted intensity values for 
both wavelengths are shown in Figure 5. 

 

Fig. 5 PPGI signal for simultaneously measurement with red and infrared 

For each of these signals we evaluated the DC and AC 
values, the ratio of ratios (eq. 1) and afterwards the oxygen 
saturation using the formula of Meiyappan (eq. 2). The 
parameters A, B and C are wave-length-dependent parame-
ters [4]. 
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The mean calculated oxygen saturation was 97%, which 

nearly equaled a simultaneous measurement done with a 
commercial finger pulse oxymeter (98%). 

Despite this result we discovered quite a poor quality of 
the pulse form using the 1st generation PPGI due to the 
limited sampling. Thus we expect getting even better results 
with the 2nd generation PPGI. A first preliminary result of a 
measurement with one wavelength using the 2nd generation 
PPGI is shown in Figure 6. With this system the evaluation 
of well shaped pulses seem to be feasible. 

 

Fig. 6 Single wavelength evaluated with 2nd generation PPGI, Quality of 
the arterial blood volume pulse 
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IV. CONCLUSIONS  

The first results achieved with the 1st generation PPGI 
confirm our goal to develop an accurate camera based sys-
tem for contactless measurement of dermal oxygen satura-
tion with spatial resolution. The enhanced temporal and 
spatial resolution of the 2nd generation PPGI described in 
this paper will lead to an appropriate instrument overcoming 
the limitations of the 1st generation PPGI. 
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Abstract— Cardiovascular diseases belong to the most 
common causes of death in western industrial nations. The 
indication of risk factors is of great interest for both physicians 
and patients. For early diagnosis of irregularities in the human 
cardiovascular system a 24/7 monitoring system is developed, 
which is based on a micro-optic in-ear sensor. By means of a 
miniaturized electronic unit the plethysmogram can be 
acquired and processed locally by a microcontroller. The 
resulting signal is then transferred wirelessly to a personal 
digital assistant (PDA) or PC where the heart beat, oxygen 
saturation (SpO2), breathing frequency and slower perfusion 
rhythms can be calculated. This contribution introduces the 
system concept of the monitoring system and presents first 
measurement results. 

Keywords— PPG, plethysmogram, pulse oximeter, oxygen 
saturation, ear channel 

I. INTRODUCTION  

Since the early 1980s, pulse oximetry has emerged as a 
de facto standard for non-invasive monitoring of arterial 
oxygen saturation and heart activity. Up to now pulse oxim-
tery is mainly used for supervision of respiratory and car-
diac function during surgery and in the ambulance [1]. 

Although different miniaturized commercial pulse oxi-
meter systems are available, which can be carried around by 
the subject under investigation, measurement is usually car-
ried out at the extremities of the body (i.e. finger, toe or ear 
lobe). Thus the sensor is applied to prevalently moved parts 
of the human body. The frequent introduction of movement 
artifacts interferes especially with long term monitoring of 
patients. Another disadvantage is poor signal quality in oc-
currence of centralization when the patient is suffering from 
shock, sepsis, coldness or cardio-pulmonary abnormalities. 
However these indications are the main application scenar-
ios of portable oxygen saturation monitors. 

Especially for long term monitoring of risk patients a 
new oxygen saturation measuring system called IN-MONIT 
has been developed. Here a micro-optic reflection sensor 
(MORES) sealed within a bio-compatible otoplastic is 
placed into the auditory canal (Fig.1) to perform multi-

channel plethysmographic measurements (PPG) using infra-
red and red light. The positioning of the sensor inside of the 
ear bears fewer motion artifacts and doesn't disturb the pa-
tient in his daily life. Further the measurement is performed 
very close to the trunk and signal quality is thus not im-
paired from centralization. 

 
 

Fig. 1 Miniaturized optoelectronic sensor for in-ear pulse oximetry.  

II. PTIMIZATION OF SENSOR GEOMETRY 

Since our setup utilizes sensor configuration in reflection 
mo

 O

de and the perfusion status inside of the auditory canal  
differs from perfusion of the extremities, Monte Carlo simu-
lations have been performed to analyze the presented meas-
urement scenario. As a result of the simulations the meas-
urement volume and also the signal quality can be assessed 
and optimized. For this purpose the photon tissue interac-
tion is determined using statistical processes. The photons 
are then traced on their way from the light source to the 
detector (Fig. 2). From the resulting photon traces different 
sensor characteristics like penetration depths, measurement 
volume and even signal quality and modulation intensity 
when using parameterized dynamic simulations can be cal-
culated [2]. A dramatically increased measurement volume 
can be achieved by angular separation of light source and 
detector. An improved robustness of signal quality towards 
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introduction of motion artifacts caused by speech and jaw 
movement can be expected. 

 

 

 

Fig. 2 Simulation of photon tissue interaction. Left: MORES sensor in 
r l 

III. DESIGN OF AN OPTIMIZED ELECTRONIC SENSOR 

The aforementioned in-ear sensor in combination with 
ap

ic sensor interface 

eflection mode. Right: increased photon penetration inside of ear channe
when using spatially separated light source and detector 

INTERFACE 

 
plication in reflection mode demonstrates dramatically 

different characteristics compared to standard transmission 
sensors (i.e. different current levels and AC to DC rela-
tions). As a consequence commercially available pulse oxi-
meters do not allow optimized sensor control and perfusion 
recordings with adequate signal quality.  
To compensate this a customized electron
has been developed. Instead of ubiquitous DC compensation 
and following detection with moderate resolution A/D con-
verters of common pulse oximeters, only minimal analogue 
preprocessing and direct conversion with 24 bits of resolu-
tion have been chosen in this project. A microcontroller 
performs multichannel illumination control and reads out 
the A/D converter (Fig. 3). In addition to multichannel PPG 
recordings also a 3D accelerometer has been integrated to 
support detection and compensation of motion artifacts. 
After first preprocessing steps like compensation of envi-
ronmental light the plethysmographic data is send to a PDA 
or laptop for further signal processing via a wireless link. 
To allow long term application while using self-reliant 
power supply the electronic sensor control has been opti-
mized for low current consumption. It draws about 48 mW 
on average (excluding bluetooth link) while performing 
measurements at 200 Hz/channel and providing LED cur-
rents of 60 mA (red) and 15 mA (IR). Further energy sav-
ings can be expected when optimizing the utilized illumina-
tion wavelength. In particular for the detection of arterial 
pulsation different wavelengths, especially in the green 
range, seem to provide superior modulation intensity [3,4]. 
Also SpO2 detection can be carried out using modified 
wavelength combinations.  

 

Fig. 3 Measuring setup and realization of electronic sensor interface with 
direct high resolution data conversion 

IV. SIGNAL PROCESSING  

Advanced signal processing is carried out on a PDA or 
laptop. Basic algorithms for heart beat detection, uncali-
brated SpO2 calculation and also analysis of heart rate vari-
ablility have already been implemented [5,6] and show 
good correlation to measurements performed simultane-
ously with commercial pulse oximeter systems. Further 
tasks include analysis of slow perfusion rhythmics and also 
the assessment of cardiac risk and possible alarm functions.  

 
Despite the lower perfusion strength inside the auditory 

canal compared to e.g. finger the measured signal quality is 
sufficient for different algorithms working in time and fre-
quency domain. Figure 4 shows perfusion signals after 4th 
order bandpass filtering with cutoff frequencies of 0.5 and 8 
Hz. 

 Post processing of the plethysmographic curves is facili-
tated by the fact that no readjustment of DC compensation 
has to be performed by the micro controller. In contrast to 
the output of other pulse oximeters the perfusion signals are 
free of cracks or jumps. Due to the wide dynamic range of 
the implemented electronics also transmission sensors can 
be attached without the need of hardware or software modi-
fication. 
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Since the electrical characteristics of the MORES sensor 
required the development of an optimized electric control 
unit, a new universal pulse oximeter system was developed, 
which utilizes direct high resolution A/D conversion and 
requires no DC compensation. 
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which utilizes direct high resolution A/D conversion and 
requires no DC compensation. 
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Abstract—The assessment of the autonomic cardiovascular 
regulation can provide important additional diagnostic and 
prognostic information. The aim of this study was to investi-
gate the alterations of this system in the progress of normal 
pregnancy applying methods of nonlinear dynamics to charac-
terize the complexity of the heart rate and blood pressure time 
series. Also the linear and nonlinear interactions between both 
signals were analyzed. The data of 21 pregnant women at three 
different gestational stages were analyzed. It was shown that 
there is a high significant difference between the pregnancy 
before and after week 25 of gestation. Further on it was proved 
that the alterations are more pronounced in the first half of 
pregnancy than in the second half. Especially the parameters 
of Joint Symbolic Dynamics and correlation methods revealed 
significant results. On the basis of these information on normal 
pregnancy conclusions might be drawn to diagnose abnormali-
ties and to avoid serious maternal and prenatal complications. 

Keywords—cardiovascular oscillations, nonlinear dynamics, 
pregnancy, complexity. 

I. INTRODUCTION  

Over the last decades several studies have shown that the 
investigation of the cardiovascular regulation applying 
nonlinear dynamics (NLD) can provide additional diagnos-
tic and prognostic information and complementation of 
traditional time- and frequency domain analyses. There are 
various methods of NLD extracting different indices to 
describe the complexity of heart rate and blood pressure 
time series. Some of those indices have been proven to be of 
diagnostic relevance or have contributed to risk stratifica-
tion. [1-4]. 

It is known that the maternal cardiovascular regulation 
system is strongly affected by pregnancy [5]. Voss et al. 
proved significant changes of HRV and spontaneous barore-
flex sensitivity (BRS) between nonpregnant and normal 
pregnant women applying standard linear parameters. Also 
the nonlinear method of Symbolic Dynamics (SD) was 
applied and revealed significant parameters for the differen-
tiation between nonpregnant and pregnant women. Fur-
thermore it was investigated if there are any differences for 
pregnant women with different gestational stages but only 
two linear parameters were found to be significant. [6]. 

Faber et al. demonstrated that the assessment of heart rate 
variability (HRV) and blood pressure variability (BPV) can 
be used as indicators of pathophysiologic conditions, for 
example hypertensive disorders which can lead to serious 
maternal and prenatal complications. [7] 

The aim of this study was to investigate if a multivariate 
approach combining several methods of nonlinear dynamics 
to extract measures of complexity and interaction can reveal 
a modification of the autonomic cardiovascular regulation 
in the progress of pregnancy. We were also interested in to 
know at what term of pregnancy these changes occur. On 
the basis of these results it might be possible to detect preg-
nancy disorders at an early stage and to avoid further com-
plications for both, mother and child. 

II. METHODS 

A. Subjects 

In this study 21 pregnant women (mean age 27.8 years, 
range 17-35 years) were recruited from the Department of 
Obstetrics, University of Leipzig. These women had normal 
single pregnancies with normal outcome. Women with any 
blood pressure disorders before or during the pregnancy or 
any other cardiovascular or renal diseases as well as diabe-
tes were excluded. For further details see Table 1.  

B. Data Acquisition and Preprocessing 

ECG (3-lead) and continuous blood pressure (Portapres) 
were recorded for 30 min under resting conditions at three 
different gestational stages; before week 20, between week 
20 and 30 and after week 30 of gestation. The recorded data 
were filtered to detect and exclude ventricular premature 
beats, artifacts and noise. For the analyses the beat-to-beat 
RR-interval, the systolic blood pressure and the diastolic 
blood pressure time series were extracted. 

C. Methods of NLD 

Detrended Fluctuation Analysis (DFA): The DFA quantifies 
the presence or absence of fractal correlation properties in 
non-stationary time series. Usually it involves the estimation 
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of a short-term fractal scaling exponent α1 and a long-term 
scaling exponent α2. 

Mutual Information (MI): The mutual information, also 
called the cross-transformation function reveals any linear 
and nonlinear dependencies of two time series and is based 
on the calculation of the Shannon entropy.  

Compression Entropy (CE): The compression entropy 
quantifies the extent to which the data from heartbeat and 
blood pressure time series can be compressed, i.e. repetitive 
sequences occur. Reduced short term fluctuations of HRV 
and BPV result in an increased compression rate. 

Multiscale Entropy (MSE): Multiscale entropy (MSE) 
assesses multiple time scales to measure a system’s com-
plexity. The main advantage of MSE is its ability to meas-
ure complexity according to its definition ‘a meaningful 
structural richness’ and being applicable to signals of finite 
length. 

Symbolic Dynamics (SD): At first, time series were trans-
formed into a symbol sequence of four symbols with the 
alphabet AZ {0, 1, 2, 3} to classify the dynamic changes 
within that time series. Three successive symbols from the 
alphabets were used to characterize the symbol strings 
whereby 64 different word types (bins) were obtained. The 
resulting histogram contains the probability distribution of 
each single word within a word sequence. Several indices 
are extracted from this histogram. 

Joint Symbolic Dynamic (JSD): The JSD is an enhance-
ment of the SD combining two time series to analyze the 
interaction of both. Both time series are transformed into a 
symbol sequence of zeroes and ones and again words of 
three successive symbols are formed leading to an 8*8 ma-
trix of 64 possible word combinations. The relative prob-
ability with which one word type occurs is calculated as a 
parameter. 

Short Term Symbolic Dynamics (STSD): The STSD is a 
modification of the SD.  Here, the amount of the RR inter-
vals is limited to 300 beats. The full range of the sequences 
is uniformly spread on six levels, and patterns of length 3 
are constructed and grouped, without any loss, into four 
families. 

Poincare Plot Analysis (PPA): The PPA is a quantitative 
visual technique, whereby the shape of the plot is catego-
rized into functional classes and provides detailed beat-to-
beat information on the behavior of the heart. 

For more detailed information on the different proce-
dures see e.g. [8]. 

D. Statistics 

The significance of a parameter was calculated applying the 
Mann-Whitney-U-test for the analysis of two groups. 

 

Three tests were performed: 

I. Difference of parameters before and after 
week 25 of gestation 

II. Difference of parameters before week 20 
and after week 20 

III. Difference of parameters before week 30 
and after week 30 

Table 1 Group constellations for tests I, II and III 

week of gestation  n mean range 
Group 

1.1 26 19.4 17-24 
test I Group 

1.2 33 31.6 26-39 

Group 
2.1 21 18.3 17-19 

test II Group 
2.2 38 30.6 24-39 

Group 
3.1 41 22.6 17-29 

test III Group 
3.2 18 34.5 30-39 

III. RESULTS AND DISCUSSION  

Test I 
The aim of the first test was to find out if there is a differ-
ence of nonlinear parameters between the early till medium 
stage and the progressed stage until the end of pregnancy. 
Several parameters revealed high significances. Here the 
most important ones with significance levels of α<0,001 are 
summarized: 

JSD4, JSD10, JSD15, JSD28 and JSD27: These parame-
ters are descended from the method of Joint Symbolic Dy-
namics and represent the percentage of occurrence of some 
special word types. 

SumSym: This parameter is also derived from the JSD. It 
represents the sum of symmetric word patterns. That means 
when the symbol string of the RR-interval time series and 
the symbol string of the blood pressure time series are 
equal, e.g. (001,001 or 101,101). These symmetric word 
types refer stronger to baroreflex activations. 

a31HRcor: decline from the first to the third sample of 
the autocorrelation function of the heart rate time series. 

These results show that there is a distinct alteration of the 
autonomic regulation system and that the complexity and 
the structure of this regulation are changing within the pro-
gress of pregnancy. The detailed results are presented in 
Table 2. 
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Test II and III 
These tests were performed to investigate at what time the 
strongest modifications during pregnancy occur. Therefore 
at first the parameters of all recordings before week 20 were 
tested against the parameters of all recording after week 20. 
The five most significant parameters are: SumSym, JSD10, 
a31HRcor, JSD4 and JSD15. All these parameters were also 
highly significant for test I, which confirms their power to 
assess the autonomic regulation system. Secondly the pa-
rameters of all recordings before week 30 were tested 
against the parameters of all recordings after week 30. The 
five most significant parameters of this test were: ymax-
HRDIA, JSD10, ymaxHRDIAcor, JSD4 and SumSym. All 
JSD parameters are again included in the relevant parame-
ters for the first test. The additional parameters ymax-
HRDIA and ymaxHRDIAcor are derived from the mutual 
information procedure. The parameter ymaxHRDIA repre-
sents the maximum of the cross-transinformation function 
between the HR time series and the diastolic blood pressure. 
It explains the strength of the coupling between both. The 
parameter ymaxHRDIAcor describes the maximum of  
the cross correlation function between the heart rate and the 
diastolic blood pressure. The mutual information includes 
the investigation of linear and nonlinear dependencies. Be-
cause the linear parameter (ymaxHRDIAcor) as well as the 
parameter ymaxHRDIA that combines linear and nonlinear 
coupling are both highly significant a strong linear interac-
tion is presumably. As shown in Table 2 the significances 
for test III are considerably lower than those of test II. This 
indicates a more drastic change of complexity of the cardio-
vascular system during the first half of pregnancy than in 
the second half. Clinical findings support this statement as it 
is known that the heart rate and volume load increase 
mostly in the second trimester of normal pregnancy. For 
further detailed results see Tables 2 and 3. 

Altogether we could demonstrate that the cardiovascular 
regulation system changes considerably during the progress 
of pregnancy and that these changes can be revealed espe-
cially by the analysis of the complexity and interaction of 
heart rate and blood pressure applying nonlinear dynamics. 
Especially the method of Joint Symbolic Dynamics and  
the correlation techniques (cross correlation function and 
cross transinformation) provide significant parameters of 
interactions. 

Table 2 Results of test I: mean, standard deviation and significance for the 
best parameters separating between pregnancies before and after week 25 
of gestation 

parameter mean±std 
group 1.1 

mean±std 
group 1.2 Significance 

JSD4 0.013±0.007 0.023±0.009 9.00E-05
a31HRcor -0.278±0.065 -0.200±0.079 1.12E-04
JSD10 0.066±0.021 0.044±0.019 1.53E-04
SumSym 0.292±0.068 0.226±0.061 3.14E-04
JSD15 0.004±0.004 0.008±0.005 4.21E-04
JSD28 0.035±0.018 0.020±0.016 5.92E-04
JSD27 0.027±0.008 0.019±0.009 7.40E-04

Table 3 Results of test III: mean, standard deviation and significance for 
the best five parameters separating between pregnancies before and after 
week 30 of gestation 

parameter mean±std 
group 2.1 

mean±std 
group 2.2 Significance 

SumSym 0.291±0.074 0.236±0.063 6.17E-03
JSD10 0.064±0.022 0.048±0.021 6.47E-03
a31HRcor -0.272±0.069 -0.213±0.082 7.12E-03
JSD4 0.014±0.008 0.021±0.010 9.64E-03
JSD15 0.005±0.004 0.008±0.005 1.03E-02

Table 4 Results of test II: mean, standard deviation and significance for the 
best five parameters separating between pregnancies before and after week 
20 of gestation Font sizes and styles 

parameter mean±std 
group 3.1 

mean±std 
group 3.2 Significance

ymaxHRDIA 0.159±0.064 0.113±0.044 1.78E-02
JSD10 0.058±0.023 0.044±0.020 1.78E-02
ymaxHRDIAcor 0.355±0.118 0.279±0.084 1.86E-02
JSD4 0.017±0.009 0.023±0.010 2.63E-02
SumSym 0.267±0.072 0.228±0.064 2.86E-02

This additional information might be useful to detect ab-
normalities of autonomic dysregulations at an early stage to 
avoid future maternal and prenatal complications. 
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Abstract— The combination of electroencephalography 
(EEG) and functional magnetic resonance imaging (fMRI) is a 
powerful tool to study brain function. In this study, we present 
a video-EEG-fMRI system where in-bore video, EEG and 
fMRI are acquired synchronously. To determine the added 
value of video in a typical EEG-fMRI scenario, we analyzed a 
simple motor activation paradigm (right index tapping). By 
using in-bore video, our results show that it is possible to de-
termine different EEG potentials related to motion as well as 
to clearly distinguish the corresponding blood oxygen level 
dependent activations. 

Keywords— Video, EEG-fMRI, Motor activation paradigm 

I. INTRODUCTION  

In the last decade, simultaneous electroencephalography 
(EEG) and functional magnetic resonance imaging (fMRI) 
acquisitions have been used in many clinical studies [1-3] to 
explore the high temporal resolution of EEG and the rela-
tively high spatial resolution of fMRI. However, most of the 
designed protocols rely on responses of subjects to various 
stimuli that do not account for possible flaws, such as for 
drifts of attention or even delayed responses that may in-
duce errors in the analyses. To circumvent these problems, 
the introduction of video can have added value, because it 
makes possible to visually control for those flaws. Actually, 
video-EEG systems are already quite common [4]. 

The purpose of this study was to test a setup including in-
bore proximal video acquisition synchronously with EEG 
and fMRI at a magnetic resonance imaging (MRI) scanner 
operating at 3 Tesla. In addition, our aim was to determine 
whether it is possible to discriminate different states of 
finger position in a finger tapping motor activation para-
digm both by means of EEG and fMRI. To our knowledge, 
we are not aware of a previous report on such a type of 
experiment.  

 

II. GENERAL OVERVIEW OF THE APPROACH 

A. Video-EEG-fMRI Setup 

The video-EEG-fMRI setup was composed by an 32 
channel MRI-compatible EEG system (NuAmps amplifier 
and MagLink cap, Neuroscan, El Paso, TX, U.S.A), a MRI 
compatible black and white video camera with CCIR 50 Hz 
half frame analog output (MRC-Systems B/W, MRC Sys-
tems GmbH, Heidelberg, Germany) and by a Sony Vaio 
with a built-in high quality MPEG2 chipset that recorded 
both the video and audio from the MRI scanner. The syn-
chronization of the video-EEG-fMRI system was ensured 
between all modalities through the alignment of the pulse 
generated by the gradient changes during EPI sequences. 
Electromagnetic pulses simultaneously interfering in EEG 
[1] and audio [5] were removed by means of a stepwise 
approach used to identify them on the basis of an algorithm 
implemented in Matlab (The Mathworks Inc., USA) that 
calculates the “position” of the artefacts through the correla-
tion of the artefact power signature in both EEG and audio. 

B. Experimental paradigm 

To illustrate the added value of video, we used a simple 
motor activation paradigm - finger tapping - that besides 
providing clear visual cues easily to monitor within a MRI 
scanner, is also very frequently used both for EEG and 
fMRI experiments [6-8], ensuring valid experimental re-
sults. 

The experimental design consisted of a self-paced finger 
tapping task of the right index that was performed using a 
“block” design with 5 periods of 38.7 seconds of movement 
alternating with 5 periods of 38.7 seconds at rest. The block 
design transitions were communicated orally to the subject 
within the scanner. During these trials, video, audio, EEG 
and fMRI were acquired continuously. The trial was per-
formed by a 23-years-old male volunteer (VB). 
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i) Video acquisition and processing  

The video signal was acquired by a camera compatible 
with MRI. The camera was mounted in a way that it could 
be freely moved and attached in different in-bore positions. 
For this particular experiment, the video camera was posi-
tioned in order to capture the finger motion (as depicted in 
Fig 1). The finger tapping video was manually segmented, 
frame by frame, to detected two different states: 1) finger 
position at the start of motion (start position), and 2) finger 
position at the end of motion (top position). These events 
were converted to time latencies and then used in the EEG 
and fMRI analysis. During this process, the tapping events 
were characterized in duration (time between consecutive 
start and top events), frequency, and average interval be-
tween consecutive tap events (time between consecutive 
start events). 

ii) MRI and fMRI Acquisition and 
Preprocessing 

MRI examinations were performed at a scanner operating 
at 3 Tesla (Magnetom Trio Tim, Siemens AG, Erlangen, 
Germany). An echo-planar imaging (EPI) fMRI sequence 
was acquired to obtain the blood oxygen level dependent 
(BOLD) signal along the task (echo time (TE) = 30 ms, 
repetition time (TR)= 3870 ms, 50 slices, voxel size= 3 x 3 
x 3 mm). fMRI images were acquired in sequences of 100 
volumes, spatially realigned (to mean volume), time cor-
rected (to middle slice) and smoothed with an isotropic 
8mm full-width-half-maximum Gaussian kernel by means 
of statistical parametric mapping software (SPM5) [9]. The 
resulting images were then co-registered to high-resolution 
3D T1-weighted images and normalized to the standard 
Montreal Neurological Institute (MNI) template. 

iii) EEG Acquisition and Preprocessing 

The EEG was acquired at a rate of 1kHz. MRI induced 
artifacts in EEG were extracted by using the FMRIB plug-in 
[10] for EEGLAB [11]. In this process, we used the trigger 
estimation of the video-EEG-fMRI synchronization. 

III.  ANALYSIS 

We analyzed the BOLD response by using the standard 
general linear model analysis of SPM5. In the experimental 
design, we included three regressors: 1) the original block 
design, 2) the start position, and 3) the top position events. 
Regressors 2 and 3 were considered as isolated events with 
no time or parametric modulation. The preprocessing in-
cluded a high pass cutoff filter of 128 seconds. We used the 
canonical hemodynamic response function (HRF) in the 
analysis. 

For each regressor, contrast and t-maps were calculated 
and thresholded to identify areas of statistical significance. 
To discriminate the start and top positions, we compared 
both events. The obtained locations were mapped in the 
Automated Anatomical Labeling digital atlas (AAL) of the 
MNI template [12]. Event-related potentials (ERP) from the 
start events were obtained by means of the EEGLAB soft-
ware [11]. 

IV. RESULTS 

A total of 417 tapping events were identified occurring 
with an average duration of 0.24 seconds (standard devia-
tion [SD] = 0.06) and an average frequency of 4.09 Hz. The 
average interval between consecutive tap events was 0.43 
seconds (SD = 0.11). On the basis of video extracted events 
(start and top positions), we were able to extract a clear ERP 
pattern on EEG (Fig. 2 and Fig. 3) and to clearly distinguish 
the two conditions in terms of BOLD activation (Fig. 4). 

On EEG, Fig. 2 shows the 417 single trial tapping events 
activation on the central brain area (Cz EEG electrode) in a 
color coded representation (upper part) and their average 
ERP activation (lower part). In Fig. 3, we show the ERP 
average response of all 32 EEG electrodes (aligned at start 
position - 0 ms) and corresponding scalp potential maps. It 
shows a clear lateralization to the left cerebral hemisphere 
beginning 50 ms after the start of motion, and especially 
occurring later in the frontal (at 100ms) and central (at 
200ms) areas. On fMRI, clear activations were obtained for 
both start and top positions (uncorrected P = 0.00001; t > 
4.503). Table 1 and Fig. 4 show the cluster areas of BOLD 
activation/deactivation (voxels with highest t values) in 
MNI coordinates at the AAL atlas. 

 
Fig 1. Video setup and characterization of the finger tapping positions 

– start and top positions 
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V. DISCUSSION 

In this study, we proposed a video-EEG-fMRI setup to 
synchronously acquire in-bore video visual information, as 
well as EEG and fMRI signals. By using video in the EEG-
fMRI setup, we were able to extract fine finger tapping 
related information from a typical experimental block de-
sign. The contribution of video was crucial to determine the 
moment of the two precise finger positions (start and top) 
that we choose to study. Then, we were able to extract a 
clear ERP pattern from EEG and to distinguish the two 
video extracted conditions in terms of BOLD activation. To 
our knowledge, this is a new result. 

As it is generally expected [6-8], a right finger tapping 
paradigm primarily activates the left cerebral hemisphere 
and our results are consistent with the literature. On EEG, 
we found a clear left lateralization beginning at 50 ms after 
the start position. Such lateralization is also clearly seen on 
BOLD images (Fig. 4), although it is not possible to estab-
lish any temporal resolution. Curiously, both conditions 
exhibited inverse activation patterns – areas presenting a 
positive BOLD response (t>0) in the start condition pre-
sented a negative bold response (t<0) in the top condition 
(Table 1). 

The selection of a simple motor activation paradigm, 
such as finger tapping, allowed us to present an illustrative 
scenario of the potential of a video-EEG-fMRI setup. Sim-
ple manual video segmentation allowed us to quantify the 
actual finger tapping frequency, as well as the inter-tapping 
interval and time of ascend/descend. 

Other previous publications addressing in-gantry finger 
motion quantification involved sophisticated solutions using 
sensors, such as push-button boxes or even other detection 

devices (e.g. [13]), but no video-based solution was imple-
mented. Nevertheless, in-bore video was used for other 
purposes than synchronous video-EEG-fMRI acquisitions 
[14, 15]. Furthermore, our solution may have the potential 
of providing more information to be correlated in future 
studies. Actually, on the basis of our previous results in 
motion quantification [16, 17], we think it is possible to use 
automatic segmentation methods and to provide a more 
complete characterization of the finger tapping motion to be 
able to correlate more than two movement states. Such a 
characterization may latter be used to provide temporal 
regressors in both EEG and fMRI analyses. 

Although our approach to Video-EEG-fMRI analysis 
was limited to a simple motor activation paradigm, it may 
be used for multi-paradigm combined analyses in the future, 
under more complex or constrained experimental condi-
tions. 

VI. CONCLUSIONS  

The main conclusion of the present study is that it is pos-
sible to acquire synchronized in-bore video, EEG and fMRI 
information. This combination seems to be useful to better 
characterize both EEG and fMRI signals, namely in more 
complex motor activation paradigms. 
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Fig. 2 ERP at start event (0 ms) – 417 single trials ordered by duration 
(top – color coded, range -84 to 84 MicroV). Black line on the right 

represents  next start event (not aligned). Average potential time course 
(bottom) at channel Cz.  

Fig. 3 – ERP EEG time-courses of all 32 channels  and scalp  activa-
tion maps at regular intervals of 50 ms (3-30 Hz EEG band). ERP at start 

event corresponds to 0 ms. 
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Table 1 -  BOLD activation / deactivation 

 
Condition  

(t value, p=0.00001) 
MNI position (mm) 

Zone (AAL) Side start top start-
top X Y Z 

Precentral_r Right 6.73 -6.76 6.77 40 -22 68 

Frontal_sup_l Left 5.85 -6.23 6.06 -2 -28 76 

Supp_motor_area_r Right 5.01 -5.23 5.2 -10 70 18 

Paracentral_lobe_l Left 4.96 -5.22 5.1 -2 22 68 

Supp_motor_area_l Left 4.85 n.a. 5.96 -50 -68 -26 

Postcentral_r Right 4.8 -4.96 4.89 4 -88 -26 

Cerebelum_crus2_r Right 4.72 n.a. 4.89 10 -42 78 

Cerebelum_crust1_l Left n.a, -4.77 4.62 4 0 78 

        

 

Fig 4 - BOLD activations/deactivation clusters found in both start and 
top conditions are presented in the MNI space. Left) maximum intensity 

projection. Right) projected on the tridimensional brain model. 
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Abstract— In this study the accuracy as well as the physical 
fidelity of a b-spline registration algorithm and a demons 
registration algorithm were quantitatively compared based on 
artificially created test cases for the lung. The test cases were 
created based on a deformation model. The Jacobean was 
regarded as a measure of the physical fidelity. 

Keywords— Elastic image registration, demons algorithm,  
b-spline registration, accuracy, physical fidelity. 

I. INTRODUCTION  

Affine and rigid registration algorithms are currently ap-
plied in clinic to align medical images. Elastic image regis-
tration may play an important role in the future. Deformable 
alignment of anatomical structures may in particular be 
important for dose reconstruction, if complex deformations 
are involved. Therefore displacement vector fields resulting 
from deformable image registration should be accurate and 
invertible. The accuracy of elastic image registration has 
been investigated [1][2][3][4]. The accuracy of different 
registration methods has been compared as well [5]. How-
ever, some of these studies suffer from a small number of 
control points, where the ground truth of the deformation is 
known. Others were based on artificially created deforma-
tions, which do not account for all properties of the motion 
of the considered organ. To our knowledge, the physical 
fidelity of the deformation fields resulting from different 
algorithms has yet not been compared for different algo-
rithms. We consider b-spline registration as well as the 
demons algorithm, since they are commonly used to map 
images for research purposes and they may play a role in 
clinic in the future. 

II. MATERIALS AND METHODS  

A. Elastic image registration 

Let us regard two images, the test image  and the ref-

erence image 
tf

rf , with . NRff rt
3:, N are the set of 

natural numbers and R represents real numbers. 

The aim of the elastic registration is to find a transforma-
tion of the test image xd , with  such 
that anatomically corresponding voxels of the warped test 
image (indexed w) and the reference image reach align-
ment:  

33:)( RRxd

xfxdfxf rtw ^  (1) 

The function xd  is the identity plus the displacement 
vector field resulting from the registration. 

B. The “demons algorithm” 

The optical flow equation was first given by Horn and 
Schunck [6]. It is today often referred to as the “demons 
algorithm” [7]. 

In the ith iteration of the “demons” registration process, 
the change of the displacement vector in some point P of the 
reference image is given by: 

2 2
( )

( )
i i

i

ru t r
r t r

 (2) 

where r represents the intensity of the reference image in 
P and ti the intensity of the test image which is warped 
based on the actual displacement vector field at the ith itera-
tion. r  is the intensity gradient of the reference image 
[6][7]. iu  is non-zero only in voxels of the reference 
image with non-zero intensity gradient. These points drive 
the registration. To transfer the deformation to homogenous 
regions of the image, the displacement vector field has to be 
smoothed. This is done by convolution with a bell function. 

C. B-spline registration 

Multidimensional elastic b-spline registration of medical 
images was described in [4]. Here the displacement vector 
field at the voxel position 3Rx  is represented by 
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where  is the basis function of order n, h represents 
the knot spacing and c(k) represents the coefficients at knot 
k. In this notation,  and c(k) represent three-
dimensional vectors. The spatial components of these vec-
tors are denoted with an index i (1 i 3). 

xn

xD n
h

The coefficients are obtained by minimizing a similarity 
measure. A commonly used similarity measure for mono 
modality image registration is the standard squared differ-
ence (SSD): 

2

x
wr xfxfSSD , (4) 

where  denotes the voxel space of the images. 

D. Requirements of elastic image registration 

The accuracy of displacement vectors obtained from 
elastic image registration is essential for anatomy mapping, 
since registration errors may result in imperfect target de-
lineation. Dose reconstruction is sensitive to image registra-
tion errors as well, especially in areas where dose is hetero-
geneous. It is therefore necessary to investigate the local 
image registration error which we define as follows: 

xdxdxerr itrueii , , (5) 

where i ( ) represents the spatial dimension, 
 the calculated transformation and 

31 i
xd i xd itrue ,  the 

ground truth which is generally unknown, but known in this 
study since artificially deformed test cases are registered. 

Moreover, invertible deformations are desirable for dose 
reconstruction, since they allow bidirectional mapping and 
support the concept of energy conservation. We regard the 
Jacobean of the transformation d(x) as a measure of inverti-
bility. 

The Jacobean matrix of the transformation d(x) is given 
by: 

z
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d
 (6) 

E. Comparison based on artificially created test cases 

To compare the demons algorithm and the b-spline regis-
tration quantitatively, an artificially deformed test case was 
created where the ground truth of the deformation is known. 

The artificial deformation is based on a deformation 
model for the lung which takes the following aspects of 
deformation into account: 

1. Decompression of the lung in caudal-cranial direction 
during inhale, 

2. Scaling of the chest wall in the transversal plane to 
account for the increasing diameter of the rip cage dur-
ing inhale, 

3. Tissue sliding between the lung and the rip cage. To 
describe this physiological aspect, a segmentation of the 
rip cage was necessary. The sliding was then modeled 
with the help of two different deformation fields which 
describe the deformation inside and outside the rip 
cage. 

For each of the aspects one to three, a DVF was created 
to describe the respective component of the deformation. A 
combined deformation field was then obtained. A 4DCT 
exhale image was then warped with the resulting deforma-
tion field to obtain the simulated inhale. The image resolu-
tion was 1.95x1.95x3.0 mm. 

F. Application of the two different algorithms on test cases 

A multi resolution approach was applied and so the regis-
trations were carried out on resolutions four, two and one. 

The ITK demons registration filter [8] and a reimplemen-
tation of the b-spline algorithm described in [4] and [9] 
were used. Regularization, to force invertibility was not 
involved in the b-spline registration, but a multi resolution 
approach in the knot spacing has been applied. The knot 
spacing ranged from 32 to 8 voxels during the registration. 
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III. RESULTS  

A. Local registration errors and physical fidelity 

Table 1 shows the average local registration errors and its 
standard deviation for both algorithms. Table 2 shows the 
maximum errors and Table 3 the Jacobean (determinante of 
the Jacobean matrix) which we consider as a measure for 
the physical fidelity. 

Table 1 Average Local local registration error  

Local error [mm] 
 Demons algorithm B-spline algorithm 

Lateral 1.3 1.4 1.0 1.1 
Anterior-posterior 1.3 1.3 1.0 1.3 
Caudal-cranial 1.9 2.9 1.7 2.4 

V. CONCLUSION  

Although the average accuracy of the image registration 
turned out to be small, errors up to 28 mm were present in 
some voxels. This has to do with the sliding effect in the 
boundary region between lung and rip cage. Compared to 
the demons algorithm the b-spline algorithm turned out to 
perform better in terms of the physical fidelity of the defor-
mation field. 

ACKNOWLEDGMENT 

We would like to thank the National Library of Medicine 
for providing the open-source software toolkit ITK. 

REFERENCES  

Table 2 Maximum local registration error 

Maximum error [mm] 
 Demons algorithm B-spline algorithm 

Lateral 15.1 9.7 
Anterior-posterior 18.0 13.3 
Caudal-cranial 27.9 21.8 

1. M. M. Coselmon, J.M. Balter, D.L. McShan, M.L. Kessler, “Mutual 
information based CT registration of the lung at exhale and inhale 
breathing states using thin-plate splines,” Med. Phys. 31, 2942-2948 
(2004).  

2. E. Heath, D. L. Collins, P. J. Keall, L. Dong, J. Seuntjens, “Quantifi-
cation of accuracy of the automated nonlinear image matching and 
anatomical labeling (ANIMAL) nonlinear registration algorithm for 
4D CT images of lung,” Med. Phys. 2007 Nov; 34(11):4409-21 

3. K. Wijesooriya, E. Weiss, V. Dill, S. Joshi, P. J. Keall, “Quantifying 
the accuracy of automated structure segmentation in 4D CT images 
using a deformable image registration algorithm,” Med. Phys. 2008 
Apr;35(4):1251-60 

Table 3 Jacobean of the displacement vector field 

 Demons algorithm B-spline algorithm 
Jacobean 0.93 0.55 0.92 0.17 

4. J. Kybic, M. Unser, “Fast parametric elastic image registration,“ IEEE 
Trans. Image Process. 12, 1427- 1442 (2003) 

5. R. Kashani, M. Hub, J. M. Balter, M. L. Kessler, L. Dong, L. Zhang, 
L. Xing, Y. Xie, D. Hawkes, J. A. Schnabel, J. McClelland, S. Joshi, 
Q. Chen, W. Lu, “Objective assessment of deformable image registra-
tion in radiotherapy: a multi-institution study,” Med Phys. 2008 
Dec;35(12):5944-53 

 

IV. DISCUSSION 

Large maximum errors in caudal-cranial direction ap-
peared since tissue sliding can not be described correctly by 
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the demons algorithm. The maximum errors were smaller in 
case of the b-spline algorithm as well. The average Jaco-
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Abstract—Applanation tonometry or arterial distension 
waves has been proposed to assess non-invasive recording of 
the arterial pressure waveform and magnitude in both central 
and peripheral arteries. The value of mean arterial pressure 
(MAP) that is used in the calibration procedure is of vital 
importance. The aim of this study was to investigate the differ-
ences in carotid and femoral arterial pressure values after 
calibration using MAP calculated from brachial tonometry 
and from approximate formula. In 30 volunteers (56±10 years, 
range: 38-73; pulse pressure: 57±15 mmHg, range: 31-93) 
arterial pressure waveforms were consecutively obtained at the 
left brachial, left carotid and left femoral arteries by applana-
tion tonometry. Diastolic (DBPbra) and systolic (SBPbra) bra-
chial pressure were obtained with oscillometric device. Cali-
bration of carotid and femoral waveforms was assessed 
assuming MAP minus diastolic pressure constant throughout 
the arterial tree. Calibrated tonometric signals were used as 
reference values. Error in estimating MAP from SBPbra and 
DBPbra values using the traditional formula resulted in an 
underestimation of MAP of 3% when compared with the bra-
chial MAP obtained by applanation tonometry. This error 
tended to an underestimation of carotid and femoral systolic 
pressure of 5%. Moreover, absolute error increases with in-
creasing pulse pressure (PP) levels. By other side, MAP com-
puted as 38% of PP above diastolic pressure, introduces an 
error of 0.1% in brachial MAP and of 0.2% in carotid and 
femoral systolic pressure estimation, independent of PP levels.  

Keywords—Applanation tonometry, pressure waveform, 
pulse pressure. 

I. INTRODUCTION  

Non-invasive measurement of central and peripheral 
pressure waveforms has gained increased attention over the 
past few years. Applanation tonometry has been proposed to 
assess non-invasive recording of the arterial pressure wave-
form and magnitude in both central and peripheral arteries. 
This technique provides pressure waves, being almost iden-
tical to those obtained intra-arterially [1]. Another possible 
approach is to derive pressure waveforms from diameter 
waveforms obtained from echographic images [2,3,4]. In 
both methods, an appropriate calibration procedure is  
required.  

An accepted method of calibration proposed by Kelly 
and Fichett [5], is based on the observation that mean arte-
rial blood pressure (MAP) is constant throughout the large 
artery tree and that diastolic pressure does not change sub-
stantially [6]. Basically, mean and diastolic pressure are 
obtained at the brachial artery. With assignment of the same 
mean and diastolic pressure to the target artery under study, 
the pressure wave at the target artery is calibrated through-
out the cardiac cycle. 

The value of MAP that is used in the calibration proce-
dure is of vital importance. The true MAP is defined as the 
average arterial blood pressure during a single cardiac cycle. 
Using tonometry it can be computed from numerical inte-
gral of the brachial artery waveform. However, several 
groups commonly estimates the MAP at the upper arm as 
one-third of pulse pressure (PP) to diastolic pressure. 

The aim of this study was to investigate the differences in 
carotid and femoral arterial pressure values after calibration 
with MAP calculated from brachial tonometry and from 
approximate formula. 

II. MATERIAL AND METHODS 

A. Study Subjects 

Non invasive study was performed in 30 (12 men, 18 
women) volunteers ranging in age from 38 to 73 years old 
(mean 56±10 years). Measurements were performed after 
15 min rest period in a temperature-controlled environment. 
Arterial pressure waveforms were consecutively obtained at 
the left brachial, left carotid and left femoral arteries by 
applanation tonometry using a Miller pentype tonometer 
(SPT 301, Millar Instruments, Houston, Texas, USA) and a 
dedicated hardware and software system [4,7]. The instan-
taneous pressure waveforms of at least 10 cardiac cycles 
were digitized every 2 ms and stored on the hard disk of a 
PC for off-line postprocessing. Systolic (SBPbra) and dia-
stolic (DBPbra) brachial blood pressure values were obtained 
with an oscillometric device (Dinamap, Critikon, Tampa, 
Florida, USA).   
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B.   Data Analysis 

For each tonometry signal an average waveform was 
constructed of at least five beats (Fig. 1).  

 

Fig. 1 Average waveform obtained from tonometry signal 

The brachial pressure waveform was calibrated by assigning 
the SBPbra and DBPbra values to the peak and nadir, respec-
tively. Mean arterial pressure (MBPbra_Real) was obtained 
as the average value of the calibrated brachial artery wave-
form (Fig. 2) and considered as the ´real´ MAP. The carotid 
and femoral waveforms were calibrated by assigning the 
DBPbra to the minimum value and the MBPbra_Real to the 
average value (Fig. 2). The peak of the calibrated carotid 
and femoral artery waveforms  were considered as the ´real´ 
systolic values (SBP_Real). 

 

Fig. 2 Calibration procedure for tonometric brachial waveform (top) and 
for tonometric carotid or femoral waveform (bottom) 

Mean arterial pressure was also calculated for each subject 
using only systolic and diastolic brachial pressure values 
(k=constant), as: 

brabrabrabra DBPkDBPSBPkMBP +⋅−= )(_          (1) 

For example, by using k=0.33 the traditionally value of 
mean arterial pressure (MBPbra_0.33) was assessed. Replac-
ing for each subject the individual values of MBPbra_Real, 
DBPbra and SBPbra in equation 1, we computed the average k 
value for the entire group.  Using this value, we computed 
the new approximated mean arterial pressure (MBPbra_k) for 
each subject.      

In order to estimate the error in calculating carotid and 
femoral systolic blood pressure, we applied the previously 
described calibration procedure to carotid and femoral 
waveforms,  using MBPbra_0.33 and MBPbra_k values.  

Values are presented as mean ± standard deviation. Dif-
ferences were compared with paired t-test and the relation-
ship between variables was evaluated by linear regression 
analysis. P<0.05 was considered statistically significant.  

III. RESULTS 

Subjects characteristics are shown in table 1.  

Table 1 Subjects characteristics. SBPbra: brachial systolic pressure, DBPbra: 
brachial diastolic pressure, PPbra: brachial pulse pressure 

 Mean±SD Min Max 
Number (male/female) 12/18   
Age (years) 56±10 38 73 
Body Mass Index ( Kg.m-2) 27±12 24 32 
SBPbra (mmHg) 141±20 106 193 
DBPbra (mmHg) 83±12 60 108 
PPbra (mmHg) 57±15 31 93 

 
MBPbra_Real obtained from calibrated tonometer bra-

chial waveforms was 105.3±13.8 mmHg. The average k 
value resulted in 0.38±0.03 and did not correlate with the 
pulse pressure level (Fig. 3) 
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Fig. 3 Values of k obtained in individual subjects, showing no relation with 
pulse pressure 
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When mean blood pressure was calculated using the tra-
ditional formula (k=0.33) we obtained a value of 
MBPbra_0.33 of 102.4±13.6 mmHg, resulting in an underes-
timation of 2.8±1.5 mmHg (2.6±1.3%, p<0.05). By using 
k=0.38 we obtained a value of MBPbra_0.38 of 105.1±14.0 
mmHg, resulting in a non significant underestimation of 
0.1±1.4 mmHg (0.1±1.3%). The absolute error in calculat-
ing mean blood pressure using k=0.33 increases with  
increasing pulse pressure levels (r=-0.37, p<0.05). The 
pressure dependency disappears when k=0.38 was used. 

Carotid and femoral systolic blood pressure values ob-
tained after calibration are shown in table 2.    

Table 2 Carotid and femoral systolic blood pressure (SBP) and differences 
after calibration procedure using MBPbra_Real, MBPbra_0.33 and 
MBPbra_0.38. (*p<0.05, paired t-test vs SBP_Real) 

 
Carotid 
(n=30) 

Femoral 
(n=30) 

SBP_Real, mmHg 137.5±17.8 139.3±21.2 
SBP_0.38, mmHg 137.2±17.9 139.0±21.4 
SBP_0.33, mmHg 130.9±16.7* 132.4±19.9* 
0.38-Real, mmHg (%) -0.3±3.8 (-0.2±2.7%) -0.3±3.8 (-0.2±2.8%)
0.33-Real, mmHg (%) -6.6±3.8 (-4.8±2.6%) -6.6±4.1 (-4.9±2.6%)

 
The absolute error in calibrating carotid and femoral sys-

tolic blood pressure using MBPbra_0.33 increases with in-
creasing pulse pressure levels r=-0.35 and r=-0.39 respec-
tively (p<0.05). Pressure dependency disappears in both 
carotid and femoral arteries after calibration with 
MBPbra_0.38. 

IV. DISCUSSION  

In this study, we investigated the differences in carotid 
and femoral arterial tonometric pressure values after calibra-
tion using different MAP estimation approaches.  

It is known that the shape of the arterial pressure wave 
change along the arterial tree and determines which per-
centage of the pulse pressure has to be added to diastolic 
pressure to calculate MAP correctly. Using equation 1, the 
traditional formula assumes that MAP at the upper arm 
corresponds to approximately k=0.33. Our data show that 
brachial mean arterial pressure estimated using the tradi-
tional formula, resulted in a significant underestimation of 
3% when compared with the brachial MAP obtained by 
applanation tonometry. The absolute error in calculating 
MAP increased with increasing brachial pulse pressure 
levels. Similar results were obtained by Bos et al, showing 

that intra-arterially measured MAP at the brachial artery 
level correspond to 39.5% of PP above diastolic pressure, 
rather than to the generally assumed 33.3%, and proposed 
as a rule of thumb to use 40% [8]. In a recent study, using 
applanation tonometry to register the arterial pressure wave 
of the brachial artery in 100 subjects, the same group 
showed that MAP correspond to 38.7±3.9% of PP above 
diastolic pressure [9]. In both studies they observed that the 
pressure dependency of the absolute error using the tradi-
tional formula disappears when the newly proposed formula 
(k=0.40) was used. In our study the average k value ob-
tained was 0.38±0.03, resulting in a non significant underes-
timation of brachial tonometry MAP of 0.1 %, independent 
of pulse pressure levels.     

In the present study, carotid and femoral waveforms were 
calibrated using the procedure proposed by Kelly and 
Fitchet, that assumes that MAP is nearly constant through-
out the large artery tree and that diastolic pressure does not 
change substantially [5]. This was confirmed by Pauca et al 
in an invasive study, showing that the difference between 
MAP and DBP was only 0.2 mmHg larger in the radial 
artery than in the ascending aorta [10].  

We found that the absolute error in carotid and femoral 
systolic values  calibrated with MBPbra_0.33 increases with 
increasing pulse pressure levels and tended to a significant 
underestimation of carotid and femoral systolic pressure of 
5%. Pressure dependency disappears in both carotid and 
femoral arteries after calibration with MBPbra_0.38, result-
ing in a non-significant underestimation of systolic values 
of 0.2 %.   

One limitation of the present study is the absence of in-
vasive pressure data to compare the results of applanation 
tonometry, used as pressure reference values. However, the 
applanation tonometry procedure has showed high accuracy 
and reproducibility for recording pressure waveform in 
peripheral vessels and has been previously validated in 
animals and in human subjects [1]. Comparisons both in the 
time domain and by spectral analysis show excellent corre-
spondence between tonometric and intraarterial pressure 
measurements. The tonometer provides a high fidelity re-
cording of arterial pressure wave contour under a wide 
variety of clinical conditions and pulse pressures. 

Calibration of central and peripheral pressure waveforms 
in studies in which the brachial arterial waveform is not 
accessible, may be better assessed by using equation 1 with 
k=0.38. Although our results were obtained over a wide 
range of age and pulse pressure values, further studies in-
volving subjects with different clinical conditions are 
needed to analyze more precisely the present findings. 
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V. CONCLUSIONS  

Error in estimating mean arterial blood pressure from 
systolic and diastolic brachial values using k=0.33 resulted 
in an underestimation of mean brachial pressure of  3%, 
which tended to an underestimation of carotid and femoral 
systolic pressure of 5%. Moreover, absolute error increases 
with increasing pulse pressure levels. Using k=0.38 intro-
duces an error of 0.1% in mean brachial pressure and of 
0.2% in carotid and femoral systolic pressure estimation, 
independent of pulse pressure levels.   
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Abstract— Modern nasal surgery raises questions on the 
improvement of nasal airways, providing a patient with 
healthy, comfortable breathing. In fact, presently available 
and realizable measurements are not sufficient to define stan-
dard shapes for optimized flow behavior. Airway shapes de-
termine local flow velocities and the degree of turbulence. 
Transition areas between laminar and turbulent flow regions 
affect particle transport and consequently the sensation of 
smell. 

Numerical simulation approaches (Computational Fluid 
Dynamics/CFD), particularly Large Eddy Simulation (LES), 
might help to understand the flow behavior of such complex 
geometries. Present clinical scanning techniques, e.g. CT, allow 
digital reconstructions of a patient's nasal geometry. These can 
be used to construct a simulation grid spanning the air flow 
domain required for breath flow calculations. From this point, 
investigations of varying geometries seem easy to realize. Even 
virtual surgery rooms with the aid of CFD seem possible. 

Within this interdisciplinary contribution, the principal 
steps for setting up such simulations will be outlined and com-
pared to the steps taken within this project. Exemplary flow 
calculations based on a real nasal geometry will be shown, 
using a parallelized, compressible Navier-Stokes code. Appli-
cability and limitations of this approach will be outlined. Focus 
is laid on questions related to grid generation/dependence and 
data validity. 

Keywords— LES, CFD, Human Nose, Biomedical Flows, Vir-
tual Surgery Room. 

I. INTRODUCTION  

Numerical simulation approaches (Computational Fluid 
Dynamics/CFD), particularly Large Eddy Simulation 
(LES), might help to understand the time dependant flow 
behavior in complex geometries. Human nasal flow belongs 
to a class of flow where detailed investigations with the aim 
of drawing general conclusions on human breathing, smell-
ing and particle absorption bear severe difficulties. From an 
engineering point of view, the wide range of individual 
airway shapes so far inhibit conclusions on typical, stan-
dardized geometries for comfortable breathing and smell-
ing. Additionally, measurements of engineering accuracy 

such as Particle Imaging Velocimetry (PIV) which might 
deliver detailed insight into local flow behaviour are based 
on optical methods and as such rather difficult to apply to 
human flows. These can be applied to optically accessable 
models [1]. However, such models rather meet measure-
ment requirements than human live conditions concerning 
the fluid, the surrounding materials, sizes and shapes, the 
volume flow rate and tracer particles. 

Adding up the difficulties which arise when drawing 
conclusions from model experiments to real nasal flow, 
other means of investigations are sought. For future detailed 
investigations of the nasal airflow, spatially and temporally 
highly resolving Computational Fluid Dynamics (CFD) 
calculation methods are an approach (see [2]). Large Eddy 
Simulation (LES) seems a suitable method to provide the 
required insight. LES is a 3D time dependant flow simula-
tion method where most of the turbulent energy spectrum is 
directly resolved. Smaller turbulent scales are filtered either 
by models or grid resolution [3]. Calculation domains can 
be delivered by medical scanning techniques. 

Within this contribution such an approach will be dem-
onstrated. Computer Tomography (CT) scans of a real hu-
man nose were performed. The calculation domain was 
extracted out the CT data with the aim to perform individual 
calculations and collect experience with such geometries. 
On a basis of long term investigations the following steps 
are headed for: 

1. Steady state calculations on one half of a nose in order 
to get to know basic integral information on the flow 
(streamlines etc) and the code performance (suitable 
formulation of boundary conditions). For steady state 
simulations, LES cannot be used. Instead, Reynolds 
Averaged Navier-Stokes (RANS) will be performed. 
Additionally, the procedure is restricted on either an in-
halation or an exhalation process. Within this contribu-
tion the inhalation process is chosen. The method can 
be performed on average computers and does not re-
quire extensive computing time (several minutes up to 
few hours, depending on the grid size, the convergence 
acceleration schemes) and resources. 
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2. Unsteady (time dependent) calculations on one half of a 
nose using a symmetry plane condition where the flow 
channels would join together (pharynx). This process 
will also be limited to either an inhalation or an exhala-
tion process, since the positions of the boundary condi-
tions to be set require this limitation. Also here, inhala-
tion was chosen. Here, average computers can be used, 
however, the computational time will increase signifi-
cantly, since temporal dependencies are not clear. Tem-
poral dependencies appear due to small fluctuations 
within one inhalation (!) process, locally triggered by 
the airways’ geometries. 

3. Unsteady calculations on both nose halves in order to 
get to know the influence of the symmetry plane on the 
flow. The configuration is otherwise like the previous 
one. Computing time will be similar as in the previous 
case. However, due to the increased mesh size, parallel 
computing is highly advised, i.e. the flow domain will 
be split into parts (blocks). The calculation with the 
blocks will be distributed to different processors and 
communicate on demand to exchange flow information 
at their internal connections. 

4. Unsteady calculations of breathing cycles: here specific 
boundary conditions have to be developed. In order to 
assure proper communication of the numerical bounda-
ries at inlet and outlet, the calculation domain has to be 
extended outwards, i.e. beyond the face front. Such cal-
culations would be triggered by a defined lung pulsa-
tion. In consequence, the flow stream would turn peri-
odically at the facial part of the nose. Such calculations 
require long term calculation due to the rather long time 
scales of several seconds for one breathing cycle. At 
least some cycles have to be performed to consider the 
simulation as developed (beyond the transitional phase). 
Depending on the stable and appropriate time steps 
found in the previous unsteady calculations, which re-
solve the small scale flow behaviour, these calculations 
might undergo a further significant increase of comput-
ing time. Effectively load balanced parallelized CFD 
methods are mandatory. 

II. SIMULATIONS 

A. Numerical grid generation out of CT data 

An axial sequence of CT data from a representative live 
human nose was obtained. Since the grey scale CT scans do 
rather show a continuous transition from air filled and nasal 
flow domain to tissue, defined as grey bands increasing or 
decreasing intensity, instead of a definite border, a pre-
preparation of the scans by the radiologists (participating 

authors) became necessary in order to identify exclusively 
those regions relevant for the flow simulation. Fig. 1 shows 
a graph constructed out of the CT scans of the patient, 
roughly sketching the inner borders of the nose. Due to the 
mentioned uncertainties of the airways’ borders, the CT 
scans were reduced to black & white (b&w) graphs. Part of 
the pre-prepared sequence is depicted in fig. 2. 

 

 
Fig. 1 Digitally reconstructed nose geometry out of axial CT data 

 

 
Fig. 2 Sequence extract of pre-prepared CT data of nasal airways 

 From these b&w graphs (fig. 2) point data along the 
borderlines between black and white areas were extracted 
and explicit point coordinates in 3-dimensional space were 
calculated. The point data were combined to curves and a 
closed surface structure where grid blocks were attached to. 
The final nose geometry had an extension of about 13 cm 
from nose entry to pharynx (compare to fig. 3 and 4). 

Fig. 3 and 4 show the flow domain for the block-
structure of the grid of one half of the nose (right half) as 
generated by the mesh generator ICEMCFD (a commercial 
product of the trademark of ANSYS). Fig. 5 shows a sketch 
of the full nose as constructed for the calculations with both 
halves, eliminating the symmetry boundary condition at the 
pharynx. The mesh extension for point 4 of the intended 
calculations (chapter INTRODUCTION) would appear 
from the nose entries outwards along the face. The grid 
generation is still in progress and accordingly calculations 
have not yet been performed. 
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Fig. 3 Digital geometry, flow domain and grid block structure of right 

half of nose, including boundary numerical conditions for the fluid solver 
SPARC; view from left 

 

 
Fig. 4 Digital geometry, flow domain and grid block structure of right 

half of nose, view from opposite side (from right) 

 

 
Fig. 5 Digital geometry, flow domain and grid block structure of full 

noses 

 
B. Steady simulations 

The simulations have been carried out on different 
meshes with varying resolution (5 to 5.5•106 cells for one 
nose half). The calculations have been performed on high 
performance computers and clusters of the University of 
Karlsruhe, Germany, using the CFD research code SPARC, 
developed there at the Institute of Fluid Machinery [4].  

SPARC is a compressible, 3-dimensional, block-
structured, unsteady and parallelized Navier-Stokes solver. 

For the steady simulations of the process of inhalation (item 
1 of the previous list) a RANS calculation was carried out, 
using the two-equation model of Speziale et al. [5]. At the 
nose entry a constant mass flow boundary condition (dm/dt 
= 0,1875 • 10-3 kg/s which corresponds to an inflow volume 
rate of about 150 ml/s) was set, in the epipharynx the static 
atmosphere pressure. 

 

 
Fig. 6 Streamlines/Particle traces of a steady state solution, right half 

of nose, view from right 

 Fig. 6 shows streamlines for a steady state solution. 
Streamlines always represent temporally averaged particle 
ways. Average flow velocities for the applied mass flow 
rate resulted to be in the range of 0.7 to 0.8 m/s. In this 
configuration the flow develops very smoothly and the regio 
olfactoria is well hit by the stream. The turbinates do not 
seem to catch much of the major flow. However, conclu-
sions on the vortex building close to the regio olfactoria and 
consequently on the particle absorption there are limited 
with steady state calculations. 

C. Unsteady Simulations 

The simulations have been carried out for one nose half 
and for a full nose. The meshes for one half were the ones 
as in the steady case, for a full nose the slightly better mesh 
was mirrored and both halves were connected together, 
eliminating the symmetry boundary condition. This mesh 
had a resolution of 11•106 cells (discretization of the zone in 
front of the face still missing). For the unsteady simulations 
of the inhalation process (item 2 and 3 of the previous list) a 
monotonically integrated LES (MILES) [3] was carried out. 
The same spatial boundary conditions as in the steady case 
were set. 

A time step of t = 5•10-7 s of the implicit time marching 
method led to a stable, temporal resolution. With this time 
step it was possible to track distinct, periodic fluctuations of 
the flow magnitudes velocity (vector u with 3 spatial com-
ponents ui) and pressure (p) within the inferior, middle and 
superior nasal meatus as well as at the nose isthmus. The 
corresponding frequency of those small scale fluctuations 

IFMBE Proceedings Vol. 25

Applying Computational Fluid Dynamics Methods on Nasal Flow Investigations Based on a Real Domain Generated from CT Data 799



was about 20,000 Hz. The highest vorticity values appeared 
at the nose entry and in the region of the choanes. Selected 
LES simulations of one nose half were discussed at [6]. 

Fig 7 shows the vorticity of the flow at one time step 
(moment shot), full nose calculation. The black boxes show 
regions of high vorticity (reddish colour). The full nose here 
was additionally calculated with heated wall boundary con-
dition (37 °C). 

 

 
Fig. 7 Vorticity of nose flow: u  

 Calculations were performed on multi-processor sys-
tems, each processor containing about 20 blocks out of a 
total of 200 or 400 respectively. Calculation times lasted at 
least on week for a first check-up of the results, which 
represents several 100,000 implicit time steps. 

III. CONCLUSIONS  

The example calculations demonstrate the principle ca-
pability of highly resolving CFD methods to show the tur-
bulent swirling of the inspiration air (olfactory cleft).  

Still, there are some open questions to be solved. Some 
physical effects like humidity have not yet been included. 
The boundary conditions do not fully represent all mecha-
nisms of the flow behaviour. As for the wall boundary con-
dition, calculations with heat transfer exist, but wall rough-
ness has not yet been specified. The walls are assumed to be 
hydraulically even but frictional. As for the pressure condi-
tion at the pharynx and the mass flow inlet condition, they 
are suitable to realize general simulations, were the focus 
laid on flow behaviour reasonably far away from these 
boundaries, like the flow close to the regio olfactoria. As 
mentioned for step 4, a real nose flow which is triggered by 
sinus-like lung impulses must not impose strict boundary 

conditions where the real flow conditions tend to be much 
less strict, i.e. at the nose entries and the pharynx.  

To obtain detailed insight and understanding of the nasal 
flow, step 4 is required with reasonable spatial and temporal 
resolution. This, in turn, is not likely to suit quick analysis 
of virtual surgery rooms, since the calculation times will 
increase significantly. However, the understanding of the 
nose flow is the first step. Starting with this, suitable ap-
proximation schemes might be developed which in turn 
reduce calculation time again so that virtual surgery rooms 
and optimized geometry prediction for physiologically op-
timal breathing might get feasible and realistic.  

Numerical simulation methods are – as a matter of fact – 
always approximations of reality. Under this constraint it is 
of high importance to find means of suitable validation of 
these methods for this specific flow type. All models used 
are developed for and often calibrated on technical flows 
with less complex geometries and fewer physical effects. 
History shows, that models tend to show problems when 
transferred to other flow situations. 
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Enhancement of Breast Images by Noise Reduction and MTF Compensation to 
Improve Microcalcifications Detection  
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Abstract— This work proposes a new method to improve 
the quality of mammographic image filtering the Poisson noise 
by using Anscombe Transform and Wiener Filter. After the 
noise filtering, it is performed an enhancement of this images 
by using a restoration inverse filter, obtained through the 
calculation of the mammographic unit Modulation Transfer 
Function (MTF). This pre-processing technique improved 
breast image quality by overcome the acquisition process con-
strains and increased the performance of a breast microcalcifi-
cations computer-aided detection algorithm. 

Keywords— Mammography, Computer-Aided Detection, 
Modulation Transfer Function, Anscombe Trans-
form, Wiener Filter. 

I. INTRODUCTION  

Breast cancer represents a significant percentage of can-
cer death among women all over the world [1,2]. Studies 
showed that cure possibility of breast cancer may increase 
by up to 40% if it is detected still in its early stage [3]. The 
most effective technique for breast cancer early detection 
and the most used all over the world is the X-ray mammo-
graphy [1]. A mammographic image finding that can indi-
cate the existence of breast cancer is known as microcalcifi-
cation. It consists of very small deposits of calcium, 
between 0.2 mm and 0.5 mm diameter. Radiographic im-
ages of microcalcifications show low local contrast due to 
their small sizes, so it requires high quality images and 
radiologist great skills to find them in regular examinations 
[4-6]. Therefore false negative rates of mammography in-
terpretation range from 10% to 30% [5]. 

Recently, many researchers around the world have been 
developing image processing systems, known as Computer-
Aided Detection (CAD) to detect microcalcifications in 
mammographic images [7,8]. However, it is necessary to 
acquire good quality images in order to assure great perfor-
mance of these computer procedures [9]. For that reason 
many techniques have been developed in order to enhance 
mammographic images. Pre-processing techniques for noise 
reduction and image enhancement is widely used to im-
prove CAD detection and also to improve cancer diagnosis 
[10-14]. 

Several works have been carried by using Anscombe 
Transform and the Wiener filter to reduce quantum noise in 

medical imaging, and good results have been obtained 
[15,16]. Thus, this work presents an algorithm for mammo-
graphic images quantum noise filtering by using Anscombe 
Transform (AT) and Wiener filter, followed by an en-
hancement algorithm that uses a restoration inverse filter 
based on the image system Modulation Transfer Function 
(MTF). Thus, this pre-processing scheme can help to pro-
duce images with better quality in order to improve visual 
detection of microcalcifications by radiologists and also to 
increase the performance of computational schemes to aid 
diagnosis of breast cancer. 

II. METHODS 

A. Poisson noise filtering 

Quantum noise is the predominant noise in mammo-
graphic images and cannot be ignored [9]. It comes from 
acquisition system low-counts of X-ray photons. It is signal-
dependent and can be described by a Poisson distribution 
[4]. The electronic noise from digital mammography sys-
tems or from a screen-film mammography digitization 
process can be modeled by a Gaussian noise, independent of 
the signal [17] and can be incorporated into the digitized 
mammographic image g as an additive term, according to 
equation (1): 

 
                             (1) 

 
where u is the mammographic image blurred by the acquisi-
tion system MTF and corrupted by Poisson noise, and n is 
the additive Gaussian noise incorporated to the digitized 
mammographic image g. Using the Anscombe Transform 
(AT), it is possible to have a good estimation of blurred 
image u, as this transformation converts the signal-
dependent Poisson noise into a approximately signal-
independent Gaussian additive noise, whose mean is equal 
to zero and its variance is equal to one [18,19]. The AT of a 
random variable  is given by equation (2): 
 

 

                                                                 (2) 
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In Figure 2, ROIs on the left (a and c) show the detected 
microcalcifications when using the original ROIs images, 
and the images on the right side (b and d) show the detected 
microcalcifications when using the same ROIs enhanced by 
the proposed algorithm. It can be noticed that more micro-
calcifications were detected in images that have been en-
hanced by the algorithm proposed in this work. ROIs a and 
c have six microcalcifications each. It can be noticed that 
CAD detection for both images produced eight false-
negatives, since only four signals were detected. By using 
the same ROIs, but now enhanced by the filter (b and d 
images), the number of detected signals was significantly 
increased (eight microcalcifications were detected), reduc-
ing to only four the number of false-negatives cases. More-
over, structures enhanced in image c and d correspond to 
very small microcalcifications: 0.24 mm and 0.16 mm, 
respectively, which shows an important contribution of the 
proposed algorithm to enhance such structures, so difficult 
to be detected due to their small sizes. 

It was calculated a ROC curve [23] to evaluate and com-
pare CAD performance detection for microcalcifications by 
using both group of images. We used 40 ROIs extracted 
from the phantom image: 20 original image ROIs (not en-
hanced) and 20 pre-processed ROIs, enhanced by the pro-
posed algorithm. The group of 20 ROIs where microcalcifi-
cations were present (10 original and 10 enhanced) was 
used to calculate the CAD detection rate (true positive – TP 
and false negative – FN). The other group of 20 ROIs with 
no microcalcifications was used to calculate the true nega-
tive (TN) and false positive (FP) rates. All calculations were 
made separately for the original images group and for the 
enhanced one. 

Table 1 shows the results obtained with the detection al-
gorithm. The total number of microcalcifications that could 
be detected was 60 (six microcalcifications in each ROI, as 
shown in figure 1). Figure 3 shows the ROC curve for both 
groups. The curve with white markers corresponds to data 
obtained with the enhanced images, and the curve with 
black markers shows the results obtained with the original 
images.   

Table 1 Results obtained with the processing of phantom images (O = 
original images; E = enhanced images; TP = true positive; FN = false 
negative; TN = true negative; FP = false positive; no 

MD = number of 
microcalcifications detected (maximum was 60); % MD = percentage of 

microcalcifications detected). 
 

TP FN TN FP 

 O E O E O E O E 
no 

MD 41 46 19 14 55 56 5 4 
% MD 68,3 76,7 31,7 23,3 91,7 93,3 8,3 6,7 

Results on the detection of clustered microcalcifications 
shows an increase of about 12% on true-positive rates when 
using enhanced breast images. Besides, false-negative rates 
were reduced in almost 20%. The ROC curve area (Az) is a 
parameter widely used to evaluate the performance of a 
CAD. ROC analysis reported an Az=0.80 for the original 
images and an Az=0.86 for the enhanced images, showing 
an increase on CAD performance when enhanced images 
were used.  
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Figure 3: ROC curves showing the performance of CAD microcalcification 

detection when using original images (curve with black markers) and 
enhanced images (curve with white markers). 

IV. DISCUSSION 

This paper presents a new method for quantum noise re-
duction and mammographic images restoration. This me-
thod requires only the knowledge of the image acquisition 
system MTF, as it did not require any information about the 
noise produced during image acquisition. Results showed 
that images processed by the proposed method improve the 
performance of a CAD scheme for automatic microcalcifi-
cation detection in digitized breast images. 

One of the most relevant result found in this study was 
the increase in the detection rate (TP) followed by a de-
crease in false positive rate (FP). In practice, a false nega-
tive could mean a case of breast cancer not detected and a 
false positive may refer to a patient doing unnecessary addi-
tional examination, such as a breast biopsy. CAD schemes 
expected to eliminate false negatives cases and also reduce 
false positives cases. 

Visible improvements in mammographic images were 
achieved, providing greater detectability of structures asso-
ciated to breast cancer, as reported in a similar work [10]. 
The proposed pre-processing algorithm presented relevant 
results if compared with other works in literature [11,12], 
where the increase of ROC curve area was 3% and 12% 
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respectively, but with higher rate of false-positives cases. In 
another work [13], where some enhancement algorithms 
were tested, the reported increase of ROC curve area was 
5% and 9% when median filter and Gabor filter, respective-
ly, was used. No significant increase was observed when 
using Wiener filter.  

V. CONCLUSION 

The results showed that proposed pre-processing algo-
rithm can improve the mammographic image quality. En-
hanced image set achieved better performance for an auto-
matic microcalcification detection scheme. For better 
results, new tests should be performed, considering a larger 
number of images and new lesions associated to breast 
cancer. 
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Abstract— In this paper, we propose a combination of two 
simple feature extraction methods from time and frequency 
domain to improve singe-trial EEG classification in self-paced 
BCI. `Bereitschaftspotential' (BP) features from time domain 
and event-related desynchronization (ERD) features from 
frequency domain are merged and feed into four different 
classifiers which are probabilistic neural network (PNN), 
support-vector machine (SVM), K-nearest neighbor (KNN), 
and Parzen classifier (PC). Results using BCI competition 2003 
[1] dataset IV are showing that the combined features are 
quite discriminative as we reached an accuracy on the test set 
ranging from 82% to 85% whereas the winner of the 
competition on this data set reached 84% using three types of 
features [2,3]. 

Keywords— Brain–computer interface (BCI), fast fourier 
transform (FFT), single-trial EEG, feature 
combination, feature classification 

I. INTRODUCTION  

Brain-Computer Interfaces (BCIs) provides an alternative 
non-traditional way for brain to communicate with outside 
world [4-6]. This system basically translates human brain 
signal which are recorded using electro-encephalography 
(EEG) into less complicated computer languages (e.g. 
binary). The main goal of developments of these systems is 
to provide people with partial or severe dissabilities a way 
to communicate with their environment [7]. 

Two major processes involved in this identification 
process are feature extraction and feature classification [8]. 
Feature extraction aims at finding the most discriminative 
characteristics of the observed signal while the feature 
classification aims at assigning obtained features into 
several classes depends on the target device. In this paper, 
we approach the possibilities of improving classification 
accuracy by using more than one feature extraction method. 

The methods used for feature extraction are fast-fourier 
transform and low-pass filter. Because of the simplicity, 
both methods require only a small amount of time to 
process. The range of time and frequency for features are 
chosen by the highest test set classification accuracy they 
produce. We combine those features by stacking them in a 
row each trial and by adding them on each other. Each 
combining method produces high test set classification 

accuracy above 80% while each feature set alone only 
produce 69-76% classification accuracy. 

II. FEATURE EXTRACTION 

For observed data sets, we used EEG data set IV of the 
BCI competition 2003, provided by the Berlin group [9]. 
The EEG signals were recorded using 28 electrodes with 
international 10-20 electrode placement while a relaxed 
subject was performing self-paced left and right finger 
tapping tasks averaging 1s each tap. For each channel and 
each trial, 500 ms length EEG signal were cut, ending at 
130 ms before the actual movement and sampled at 100 Hz 
resulting 50 time-points data. 316 trials were available for 
training and 100 for testing. The goal of the competition 
was to predict, for each trial, the hand used for tapping. 

Two types of features obtained from observed EEG 
signal using several basic algoritms. Each feature set 
represents different movement-related neuro-physiological 
phenomenon of human brain. Since different feature means 
different aspect of signal, more features will give us more 
information and understanding about how human brain 
works [10,11]. 

A. Time domain features 

Features detected in time region are lateralized slow 
negative shifts of cortical potential, known as 
`Bereitschaftspotential' (BP), which precedes the initiation 
of the movement (Lang et al. [1989]; Cui et al. [1999]). 
These shifts are typically most significant at the lateral scalp 
positions C3 and C4 of the international 10-20 electrode 
placement system, which are located over the left and right 
hemispherical primary motor cortex [12]. Fig. 1 shows the 
negative shifts preceeding hand movements in observed 
EEG channels C3 and C4. 

After low-pass filtered at 8 Hz, the features are taken 
from difference between amplitude of two EEG channels 
C3 and C4, and then zero-meaned. Fig. 2 shows the 
difference of left and right hand movements in calculated 
features averaged over all trials. Best test set classification 
accuracy is obtained using feature ranged from 200 ms to 
140 ms before each movement. We call this feature A. 
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Fig. 1.  The contralateral negative shifts preceeding hand movements can 
be observed over two EEG channels C3 and C4. We can see that the 
negative shift during left hand movements (blue) are more prominent on 
C4 lap and vice versa, showing that potential change on each channel C3 
and C4 corresponds to right and left hand movements respectively. 

 
Fig. 2.  After zero-meaned, amplitude differences between electrodes C3 
and C4 of low-pass filtered EEG signals are used as feature vectors. The 
highlighted area (yellow) shows a range of time-point which produces 
highest test set classification accuracy. 

Even though the earlier part of the signal shows 
distinguishable feature vectors, latest part contains more 
informations about the movement since it’s closer to the 
movement itself. 

B. Frequency domain features 

Features detected in frequency region are event-related 
desynchronization (ERD) which is evoked by voluntary 
movements. Lateralized attenuation of the mu at 8-12 Hz 
and/or central beta rhythm at 13-30 Hz originate in the 
motor cortex [12]. ERDs are most prominent at the lateral 
scalp positions C3 and C4 of the international 10-20 
electrode placement system. Fig. 3 shows the negative 
desynchronization preceeding hand movements in observed 
EEG channels C3 and C4. 

 

Fig. 3.  The contralateral negativation desynchronization preceeding hand 
movements can be clearly observed over EEG channels C3 and C4. During 
certain frequency range (10-30 Hz), we can see that ERD during left hand 
movements (blue) are more negative on C4 lap and vice versa, showing 
that desynchronization on each channel C3 and C4 corresponds to right and 
left hand movements respectively. 

The power-spectral features for each trial are taken from 
difference between magnitude of two EEG channels C3 and 
C4 after a 32-order fast-fourier transformation. Fig. 4 shows 
the difference of left and right hand movements in 
calculated features averaged over all trials.  

 

Fig. 4.  Magnitude differences between electrodes C3 and C4 after a fast-
fourier transformation are used as feature vectors. The highlighted area 
(yellow) shows a range of frequency which produces highest test set 
classification accuracy. 

Best test set classification accuracy is obtained using 
feature ranged from 11-15 Hz. We call this feature B. 

C. Feature combination 

Features combination requires careful feature selection 
and combination method since more features means more 
computation complexity and time consume [10,13]. 

In this paper, since the number of each types of feature is 
relatively small, we combine the features by stacking them 
in a row, resulting 12 features each trial, and by adding 
feature B to feature A, resulting 7 features each trial. 
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Adding features requires feature sets of the same length, 
therefore, feature B was modified to have vector size 7, 
ranging from 10-16 Hz. We called stacked features by 
feature C and added features by feature D. 

III. RESULTS 

Combined features are then trained and classified using 
four different classifiers: probabilistic neural network 
(PNN) [14], support-vector machine (SVM) [15], K-nearest 
neighbor (KNN) [16], and Parzen classifier (PC) [17]. 
Parameter selection for each classifiers was based on test set 
classification accuracy. Tabel 1 shows classification results 
of each feature A, B, and combined feature. 

Table 1 The classification accuracies (%) using different features 
and classifiers 

Features Feature vector size Accuracy (%) 

PNN SVM KNN PC 

A [1x7] 76 74 75 75 

B [1x5] 71 71 75 69 

C -1 [1x12] 80 82 83 79 

C- 2 [1x26] 82 84 85 82 

D- 1 [1x7] 79 79 81 78 

D- 2 [1x8] 81 81 82 80 

 
The number 2 in each ending of combined features C and 

D shows time-frequency range modifications which 
surprisingly increase classifiers performance by 1-3% while 
number 1 shows feature vectors in their original time-
frequency range as in feature A and B respectively. 

The modifications were done by broading the time and/or 
frequency range for each feature vector set therefore, 
contains more informations to distinguish both classes. For 
C2, feature B was modified to range from 10-28 Hz, 
resulting 19 features plus 7 in total each trial. For D2, 
feature A was modified to range from 200 to 130 ms before 
movements (last 200 ms) while feature B was modified to 
range from 10-17 Hz, resulting 8 features each trial. 

We can notice that stacking method produces better 
feature vectors for each classifier. Accuracy increase after  
time-frequency range modification shows that some ranges 
contain informations that are more useful if the feature is 
used together. 

For comparison, table 2 shows results of feature 
classification using different feature extraction methods on 
the same dataset. 

Table 2 The classification accuracies (%) of different feature extraction 
methods on the same dataset 

No. Feature extraction Feature 
classification 

Accuracy 
(%) 

1 Common spatial subspace de-
composition (CSSD) with Fisher 
discriminant analysis (FDA) 

Perceptron 
neural network 

84 

2 188-dimensional feature vector 
of time- and frequencydomain 
and correlational features 

Bayesian 
logistic 
regression 
using Markov 
chain Monte 
Carlo 

81 

3 Principle components on first 8 
Fourier coefficients (0-14 Hz) 

Regularized 
Fisher discri-
minant 

77 

4 Standardized low-resolution 
electromagnetic tomography 
(sLORETA) and common spatial 
pattern (CSP) coupling 

Untrained 
classifier 

83 

5 Spatial and temporal 
components, based on ERP and 
ERD, extracted as linear and 
second order features 

Second Order 
Bilinear 
Discriminant 
Analysis 

87 

6 FuRIA: Fuzzy Region of Interest 
Activity 

Support-vector 
machine 

85-86 

 
Methods no. 1-3 were taken from BCI competition 2003 

top three winners on dataset IV [2,18,19] while the rests (4-
6) were proposed after the competition [20-22]. Results 
which achieved more than 80% classification accuracy were 
obtained either using a complex feature extraction 
method/algorithm, using a lot of features, or using complex 
feature classification method while our proposed method 
produced high accuracy with small number of features, 
several simple feature extraction methods, and any kind of 
trainable classifier. 

IV. CONCLUSIONS  

In this paper, we propose a combination method of two 
simple feature extraction methods of EEG signal. The 
stacking method produces very high accuracy for each 
classifier and requires a small amount of time to process 
since algorithms involved in whole process are relatively 
simple, therefore suitable for real BCI applications. Results 
using data set IV of the BCI competition 2003 are 
promising as this method reached a higher accuracy on the 
test set than the winner of this competition. 

It should be noted that this off-line experiment is tested 
only on one subject and has quite different condition than 
on-line experiments have. Though classification accuracies 
obtained are satisfactory, more subjects are needed to 
produce more reliable informations regarding time-
frequency range and combination methods since EEG 
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signals are always time-varying and different with each 
subject. 

Future works should also focus on 1) adding different 
types of feature to provide more knowledge on singe-trial 
EEG and 2) improving feature classification performance 
with classifier combination since combining 3 classifiers or 
more can improve system performance by 5% at minimum 
[10,13]. In this experiment, after best features were 
obtained, there were still 15 trials that all classifiers couldn’t 
classify correctly. Therefore, a more complex classifier 
combination methods are needed since simple ones such as 
voting, majority, and runoff didn’t do any good. 
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Abstract — Surgical reconstruction is generally recom-

mended for PCL injuries; however, the grafts selection is still a 
controversial problem. In this study, a 3D finite element model 
of the tibiofemoral joint with articular cartilage, menisci, and 
four main ligaments was constructed to investigate the effects 
of graft strengths on kinematics and in-situ forces of PCL 
grafts. Nine different graft strengths with stiffness equal 0 to 
200% with an increment of 25% of intact PCL strength were 
used to simulate the PCL reconstruction. A 100N posterior 
tibial drawer loaded to the knee at full extension, and the 
boundary conditions were to fix all freedoms on the top sur-
face of femur and assumed unconstraint on the bottom of tibia 
except flexion-extension motion. The maximum posterior 
translation of the PCL rupture (0%) was 6.77mm in the medial 
compartment, which resulted in tibial internal rotation about 
3.01°. After PCL reconstruction with any graft strength, the 
laxity of the medial tibial compartment was obvious improved. 
The tibial translation and rotation were similar to the intact 
knee after PCL reconstruction with strength falling from 75 to 
125% of intact PCL. When the strength was over 150%, the 
translation of medial tibia moved forward and the external 
tibial rotation increased obviously. The in-situ force generated 
in the PCL grafts of different strength ranged from 13.15 to 
75.82N. The in-situ force and grafts strength represented a 
proportional relationship. Hence, this study suggested that the 
PCL graft strength should choose between 75 and 125% of 
intact PCL, which could decrease the risks of abnormal tibial 
rotation and over load in the grafts that may cause early fail-
ure. When the high strength grafts were used, the appropriate 
pre-release of grafts and bracing in the early postoperative 
period may be advisable to present the risks of failure. 

Keyword s— Knee kinematics, PCL reconstruction, PCL grafts, 
finite element model, in situ forces 

I. INTRODUCTION  

The treatment of PCL rupture is recognized as a difficult 
problem due to limited information of this injury and low 
number of studies performed [1]. Despite treatment of the 
PCL is still controversial, the surgical reconstruction is 
recommended in patients for PCL-deficient knees [2]. How-
ever, the reconstruction of an isolated PCL tear can decrease 
the tibial posterior laxity, but did not restore the kinematics 
[3], which is believed to in connection with graft choice. 

Because of incomplete clinical or biomechanical data, the 
selection of the appropriate graft for PCL reconstruction is 
still controversial. The factors related to the failure of PCL 
reconstruction are similar to those about the ACL failures, 
including the bone tunnel placement, pretension, size, 
strength and fixation of grafts [4]. Besides, the loss or insuf-
ficient of graft strength during remodeling has been consid-
ered as another cause of failure [5]. Hence, the information 
of the strength or in-situ forces of the graft is important for 
considerations of postoperative rehabilitation protocol and 
permissible activities.  

However, the prior cadaver study, due to individual dif-
ferences, is difficult to quantify the graft option and the 
effect of graft strengths on knee kinematics and in-situ force 
of the PCL. To overcome those limitations of experimental 
studies, the three-dimensional finite element models of the 
human knee joint have been used to analyze the biome-
chanical behavior of the knee [6]. 

  Hence, the purpose of this study was to determine the 
effects of different PCL graft strengths on the knee kinemat-
ics and in situ forces of PCL grafts at knee extension. Be-
sides, we hypothesized that the higher graft strength has 
higher failure rate than the lower strength graft in the same 
initial fixation condition. 

II. MATERIALS AND METHODS 

Finite element model 
A three-dimensional finite element model of a 65-year-

old male human subject’s left knee joint was created from 
the Magnetic Resonance Imaging (MRI). The model meshes 
were generated using the MSC/PATRAN software (Mac-
Niel-Schwindler Corp., Santa Ana, CA). The non-linear 
analysis and post-processing were performed utilizing the 
MSC/Mentat 2005 software (MacNiel-Schwindler Corp., 
Santa Ana, CA). This model consisted of three bony struc-
tures (femur, tibia and fibula), articular cartilage layers, 
menisci, and four main ligaments (collateral and cruciate 
ligaments). The cable elements were used to represent all 
ligaments, including four cables for the both ACL and PCL, 
three cables for the LCL, and MCL was formed by eight 
cables (Fig. 1). 
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Material Properties 

The material behavior of the cortical bone, cancellous 
bone, cartilage and meniscus were all assumed homogene-
ous and linearly elastic. The elastic modulus and Poisson’s 
ratio were adopted from the literature (Table 1) [6.7]. Both 
the ACL and PCL were assumed as two-bundle structures 
(ACL: anterior-medial bundle and posterior-lateral bundle; 
PCL: anterior-lateral bundle and posterior-medial bundle). 
The material properties of the two bundles of ACL were 
identical, but each bundle of PCL was given different mate-
rial properties (Table 1) [6.7.8.9]. The stress-strain relation-
ship of nonlinear ligament elements was described by using 
the following equations: 
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 Where  is stress,   is the elastic modulus of liga-
ment, and   is assumed to be 0.03 as reference strain [10]. 

The aforementioned material properties were edited using 
Compaq Visual FORTRAN 6 (Compaq Computer Corp., 
CA) as a supplement to the MSC/Marc 2005 (MacNiel-
Schwindler Corp., Santa Ana, CA) software. From the data 
of MRI, total cross-section areas were given to be 42, 62, 20, 
and 26 mm2 for the ACL, PCL, LCL, and MCL, respec-
tively. 

 

 
Fig. 1 The finite element model of human knee included 
femur, tibia, fibula, articular cartilage layers, menisci, and 
four main ligaments. 
 
 
 

Table 2 The elastic modulus and Poisson’s ratio of cortical 
bone, cancellous bone, cartilage, meniscus and four liga-
ments. 
 

 
Elastic 

modulus 
Poisson’s 
ratio 

Cortical Bone 17 GPa 0.3 
Cancellous Bone 350 MPa 0.25 

Cartilage 12 MPa 0.45 
Meniscus Matrix 10 MPa 0.45 
Meniscus Horn 15 MPa 0.45 

Anterior Cruciate 
Ligament 

366 MPa -- 

AL bundle of Posterior 
Cruciate Ligament 

165 MPa -- 

PM bundle of Posterior 
Cruciate Ligament 

98 MPa -- 

Medial Collateral 
Ligament 

366 MPa -- 

Lateral Collateral 
Ligament 

366 MPa -- 

 
Boundary Conditions 

In clinical, the common grafts used for PCL reconstruc-
tion included hamstring tendons and bone-patellar tendon-
bone (BPTB), and the elastic modului of above grafts were 
investigated to fall 87 to 354 MPa, are approximate 0.5 to 2 
times of the intact PCL. Besides, it considered about the 
loss or insufficient of graft strength during remodeling [5], 
hence, the different PCL graft strength of this study was 
defined from 0%-200% of the intact PCL elastic modulus 
with an increment of 25 %. A posterior drawer force of 100 
N was applied to the tibial tubercle, and the boundary con-
ditions were to fix all freedoms on the top surface of femur 
while assured unconstraint on the bottom surface of tibia 
except flexion-extension. These conditions assured a stable 
motion of the knee joint under a drawer force. The kinemat-
ics response at knee extension including anterior-posterior 
tibial translation in medial and lateral compartments, inter-
nal-external rotation of knee joint and the change of in-situ 
force in PCL grafts with different strength were recorded. 

III. RESULTS 

The Kinematics of Knee Joint 
Under the 100 N posterior drawer load, the maximum 

posterior translation reached 3.60 mm in the lateral com-
partment (Fig. 2) and accompanied with tibial external 
rotation of 2.60° (Fig. 3) of the normal PCL knee. The 
maximum posterior translation of the PCL rupture (0%) was 
6.77 mm in the medial compartment (Fig. 2), which resulted 
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in tibial internal rotation about 3.01° (Fig. 3). The PCL 
rupture led to increase the sagittal laxity in the medial 
compartment of tibia. After PCL reconstruction with any 
graft strength, the laxity of the medial tibial compartment 
was obvious improved. When the graft with 25% strength of 
intact PCL was used, the posterior translation of medial 
tibia was only 1.05 mm that decreased about 5.62 mm 
comparing with PCL rupture knee while external tibial 
rotation was 1.52° (Fig. 3). The laxity on medial tibia after 
PCL reconstructed knee was improved with increase of 
graft strength comparing with PCL rupture model. The 
tibial translation and rotation were similar to the intact knee 
after PCL reconstruction with graft strength falling from 
75% to 125% of intact PCL (Fig. 2 and Fig. 3). When the 
graft strength was over 150% of intact PCL, the translation 
of medial tibia moved forward. The anterior translations of 
medial tibia were all appropriate 0.3 mm in 150%, 175%, 
and 200% model. Besides, when graft strength was over 
150% of intact PCL, the external tibial rotation after PCL 
reconstruction increases obviously to 3.01°, 3.05°and 3.06° 
in 150%, 175%, and 200% model, respectively (Fig. 3).  

 
The In-Situ Force of Grafts 

A 100 N posterior force applied to the tibia, 39.91 N 
generated in the normal intact PCL at full extension. The 
force generated in the PCL grafts of different strength 
ranged from 13.15 N to 75.82 N. Obviously the in-situ force 
was related to the graft strength. After PCL reconstruction, 
the grafts with lower strength represented less in-situ force 
under a specific loading. The force generated in the graft 
with 25% strength of intact PCL was 13.15 N that only 33% 
of the intact PCL (Fig. 4). The in-situ forces of 125%, 150%, 
175%, 200% graft model were 52.18 N, 59.01 N, 68.45 N, 
and 75.82 N, respectively (Fig. 4).  
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Fig. 2 The anterior-posterior translations in medial and 
lateral tibial compartments in the reconstructed knee joint 
with different strength of the grafts are shown. The anterior-

posterior translations of medial tibia compartment are af-
fected obviously with the strength of grafts. 
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Fig. 3 The tibial rotations in the reconstructed knee joint 
with different strength of the grafts are shown. The internal 
rotation of tibia occurred in the PCL rupture knee. In any 
PCL reconstruction cases, the tibial rotations were kept to 
an external rotation condition. 
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Fig. 4 The in-situ forces in the grafts with different strength 
under a 100 N posterior tibial force. The in-situ forces and 
strength of grafts represented a proportional relationship.   

IV. DISCUSSION 

The strength of PCL graft is an important factor that af-
fects the postoperative kinematics of knee joint and the in-
situ fore of graft in response to the loading. The aim of this 
study is to investigate the effects of different PCL graft 
strengths on knee kinematics and in-situ force of PCL grafts 
at knee full extension. To accomplish this study, a three-
dimensional finite element model of human knee joint was 
reconstructed, and the simulation was assumed as an anat-
omic reconstruction of the PCL.  

There are several limitations in this study. First, the char-
acteristics of bone or soft tissue are assumed as homogene-
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ous and isotropic that is different from the real condition. 
Hence, the creep or stress relaxation could not be investi-
gated in our model. Second, the special bundles structure of 
ligament was not reconstructed accurately, and that were 
simplified to represent by cable element. Although the in-
teraction in different bundles of ligament was not evaluated, 
it still can be the function of stability in knee kinematics [6]. 
Third, the joint capsule and other soft tissues around knee 
joint were not reconstructed in this model and the effect of 
ligament position, ligament pre-strains were also not con-
sidered. 

The strength of PCL graft has a considerable effect on 
knee kinematics. The PCL grafts with 75% ~ 125% strength 
of intact PCL have a similar kinematic response with intact 
PCL model. When the graft strength is less than 50 % of the 
intact PCL, it can not restore the normal rotation of tibia. 
The graft with 25 % strength of intact PCL caused decrease 
of external tibial rotation, and increase of the posterior 
translation of medial tibia. However, if the strength of graft 
was set over 150 % of intact PCL, all the grafts over-
constrained the posterior translation in the medial compart-
ment of tibia and made it move forward instead. In addition, 
the corresponding graft tensions were 48 % greater than the 
tension in the intact PCL (Fig. 4).  

The in-situ force of the PCL grafts with different strength 
ranged from 13.15 N to 75.82 N. The in-situ force of graft 
increased with increase of strength of graft in response to a 
100 N posterior tibial load. The higher in-situ forces of graft 
maybe cause the higher stress concentration in fixation site 
of graft and increase the failure risk postoperatively. Au-
thors considered that the strength of PCL graft should 
choose between 75 % and 125% of intact knee, which could 
decrease the risks of abnormal tibial rotation and early fail-
ure after PCL reconstruction. Besides, if the high strength 
grafts were used in PCL reconstruction, the appropriate pre-
release of grafts and bracing in the early postoperative pe-
riod may be advisable to present the early failure.  

Our results showed the change of in-situ force and the 
kinematics of knee joint due to different PCL grafts strength 
under the same loading conditions. Thus, these data may 
provide useful information on the biomechanical functions 
of the PCL, artificial tendon design, and improve the under-
standings of different PCL graft selection. 

V. CONCLUSIONS 

The structural strength of a graft plays an important role 
in determining the outcome of PCL reconstruction. This 
study showed PCL graft strength affected the anterior-
posterior translations of the medial tibial compartment ob-
viously but did not occur on lateral tibial compartment. 

Besides, the higher strength grafts with higher reactive force 
may increase failure risk in initial postoperative rehabilita-
tion period, especial for biodegradable interface screws 
fixation or delayed bone tunnel healing cases. 
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Abstract— This article is about the analysis of the basic ten-
dencies in the development of impedance rheocardiography 
method and modern software and hardware. We consider the 
technical aspects of increased reliability and accuracy of the 
heart pump function estimation. The authors present the basic 
results of the impedance noninvasive monitoring systems de-
velopment focused on two-channel system. 

Keywords— Rheocardiography, precardiac rheocardiogram, 
impedance monitoring. 

I. INTRODUCTION  

During the last years highly developed countries pay 
close attention to the developing noninvasive methods for 
obtaining hemodynamic parameters, including measure-
ments of flow (stroke volume and cardiac output), contrac-
tility of myocardium (velocity index and acceleration index)  
and electromechanical timing intervals (pre-ejection period, 
left ventricular ejection time, and systolic time ratio).  

A noninvasive method to obtain hemodynamic mea-
surements in hospitalized patients would be desirable, and 
might increase the appropriate use of hemodynamics to 
guide therapy by virtue of its lower cost and risk. 

Impedance rheocardiography is one of such noninvasive 
methods, which is often used in emergency medicine and 
reanimation. Achieving accuracy of cardiac output estima-
tion up to 12-17% (which is equal to variability on the 
breath phases) for cardiological patients is the main problem 
for rheocardiography method. 

II. METHODS 

A. Basis of an impedance rheocardiography. 

The biophysical basis of an impedance rheocardiography 
(RCG) method was created by several authors and pub-
lished at the period from 50th till 70th of the previous cen-
tury [1-6]. The method is based on a probing high-
frequency (40 – 100 kHz) current of small amplitude (1 - 3 
mА) through the chest and registration the dynamic changes 
in the tissue impedance caused by the blood circulation and 
breathing. 

Among main registered parameters are: the cardiac out-
put (CO) and stroke volume (SV), ejection fraction (EF), 
etc. 

Rheocardiography technique allows real-time analyzing 
parameters from both systems (respiratory and cardiovascu-
lar) because of simultaneous registration the tissue imped-
ance changes and ECG. Such systems are called as rheocar-
diomonitoring systems (RCM). 

 
B. Accuracy aspects of rheocardiography method. 

During the last ten years the scientists of Biomedical 
Techniques Department of MSTU made a wide range re-
searches, devoted to rheocardiography method development 
[7-13]. 

The precision of the RCM systems depends on model va-
lidity for transthoracal impedance signal (TTIS) condition-
ing; quality of a recorded signal; reliability of determination 
cardiac cycles’ phases, and  individual patient’s features. 

Kubichek’s model is most often used for hemodynamic 
parameters determination using TTIS, in particular the car-
diac output (CO) and stroke volume (SV) values. Kubi-
chek’s model has assumption, which is fair for the practical-
ly healthy patients: the volume ejection’s velocity from both 
hearts’ ventricles is relatively constant during ejecting 
phase. 
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Fig. 1 The ECG and TTIS signals with special points marked 
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Impedance change ΔZ is formed by the outflow of blood 
from the chest, and evaluated as Ad×ELVET; where Ad –
differential maximum of the transthoracal impedance signal 
(DTTIS) per a cardiac cycle, ELVET - effective left ven-
tricle’s ejecting time - see Fig. 1. 

It is essential to keep in mind actual parameters of blood 
volume throughput curve and individual anthropometric 
features, especially for the patients with coronary heart 
disease (CHD) or valvular insufficiency. 

Theoretical and experimental studies show that geome-
try, localization and electrical characteristic of an electrode 
system are important for correct TTIS signal evaluation 
[18]. 

Besides that the distortions of a signal introduced by ana-
log circuits exert essential influence on outcomes of defini-
tion hemodynamic phases, which results in significant error 
of hemodynamic parameters determination [14]. 

Table 1 Key factors for precision of RCG measurements 

Algorithmic Techniques 

S-point determination on TTIS (beginning of ejection) 

T`-point determination on TTIS (ending of ejection) 

Elimination of distortions introduced by an impedance measuring converter 

Elimination of  respiratory artifacts and selection the breathing phases 

Extraction the defect-free rheo-cycles 

 
Hardware 

Phase-frequency distortions introduced by an impedance converter 

Noise level of an impedance measuring converter 

Linearity of the transfer characteristic 

ADC digitizing error 

Amplitude and frequency signal stability of the current generator 

Full output resistance of the current generator 

Input resistance of instrumental amplifiers 

Channel interference (for multichannel impedance measuring converters) 

Patient’s cable capacitance 

 
Hemodynamics factors 

Left ventricle’s ejection time 

Blood volume throughput for left ventricular of heart 

Individual variability of cardiodynamic 

Specific resistance of flowing blood and blood at rest 

 
Individual patient’s features 

Gender and age 

Anthropometric parameters (height , weight) 

Thorax’s parameters (perimeter of a neck, perimeter of a chest) 

Localization and dimensions of current and measuring electrodes 

 

Table 1 describes the summary list of key factors, which 
influence the accuracy of the cardiovascular and respiratory 
parameters measurements. 

The formula for stroke volume calculation requires tak-
ing into consideration the list of the factors represented in 
Table 1. 

Parameters, introducing the greatest contribution into 
cardiac output determination, were estimated using variance 
and factor analysis based on TTIS signal database of the 
patients with cardiovascular diseases [11]. The database 
included 710 cardiac output measurements provided by 
means of thermodilution and RCG. Investigation was done 
in 1996 together with colleagues from the Sydney clinical 
hospital (D.G. Haryadi, D.R. Westenskow, L.A. Critchley, 
E. Barin) and was carried out on 47 patients with cardiovas-
cular diseases (30 men and 17 women) [7]. 

The formula for cardiac output (CO) determination uses 
individual anthropometric features of the patients for men 
and women: 

d
base

T AELVET
Z

L
HRKCO ⋅⋅⎟

⎠
⎞

⎜
⎝
⎛⋅⋅⋅=

2

ρ  (1) 

where CO - cardiac output (L/min), HR - heart rate 
(1/min), КТ - dimensionless factor for anthropometric fea-
tures of the patients. 

Fig. 2 shows results of comparison for cardiac output 
calculation between thermodilution method and impedance 
measurements using equation (1). 

 

Fig. 2 Correlation between CO determined by two different methods: 
impedance measurement using equation (1) (CO rheo) and thermodilution 

method (CO td). 

C. Combination of transthoracal and precardiac signals. 

Placing electrode system close to the heart’s region is 
one of the perspective ways of increasing accuracy and 
stability estimation of the blood circulation parameters. The 
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appropriate technique is well known as Precardiac Rheocar-
diography (PreRCG) [2]. 

It should be mentioned that PreRCG signal reflects, in 
general, local impedance changing in the precardiac area 
due to volumetric change of hearts’ chambers and aorta. 
That is PreRCG represents biomechanical processes of 
ventricles’ blood ejection. So it is possible to “bind up” 
PreRCG features and cardiac phases. Moreover, impedance 
PreRCG mapping allows determination the boundaries of 
heart’s impedance projections on the thorax. 

The simultaneous analysis of PreRCG and TTIS signals 
reduces an error of pre-ejection period (PEP) definition 
(Fig. 3), ELVET and ejection fraction (EF) with sacrifice in 
more reliable and accurate effective ejecting time determi-
nation [15]. In particular, left ventricular ejection time 
(ELVET) is calculated up to 4 % better than ultrasound 
measurements [10, 15]. 

 

Fig. 3 EF correction during physical activity. 

Ventricles’ asynchronism sometimes results in essential 
RCG signal form modification, for instance the first peak of 
the differential transthoracal impedance signal (DTTIS) is 
not always equal to the amplitude Ad (Fig. 1). The PreRCG 
correction of Ad determination allows reducing an error of 
stroke volume (SV) definition.  

The possibilities of respiratory pattern extraction were 
analyzed in the articles [16, 17] and the main problem is the 
frequency coverage between RCG and breathing. It is pos-
sible to extract respiratory pattern from the base impedance 
signal and analyse breath phases using methods of digital 
filtering. 

Fig. 4 shows results of different algorithms comparison 
for ELVET determination: 

• a - algorithm Belaev K.R. (1996) 
• b - classic algorithm, Kubicek W.G. (1966) 
• c – ELVET algorithm determination with usage both 

signals: TTIS and precardiac RCG 

y = 0.893x + 0.0357
 r =  0.86

y = 0.901x + 0.0773
r =  0.71

y = 0.8545x + 0.0432
r= 0.96

0,20

0,25

0,30

0,35

0,40

0,20 0,25 0,30 0,35 0,40

ELVET US, ms

EL
V

ET
 T

TI
S,

 m
s

а

b

c

 

Fig. 4 Correlation between ELVET determined by two different methods: 
impedance measurement (ELVET TTIS) and ultrasonic measurements 

(ELVET US). 

III. CONCLUSIONS  

Fundamental and applied researches helped to formulate 
requirements for hardware and software of rheocardiomoni-
toring systems. The simultaneous analysis of PreRCG and 
TTIS signals is needed to achieve high accuracy (12-17%) 
of cardiac output estimation for monitoring cardiological 
patients. 
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Abstract—A new method for ECG-based characterization

of atrial fibrillation (AF) has been developed which allows

comparison of different AF signal patterns for the purpose of

identifying differences between patients, leads, hospital visits

for the same patient and during treatment. The method trans-

forms the atrial signal into a cluster description of typical

waveform patterns and includes methodology for comparison

of such descriptions. Reproducibility analysis in four AF sig-

nals suggests that the method has the ability to identify small

differences in AF pattern. Furthermore, an electroatriogram is

analyzed by the proposed method which illustrates the

method's capability to provide detailed information about the

signal waveform differences between leads.

Keywords— Signal processing, atrial fibrillation, waveform,

ECG.

 I. INTRODUCTION

Atrial fibrillation (AF) is the most common sustained ar-

rhythmia with a prevalence of 0.4–1 % in the general

population, progressing to around 8% for those above 80

years of age [1]. A number of treatment options are avail-

able, including sinus rhythm conversion, rate control and

antiarrhythmic drug therapy, and pulmonary vein isolation.

The efficacy of each therapy is, however, relatively low,

and for a large group of patients none of the above therapies

are successful. Presently, there are no means to determine

the mechanisms of the disease for the individual patient and,

as a consequence, no means to predict the outcome of dffer-

ent therapies for the individual patient. When studying ECG

signal patterns in AF patients, a considerable inter-

individual variation exists as well as a large variation over

time in the atrial activity. It has been shown that these pat-

terns can be altered by, e.g., drugs and autonomic maneu-

vers.

Recently, an ECG-based method for characterization of

the f-wave morphology in AF was presented, [2]. The

method decomposes the atrial activity into fundamental and

harmonic components and divides each component into

short blocks for which the amplitude, frequency and phase

are estimated. The phase delays between the fundamental

and each of the harmonics, here referred to as harmonic

phase relationships, are then calculated as descriptors of the

waveform morphology of the AF signal of each block. A

clustering procedure summarizes waveform morphology of

each block into typical patterns of the entire signal.

In this work, the phase method is further explored in

terms of reproducibility and quantification of similarity

between different AF patterns. The proposed method is

described in Sec. II and a description of the database is

given in Sec. III. The results are presented in Sec. IV and,

finally, the method is discussed in Sec. V.

 II. METHODS

The present method deals with characterization of AF

signal waveform patterns, and especially it allows the com-

parison between sets of such patterns for the purpose of,

e..g., reproducibility analysis, spatial analysis and drug

response evaluation. The proposed method consists of two

parts: The first is Waveform clustering which transforms a

residual ECG, resulting from QRST cancellation, into a

waveform cluster description of the signal, see Fig. 1a. This

method has been presented in [2]. The second part, which is

the focus in this paper, is Cluster structure analysis which

compares a set of cluster descriptions for the purposes de-

scribed above, see Fig. 1b.

Fig. 1 Method overview: (a) Waveform clustering and (b) cluster

structure analysis.
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A. Waveform clustering

 The waveform clustering analysis method is comprised

of the following steps [2]:

1. Spectral analysis for the identification of fundamental

( f0 ) and harmonic frequencies ( fm).

2. Bandpass filtering for extraction of the fundamental

and harmonic components. The resulting fundamental

(m=0) and harmonic components (m>0) are  denoted

xm (n)  with n=0,…,N-1.

3. Parameter estimation is performed in blocks of 0.5-s

duration. For each signal component, estimates of am-

plitude, am,p , frequency, fm,p , and phase, m,p , are

generated for each block p. The maximum likelihood

estimators are given by [4]. The decay of harmonic

magnitudes is for each block and harmonic m defined

as ˆ a m,p / ˆ a 0,p . Since each block is not perfectly regular,

the estimated harmonic frequencies may deviate from

their expected positions. Therefore, in order to simplify

clustering, each block is modeled as regular by using

the expected harmonic frequencies and phase estimates

compensated to be valid in the middle of the block

(   m,p ), see [2].

4. Calculation of phase relationships based on the com-

pensated phase estimates,   m,p , is performed by rela t-

ing the phase delay of each harmonic to the fundamen-

tal phase of that block. In order to compare the phases

of the harmonics to that of the fundamental in a mean-

ingful way, the phase estimates are converted to a "fun-

damental" phase scale. In this way, all phase delays are

equivalent to the same time offset. Since the m:th har-

monic completes (m+1) periods when the fundamental

completes one period, the m:th harmonic is periodic in

2  in its own phase and in approximately 2 /(m +1)
in fundamental phase scale. The phase relationship,

m ,p , between the fundamental and the m:th harmonic

is defined as the phase delay in fundamental phase

scale compared to the phase of the fundamental. The

range of m ,p  is thus 
m +1

,
m +1

 

 
 

 

 
 .

5. Block clustering The set of the first two harmonic phase

relationships for each block p ( 1,pand 2,p ) are mapped

onto a torus geometry where the first harmonic phase

relationship spans the larger circle of the torus and the

second harmonic phase relationship spans the smaller

circle. If all phase relationships are within the distance

dmax  in the torus geometry, they are averaged to d e-

scribe the typical waveform morphology of the signal.

Otherwise, a clustering strategy is used to group the

samples into a number of adequate waveform morphol-

ogy averages.

The following eight quantities are associated with cluster

q: average frequency ( f (q) ), frequency standard deviation

(  (q) ), average harmonic decays ( b 1
(q)

and b 2
(q)

), average

phase relationships (  1
( q)

and  2
( q)

), maximum sample di s-

tance within the cluster ( d (q)max ), and to which degree the

cluster covers the total number of blocks included in the

analysis ( r (q) , range 0–1). The six first describe the signal

pattern and the last two describe the cluster properties

which are used for quality control.

B. Cluster structure analysis

Based on the above, a waveform cluster can be marked

as a point in an 6-dimensional parameter space. An ana-

lyzed segment from a patient with AF will likely contain a

set of clusters which together form a structure in this pa-

rameter space. In order to compare two such structures, we

first consider how to compare the two clusters p and q.

Three aspects of the parameter space are each assigned a

value between zero and one. These aspects relate to the

similarity in frequency, first harmonic decay and phase

relationships. The average of these values is also a value

between 0 and 1 where 1 corresponds to perfect match and

zero means very different signal patterns. The frequency

similarity measure, f , is defined as

f = 1
f (q)

f ( p ) 1
 

 
  

 

 
  .

The phase relationship similarity measure,  is defined as

= 1
d p ,q

dm

 

 
 

 

 
 ,

where d p ,q  is the Euclidean distance in the torus geometry

between (  1
( q)

,  2
( q)

),  and (  1
( p )

,  2
( p )

) and dm  is the large

diameter the torus, and, finally, the first harmonic decay

similarity measure, b , is given by

b = 1
b1
(q)

b1
( p ) 1

 

 
 
 

 

 
 
 .

The similarity between clusters p and q is now

p ,q =
1

3 f + + b( ) .

The next step is to calculate the total similarity total

when comparing two signals (cluster structures) with P and

Q clusters, respectively. First, the above similarity is calcu-

lated between all possible combinations of clusters and the
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values are placed in an P-by-Q matrix. A prevalence value

is assigned to each position in the matrix as the mean of the

prevalences ( r (q)  and r ( p ) ) of the two compared clusters.

The cluster structure similarity total  results from weighting

together the max(P,Q)  largest similarities with their calc u-

lated joint prevalence.

 III. DATABASE

The performance of the proposed method is illustrated for

four 1-min ECG signals and one 1-min electroatriagram

(EAG) signal from patients with AF. For the EAG, 6 leads

were recorded in the V1–V2 region (V1, V1-low, V1-right,

V1-high, V2, and V2-high). All analysis were performed on

1 kHz sampled signals.

 IV. RESULTS

A. Reproducibility examples

In order to investigate the reproducibility of the waveform

description, four 1 min recordings were analyzed in blocks

of ten seconds. The first ten seconds from each signal is

shown in Fig. 2. This figure shows four relatively organized

AF signals with a slightly higher rate in signal 1 and a

slightly lower rate in signal 3 compared to the more

moderate rates in signals 2 and 4.

Fig. 2 10 second excerpt from 60 second signal examples 1-4.

When considering only the main cluster in each 10-s

interval, it can be seen in Fig. 3 that both the first and

second harmonic phase relationships are relatively stable.

Signals 1 and 2 are very similar in terms of phase

relationships (not necessarily in terms of frequency and

harmonic amplitudes) while both the first and second phase

relationships are higher for signal 3 and signal 4 is

somewhere in between of these two patterns.

Fig. 3 Phase relationship trends over the six consecutive segments for

60-s examples 1–4.

Reconstruction of the most frequently occurring waveform

based on phase relationships, fundamental and harmonic

amplitudes, and fundamental frequency reveals the typical

waveform of the signals, see Fig. 4.

Fig. 4 Main cluster waveforms for 60 second examples 1-4.

As can be seen, signals 1 and 2 exhibit patterns very close

to the typical sawtooth-waveform (with a sharp downslope).

Signal 3 is considerably more pulse-shaped with a low-

amplitude "knee" on the upslope of the pulse. Signal 4 is

also more pulse-shaped than signals 1 and 2, but still with a

wide base and a "knee" close to the 0 mV level.

Similarity diagrams for the four one minute recordings are

shown in Fig. 5. Figure 5a shows the average of the

frequency, phase relationship and first harmonic decay

similarities which are individually shown in Fig. 5b–d. The

6-by-6 pattern in each diagonal square indicates the

similarity between the six blocks within the same signal and

the 6-by-6 pattern in the super-/subdiagonal squares

indicates all combinations of the similarity between the 6

blocks of one signal and 6 blocks of another signal. Which

signals that are combined are marked on the axes with white

indicating high similarity (1) and black no similarity (0).

The similarity within a signal was in average 89%, while

the similarities between the signals in average was 80%.

The corresponding values for the phase relationships were

81% and 72%, respectively.
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Fig. 5 Similarity measures for six 10-s segments and four patients.

B. Spatial analysis examples

One application of the method is to make a multi-lead

description of the atrial activity. Such example is

demonstrated in Fig. 6 where the typical waveforms of the

six EAG-leads are shown.

Fig. 6 Leadwise waveform analysis of EAG configuration.

In this case, leads V1right and V1low have wider and more

symmetric positive pulses, V1 and V1high are less

symmetric with sharp right-side slopes, and V2 and V2high

have more narrow positive peaks. The prevalences, and

fundamental and harmonic phase relationships are marked

below each waveform.

In Fig. 7, the similarity measures between the different

leads of the EAG are shown. As before, one minute of each

lead is analyzed in six 10-s blocks. In this EAG example,

the frequency variation between leads is very low giving

similarity values between leads and over time of 98–99%.

The waveform similarity is in average 84% over time within

a lead and in average 64% between the leads. The darker

regions in Fig. 7c indicates that the two leftmost leads (V2

and V2high) are deviating the most in terms of phase

relationships which are the two leads with the more narrow

positive peaks.

Fig. 7 Similarity measures for six 10-s segments and the six leads of

the EAG. Values indicate percentage similarity in the square.

 V. DISCUSSION & CONCLUSION

The results show that the method is capable of identifying

slight differences between patients. However, it should be

noted that there is also information that is related to a

certain lead position. As shown in [2], practically all AF

signals in lead V1 has a sharper downslope than upslope. In
conclusion, the simlarity measures can be used to identify

differences and similarities between signals measured at

different times, leads, patients or under different conditions.
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Abstract— This paper surveys special features of impedance 
measurements focusing on estimation heart’s localization and 
chambers, and the main vessels in the thoracic cavity.  Here we 
came up with horizontally-layered model of precardiac tissues 
and described 32-channels system developed for impedance 
measurements. Also we presented the result of heart imped-
ance precardiac mapping. 

Keywords— Rheocardiography, bioimpedance measurements, 
precardiac mapping. 

I. INTRODUCTION  

Bioimpedance measurements provide useful information 
about living tissues, a human body and separate organs 
structure, physiological states and functions. Actively de-
veloped noninvasive rheocardiomonitoring systems are 
widely used in reanimation and intensive care units. They 
are reasonably priced, safe, and convenient for the bedside 
monitoring, easy to perform, compact and mobile. 

The investigation of potential possibilities and informa-
tion capacity of bioimpedance measurements is an urgent 
problems. Understanding the biophysical mechanisms of the 
precardiac impedance signal conditioning has demonstrated 
that the heart wall movements give the main contribution in 
the precardiac rheocardiogram signals. This conclusion is 
the basis for the multichannel impedance system develop-
ment which potentially allows the visualization of the heart 
boundary movements during the heartbeat. 

The aim of the impedance precardiac mapping (IPM) 
method consists of the heart structures localization and 
sizing, and long-time heart wall movements monitoring, 
phase analysis of cardiocycles and heart pump-function 
parameters calculation. 

II. IMPEDANCE MAPPING TECHNOLOGY 

A. Biophysical basis 

The impedance rheocardiography method is based on a 
probing high-frequency (40 – 100 kHz) current of small 
amplitude (1 - 3 mА) through the chest and registration the 
dynamic changes in the tissue impedance caused by the 
blood circulation and breathing. 

Placing electrode system close to the heart’s region is 
one of the perspective ways of increasing accuracy and 
stability estimation of the blood circulation parameters. The 
appropriate technique is well known as Precardiac Rheocar-
diography (PreRCG) [1]. 

It is possible to represent the precardiac area as a hori-
zontal two-layer structure [2] (Fig. 1) 

 

Fig. 1 The horizontal two-layer model of precardial area and a scheme of a 
symmetric tetrapolar electrodes assembling. Current electrodes are located 

at “A” and “B” points; potential electrodes are located at “M” and “N” 
points; “C” indicates the center of symmetry. 

The specific resistances and the depths of the layers are 
labeled as ρi and hi. The first layer represents the myocar-
dium and upper-soft tissues. The second layer is semi-
infinite and has specific resistance close to the blood resis-
tance. 

The potential function of the field created by the current 
electrodes can be described by the Laplace’s equation at all 
points except the source points [3]. Because of the cylin-
drical symmetry, Laplace’s equation looks as: 

2 2

2 2

1
0

r r r z
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 with the following conditions: 

• The potential continuity on the boundary 
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the boundary 

1

1

1 1

i i

i i

i iz h z h
z z

ϕ ϕ
ρ ρ

+

+= =

∂ ∂=
∂ ∂

  (3) 

• Since ρair =∞ 

0

0i

zz

ϕ
=

∂ =
∂

  (4) 

• Potential should be equal to zero if z tend to infinity 

0semi infinite z
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→   (5) 

Analytical solutions for ϕi(r,z) were analyzed for the 
two-layer model in order to estimate the measuring elec-
trode system parameters and to create algorithms for inverse 
problems solution. 

B. Instrumentation 

Hardware: An experimental setup for the 32-channel 
impedance measurement system is presented in Fig. 2. This 
system is implemented using a hybrid scheme of the current 
sources and the time multiplexing of channels. 

 

Fig. 2 32-channel system for rheocardioraphy applications 

Table 1 describes the main technical characteristics of 
the 32-channel impedance measurement system. 

Table 1 Main technical characteristics of the 32-channel impedance 
measurement system 

Parameter Value 

Pre-RCG channels 30 

TTRG channels 1 

ECG channels 1 

Sample rate per a channel 500 Hz 

Probe current (effective value) 3 mA, 100 kHz 

Base impedance range 1 – 250 Ohm 

Rheogram impedance range ±2 Ohm 

Rheogram sensitivity 0.5 mOhm 

Rheogram bandpass 0.17…68 Hz 

ADC 12 bit 

 
Software: Software for the 32-channel system works un-

der Windows 32 platform (Fig. 3). It provides the following 
features: 

• Data acquisition and physiological signals visualization 
• Calibration using with a built-in calibrator 
• Online digital signal processing (noise filtration) 
• Online ECG and RCG analysis [4, 5] 
• Respiratory pattern extraction [6] 
• Heart wall movements estimation by means of inverse 

problem solution for two-layer precardiac area model 

 

Fig. 3 Main program window 

Electrodes System: Multichannel electrode system has 
been developed for acquisition high-quality data. It consists 
of reusable golden electrodes and allows obtaining imped-
ance from leads in different directions (Fig. 4). 
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Fig. 4 Multichannel electrode system located on the thorax  

C. Measurement procedure (step-by-step) 

Percussion: The electrode system should be located close 
to precardiac area. Therefore we should estimate patient’s 
constitutional features, anatomical data and find out auscul-
tative points and boundaries of the heart using a percussion 
method (Fig. 5). 

 

Fig. 5 Heart boundaries and flatness founded by percussion method 

Base impedance mapping: Despite to percussion, base 
impedance values acquired from the different precardiac 
leads provide more accurate information about localization 
of the heart, chambers, valves, and the main vessels. 

Fig. 6 shows the x-ray of normosthenic chest type. Co-
lored area corresponds to base impedance map, where red 
color stands for low impedance, blue color – high imped-
ance. 

PreRCG analysis: The PreRCG signals from the differ-
ent precardial leads are characterized by the variety of forms 
and absolute values. The form features of the signals are in 
a good agreement with the known diagrams, illustrating the 
events of the cardiac cycle for different heart structures [5]. 

 

Fig. 6 Base impedance mapping of aortic arch 

The results of the theoretical modeling and experimental 
studies have demonstrated that the heart wall movements 
give the main contribution in dynamics of the PreRCG 
signals [2]. Chest anatomic structure, blood biomechanics, 
and the heart movements reflect specific features on the 
PreRCG signals (Fig. 7). 

 

Fig. 7 Typical forms of the PreRCG signals recorded in the areas of the 
front projections of the following heart structures: (1), superior vena cava; 

(2), right atrium; (3), inferior vena cava; (4), tricuspid valve; (5), right 
ventricle; (6), left atrium; (7), mitral valve; (8), left ventricle; (9), aorta; 

(10), pulmonary trunk and arteries. Dotted vertical lines indicate the end of 
systolic period and the beginning of the diastole. 
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The PreRCG signals allow precise estimation of the car-
diac cycle phases. Detailed phase analysis of precardial 
rheograms is valuable for diagnosis of the variety of heart 
structural and functional pathologies. 

In order to estimate the real sizes of the heart structures it 
is necessary to implement analysis of the base impedance 
amplitudes and the PreRCG signals. 

III. CONCLUSIONS  

Impedance mapping technology has high information ca-
pacity; it is perspective for mapping and monitoring cardiac 
activity, cardio-respiratory relations, 2D and 3D visualiza-
tion of the heart biomechanics and long-time heart wall 
movements monitoring. 
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Abstract  Diabetes and its complications is increasing 
world-wide, making the identification and of disease progres-
sion and appropriate management increasingly difficult. Ul-
ceration of the lower limb is a common complication of diabe-
tes and requires careful assessment and follow-up of the 
wound characteristics. The lack of wound specialists and eco-
nomic factors such as time to attend an appointment in metro-
politan clinics as well as travel has led to the development of 
The Wound Healing Analysis Tool (WHAT). The program was 
tested on 16 images obtained at a podiatric health clinic and 
results compared to the clinical specialist. The program 
achieved 87% accuracy for this trial indicating that it may be a 
useful adjunct for initial screening of wounds and effectiveness 
of treatment outcomes. 

Keywords  Automated classification, wounds, segmentation, 
image analysis. 

I. INTRODUCTION  

World-wide it is estimated that the number of adults with 
diabetes will rise from 135 million in 1995 to 300 million 
by 2025 [1]. In the Western world diabetic foot problems 
have been reported as the most common complications of 
diabetes. Diabetic foot problems are associated with nerve 
damage (diabetic neuropathy) and poor circulation (peri-
pheral vascular disease) in the lower limbs [2]. These fac-
tors increase the risk of foot ulcers, infection and lead ulti-
mately to lower extremity amputation. An important adjunct 
to reducing the percentage of amputations is to have appro-
priate assessment methods for recognizing vascular disease 
and its progression [3, 4].  

A. Automated assessment of lower extremity ulceration

Health care internationally suffers from a lack of special-
ists that are available for regular screening and follow-up. 
Providing automated procedures for assessment of ulcers 
allows non-specialist rural health workers to regularly re-
view patients and provide accurate results for the patient 
and treating specialists.  

In contrast to other fields of medicine and allied health 
care, podiatry has no state-of-the-art computer-based tech-

nology available to investigate chronic wounds. Measure-
ments such as diameter or circumference of wounds are 
hardly ever taken and although digital photographs are now 
included in patient reports, the diagnosis and future assess-
ment remains objective with its limitations [5]. Several 
methods for determining wound size are currently in use, 
with vertical and horizontal diameter easily determined [6, 
7]. However wound circumference nor the area, can be 
correctly determined by using vertical and horizontal di-
ameters, especially if the wound shows an irregular shape. 
For an accurate assessment of the wound and the wound-
healing process the tissue composition has to be included in 
the assessment. Three kinds of tissue can be differentiated 
in a chronic wound that provides an insight into the state of 
the wound. 

II. METHODS 

Sixteen patients that attended the Albury Allied Health 
Clinic for foot assessment were included in the study. Digi-
tal images were obtained using a Pentax Optico at a resolu-
tion of 2MP. The camera was held perpendicular to the 
wound and the photograph taken of the wound with a cali-
bration bar next to it. All data is stored on a standard flash 
memory card and transferred to a Dell Latitude D630 laptop 
computer with an Intel Duo CPU T730 @ 2GHz, 1.99 GB 
of RAM and 40GB hard drive. All images and results are 
stored on an external hard drive (Western Digital, 320MB). 

The Wound Healing Analysis Tool (WHAT, Soft-
warevertriebs Ges.m.b.H., Vienna Austria) is a computer-
based system developed at the Medical University of Vi-
enna. Automated pseudo-colour output of the images were 

i-
cates that the borders and tissue proportions were correctly 
identified by WHAT and added significantly to the interpre-
tation possible if only the original image was available; 

i-
cates correct classification but added no additional detail to 

ation of the wound 
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ation. and its progression 
[3, 4].  

B. Pre-processing

To evaluate the absolute size of a photographed wound in 
mm2 the programme semiautomatically recognises the 
square mark printed on the sticker placed next to the lesion. 
The programme performs a white balance correction and 
corrects the distortion of the picture with the help of a pro-
jection algorithm. To calculate the position of the wound in 
space the detected square mark borders are used.  

C. Wound Segmentation

To proceed with the analysis the wound border has to be 
marked manually with the mouse. Structures like bones and 
tendons can be manually excluded from processing. Auto-
matic tissue evaluation is performed with shades of red, 
yellow and black of every pixel of the manually marked 
wound recognized. Red is predefined as granulation tissue, 
yellow as fibrin exudation and black as necrosis. Other 
colors in the wound can include blue, which is due to medi-
cation or green due to bacterial overgrowth. HSV-space 
provides range definitions for the parameter values, satura-
tion and hue. 

III. RESULTS 

Sixteen images were analysed with three giving dubious 
results due to the placement of the calibration strip not be-
ing in line with the wound. Figure 1shows from left to right 
the original, corrected and pseudocolor image.   

Fig. 1 Image processing using WHAT 

The majority of images were correctly identified by 

category (Table 1). 
 
Twelve of 16 images (75%) were correctly classified 

with respect to the three tissue types (granulation, fibrin and 

necrotic). No errors were observed for classification of 
necrotic tissue.   

Table 1  Accuracy of wound classification WHAT 

Classification 
accuracy 

Number 

very good 4 

good 4 

neutral 5 

bad 3 

very bad 1 

 

The 
the extent of the wound was not correctly identified and/or 
either the fibrin or granulation tissue were either under or 
over estimated (Figure 2). Black arrows indicate I Figure on 
left hand side possible fibrin tissue not shown in pseudo-
color presentation on right hand side. 

Fig. 2 Image Segmentation 

IV. CONCLUSIONS  

Current quantitative methods for wound assessment are 
based on use of a transparent film that is overlayed on the 
wound and the wound outline traced. This tracing is then 
retraced onto a digitising tablet and imported into a com-
puter-based program that determines the area and circum-
ference of the wound. There are several disadvantages asso-
ciated with this process including the time it takes for the 
tracing, inaccurate results and more importantly that the 
wound has to be touched and therefore the likelihood of 
bacterial infection and tissue damage is increased. 

Automated no-touch technology would expedite the 
process and add accuracy. Our results indicate 75% accu-
racy between the results of WHAT and that of the podia-
trist. The programme only misinterpreted two images in 
terms of percentage tissue type present. One image had an 

b
fibrin percentage and granulation tissue being incorrectly 
quantified. The second image shown above in Figure 2 had 
very dark granulation tissue and not well defined fibrin. 
When only the accurate identification of the different tissue 
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types within the specified boundary is considered, WHAT 
performed at an accuracy of 87%. One major determinant 
for incorrect classification was the image quality, which in 
many of the images was suboptimal. Research is now in-
vestigating the quantitative accuracy of the WHAT pro-
gramme by comparing the granulation, fibrin and necrotic 
tissue identified by several medical specialists on a larger 
sample. 
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Abstract––The purpose of this study was to examine the 
hemodynamic performance of a new polyurethane scaffold for 
aortic valve tissue engineering. A new experiment set-up was 
developed to simulate blood flow in the aortic position and to 
visualize the flow field along valve scaffolds. Aortic valve 
scaffolds (n= 6) were sprayed with different cusps thickness 
(dCusps): Group A (n= 2, dCusps= standard), Group B (n= 4, 
dCusps= double) and evaluated by means of time resolved 2D 
particle image velocimetry (PIV). The results of the flow 
measurements showed similar hemodynamic performance of 
both groups. Valve scaffolds open and close properly and show 
no or minimal backflow through the valve during diastole.   

Keywords––Aortic valve prosthesis, tissue engineering, poly-
urethane scaffold, fluid dynamic, particle image velocimetry. 

І.   INTRODUCTION 

Velocity profiles and Reynolds stresses in the immediate 
vicinity of prosthetic heart valves are vital parameters in the 
study of hemolysis and thrombus formation associated with 
these valves [1, 2]. These parameters are currently measured 
using optical measurement systems like particle image 
velocimetry (PIV) and laser Doppler anemometry (LDA) 
[2].  PIV can produce very detailed velocity and turbulence 
information in comparison to the LDA results [3]. 

In the present study we examined the flow field across 
new tissue engineered aortic valve prosthesis, with similar 
dimensions as nature aortic valves, by means of time 
resolved 2D-PIV. 

ІІ.   MATERIALS AND METHODS 

A new experiment set-up was developed to simulate 
blood flow in the aortic position and to visualize the flow 
field along valve scaffolds. This set-up includes a perfusion 
system, silicon models, a blood-like solution, an aortic 
compliance simulator, a ventricle assist device (MEDOS 
Medizintechnik AG, Stolberg, Germany), a laser optical 
measurement system PIV (Dantec dynamics GmbH, Ulm, 
Germany), a high speed CCD Camera (PCO AG, Kelheim, 
Germany), pressure sensors (Hottinger Baldwin 

Messtechnik, Darmstadt, Germany), a flow meter 
(Transonic Systems Inc., Stuttgart, Germany) and many 
monitoring systems (Fig. 1). Blood-like (glycerine water) 
solution and silicon tube models were prepared with the 
same refraction index n= 1.41 to avoid deflection of the 
laser light [4].  

Polyurethane aortic valve scaffolds (n= 6) were sprayed 
with different cusps thickness (dCusps): Group A (n= 2, 
dCusps= standard), Group B (n= 4, dCusps= double), mounted 
in the perfusion system and evaluated by means of time 
resolved 2D PIV [5]. Velocity vectors were measured in 11 
± 1 sections in 2 mm interval along the x-axis during 
diastole and systole.  

The frequency of the driving system and the laser beam 
was set simultaneously at a rate of 60 beats/min, the cardiac 
output was maintained at 4.15 ± 0.35 L/min and the aortic 
pressure was kept within the physiological range. Silver 
coated glass spheres (HGS: d= 15 μm, ρ= 1.6 g/cm³) were 
added to the circulating blood-like solution to scatter the 
laser light.  

 
Fig. 1 Experiment set-up, a: perfusion system, b: silicon ventricle, c: 
pressure sensor, d: aortic valve scaffold, e: silicon tube, f1: driving system 
for ventricle assist device (MEDOS Medizintechnik AG, Stolberg, 
Germany), f2: ventricle (MEDOS Medizintechnik AG, Stolberg, 
Germany), g1: flow meter (Transonic Systems Inc., Stuttgart, Germany), 
g2: flow sensor (Transonic Systems Inc., Stuttgart, Germany), h: aortic 
compliance simulator, i: CCD Camera (PCO AG, Kelheim, Germany), j: 
laser beam (Intelligent Laser Applications GmbH, Juelich, Germany), k: 
flow and pressure monitoring system 
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ІІІ.   RESULTS 

The results of the flow measurements showed similar 
hemodynamic performance of both groups A, B. Aortic 
valve scaffolds open (Fig. 2: A1, B1) and close (Fig. 2: A2, 
B2) properly and show no or minimal backflow through the 
valve during diastole.   

 

Fig. 2 Flow field analysis of polyurethane aortic valve scaffolds (Group A: 
A1, A2 and Group B: B1, B2). A1 , B1: Flow field analysis during the 
valve-opening phase. A2, B2: Flow field analysis during the valve-closing 
phase 

ІV.   DISCUSSION 

The measurements of velocity and turbulent shear stress 
downstream of heart valve prostheses are essential for the 
development and improvement of a new valve design. 
Unfortunately, there is still no reported study of the flow 
map across tissue engineered heart valve scaffolds. Here we 
have shown the possibility to apply conventional evaluation 
methods (PIV or LDA) for the flow analysis of tissue 
engineered heart valve scaffolds.  

V.   CONCLUSION 

PIV can be successfully applied to visualize 
hemodynamic performance and back jet flow of 
polyurethane scaffolds for heart valve tissue engineering.  
New developed aortic valve scaffolds seem to function 
properly under physiological conditions and may offer a 
new option for aortic valve therapy. 
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Abstract— The present paper deals with the concept, design 
and experimental studies realized for the development of a new 
generation of bypass grafting devices to be used during mini-
mally invasive procedures. The work has been done in the 
framework of the BMBF “MISS” project (for “Mini-Invasive 
Smart Suture”), in collaboration with CEA LIST, a French 
Carnot Institute. The surgical procedure concerned is an anas-
tomosis, which can be used during beating heart coronary 
artery bypass grafting. Two types of devices are presented. 
The first one has the aim to reproduce, as close as possible, a 
real suture made of surgical thread. The second one allows the 
use of dedicated staples.  

Keywords— staple, suture, device, thread, anastomosis 

I. INTRODUCTION  

The gold standard in carrying out a coronary artery by-
pass (CAB) surgery is to create an anastomosis between two 
vessels manually via suturing. For this procedure the thorax 
of the patient has to be opened and mostly a heart-lung-
machine is used. Suturing two cardiovascular vessels is 
highly developed. Hence, occlusion rates as well as mortali-
ty are low. Opening the thorax provides a high flexibility 
for the surgeon to react to different events like a bleeding 
vessel.  

But this method also brings some major disadvantages. 
Healing of the opened thorax is often slowed down due to 
diseases like diabetes. Closing the chest wall can cause graft 
curvature and therefore patency of blood can be inhibited 
[1]. Operations with heart-lung machine (ONCAB) show a 
significantly higher postoperative blood loss than operations 
without heart-lung machine (OPCAB). Suturing on the back 
side of the heart is very complicated, but backside opera-
tions are really important.  

Beside this, the use of automatic anastomotic devices in 
coronary artery bypass grafting is associated with lower 
patency rates in comparison to conventional anastomosis 
methods [1]. Furthermore, minimally invasive direct coro-
nary artery bypass surgery (MIDCAB) offers several advan-
tages such as the avoidance of sternotomy and cardiopul-
monary bypass [2]. But suturing during MIDCAB is 

problematic due to the space needed for a manually per-
formed surgery. 

Suturing is the state of the art when performing a coro-
nary artery bypass. Many trials were undergone to develop 
devices for assisted CAB surgery. Existing suturing devices 
can be spread into two types: devices using thread and de-
vices using clips, staples or stents. For the first type, many 
of them are large devices that can not be used by mini-
invasive access [3, 4], that only help to manipulate a clas-
sical suturing needle [5, 6], or that can only join by a 
straight suture biological tissues that are open flat (i.e. that 
are not adapted to anastomosis) [6-10]. One example of 
proximal anastomosis device is the Symmetry device from 
St. Jude Medical. This device was applied approximately 
50.000 times and is a fast method without clamping the 
aorta. But there had been some cases of failure and the Niti-
nol is not very stable. The use of the Symmetry Bypass 
Connector was associated with increased risk of major ad-
verse events at one year suggestive of early graft closure 
[11].  

A device for a distal anastomosis is the Magnetic Vascu-
lar Positioner from Ventrica. This device provides a fast and 
easy application and the opportunity of an easy removal in 
case of complications. But occlusions of the Magnetic Vas-
cular Positioner supplied grafts may be produced by small 
device size [12]. Therefore, the device has a disadvantage 
when small vessels should be connected. 

By now, the developed devices of the actual state-of-the-
art are not able to combine an assisted surgery with the 
robustness of the gold standard method. To adress the typi-
cal problems, we developed two new concepts, a semi-
automatic suturing device and a semi-automatic staple de-
vice. The medical application chosen for our concepts is a 
minimally invasive bypass surgery. 

II. CONCEPTS DESCRIPTION 

As seen previously in the state-of-the-art of suturing de-
vices, some of them use surgical thread, and most use clips 
or staples, but they are all mainly limited to a use in open 
surgery, or laparoscopic surgery with relatively large inci-
sions. They also do not allow a beating heart use. In our 
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work, we investigated different ways to realize the connec-
tion between two vessels (a coronary artery and a graft), by 
mini-invasive procedures, and with the objective to be able 
to realize beating heart bypass in a short future. Two main 
concepts have been developed. The first one uses thread, 
like surgeons suture made manually, the second one uses 
staples. In this paragraph, the functioning concepts and the 
CAD models are described, before introducing some first 
experiments results. 

 
A. A new suturing device using thread 

Suturing principle: This first device is based on a clas-
sical suturing principle using thread. Two threads are used 
two obtain stitches, like in sewing (Fig. 1). The first one is 
passed in one time at different locations through the two 
vessels walls, so that it produces loops inside which ones 
the second thread is passed to realize the stitches. When the 
suture is finalized, the blood flow between the two vessels 
is reestablished, by cutting the walls between the stitches 
ranks. 

 

 

 
Fig. 1 Suturing principle using thread 

Global device description: To obtain such an anastomo-
sis, a device has been designed. This device is composed of 
two instruments to be working together (Fig. 2). The first 
instrument, has to be inserted inside the coronary artery just 
downstream the stenosis, near the chosen bypass location; 
the second one is introduced inside the graft. Both instru-
ments are shaped to be complementary and can be detected 
using even embedded magnetic sensors or medical imaging 
techniques, like radiography or ultrasonography. These 
characteristics allow the relative positioning between both 
instruments, which positions the graft wall on the right 
place on the coronary artery before the realization of the 

suture. Every moving part of the two instruments is manual-
ly controlled by the surgeon using a hydraulic powering 
device through flexible tubes (with a classical syringe). 

The first instrument is containing the first thread, and 
specific designed needles positioned to form two facing 
ranks. These needles can pierce the vessels walls all togeth-
er from the artery to the graft, while producing loops with 
the thread. This piercing direction has been chosen to avoid 
possible atheromatous plaques to be taken off from the 
artery wall and be spread inside the blood flow. 

The second instrument contains the second thread, and 
two hooks, which are able to get this thread passed back 
through the first thread loops. This allows the threads to be 
interlaced. Then, the ends of both threads can be caught 
from outside the veins making off the last two facing 
stitches, by using a laparoscopic hook which is passed be-
tween the external walls of the veins. 

The suture is finalized by making only two nodes, or us-
ing two clips, to block the thread ends. Then, a dedicated 
cutting blade comes up and down from the first instrument 
between the two stitches ranks, to allow the blood flow 
from the graft to the coronary artery that wasn’t fed any-
more due to the stenosis. After that, the instruments are 
removed and the insertion ports on the veins are closed. The 
obtained “side-to-side”-like anastomosis should allow a fast 
wound healing, due to the good positioning of the cut edges. 

 

 

Fig. 2 Principle sketches and CAD model of the two thread-suturing 
instruments working together  

B. A new device using metallic staples 

The second device presented in this paper applies metal-
lic staples to both the bypass graft and the coronary artery to 
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create the anastomosis. This means an alternative idea to the 
first approach of assisted suturing using thread presented in 
the last paragraphs. The description of the staple device 
starts by naming and explaining the device’s components 
before the medical procedure to create the anastomosis is 
detailed. 

Components: The staple device basically consists of 
three different main components (Fig. 3). The supporting 
needles are two angled needles connected by a mechanical 
support structure. The graft positioner has two regions. The 
inner part is round shaped and gets inserted into the bypass 
graft. The outer part is mechanically connected to both, the 
supporting needles and the staple applicators. The staple 
applicators themselves are able to hold the metallic staples 
when starting the procedure. Additionally, they have an 
integrated hydraulic mechanism to insert the staples into the 
vessels from the side when the anastomosis is created. 

Procedure: When starting the medical procedure using 
the staple device the surgeon first puts the bypass graft over 
the inner region of the graft positioner. Then he inserts the 
supporting needles into the coronary artery at the preopera-
tively planned location (Fig. 3, I) and proceeds by clamping 
together graft positioner and supporting needles. Like this 
the two vessels get into a fixed position relative to each 
other. Further on, the two staple applicators get moved 
against the vessel walls from the side. When they have 
direct contact their position is being mechanically fixed 
which has an additional stabilizing effect on the vessels 
(Fig. 3, II).  

Going on from that point the surgeon uses the clip appli-
cators to move forward the metallic staples and to insert 
them into coronary artery and bypass graft from the side. 
The movement of the staples works with a hydraulic me-
chanism manually controlled by the surgeon (Fig. 3, III). 
When being pierced into the graft, the upper half of the 
staple interferes with the graft positioner which shows a 
curved shape at that particular contact point. The curved 
shape causes a downward bending of the upper staple part 
so that finally its tip pierces again through the walls of graft 
and coronary artery (Fig. 3, IV). 

To have a really tight anastomosis the staples still have to 
be squeezed by applying an appropriate force from the top 
and the bottom, which causes a remaining clamping force 
on the two vessels. The surgeon continues with removing 
the staple instrument (Fig. 3, V). He then creates a connec-
tion between the two vessels by using a surgical laser or a 
classical cutting instrument. Finally, the open end of the 
graft gets closed with a metallic clip. 

 

 

Fig. 3: Bypass anastomosis procedure with staple device (I to V).  
Components: graft positioner (1), supporting needles (2),  

staple applicator (3), staple (4), graft positioner curvature (5) 

III. RESULTS AND DISCUSSION 

Proof-of-concept tests have been realized to help the de-
sign and dimensioning of the presented devices. 

For the device using thread, more specific studies and 
experimental tests were realized to validate the two follow-
ing critical functions: loop forming using straight needles 
and thread delivery inside both instruments. Fig. 4 shows 
the experimental set-ups that being used. The first experi-
mental results obtained are promising. Indeed, the needles 
form very well the loops with the thread, even when passing 
through the vein wall, and the all thread length goes out of 
the delivery box with very little friction. 

For the staple instrument the focus of the first experi-
ments was on the investigation of the insertion of the 
staples. The concept foresees the downward bending of the 
upper part of the staples when interfering with the graft 
positioner. There are many influencing parameters on that 
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step e.g. the curvature of the graft positioner, material and 
diameter of the staples as well as the position of the clip 
applicator. To gain a deeper knowledge about the bending 
process, a test environment has been realized using rapid 
prototyping technology and silicone hoses (see Fig. 5). First 
experiments show that bending works quite well for pre 
formed super elastic shape memory materials combined 
with moderate curvatures of the graft positioner as well as 
for flexible steel needles combined with sharp curvatures. 

 

 

Fig. 4 From left to right: forming loop needle prototype, forming loop and 
piercing tests on a pig artery and thread feeding tests for the hooks 

 

Fig. 5: Test environment for staple bending experiments including graft 
hose (1), artery hose (2), graft positioner (3), staple material (4)  

and clip applicator (5) 

IV. CONCLUSIONS AND FUTURE WORK 

A suturing device using thread has been designed. The 
first experimental results obtained are promising, and 
should allow in good conditions the realization of a large 
scale prototype (12 mm diameter) to be tested soon for 
proximal anastomosis (e.g. on aorta). In the designed staple 
device test environment we showed, that bending of the 
staples works quite well. Thus, a connection between graft 

and coronary artery could be established. The next steps are 
to optimize bending of the staples to create the connection 
and to cut through both vessel materials via laser to gain 
blood flow through the bypass. For both devices, the final 
step will be the fabrication of a real scale prototype (3 mm 
diameter) to make it possible to realize fast anastomosis 
during minimally invasive beating heart coronary artery 
bypass graft surgery. 
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Abstract—Atrial fibrillation (AF) is a common arrhythmia 
characterized by desynchronization of atrial electrical activity 
causing a consequent irregular ventricular response. Blood 
pressure fluctuates in a complex mode composed of both short-
term and long-term variability. In AF, the beat-to-beat varia-
tion of blood pressure is increased because of variations in 
filling time and in contractility. However, a few studies have 
analyzed short-term blood pressure variations in AF being the 
interest mainly addressed to 24-hour variations. We recently 
observed an harmonic LF component in systolic arterial pres-
sure (SAP) in patients with persistent AF, referred for electri-
cal cardioversion. Aim of the present study was to propose a 
method to verify the reliability of the LF component found in 
SAP series, based on the position of the poles of the autore-
gressive spectral decomposition in the z-plane. 75% of the LF 
components resulted reliable in the SAP series, whereas only 
20% in the RR series. Thus, we concluded that, at variance 
with RR ones, SAP LF components are likely to represent true 
physiological oscillations. 

Keywords—Autoregressive spectral analysis, rhythmical os-
cillations, arterial pressure variability, baroreflex mechanisms, 
electrical cardioversion. 

I. INTRODUCTION  

Atrial fibrillation (AF) is the most common arrhythmia 
encountered in clinical practice and it is characterized by an 
irregular atrial depolarization that causes an irregular but 
not completely random ventricular rhythm as well [1]. 

The exploration of autonomic modulation of sinus node 
impulse activity via heart rate variability analysis is a 
widely used method. However, the typical irregularity of 
ventricular response during AF has been considered a factor 
preventing heart rate variability analysis. In fact a high 
number of spectral peaks are present in AF spectrum which 
result of difficult interpretation. In AF, the beat-to-beat 
variation of blood pressure is increased because of varia-
tions in filling time and in contractility. Only a few studies 
[2,3] have evaluated whether rhythmical components could 
be identified in heart rate and systolic arterial pressure vari-
ability during AF. During sinus rhythm a low (LF) and a 
high (HF) frequency components can be consistently recog-
nized in both variability signals and reflect autonomic 
modulation of sinus node [4]. During AF the irregularity of 

ventricular response hence the lack of stationary data have 
been considered a factor opposing to a frequency analysis of 
short-term systolic blood pressure and heart rate variability. 
Even if a respiratory related HF component of systolic 
blood pressure variability has been observed during AF 
even in absence of a respiratory sinus arrhythmia [3], there 
is lack of information on the possible existence of LF com-
ponent. 

Recently, we reported for the first time the presence of 
LF oscillation in systolic arterial pressure (SAP) variability 
in a small group of patients with persistent AF [5]. In these 
patients, we analyzed the variability of the RR and SAP 
series with autoregressive (AR) spectral techniques. A white 
noise pattern without any identifiable discrete components 
along the frequency axis became evident when analyzing 
the RR series. However, a LF component of SAP variability 
in patients with AF was also found. In our opinion, this is of 
particular interest as it provides additional information on 
the origin and physiological meaning of the LF oscillation. 
This finding supports the idea that the LF component of 
SAP variability may be present in absence of a correspon-
dent fluctuation in the RR interval time series. However, 
any AR model has an all-pole structure and the resulting 
spectrum can be always described by combination of bell-
shaped curves. This happens for signals with oscillatory 
patterns but also for random-like signals.  

Aim of the present study was to propose a method to ver-
ify the reliability of the LF component found in SAP series, 
based on the position of the poles of the AR spectral de-
composition. 

II. METHODS 

A. Study Protocol 

Twenty-two patients (17 males, mean age 71 ± 9 years) 
with persistent AF (median duration 3 months; range 1-12 
months) were included in the study. 

Three orthogonal leads, a periodic reference arterial pres-
sure measurement and a continuous beat-to-beat noninva-
sive recordings of arterial pressure were obtained with a 
Task Force Monitor (CNSystem; Austria) recording system. 
Surface ECG and blood pressure signals were recorded for 
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about 10 minutes before electrical cardioversion. The sam-
pling frequency was 1 kHz for the ECG signal and 100 Hz 
for the continuous arterial pressure recording. Electrical 
cardioversion was performed in fasting state during deep 
sedation with intravenous propofol (1-2 mg/Kg). Biphasic 
DC shock (Life Pack 12 defibrillator, Medtronic Inc.,  
Minneapolis, USA) was delivered with rising energies when 
needed, starting from 100 J (single shock in almost all  
cases).  

B. Blood Pressure Analysis 

Series Extraction: Automatic algorithms were used to lo-
cate R waves on the ECG and SAP on the blood pressure 
(for details see [5]). An interactive graphic interface allowed 
the operator to visually identify and correct 
missed/misdetected QRS beats and systolic values. Finally, 
to account for the possibility that RR and SAP series could 
be of different length and unevenly sampled, the final RR 
and SAP series were interpolated (using cubic splines) and 
re-sampled at 1 Hz to obtain series with the same length.  

Spectral analysis: Power spectral analysis was performed 
on the RR intervals and SAP series by means of an AR 
model. The coefficients of the AR model were estimated 
using the Levinson Durbin algorithm. Anderson’s test [6] 
was used to check the validity of the model. The model 
order was selected by use of the Akaike information crite-
rion [7], starting from a minimum order of 7 up to a maxi-
mum order of 20.  

A spectral decomposition algorithm [8] was used to 
measure the central frequency and the power, i.e., the area 
below the spectral peaks, in the low frequency (LF, 0.03 – 
0.15) and high frequency (HF, 0.15 - 0.40 Hz) bands. In 
particular, the method divides the spectrum into bell-shaped 
curves, the so called spectral components, each component 
being defined by the following equation [8,9]: 
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where zi is the pole position in the z-plane, γ is the pole 
residue, σd is the prediction error variance and fs is the sam-
pling frequency. Equation (1) evidences a relationship be-
tween spectral component and model poles, which control 
both the component profile (the term in parentheses) and its 
power (the residue γ). In general, the closer the pole module 
is to one, the sharper the spectral peak. A spectral peak can 
be described by, at least, one spectral component, whose 
characteristic frequency and power can be therefore derived 
from (1), being the location of the maximum of the curve 
and its area. We obtain 

 

( )
2

i
i s

Phase zf f
π

≈            (2) 

 

{ }
2

( )d
i i

s

P z
f

σμ γ= ℜ
                             

(3) 

where the phase is expressed in radiant and µ = 2 for com-
plex pole pair and µ = 1 for real ones.  

C. Reliability of LF Component 

Any AR model has an all-pole structure and the resulting 
spectrum can be always described by combination of bell-
shaped curves. This happens for signals with oscillatory 
patterns but also for random-like signals. However, only in 
the former case the spectral component represents a real 
oscillatory pattern, while in the latter it is merely the result 
of a mathematical decomposition. In practice, how can we 
verify that a spectral component describe a real oscillation? 

In this manuscript we will describe our procedure. First, 
we considered a signal s(n) and estimated the AR model 
coefficients (and model poles), for the optimal model order, 
p°, obtained by the Akaike information criterion. The esti-
mated model poles are plotted in the z-plane with the confi-
dence interval of the estimate (at one standard-deviation) 
superimposed. The smaller the confidence area around the 
pole, the lesser the uncertainty of the estimate.  

To verify the consistency of the oscillatory pattern, we 
compared the poles distribution inside the plane with the 
poles obtained from analysis of a randomized signal. In 
particular, we performed a random permutation of signal 
samples (i.e., we randomly shuffled the samples order) 
generating a new signal sp(n). This signal has the same 
probability density function (and moments: mean, variance, 
etc) of the original one, but the random permutation of sam-
ple order destroyed any temporal relationship: sp(n) is likely 
to be a random noise sequence. Using the same model order 
p° used for s(n), we identified the model coefficients and 
poles for sp(n). We repeated the procedure for 100 different 
permutations. Plotting the estimated poles for all permuta-
tions in the z-plane, they appear as a cloud of points which 
covers an annular ring in the z-plane. This annular ring 
represents the area of the z-plane where poles describing 
random fluctuations are more likely to occur, if a random 
signal with the same probability density function of s(n) is 
considered. If the poles of the original signal lay outside this 
region, these poles are likely to represent a true oscillation, 
otherwise they are not.  
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Fig. 1 (a) Systolic arterial pressure (SAP) and (b) RR series, and their corresponding power spectral density (PSD) in (c) and (d). The estimated model poles 
for (e) SAP and (f) RR series are plotted in the z-plane (crosses) with the confidence interval of the estimate (at one standard-deviation) superimposed. The 
poles obtained for all permutations of the original series (dots) appear as a cloud of points which covers an annular ring in the z-plane. The two dashed lines 
include the central 90% of all poles 

 
 



840 V.D.A. Corino et al.

 

IFMBE Proceedings Vol. 25

 

III. RESULTS 

In Table 1 SAP parameters in time and frequency domain 
are shown as mean ± one SD for all the patients. 

Table 1  Systolic arterial pressure variables 

Mean (mmHg) 110 ± 23 
SD (mmHg) 4 ± 1 
Min (mmHg) 99 ± 23 
Max (mmHg) 120 ± 22 
Frequency LF (Hz) 0.07 ± 0.02 
Power LF (mmHg2) 1.98 ± 1.55 
Frequency HF (Hz) 0.24 ± 0.08 
Power HF (mmHg2) 0.80 ± 0.98 

 
Figure 1 shows an example of SAP and RR series, with 

the corresponding AR spectrum and the estimated model 
poles in the z-plane. We have distinct situations when com-
paring the spectrum of SAP and RR interval series during 
AF. As shown in Figures 1(e) and 1(f), poles obtained by 
analysis of RR series fall into the annular ring (containing 
the 90% of all the poles) while the arterial pressure ones do 
not. In addition, the RR poles are associated to a larger 
confidence area (thus revealing a larger uncertainty on the 
estimate) than those by SAP. 

When considering all patients, a LF component was 
found in 21 over 22 patients, with a central frequency of 
0.07 Hz. Figure 2 shows the LF poles position in the z-plane 
for the 21 patients. 

 

Fig. 2 The LF poles obtained for all patients: black circles represent poles 
lying outside the annular ring, whereas crosses are those falling inside 

Black circles indicate poles that stay out of the annular 
ring. We found that 15 over 21 LF poles stay outside, mean-
ing that the LF component in SAP series is likely to repre-
sent a true oscillation. Performing the same analysis for the 

RR series, a LF component was found in 20 patients, but 
only in 4 of these patients the oscillation was not statisti-
cally attributed to a white noise. 

IV. CONCLUSIONS  

In the present study, we demonstrated the presence of LF 
oscillation in SAP variability in patients with AF, i.e., in a 
condition characterized by an irregular RR series. We intro-
duced a test of reliability on the LF component, taking ad-
vantage of the AR spectral model decomposition. The test 
allowed us to differentiate the LF component of the SAP 
series from that of the RR series. Thus, we concluded that 
the arterial pressure components are likely to represent true 
physiological oscillations, while this is not the case for the 
RR ones.  
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Abstract—Soft computing based controller is designed for 
Type 1 diabetes modeled at molecular levels. Rough rule base 
is generated with subtractive clustering which is followed by its 
refinement by parameter tuning. As a result, an Adaptive 
Neuro-Fuzzy Inference System (ANFIS) is created. Simulation 
results are in accordance with the behavior of the healthy 
human blood glucose system. 
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I. INTRODUCTION  

In many biomedical systems external controller provides 
the necessary input because the human body could not en-
sure it. Giving an example, diabetes is one of the most seri-
ous diseases that need to be artificially regulated. 

The newest statistics of the World Health Organization 
(WHO) predate more than 1% increase of the number of 
diabetic patients from 2000 to 2025 and predestinate that 
5.4% of the adult society will suffer from it by the year 
2025 [1]. This warns that due to stress and unhealthy life-
style diabetes could be the “disease of the future” (espe-
cially in developing countries). 

The normal blood glucose concentration in the human 
body varies in a narrow range (70 - 110 mg/dL). Diabetes 
appears if for some reason the human body is unable to 
control the normal glucose-insulin interaction (e.g. blood 
glucose level is constantly out of the above mentioned 
range). To design an appropriate control, an adequate model 
is necessary. In the last decades several models appeared for 
Type 1 diabetic patients [2]. The most often used are the 
simplest minimal model of Bergman [3] and the most com-
plex 19th order Sorensen’s model [4]. Regarding the ap-
plied control strategies for diabetes mellitus, the palette is 
very wide [5]. 

The current paper focuses on a newly appeared and 
promising model [6] that describes the human blood glucose 
system in general at molecular level. Our aim was to ana-
lyze the model’s possibilities from control theory point of 
view. First, the model is presented in Section II, then 
mathematical background is described in Section III which 
is followed by the controller design and its simulation re-
sults in Section IV. 

II. MOLECULAR MODEL 

The considered model [6] is approximately halfway from 
the model of Bergman [3], to the model of Sorensen [4]. It 
contains eight state variables and the new molecular ap-
proach provides more plausible explanations because of 
biochemical principles. The model can be naturally divided 
into three subsystems that are presented below and model 
constants can be found in [6]. 

A. Transition Subsystem of Glucagon and Insulin 
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=                                   (3) 

( ) ( )812
2

82 1 xCa
m

eb
R

xw −+
=                                  (4) 

x1 and x2 stand for the concentration of glucagon and in-
sulin in the plasma, respectively. w1 and w2 denote glucagon 
infusion rate and insulin infusion rate of pancreas, whereas 
u1 is the concentration of intravenous insulin injected. p

jk 1  

are transitional rates, p
jk 2  are degradation rates (j = 1,2). 

B. Receptor Binding Subsystem of Glucagon and Insulin 

( ) 1
1113125

0
13113

−+−−−= VVxkxkxRxkx p
pss

          (5) 

( ) 1
2214226

0
24214

−+−−−= VVxkxkxRxkx p
pss

       
(6) 

( ) 515
0
13115 xkxRxkx rs −−=                                   (7) 

( ) 626
0
24216 xkxRxkx rs −−=                                  (8) 

x3 and x4 denote the concentration of intracellular gluca-
gon and insulin, x5 and x6 are the concentrations of gluca-
gon- and insulin-bound receptors, respectively. 0

1R  and 0
2R  
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are total concentrations of specific receptors. s
jk 1  stand for 

association rates for glucagon and insulin to bind their re-
ceptors, whereas s

jk 2  are degradation and r
jk  are inactiva-

tion rates (j = 1,2). Plasma insulin volume is Vp, cellular 
insulin volume is V. 

C. Glucose Production and Utilization Subsystem 

Plasma glucose production can be classified into two 
classes: exogenous glucose taken from food and endoge-
nous hepatic glucose by converting glycogen into glucose in 
liver. To model the endogenous conversion part, the Micha-
elis-Menten equation is used (see Equation 12 and 13). 

• Insulin-independent glucose utilization (brain and nerve 
cells): 

( )
⎟⎟
⎟

⎠

⎞
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⎝

⎛
−=

−
2

8

181
C
x

b eUxf ,                                               (9) 

where x8 denotes plasma glucose concentration and Ub 
stands for maximum velocity of insulin-independent glu-
cose utilization, C2 is constant. 

• Insulin-dependent glucose utilization (fat cells and 
muscle): 
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where U0 and Um denote minimum and maximum velocity 
of insulin-dependent glucose utilization, β, C3 and C4 are 
constants. 

The glucose subsystem can be formulated as follows: 

8

8max

52

61
4 1 xK

xV
xk

xkf gs
m

gs

++
= , (12) 

7
1

7max
535

xK
xVxkf g

m

gp

+
= , (13) 

547 ffx −= , (14) 

2321548 ufffffx +−−+−= , (15) 

where x7 is the concentration of glycogen, gpv  and gsv  
denote the reaction velocities of glycogen phosphorilase and 
glycogen synthase. gpVmax , gsVmax , gp

mK  and gs
mK  are the  

 

maximum velocities and Michaelis-Menten constants of 
glycogen phosphorilase and glycogen synthase, respec-
tively. u2 denotes exogenous glucose input, f4 and f5 stand 
for conversion of glucose into glycogen and conversion of 
glycogen into glucose, respectively. k1, k2 and k3 are feed-
back gains. 

III. METHODS 

In this section main principles of the applied soft com-
puting based controller design are presented. Rough rule 
base is generated with subtractive clustering [7] which is 
followed by its refinement by parameter tuning [7], so the 
final controller is an Adaptive Neuro-Fuzzy Inference Sys-
tem (ANFIS). 

In order to simplify the notation we consider simple sys-
tems with only one input and one output. The method can 
be easily generalized for multivariable systems. 

The rule base has the form of 

miBisythenAisxifR iiii ,,2,1ˆ: …= .          (16) 

D. Subtractive Clustering 

Sample points are given in the form ( )ii yx , , 
Ni ,,2,1 …= , while raster centers are chosen in the inter-

section of grid lines in a hypercube containing the teaching 
data. The subtractive clustering algorithm can be realized as 
follows: 

1. quantization of the variables to the raster centers, 
2. initialization (α, β, δ), 
3. approximation of the density of sample points based on 

a potential function M using Euclidean distance and pa-
rameter α, 

4. cycle: 

• determining the maximum of the potential function 
with ( )∗∗

ii yx ,  center and ∗
mM  height,  

• updating the potential function by subtracting a 
Gaussian bell with ( )∗∗

ii yx ,  center, ∗
mM  height and 

spread determined by parameter β, 

• jump to step 4 if δ≥∗
mM , otherwise stop. 

The generated cluster centers are ( )∗∗∗ = iii yxN ,  for 
mi ,,2,1 …=  and the rules are 

∗∗
iiii ynearisythenxnearisxifR ˆ: .            (17) 
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In order to characterize “near” Gaussian membership 
function ( )x

iAμ  are defined with ∗
ix  center and 

( ) 5.02 −= βσ i  spread. 
After determining the number of the rules ( m ) and the 

antecedent membership functions ( ∗
ix  and iσ ) with sub-

tractive  clustering, consequent membership functions are 
determined by linear least squares estimation hence 

0,1,ˆ iii cxcy +=  (first order Takagi-Sugeno-Kong fuzzy 
inference system). 

E. Parameter Tuning 

In the refinement phase parameters ∗
ix , iσ , 1,ic  and 0,ic  

are tuned by optimum seeking methods based on the teach 
data. With a first order Takagi-Sugeno-Kong fuzzy infer-
ence system the approximated output after defuzzyfication 
can be calculated by 
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∑
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so the total error is 
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If p  is a parameter to be tuned then 
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where ( )kkk xyye ˆ−= . Regarding Equation 20 only the 
following gradient vectors have to be determined: 
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With step length ζ  the on-line sequential tuning is per-
formed in the direction of the negative gradient: 

( )
p
xyepp k

k
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∂
∂+=

ˆ
ζ .                                       (25) 

IV. RESULTS 

In this section a fuzzy based controller is presented that 
can successfully regulate blood glucose in case of Type 1 
diabetes mellitus. 

Regarding Equation 4 it can be seen that 0=mR  repre-
sents failure of pancreatic insulin secretion that character-
izes Type 1 diabetes mellitus. Our goal is to learn the  
function of pancreas and mimic it with an external control-
ler so the blood glucose level of the patient stays in the 
healthy region. 

Concerning diagnostic limitations, only blood glucose 
level can be easily measured. Consequently, the control 
algorithm can only use these data as input, and its output is 
the amount of intravenous insulin to be injected. 

Since blood glucose regulation is based on its trend 
physiologically, more efficient control algorithm can be 
designed by using a series of input: in our case it is the 
measured blood glucose level of the previous 10 minutes. 

In terms of an ANFIS structure the generated controller 
has 10 inputs and one output, and teaching resulted in two 
Gaussian membership functions for the antecedent part for 
each input variable and two linear membership functions for 
the consequent part. Only two rules are necessary to learn 
the function (see Fig. 1), so it can be remarked that the con-
troller is extremely simple. 
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Fig. 1 Insulin secretion of the pancreas and the output of the ANFIS based 
controller 
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Since the relative error of the controller output is 50% at 
some places, completely rightful question is its real per-
formance when using as a regulator of a Type 1 diabetic 
patient. In order to execute this examination a time thresh-
old is applied: if oldTimeThresht ≤  no insulin is injected 
(neither by the pancreas nor by the controller), after that the 
controller is switched on. If we do this, we can observe the 
reliability of the controller, since the test data totally differs 
from the teach data: the system is different (healthy vs. 
Type 1 diabetic) and the conditions are completely else 
(blood glucose level is far out of the range of the teach re-
gion). 

Simulation results can be seen in Fig. 2 (with Time-
Threshold=200min), where control insulin and blood glu-
cose level are shown for input adapted from [8]. It can be 
seen that the controller produces a small plateau and a high 
peak right after switching on, when the blood glucose level 
and consequently the error is high. This short and very in-
tense phase is followed by the long and fine control period 
where smaller amount of insulin is injected. As a result of 
regulation blood glucose stabilizes at 1000mg/l (normogly-
caemic state of the molecular model). 

From the aspect of human physiology the results are cor-
rect, since healthy regulation contains two significantly 
different phases: a short and intense period (preparation 
phase) which is followed by a long-drawn-out tranquility 
phase. The normal range of blood glucose level after feed-
ing (600-1800mg/l) is reached in less than 80 minutes 
which is acceptable regarding the fact that the initial value 
was more than 9400mg/l, which is lethal. 
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Fig. 2 Output of the controller and blood glucose level 

V. CONCLUSIONS 

In this paper, we examined a new molecular model from 
the aspect of control theory to regulate the pathologic hu-
man blood glucose system in case of Type 1 diabetes. The 
model is more plausible than its predecessors because of 
biochemical principles. The mathematical methods of 
ANFIS were presented and a soft computing based control-
ler was designed for Type 1 diabetic patients. The created 
controller is simple and efficient since simulation results are 
in accordance with the behavior of the healthy human blood 
glucose system. 
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Abstract: Objective: To analyze the gait characters of pa-
tients in knee Osteoarthritis (KOA) during walking with nor-
mal speed on the flat ground and try to search after the cause 
of formation of unstability when they walk; Methods To test 
the gait parameters of 22 patients in KOA when walking by 
using the footscan® SCSI high frequency plate system; 
Results Differences exist in the parameters of the patients in 
left knee pain, right knee and double knees pain including the 
gait cycle, the contact time between every plantar region and 
ground, and foot balance; Conclusion The gait parameters of 
the patients in KOA show the unstable factor appear in walk-
ing.

Key words: KOA; gait; walk at normal speed; plantar pres-
sure 

I. INTRODUCTION  

Osteoarthritis (OA) is one of the most prevalent diseases 
in the elderly. OA of the knee is particularly debilitating as 
this joint is stressed in many of the activities of daily living 
such as walking, rising from a chair and climbing stairs. The 
main pathology of OA would appear to be the progressive 
and/or active deterioration of the articular cartilage of the 
joint. After the age of 60 years, more than 80% of the peo-
ple have radiological signs of OA in the knee, and 20% of 
the people suffer from pain and movement limitations. Gait 
of a person is affected by anatomical configuration, physical 
function, motor control ability and psychology of the person. 
Some pathological changes in Limbs, trunk, nerve system 
can cause gait abnormal. Similarly, gait of a person can 
reflect the pathological changes characters from one side. 
That is, Knee injuries and gait interplay. Gait analysis has 
been used to quantify kinematical and kinetic parameters of 
lower limb and joint movement. The purpose of this study 
was to examine the differences in gait characteristics in 22 
patients with knee OA when they walked with normal speed 
on the flat ground.  

B. METHODS-GAIT ANALYSIS 

Subjects have been examined for their plantar pressure 
distribution by means of the footscan® SCSI high fre-
quency plate system (effective area: 48.8cm*32.5cm; 4096 
sensors; per sensor: size 0.5 x 0.7m; thickness: 2.2mm) at a 
rate of 300HZ. 

During test, every subject was demanded to walk through 
the force plate at normal speed with bared foot 5m away 
from force plate for 10 times, left foot stepped on the plate 
for 5 times, right foot, 5 times. After foot leaving from the 
plate, they continued for two steps at least. Subjects prac-
ticed for several times before tests, in order to fit with ex-
periment condition. 

We analyzed the following biomechanical values for 
1.the time distribution of each phase of gait cycle, 4 phases 
included heel-contact-attenuation phase, forefoot-contact 
phase, foot-support phase and push-off phase.2.the percent-
age contact time of every region of five metatarsal heads 
(M1-M5) and heel medial and heel lateral compared to the 
total contact time, and 3.foot balance. 

C. METHODS-Statistical Analysis  

All data were analyzed statistically by SPSS11.5. All 
values are expressed by X±SD. T test was used to investi-
gate whether there were any differences between left foot 
and right foot. Differences were considered significant 
when the P value was less than 0.05.

III. RESULTS 

A. Gait cycle(foot-contact timing) 

The parameter foot-contact timing was expressed by 
percentage of every phase accounting for a gait cycle.  

For the patients with left knee pain, there were signifi-
cant differences between left foot and right foot in heel-
contact-attenuation phase and foot-contact phase (table 1). 
Namely, the value for the heel-contact-attenuation phase of 
left foot was higher than that for right foot. The value for 
foot-contact phase of left foot was lower than that for right 
foot.

Gait Analysis in Patients with Knee Osteoarthritis Walking at Normal Speed on the 
Flat Ground  

Songhua Yan and Zhicheng Liu 

Biomedical Engineering School, Capital Medical University, Beijing, China,100069 

II. MATERIALS AND METHODS

A. SUBJECTS 

There were 22 volunteers subjects with knee OA (Grade
), 5 patients with left knee pain, 4 patients with 

right knee pain and 13 patients with double knees pain in-
cluded in this study. 
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Table 1 comparison of foot contact timing in patients with left knee pain 

*showed P<0.05 

For the patients with right knee pain, there were signifi-
cant differences between left foot and right foot in foot-
support phase and push-off phase (table 2). Namely, the 
value for push-off phase of the left foot was higher than that 
for the right foot. The value for foot-support phase of the 
left foot was lower than that for right foot. 

Table 2 comparison of foot contact timing in patients with right knee pain

*showed P<0.05

For the patients with double knees pain, there were no 
significant differences between left foot and right foot in all 
phases (table 3). But in foot-support phase, negative value 
appearing in some patient showed that patient went through 
foot-support phase before heel-contact-attenuation phase. 
They did so in order to decrease plantar pressure and at-
tenuate pain. 

Table 3 comparison of foot contact timing in patients with double knees 
pain    

#showed that this phase took place before the heel-contact 

-attenuation phase. 

B. Contact time of plantar regions

In Footscan® software that is used in this study, they di-
vide foot into 10 anatomy parts and make biomechanical 
analysis on every region. Concrete explanation is the fol-
lowing:

Fig. 1 anatomical structure in foot 

HL: Heel Lateral 1 3 in figure 1

HM: Heel Medial 2 in figure 1

MF: Mid Foot 4 5 in figure 1

M5: Metatarsal 5 6 in figure 1

M4: Metatarsal 4 7 in figure 1

M3: Metatarsal 3 8 in figure 1

M2: Metatarsal 2 9 in figure 1

M1: Metatarsal 1 10 in figure 1

Percentage of contact time of plantar regions for dou-
ble feet in patients with left knee pain, right knee pain and 
double knees pain were listed (table4 5 6) 

Table 4 Contact time of plantar regions in patients with left knee pain 

*showed P<0.05

phase Heel contact 
attenuation

%

Forefoot 
contact

%

Foot sup-
port %

Push-off
%

Left 
foot

10.96±0.13* 37.44±0.32 3.41±0.27* 48.19±0.24

Right
foot

6.41±0.07* 27.10±0.21 15.73±0.26* 50.77±0.35

phase Heel 
contact
attenuation

%

Forefoot 
contact

%

Foot sup-
port %

Push-off
%

Left 
foot

13.45±0.12 32.31±0.25 3.86±0.25* 50.44±0.19*

Right
foot

16.15±0.06 31.19±0.08 10.60±0.16* 42.06±0.20*

Regions Left foot  Right foot 

M1 72.40±19.49 63.80±10.80 

M2 89.80±6.57 73.00±11.98 

M3 92.40±4.16* 72.20±13.16* 

M4 87.20±7.66* 56.40±32.55* 

M5 83.40±7.23* 62.80±29.30* 

HM 55.00±8.60 53.40±18.77 

HL 55.40±9.07 52.80±8.14 

phase Heel 
contact
attenuation

%

Forefoot 
contact

%

Foot sup-
port %

Push-off
%

Left 
foot

18.42±0.05 47.74±0.15 2.39±0.07# 36.24±0.03 

Right
foot

18.08±0.09 44.44±0.08 6.32±0.06# 43.80±0.04 
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In the patients with left knee pain, the contact time of 
plantar regions for left foot is higher than that for the right. 

The contact time with the ground of M3 M4 M5 for 
left foot was significantly more than that of the right. The 
value of M1 M2 for the right foot was inclined to be more 
than that of the left. There was no significant difference for 
the value of heel

Table 5 Contact time of plantar regions in patients with right knee pain 

*showed P<0.05 

In the patients with right knee pain, there was signifi-
cant difference for the contact time of heel and ground be-
tween the left foot and the right foot, namely, the value for 
the left foot was more than that of the right. However, there 
was no significant difference for the value of M1-M5. 

Table 6 Contact time of plantar regions in patients with double knees pain 

*showed P<0.05

In the patients with double knees pain, there was sig-
nificant difference for the contact time of M1 M5 and HL 
between the left foot and the right foot.  

C. foot balance

Here we estimated foot balance by the supination-
pronation degree of foot with the parameter 

Supination=varus+flexion+adduction;  

Pronation=eversion+dorsiflexion+abduction.  
The supination-pronation extremity of left foot and the 

right foot in the three phrases were listed in the follow-
ing(table7 8 9):  

Note: in the following table7-9, positive value showed 
pronation of the foot, negative value showed supination of 
the foot. 

Table7 foot balance parameters in patients with left knee pain 

Phase Extremity Left foot Right foot 

maximum 39.00±35.80* 79 00±105.00* Heel contact 

minimum 5.00±36.80* 12.60±62.00* 

maximum 34.40±64.50* 100 00±124.00*Foot support 

minimum -66.20±60.00 -57.40±71.30 

maximum 4.40±8.30* 64.40±88.90* Push-off 

minimum -77.20±54.80 -75.00±78.20 

*showed P<0.05 
From the table 7, we can see that the pronation degree of 

the left foot was less than that of the right foot for the pa-
tients with left knee pain. But the supination degree of the 
left foot was larger than that of the right foot.   

Table8 foot balance parameters in patients with right knee pain 

*showed P<0.05 

Table 8 showed that there was significant difference the 
supination-pronation degree between the right foot and the 
left foot in the patients for the right knee pain  

The supination degree of the right foot is larger than that 
of the left foot, but the pronation degree is less than that of 
the left. 

Regions Left foot  Right foot 

M1 68.25±13.48 70.00±10.808 

M2 75.25±6.40 71.75±8.22 

M3 70.75±19.10 73.25±8.50 

M4 70.00±24.37 63.75±24.14 

M5 70.50±15.29 72.00±9.42 

HM 65.00±26.34* 55.50±4.04* 

Regions Left foot  Right foot 

M1 63.46±2.30* 71.38±1.50* 

M2 70.85±2.50 69.85±3.40 

M3 71.77±2.60 70.85±3.50 

M4 68.62±2.70 69.46±3.60 

M5 70.00±1.20* 72.77±2.20* 

HM 65.54±2.50 64.54±3.40 

HL 64.92±0.50* 61.08±1.40* 

Phase Extremity Left foot  Right foot 

maximum 11.50±17.30 10.75±9.40 Heel contact

minimum -7.75±11.80* -19.75±21.70* 

maximum 32 00±62.00* 13.00±21.50* Foot support  

minimum -31.75±45.60* -47.75±40.20* 

maximum 29.50±54.40* 14.25±23.20* Push-off 

minimum -36.50±41.50 -41.50±40.70 
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Table9 foot balance parameters in patients with double knees pain 

*showed P<0.05 

There was less difference of supination-pronation degree 
of the double feet in the patients for the double knees pain. 

IV. DISCUSSION

Difference of Foot-contact timing in the four phases re-
flected that the patients adjusted physical balance for the 
stability. For the patients with left knee pain, they walked 
through longer heel-contact-attenuation phase of the left 
foot and longer foot-support phase of the right foot in order 
to keep balance. For the patients with right knee pain, after 
walking through longer foot-support time of the right foot, 
they kept balance with longer push-off time of the left foot. 
However in patients with double knees pain, the foot-
support phase was before the heel-contact-attenuation phase. 
As the patients attenuated plantar pressure through foot-
support and decreased pain. 

Contact time of plantar regions and ground revealed the 
endured force of every region. The longer time of endured 
force was present in the forefoot and in the forefoot contact 
phase, the stability of the foot was bad. That such condition 
continues for long time brought up foot supination and 
pronation easily and at last damaged the ankle joint.  For the 
contact time of forefoot with the patients, this value of the 
troubled limb was longer than that of the healthy limb, 
which caused metatarsus to endure force for longer time and 
resulted in fracture and foot abscess easily.    

Foot supination and pronation reflected the situation of 
foot balance. Foot pronation made knee extend excessively 
and the force acting the ground when push-off decrease, 
which caused to lower the effectivity of walking

V. CONCLUSIONS 

With the context of this study, the gait parameters of the 
patients in KOA showed the unstable factor appear in walk-
ing. The following conclusions are in order: A. in KOA 
patients, there are difference four phases for foot-contact 

timing with the ground in order to attenuate pain. B. among 
the patients, forces acting on the two feet were uniformity
which induced pathology gait and damaged the feet. C. the 
foot supination and pronation took place when the KOA 
patients walked. 
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Phase Extremity Left foot Right foot

maximum 19.82±34.30 18.68±37.30 Heel contact

minimum -9.32±34.30 -10.45±37.30

maximum 24.91±32.30 28.95±35.30 Foot support  

minimum -5.41±32.80 -52.14±35.80

maximum 8.45±34.10 25.32±37.10 Push-off 

minimum -50.86±22.20 -54.14±25.20
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Frequency domain HRV analysis of ischemia manifestation at isolated rabbit hearts 
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Abstract— The ischemia manifestation was analyzed using 
heart rate variability (HRV) parameters in frequency domain. 
Assessment of HRV was based on analysis of consecutive 
normal R-R intervals during 5 minutes interval in seven 
section of measured ECG: control period, ischemia I-III 
periods and reperfusion I-III periods.  Seven rabbits were used 
for experiment. 

Keywords — Electrocardiogram, isolated rabbit heart, heart 
rate variability. 

I. INTRODUCTION  

Cardiac disorders are one of the most frequent causes of 
death in the United States and Europe.  In 2009, estimated 
785,000 of Americans will have a new coronary attack, and 
about 470,000 will have a recurrent attack. About every 
25 seconds, an American will have a coronary event, and 
about one every minute will die from it [1]. 
Electrocardiography allows predicting heart failure and 
sudden cardiac death in most cases. Although many 
methods for electrocardiogram analysis have been described 
and published, there is still a lot of space to introduce new 
algorithms and new parameters suitable for prevention 
of sudden heart attack. Because the heart disease plays 
an important role in sudden death all over the world, still 
it seems to be necessary to find new ways, how to predict 
ischemia.  

Heart rate variability (HRV) analysis represents one way 
how to assess myocardial ischemia. HRV seems to be one 
of the most promising markers in recognition of significant 
relationship between the autonomic nervous system and 
cardiovascular mortality, including sudden cardiac 
death [2]. 

HRV is a noninvasive marker, which can be easily 
computed from common electrocardiogram. Heart rate 
variability describes the variations between consecutive 
heartbeats. HRV can be assessed from many parameters 
getting in numerous ways. The methods for obtaining 
of HRV parameters can be divided into two groups: time 
domain methods and frequency domain methods. Time 
domain methods comprehend common method, statistical 
method and geometrical method. Frequency methods can be 
further subdivided into two groups based on period 

of measurement: the analysis of short-term recording 
(usually 5 min) and analysis of entire 24 hours recording. 
Overview and definitions of most commonly used 
standardized HRV parameters can be found in [3]. 

In this study, frequency domain HRV analysis was used. 
It seems to be more robust against random perturbation 
in measured ECG signal. Each frequency spectrum value is 
computed from the whole period of measured signal. 
Random perturbation processed via fast Fourier transform 
therefore causes a lesser error of evaluation then the same 
perturbation evaluated in time domain.  

Methods for the calculation of power spectral density 
may be generally classified as non-parametric and 
parametric. In most instances, both methods provide 
comparable results. The advantages of the non-parametric 
methods are: simplicity of the algorithm employed (Fast 
Fourier transform) and the high processing speed [3]. In this 
paper, non-parametric methods are employed. These 
methods give more reliable results in comparison with 
parametric ones. The parametric methods are non-reliable 
for parameters obtained from only a few samples (150 – 
400, depending on experimental protocol) as derived from 
recommended and standardized 5 minutes interval.  

II. METHODS 

All experiments followed the guidelines for animal 
treatment approved by local authorities and conformed 
to the EU law. 

Seven New Zealand rabbits were included in the study. 
Their hearts were perfused according to Langendorff in the 
mode of constant perfusion pressure (85mmHg). In deep 
anesthesia with xylasine and ketamin, the heart was excised 
and fixed on perfusion set-up filled with Krebs-Henseleit 
(K-H) solution (1.25mMCa2+, 37°C) and  
placed in a bath. The hearts were  
stabilized for 30 minutes – this period serves as a control. 
The experiment consists of seven phases: 15 minutes 
control followed by three consecutive periods of global 
ischemia (stop of perfusion, 10 minutes) and reperfusion 
10 minutes). This part of measured signal was used as the 
first ischemia period. Consecutive oxygen supply was again 
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arranged for next 15 minutes. This part of measured signal 
was used as the first reperfusion. 

The ECG signal was measured by touchless method 
as described previously (Nováková et a., [5]). Briefly, three 
Ag-AgCl disc electrodes in three orthogonal directions x, y, 
and z are placed in the walls of the bath which is part 
of the perfusion system. Each isolated rabbit heart used 
in this study was positioned in the same way in the bath.  

ECG signals were recorded by data acquisition 
multifunction card PCI-6250 (National Instruments, USA) 
with sampling frequency fs = 2000Hz and acquired 
by designed application in LabView 7.1 software (Texas 
Instrument, 2008). The 16 bit analog to digital conversion 
was used. The digital signal was stored on a hard disk 
for further off-line processing. 

Three ECG signals with duration approximately two 
hours were recorded. Afterwards, these signals were split 
into 7 parts in Matlab R2006a (MathWorks, 2006): control 
period (15 minutes), ischemia #1 period (10 minutes), 
reperfusion #1 period (10 minutes), ischemia  #2 period 
(10 minutes), reperfusion #2 period (10 minutes), 
ischemia #3 period (10 minutes), and reperfusion #3 period 
(10 minutes), as can be seen in Fig. 1.  

 
 

Control Isch. 1 Rep. 1 Isch. 2 Rep. 2 Isch. 3 Rep. 3 

 

15 
minutes 

10 
minutes 

10 
minutes 

10 
minutes 

10 
minutes 

10 
minutes 

10 
minutes 

Fig.  1 Spited signal 

Standardized and recommended duration of analyzed 
ECG signals is 5 minutes in frequency domain HRV 
analysis [4]. Therefore, 5 minutes part of ECG signal was 
extracted from control period, ischemia 1-3 and reperfusion 
1-3 periods, always from the beginning of each period.  

R-peaks were marked via designed R-wave detector. 
(No abstention or marker misplacing of R peaks were 
allowed in analyzed ECG). The detector was designed with 
respect to frequencies, which can be found in QRS complex 
in rabbit heart.  

Sequence of R-R interval, so-called tachogram, was 
computed from R-R intervals. Tachogram was then 
processed by Fast Fourier Transform and resulting spectrum 
was divided into three parts: VLF, LF and HF. Frequency 
ranges of these parts are shown in Table 1. 

 

Table 1 HRV spectrum parts 

Abbreviation Description Frequency range 

VLF Very low frequency < 0,04 Hz 

LF Low frequency 0,04 – 0,15 Hz 

HF High frequency 0,15 – 0,4 Hz 

 
According to recommendation published in [3], VLF part 

of spectrum was not taken in consideration, since VLF 
assessed from short-term recording is a dubious measure. 
Therefore only LF and HF part of spectra were analyzed.  

The following three parameters were chosen for analysis 
of ischemia manifestation: LF, HF, and LF/HF ratio. LF 
was computed as area between low frequency ranges and 
HF was computed as area between high frequency ranges. 
LF/HF is a ratio of above mentioned LF and HF. 

The LF/HF ratio, LF and HF from the seven above-
mentioned ECG signals were analyzed in order to decide, 
whether ischemia can be revealed from their values.  

III. RESULTS 

HF seems to be randomly changed during the ischemia-
reperfusion periods. Therefore LF/HF ratio randomly 
progressed too, because this ratio depends on HF. For this 
reason, HF and LF/HF seem to be ineffective for ischemia 
prediction. 

However parameter LF marked ischemia very well. LF 
rapidly increases in ischemic part of ECG signal. When 
ischemic LF is normalized (by dividing it by control period 
LF), and when it is compared with LF from control period, 
LF almost always grows, as can be seen in Fig. 2 – Fig. 4. 
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Fig.  2 Ischemic LF / control LF ratio for seven measured ECG signals in 

ischemia 1 interval. 
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As the first ischemic interval is concerned, it can be seen 
(Fig. 1) that in all seven cases parameter LF increased for 
ischemia interval as compared with control period. The 
change is statistically significant (α=0.01). 
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Fig.  3 Ischemic LF / control LF ratio for seven measured ECG signals in 
ischemia 2 interval. 

 
In the second ischemic interval, parameter LF in all 

seven cases increased for ischemia interval as compared 
with control interval (Fig. 2). The change is again 
statistically significant (α=0.01). 
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Fig.  4 Ischemic LF / control LF ratio for seven measured ECG signals in 
ischemia 2 interval. 

In the third ischemic interval, in six of seven cases 
parameter LF increased for ischemia interval as compared 
with control interval (Fig. 3). The change is statistically 
significant (α=0.05). 

IV. CONCLUSIONS 

Statistically significant (α=0.01) changes between LF 
from control period and LF from ischemia 1 and ischemia 2 
period were found. In the ischemia 3 period, LF increased in 
6 of 7 instances. This is still statistically significant (α=0.05) 
increase of LF. Therefore LF seems to be good marker for 
ischemia manifestation. 
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Abstract— Emphysema is a lung disease that occurs as more 

and more of the walls between air sacs in the lungs get de-

stroyed. Computed tomography (CT) image of the human 

thorax has been a useful modality for assessing emphysema. 

Out goal in this paper is to automatically visualize bullaes 

(continuous low-attenuated region in CT which represents the 

air-filled region in the CT and therefore the emphysematous 

lesion in the lung) in the lungs in three dimensions and quan-

tify the emphysema severity of each bullae based on its size 

and the distance of the bullae from the center of the lungs 

using fuzzy logic. From the computed emphysema severity 

score of bullae in the lung, we calculate the overall emphysema 

severity of the lung by summing up the emphysema severity 

score of all bullaes in the lung. For the visualization part, we 

first compute a transparent three-dimensional lung model and 

from there, we cluster the bullaes using K-means clustering 

method to see how the bullaes are distributed in groups in the 

lung. Besides, we compress the three-dimensional lung model 

along x-, y- and z-axis by assigning the value of every bullae 

pixel as one and adding up the pixel intensity along x-, y- and 

z-axis allowing the visualization of the compressed lung from 

the front, side, and top view, respectively. Consequently, we 

color the compressed image using continuous multi-valued 

color code for indicating the severity of the emphysematous 

destruction in the lung. Our visualization techniques can be 

used as a medical assistant visualization tool for radiologists.   

Keywords— Three-dimensional visualization of emphysema, 

K-means clustering, compression processing, 

quantification of emphysema severity, fuzzy logic. 

I. INTRODUCTION  

The classical CT-based emphysema describing indices 

for measuring emphysema severity are mean lung density 

(MLD) that calculates the mean of pixel intensity within the 

lung, percentage of low attenuation areas [pixel index (PI)] 

[1] which is the number of pixels with lower attenuation 

than a threshold value, divided by the number of pixels of 

the entire segmented lung, and bullae index (BI) [2] which 

is derived by extending PI so that it is enabled to differenti-

ate between small, medium, and large bullae. However none 

of these emphysema describing indices encompass the de-

scription of how the bullaes are distributed in the lung. In 

general, radiologists diagnose emphysema based on the 

visual recognition of low-attenuation areas (air-filled areas) 

in two-dimensional CT and the three-dimensional locations 

of these areas in the lungs alongside extensive reference to 

pulmonary function tests results. Manual diagnosis is time 

consuming and subjective because it involves the effort of 

imagining or estimating the three-dimensional locations of 

emphysematous lesions based on two-dimensional images. 

Therefore, in this paper, we proposed a system that visual-

izes the bullaes in the lung in three dimensions and quantify 

the severity of each bullae in the lung based on bullae size 

and the distance of bullae from the center of the lungs. We 

define the center of the lungs as the coordinate of the center 

point of the pair of lungs (right and left lung) in three-

dimensions. The human airway tree spreads into smaller 

branches of bronchial tubes within the lung from the tra-

chea. We hypothesize that the bullae closer to the location 

where the branching of human airway tree first begins has 

greater impact on the overall functionality of the lung.   

This paper is organized in three parts: (1) pre-processing, 

(2) visualization of emphysema, and (3) quantification of 

emphysema using fuzzy logic. 

II. METHODOLOGY 

A. Pre-processing 

The purpose of pre-processing is to identify the lung re-

gion in the image. We begin by mapping the image intensity 

values so that the values below the 10 percentile and above 

the 90 percentile are clipped. This process is consecutively 

executed for 18 times. The purpose of doing this is to em-

phasize the contrast between the lung region and the non-

lung region. After that, we linearly convert the original 16-

bit image to 8-bit representation, complement the image, 

suppress the light structures that are connected to the image 

border, reduce the overall image intensity by 127, comple-

ment the image again, emphasize the contrast in the image 

using gamma correction factor of two, binarize the image by 

first convolving a 3-by-3 Laplacian filter [3] on the image 

then thresholding the image using Otsu’s thresholding 

method [4], and finally label the four-connected logical-one 
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pixels in the image. From the labeled image, if the second 

biggest labeled area was more than 20% of the biggest la-

beled area, then right lung and left lung are considered as 

separated, otherwise they are considered as being joined 

together. Finally, we identify and record the indices of the 

lung region in the image. The accuracy of the pre-

processing algorithm for identifying the lung region has 

been successfully verified based on 500 two-dimensional 

thoracic CT images. From the original image, we then ex-

tract the pixels within the lung region which are below -950 

Hounsfield Unit (HU). The extracted low-attenuation re-

gions are regarded as the air-filled regions in the lung repre-

senting emphysematous lesions. Consequently, we label the 

extracted low-attenuation regions. Each labeled low-

attenuation region is regarded as bullae. Bullaes that are 

smaller than 2mm2 are ignored. All pre-processed images 

from the patient’s data set are stored as the input volume 

data. Fig. 1 shows a typical thoracic CT image. 
 

 
Fig. 1 A typical thoracic CT image 

B. Visualization of emphysema 

Using the input volume data, we program the model of a 

three-dimensional transparent lung that shows the emphy-

sematous lesions of the lung. The three-dimensional model 

is programmed using patches based on Matlab graphics and 

Open Graphic Library. Fig. 2 shows a 271 263 48-pixel 

(width depth height) transparent lung model. The transpar-

ent lung model can be used as a medical assistant visualiza-

tion tool for diagnosing emphysema.  

From the lung model, we implement K-means clustering 

[3] to cluster the bullaes. We first obtain the coordinates of 

every next 50000 pixel within each bullae. The purpose of 

doing this is to reduce the number of data points to be clus-

tered to facilitate the clustering. Then, we use the selected 

coordinates as the input data for clustering. Kmeans cluster-

ing is a partitioning method that partitions the observations 

in the input data into K mutually exclusive clusters [3]. K-

means is said to be suitable for clustering large amounts of 

data [3]. K-means uses an iterative algorithm that minimizes 

the sum of distances from each data point to its cluster cen-

troid, over all clusters [3]. This algorithm moves data points 

between clusters until the sum cannot be decreased further 

[3]. The result is a set of clusters that are as compact and 

well-separated as possible. For determining the correct 

number of clusters to be clustered, we compared the silhou-

ette values [3] for ten cases: one- to ten-cluster clustering, 

for finding the best grouping of data among one to ten clus-

ters. Fig. 3, 4, 5 and 6 show the clustered bullaes. Fig. 7 

shows the three-dimensional plot of the clustered data 

points. The visualization of the clustered bullaes provides 

information about how the bullaes gather into a mass in the 

lung. 

Next, we compress the transparent lung model by first 

assigning all the value of bullae pixel as one and non-bullae 

pixel as zero, then, adding up the pixel value along x, y and 

z axis, respectively. We color-code the compressed image in 

which green represents the value of zero and red represents 

the value of 50. The redder the region, the more bullaes 

overlap in the region, and consequently, the more severe the 

region becomes. The greener the region, the more normal 

the region becomes. 
 

 

Fig. 2 Transparent lung model 

  

Fig. 3 First cluster of bullaes             Fig. 4 Second cluster of bullaes 

  

Fig. 5 Third cluster of bullaes                 Fig. 6 Forth cluster of bullaes 
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The compressed lung images can be used to assist medi-

cal experts in identifying the location of the destruction of 

airways and the degree of severity of the destruction from 

the top, side and front view of the lung. Fig. 8, 9 and 10 

show the compressed lung images along z,- x- and y-axis, 

respectively.  

   
Fig. 7 Three-dimensional scatter plot of the data points of all bullaes 

 

Fig. 8 Compressed x-y lung image along z-axis (top view) 

 

Fig. 9 Compressed x-z lung image along y-axis (side view) 

 

Fig. 10 Compressed y-z lung image along x-axis (front view) 

C. Quantification of emphysema using fuzzy logic 

From the generated transparent lung model, we propose 

an emphysema severity based score calculation for each 

bullae in the lung based on bullae size and the Euclidean 

distance of the bullae from the center of the lungs. We com-

pute the ratio, r, of the longest corner-to-corner length 

within a cube that fits the lung tightly (mm) to the Euclidean 

distance (mm) of bullae from the center of the lungs. Then, 

we define 10 classes for r where: class 1: r  5, class 2: 5 < 

r  10, class 3: 10 < r  15, class 4: 15 < r  20, class 5: 20 

< r  25, class 6: 25 < r  30, class 7: 30 < r  35, class 8: 

35 < r  40, class 9: 40 < r  45 and class 10: > 45. Then, 

we compute distance index (DI) by dividing the class-based 

sum of r by 9 10
5
, 2 10

5
, 9 10

4
, 4 10

4
, 1.6 10

4
, 8.7 10

3
, 

4.4 10
3
, 1.9 10

3
, 1.2 10

3
, and 3.2 10

2
, from class 1 to 10, 

respectively. These standard reference values are deter-

mined through our experience about the distribution of 

bullaes of all sizes from the center of the lungs.  

Vague expression like “very big”, “mildly severe” and so 

on are characteristic of the way humans communicate 

through language and as such is an integral part of humans 

thinking process [5]. This contrasts sharply with the tradi-

tional Boolean logic of computer programming. Fuzzy logic 

bridges the gap between them, providing a framework that 

allows us to numerically encode linguistic expressions and 

through that gives us a flexible rule-based system. The 

fuzzy logic implemented in this paper is a two-input-one-

output system. The implement of a fuzzy logic system can 

be divided into four steps: (1) fuzzification (mapping from 

“crisp” numerical values to the membership functions of the 

fuzzy variables), (2) rule evaluation (the rules defined are 

evaluated using the pre-defined set of logic), (3) aggrega-

tion (the result of the rules are aggregated so that they are 

mapped to the output variables), and (4) defuzzification (the 

final step which is the mapping from fuzzy output variables 

to crisp numerical values) [5]. Among various choices to 

implement fuzzy logic, we choose product inference engine, 

singleton fuzzifier and center average defuzzifier. We use 

the fuzzy logic system for determining the emphysema 

severity score of bullae.  

Fig. 11 and 12 show the membership functions for the 

input fuzzy variables: bullae size and DI, respectively. Bul-

lae bigger than 260mm
3
 is assigned with 260mm

3
 while DI 

greater than 15 is assigned with the value of 15. Five mem-

berships are devised for bullae size: very small (VS), small 

(S), medium (M), big (B) and very big (VB). On the other 

hand, five memberships are devised for DI: very far (VF), 

far (F), moderately far (MF), close (C) and very close (VC). 

The shape of the hedge in the membership functions for 

bullae size approximates the linguistic expression of “very” 

while the shape of hedge in the membership functions for 

DI approximates the linguistic expression of “little”. This is 

so that bullae size plays a more significant role compared to 

DI in producing the emphysema score of bullae. The rule-

based fuzzy inference engine is illustrated in Table 1 where 

SS (Super Severe) = 10, ES (Extremely Severe) = 8.75, VS 

(Very Severe) = 7.50, S (Severe) = 6.25, MS (Moderately 

Severe) = 5.00, M (Mild) = 3.75, VM (Very Mild) = 2.5, 

EM (Extremely Mild) = 1.25, and SM (Super Mild) = 0.01. 
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The output fuzzy variable, y, is the emphysema severity 

score of bullae which describes the degree of emphysema 

severity of bullae. y is calculated as shown in Eq. 1 where a 

is a column vector of five values that correspond to the five 

values mapped from the five fuzzy input membership func-

tions for the bullae size variable, given the first input (bullae 

size), x1; b is a row vector of five values that correspond to 

the  five values mapped from the five fuzzy input member-

ship functions for the DI variable, given the second input 

(DI), x2. R is a 5-by-5 matrix from fuzzy inference engine as 

shown in Table 1. c and d are the sum of vector a and b, 

respectively. The emphysema score of the lung, ES, is the 

ratio of the sum of emphysema scores of bullae to six where 

if ES > 100, ES = 100. Thus ES ranges from 0 to 100 corre-

sponding to normal lung to extremely emphysematous lung.

  

 

Fig. 11 Membership functions of bullae size (input 1) 

 

Fig. 12 Membership functions of DI (input 2) 

Table 1 Fuzzy inference engine (R)  

Bullae size  

VF F MF C VC 

VS SM SM EM EM EM 

S EM EM VM VM M 

M N N N S VS 

B S VS VS ES SS D
is

ta
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c
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in
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ex
 (

D
I)

 

VB ES ES ES SS SS 

dc

bRa
y =  

(1) 

 RESULTS  

Fig. 13 shows the plot of the computed emphysema score 

of bullae for the lung in Fig. 2. ES for the lung is 83.9. 

 

Fig. 13 Emphysema severity score for every extracted bullae in the lung 

 CONCLUSIONS  

This paper presents a preliminary work of an automated 

algorithm that generates medical assistant visualization for 

the diagnosis of emphysema. The visualization techniques 

used includes transparent lung model that allows the visu-

alization of the inner emphysematous bullaes in the lung, 

clustering of bullaes for the purpose of knowing how the 

bullaes gather into mass in the lung, compression process-

ing that generates compressed images from the three-

dimensional lung models for visualizing the emphysema-

tous destruction of lung from the top, side and front view. 

Consequently, from the generated three-dimensional lung 

model, we calculate the emphysema score for each bullae in 

the lung based on two variables: bullae size and distance 

index which describes the distance of the bullae from the 

center of the lungs, using fuzzy logic approach. Further 

comparative work and effort in verifying the relationship 

between the location of bullae and emphysema severity is 

ongoing.  
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Abstract  Objective: Nowadays Monte Carlo (MC) mod-
eling is a useful way for accurate quantification of nuclear 
medicine image data series. With this modeling, the camera 
components, phantom (patient) and physical behaviors of 
photons will be precisely modeled.  One of the weak points of 
these techniques is long simulation times. In this study a me-
thod for reducing simulation time while the accuracy is still the 
same has been implemented. Methods: CFD method which has 
implemented into the well known SIMIND MC Photon simula-
tion code. This model uses the conventional SIMIND program 
to calculate the emitted photon track through an object and 
ultimately to the camera. However, rather than this single 
photon being detected at a single point on the camera, a region 
on camera is affected by the number of photons which its size 
and orientation is a function of the collimator type and the 
collimator-source distance. This method was used to evaluate a 
commercial gamma camera point Spread Function (PSF) and 
some experimental data using cylindrical phantom and spheri-
cal objects with various concentration of I-131 isotopes in them 
and with various background levels. Results: A variety of 
simulations were performed to compare differences between 
standard and CFD versions of SIMIND modeling for I-131 
radionuclide and camera configuration. System PSF using the 
CFD version agrees very well with experimental measurements 
as well as standard version. Simulations of Zubal voxellised 
phantom with various concentrations of activities in phantoms 
also agree well with standard version of SIMIND while the 
simulation time is reduced several times.   

Conclusions: Implementation of CFD has been modeled to 
evaluate system PSF and some experimental data. With the 
current implementation of CFD, simulation times were ap-
proximately 10-15 times shorter for similar accuracy and 
image quality compared with standard MC. 

Keywords  I-131, Monte Carlo Simulation, Imaging, PSF 

I. INTRODUCTION  

The aim of this work is to validate Convolution 
Forced Detection (CFD) [1, 2] techniques in a commercial 
gamma camera for I-131 isotope. As we know because of 
complex decay schema and high photon energies of I-131 it 
produces some undesirable effects on nuclear medicine 
images. As an improvement to MC modeling in order to 
provide faster and more accurate simulations of planar and 

SPECT imaging by implementing CFD into SIMIND [3] 
MC dedicated program.  

II. MATERIALS AND METHODS 

A blurring kernel defined by the PSF is imple-
mented analytically to model detector response based on 
collimator parameters and source-detector distance, the 
positions and weights of last photon scatter site are stored in 
sub-projection layers during photon transport.  And this 
sub-projection layer is convolved with an appropriate PSF 
at the end of all photon transportation. In the case of consi-
dering septal penetration, the blurring kernel is calculated 
according to new collimator subroutine that includes colli-
mator interaction (scatter and penetration) as well as geome-
tric response function. Different projections of I-131 point 
sources in air and extended emission distributions in the 
voxelised Zubal phantom [4] were generated. 

The simulations included 3 orders of scatter. Pro-
jections were simulated with the camera position exactly 
such as SIMIND coordinate system. The collimator parame-
ters used was high energy general purpose parallel-hole for 
ADAC gamma camera.  

    STANDARD &CFD projections of Zubal phantom for 
different histories compared to low noise projection gener-
ated by STANDARD method. To compare reference projec-
tions to CFD & STANDARD projections, Universal Image 
Quality Index (UIQI) [5] method includes and considers 
correlation coefficient, luminance and contrast between 
reference and estimated projections. 

The speed-up factor of CFD was determined by compar-
ing the simulation times of CFD and STANDARD esti-
mated projections at equal CV for uniform sources and Q 
factor for non-uniform phantoms [6]. 

III. RESULTS  

The above value in each cell of Table 1 shows the 
slopes and intercepts of fitted lines to each set of PSF data 
(experiments and STANDARD & CFD simulations) that 
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represents the values for PSF as a function of the distance 
between the point source and the collimator face.                      

Table 1 System Point Spread Functions for I-131 with HEGP collimator 

 
The values in the second row of each cell in Table 

1 show the R-square (correlation coefficient) values. 
Fig. 1 shows the CV against CPU time in a semi-

logarithmic scale for uniform block sources. In order to get 
to the same CV values, it takes 10 times less with CFD in 
comparison with STANDARD method.  

Simulated projections of the extended emission 
distribution in the Zubal phantom are shown in Figure 2. 
The left figure shows CFD projection of Zubal phantom, 
and the right one shows STANDARD projection of the 
same phantom. As a reference, a projection based on stan-
dard and 2 109   photon histories is included in top row. 

 
It is clearly visible that for equivalent numbers of simu-

lated photon histories, the estimated projections generated 
with CFD are less noisy than estimated projections generat-
ed with STANDARD. This is confirmed by the profiles 
through the images of extended source projections shown in 
Figure 6. Estimated projections generated by CFD are much 
smoother, and are closer to the reference projection than 
those generated by STANDARD for equal numbers of pho-
ton histories. And profile projections showed this subject as 
well.  

 It has been shown the speed up factor for CFD-SIMIND 
relative to STANDARD-SIMIND as a function of UIQI and 
number of generated photon histories, is from 10 to 80 
times more than STANDARD in the same UIQI value. It is 
very close to other researcher  

 
Fig. 1 log CV vs. CPU time lock source using STANDARD (dashed line) 

and CFD (solid line)  

 

 

 
 

Fig. 2 Simulated projections of Zubal Phantom Top is reference the below 
row, left: CFD projection Right: STANDARD projection.  

IV.  CONCLUSIONS AND DISCUSSION  

 
To implement MC technique in routine clinical use, it 

should be accurate enough and as fast as possible. The best 
way to compensate for image degradation factors is through 
the accurate modeling of these effects in an iterative recon-
struction algorithm.  This MC method could be used for 
scatter model-based iterative reconstruction [1, 7]. The CFD 
generated projections is based on 107 photon histories which 
correspond fairly well to the reference projection (Fig. 2). 
The speed up factor by using CFD is more than 10 times.  
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 FWHM-X (cm) FWHM-Y (cm) 
Experiment  0.0430x+  1.0150 0.0503x+0.877 

STANDARD 
SIMIND 

0.0477x+0.9711 
(r2 = 0.9719) 

0.0476x+ 0.951 
(r2 = 0.9887) 

CFD SIMIND 
 

0.045x+1.01290 
(r2 = 0.9914) 

0.0521x+ 0.9632 
(r2 = 0.9725) 
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Abstract—The present study aimed at verifying “in vivo” 
the effects of mechanical vibrations on muscle development. 
We realized a bioreactor composed by an eccentric motor 
which produces a displacement of 11 mm at frequencies be-
tween 1 and 120 Hz on a plate connected to the motor. On the 
plate we fixed a cage used for animals and the linear accelera-
tion provoked by the motor to the cage was measured. We 
used 30 Hz as stimulating frequency and we treated newborn 
mice from their birth for the next five weeks one hour/day. 
Every week we collected from a control and a treated mouse 
tibials and quadriceps anterior muscles and we performed 
morfometric analysis on muscle fibers. Moreover, with PCR 
and Real-Time PCR (RT-PCR) we analysed for the second and 
the third week the expression of genes involved in muscle dif-
ferentiation. Preliminary results suggest that whole-vibration 
treatment increases the rate of proliferation of muscle fibers 
with respect to the control, while from the third week the total 
number of fibers of treated or non-treated mice tend to bal-
ance. The results of RT-PCR of some of the genes involved in 
terminal differentiation demonstrate that mechanical vibration 
seems to increase the rate of differentiation of the treated 
muscles with respect to the control ones.  
 

Keywords: mechanical vibration, bioreactor, newborn mice, 
muscle development, morfometric analysis  

INTRODUCTION  

Mechanical stresses are important to the development of 
musculoskeletal system [1], but biological mechanisms that 
are involved by these stimuli remain largely unknown. On 
the other hand, muscle vibration is used in clinical therapy 
and sports training to enhance strength and improve motor 

control [2][3]. Moreover, intracellular metabolic pathways 
are influenced by the excitation of cytoskeleton components 
by mechanical cell deformation [4]. In particular these de-
formations seem to be caused by shear forces, which are 
applied by extra- or intracellular fluid flow. Development of 
musculoskeletal system is influenced by different stimuli, 
such as electric and electromagnetic fields and also vibra-
tion stresses. Positive therapeutic effects of muscle vibration 
have been reported in different experimental conditions, for 
example in the treatment of sportsmen after an accident 
[5][6]. So, the aim of this work is to understand this phe-
nomena at cellular level and, for this reason, we have de-
signed and realized a system to produce vibration with all 
the adaptations for “in vivo” studies. The device is com-
posed by an eccentric, voltage-controlled motor effecting a 
displacement of 11 mm and working between 1 Hz and 120 
Hz, and by a plate bound to the motor that allows to stimu-
late a cage with mice. 
We have taken 30 newborn mice CD1 wild type, male and 
female, divided in two groups, one as (a) control and one 
treated group. Fifteen mice of treated group were stimulated 
with a vibration of 30 Hz for 5 weeks 5 days/week for 
1h/day. Every week we collected for three controls and 
three treated mice tibials and quadriceps anterior muscles 
and we analyzed on criosections perimeter and surface of 
muscle fibers with a morfometric analysis software (Image 
J  system). Moreover with PCR and subsequently with 
Real-time PCR we investigated genes involved in terminal 
differentiation, such as MyOD (myogenic differentiation) 
and MCK (myosin creatin-kinase. Results suggested a 
strong relationship between the treatment and the increase 
of muscle development, as demonstrated by the morphomet-
ric and gene expression assays. 
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MATERIALS AND METHODS 

A. The vibrating system 

The device to produce the vibrating stimuli to mice is repre-
sented in Fig.1. The eccentric motor, voltage controlled 
(Maxon Motor™ Brushless E-Series), has a Nominal Volt-
age of 24V and a diameter of 22 mm. The imposed dis-
placement is thus a half of the diameter (11 mm on both the 
directions of the plane that is perpendicular to the axis of 
the motor). We can supply voltage from 2.5 up to 24 V 
causing a variation of the rotational speed and thus of the 
frequency  between 1 Hz and 120 Hz. A 3 dimensional 
accelerometer was fixed to the platform,(range of ± 3 g, 
sensitivity 300 mV/g) to detect the effective acceleration 
forced on the platform by the motor. The knowledge of the 
acceleration peaks assured the reproducibility of the ex-
periments. By using Matlab 7.1™ we were able to study 
these signals also in the frequency domain: so we verified 
that the acceleration signal imposed by the motor was in 
phase with that perceived by mice in the cage and with the 
same frequency. The signals were recorded with a National 
Instruments™ data logger, and its certified software and 
were analyzed with Matlab 7.1™

B. Mice treatment and histology analysis 

30 newborn mice CD1 wild type, male and female, were 
divided in two groups, 15 as treated group and 15 as control 
group. Treated group was stimulated with high frequency 
vibration at 30 Hz for 5 weeks, 5 days/week and 1h/day. 
Every week we collected for three controls and three treated 
mice tibials and quadriceps anterior muscles for mor-
phometric and molecular biology analysis of gene expres-
sion. For histology analysis, we have collected from these 
muscles criosections that have been processed with Hema-
toxylin/Eosin staining (Fig.2). Then, we have taken pictures 
of criosections and analysed images with Image JTM to report 
perimeter and surface of muscle fibers for morphometric 
analysis.

C. Molecular Biology analysis: RNA extraction and synthe-
sis of cDNA

RNA was extracted by Qiagen® kit from treated and non-
treated muscles in order to evaluate the expression of genes. 
Muscles were homogenized in ß- Mercaptoetanol and lysis 
buffer, frozen in liquid nitrogen and stored at -80°C until 
extraction took place. The extraction of RNA was com-
posed by different steps, including the addition of ethanol 

70% and DNase to increase the purity of extraction. After-
wards, we retro-transcribed total RNA extracted in c-DNA, 
that corresponds to mRNA, with iScript™ cDNA Synthesis 
kit of Bio-Rad (Hercules, CA, USA).  

D. Molecular Biology analysis: PCR and Real Time PCR 

Polymerase chain reaction (PCR) was used to evaluate gene 
expression. PCR was carried out with a thermocycler (Ap-
plied Biosystem™, Foster City, CA). PCR amplification 
was performed in a 25 l reaction volume containing 2 l of 
cDNA, 2 mM of MgCl2, 0,2 mM of DNTP s, 0,025U/ l of 
Taq DNA polymerase (Platinum Taq™). We have analysed 
the expression of two important genes involved in muscle 
differentiation for the second and the third week of treat-
ment: MyOD (myogenic differentiation) [7] and MCK (my-
osin creatin-kinase) [8]. To better quantify the expression of 
these genes we performed Real-Time PCR with Mini-
Opticon® Real-Time PCR System (BioRad, Hercules, CA, 
USA). Each sample was analyzed in triplicate and corre-
lated against GAPDH (Glyceraldehyde-3-phosphate-
Dehydrogenase), a housekeeping gene. In a total volume of 
20 l amplification mixture containing 2x (10 l) Brilliant
SYBER  Green QPCR Master Mix (Stratagene, USA), 2 l
of cDNA, 0,4 l of each primer, 7,2 l of H2O. Thermal 
cycling was initiated by denaturation at 95° for 3’, followed 
by 30 cycles composed by 95° for 5’’ and 60° for 
23’’(annealing).

Fig.1: representation of the bioreactor using for stimulation. It was repre-
sented the controller of the motor, the cage of mice and the platform  for 

the cage on the motor. 

IFMBE Proceedings Vol. 25

860 G. Ceccarelli et al.



 
Fig. 2: a criosection of tibial muscle analyzed with ImageJ (based on Java 

language) for morphometric analysis 

 
III. RESULTS 

 
Results of morphometric analysis of muscle fibers are 
shown in Fig. 3. The upper panel (tables a,b) shows the 
counting of total number of muscle fibers/week while the 
lower panel (c, d) represents the evaluation of (the) surface 
of muscle fibers/week.  
 

 

Fig.3: graphics of morphometric analysis of number and surface of tibials 
and quadriceps anterior muscles 

 
Molecular biology analyses are represented with electropho-
retical panel for PCR (Fig 4) and with graphics (Fig 5) for 
Real-Time PCR. In electrophoretical panel, the grey bands 
of MyOD and MCK expression are compared with GAPDH 
grey bands, while in Real-Time PCR MyOD and MCK 
expression are represented with bar chart and normalized 
against GAPDH expression. 

     
 

Fig. 4: PCR electrophoretical panel of GAPDH, MyOD and MCK for 
treated and control mice 

 

 

Fig.5: Real –Time graphics about expression of MyOD and MCK normal-
ized against GAPDH expression. 

 
IV. DISCUSSION 

 
Mechanical vibration is widely used in clinical therapy and 
in several fitness centres to enhance muscle functionality. 
For this reason we realized this particular type of bioreactor 
to investigate the effects of high frequency vibration on 
muscle and, in particular, on muscle development in new-
born mice. We treated 15 newborn mice for 5 weeks, 1h/day 
at 30 Hz and we used 15 mice as a control. We tested ef-
fects of mechanical vibration with morphometric tests on 
tibials and quadriceps anterior muscles and with PCR and 
Real-Time PCR for the second and the third week of treat-
ment to evaluate variations about gene expression of MyOD 
and MCK, genes involved in muscle differentiation.  
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Morphometric tests (Fig.3) demonstrate that whole-body 
vibration increases the rate of proliferation of muscle fibers 
in the first weeks of treatment (increase of fibers number 
and reduction of surface), while at the end of the experiment 
(at five weeks of treatment) treated and control fibers tend 
to balance and probably, tend to fuse to form mature mus-
cle. So, as it appears from these results, the major effect 
seems to be produced at the beginning of the treatment. 
Molecular biology analysis was performed only at the sec-
ond and at the third week on treated and control muscles for 
obtaining a preliminary evaluation of the effects on gene 
expression. First, we have carried out a PCR on mRNA of 
tibials from treated and control mice (Fig.4). Results 
weren’t so remarkable and, to better quantify small differ-
ences of electrophoretical panel, we also performed a Real-
Time PCR (Fig.5). Results seem to reveal that high fre-
quency vibrations promote better differentiation of treated 
muscle tissue with respect to the control ones; in fact in Fig. 
5 MyOD increases in the vibrated mice at 3^week (V3) with 
respect to controls (C3) and MCK increases both in the 
second and in the third week (V2 and V3) with respect to 
controls (C2 and C3).  
This experiment represent a preliminary investigation of the 
effect of high frequency vibrations at cellular level and at 
tissue level. Moreover it can establish the starting point for 
further studies on muscle development and muscle regen-
eration after injury and treatment with a vibrating system. 
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Abstract— The aim of study was to understand the dynamic 
behavior of an airway wall by get a fix on the magnitude and 
distribution of stresses on the epithelial cells. A mathematical 
model of airway reopening, using a flow-driven semi-
infinite bubble progressing through a liquid-filled cor-
rugated-walled tube under steady-state conditions was 
considered. 

Keywords— modeling, airway reopening, pulmonary tissues 

I. INTRODUCTION  

A collapsed pulmonary system is one whose airways are 
blocked by a thin liquid film that obstructs airflow [1]. Air-
way recruitment generates stresses (shear and normal) on 
the airway walls, potentially damaging airway tissues. The 
normal lung can tolerate repetitive collapse and reopening 
[2]. But abnormal physical forces, especially those associ-
ated with mechanical ventilation, potentially initiate or 
exacerbate lung injury [3]. If surface tension is large, the 
excessive pressure of mechanical ventilation is required to 
open the airways. This exerts mechanical stresses on the 
pulmonary cellular epithelium of a magnitude that may 
damage the cells or modify their biological function.  

II. METHOD   

A. Model description 

This study serves to characterize the localized stress be-
havior at this cellular level, which, in turn, may be used to 
better understand the physiological mechanisms of mecha-
notransduction within the pulmonary system. 

To consider these stresses, an idealized, mathematical 
model of an occluded airway was created. 

The airway was represented as a two-dimensional chan-
nel with corrugated walls to account for presence of cells. 
The model consisted of a horizontal channel, whose walls, 
separated by a mean distance (2H), were corrugated sinu-
soidally with amplitude (A) and wavelength ( ). The chan-
nel was occluded with a liquid occlusion of constant surface 
tension ( ) (therefore neglected the influence of pulmonary 

surfactant), viscosity ( ) and density ( ). A flow-driven 
semi-infinite bubble progressing with steady flow rate 
through an airway as it cleared a liquid occlusion was con-
sidered. The flow in this system was highly viscous. The 
viscous stresses were balanced by the fluid pressure gradi-
ent. It was assumed that inertia was negligible. 

The hydrodynamic description was stated in the steady-
state Stokes equations and continuity. 

uCaP 2

  (1) 

0u   (2) 

It was useful to represent the fluid mechanical interaction 
with the epithelial cells by dividing by flow rate because it 
identified the magnification of the mechanical influence on 
pulmonary tissue in an airway system with a fixed flow rate 
and it was simple to calculate the fluid mechanical impact 
on the cells. Most importantly, this representation depended 
only on physical constants of the system. The system was 
described by the three dimensionless parameters: 

1) Ca - capillary number,  

Ca = ( Q)/ (2H )  (3) 

2) the ratio of cell average height (A) to half the average 
channel width (H), 

 = A/H   (4) 

3) the cell width ( ) to half the average distance separat-
ing the airway walls (H) , 

 = /H  (5) 

Physiological values range is over 0.01   0.75 from 
respiratory bronchioles to collapsed airways [1]. 

Physiological values range is over 0.2   15 from res-
piratory bronchioles to collapsed airways [1]. 

 
B. Method of solution 

This 2-D model was solved computationally using the 
boundary element method (BEM) in conjunction with lubri-
cation approximations [4]. Lubrication theory was used as a 
motivation for the development of a simple algebraic for-
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mula that could be used accurately to predict the mechanical 
influences over the range of different cell to channel height 
aspect ratios [5]. 

The study focused on the parameter physiological values: 
Ca = 0.01, 0    0.05, =2 and served to characterize the 
localized stress behavior at this cellular level. 

III. RESULTS 

The results depict the dimensionless x- and y- stresses 
acting on the model’s airway walls once the system has 
reached steady state. The data were collected when the tip 
of the moving bubbles was aligned with the top of a cell 
protrusion. These figures (Fig.1A,B,C) demonstrate the 
effect of an increase in dimensionless cell height (  = A/H) 
on the maximum change in the dimensionless x- and y- 
stresses acting on the model’s airway walls. 

 
 
 

 

 

Fig. 1 The results for Ca = 0.01, 0 <  < 0.05,  = 2. 
A) for domain A/H = 0.05;  B) X-STRESS;  C) Y-STRESS 

IV. CONCLUSIONS  

From the solution, it was determined the stationary-state 
stresses acting on the epithelial cells. The research demon-
strated that an extraordinary magnification of x- and y- 
stresses occurred with only a small amplitude cell corruga-
tion. The cell stresses were much larger than would be pre-
dicted using flat-walled assumptions. 
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Abstract— We have previously shown that nonlinear 

measures of regularity and complexity are very useful as 
complimentary measures to the linear measures of time 
and frequency domain of beat-to-beat heart rate and QT 
intervals.  In this study, we have applied Cross-ApEn, a 
nonlinear measure that can give an index of dissociation 
between two time series.  We have shown that it can be 
superior to the linear measure of cross-coherence be-
tween the two signals.  The practical implications of this 
finding have been further discussed in detail. 
 
Keywords— Linear, Nonlinear, Anxiety, Cross-ApEn, 

Cross-coherence,  

I. INTRODUCTION  

In our prior studies, we have shown that nonlinear meas-
ures yield important information about the function of the 
autonomic nervous system in patients with anxiety and 
depression in relation to cardiovascular function.  These 
techniques include measures derived from approximate en-
tropy (ApEn), fractal dimension and symbolic dynamics [1].  
These studies are important due to the fact that patients with 
several psychiatric illnesses including anxiety and depression 
are prone to develop serous cardiovascular events and are at 
risk for sudden death.  This risk can be assessed by noninva-
sive technique such as measuring beat-to-beat heart rate vari-
ability, QT variability, and a few other techniques using sur-
face electrocardiograms, which is easy and simple [1]. While 
the assessment of single autonomic parameters as the 
ones mentioned above provide information about both cen-
tral as well as local autonomic modulation at the respective 
organ, measures of coupling between two systems such as 
beat-to-beat heart rate (HR) and respiration may indicate cen-
tral nervous autonomic function. In this study, we assessed the 
coupling between HR and QT intervals using linear (coher-
ence) and a novel non-linear measure cross-approximate 
entropy, (cross-ApEn) to examine the utility of this measure 
to study cardiovascular autonomic function [2]. 

II. METHODS 

    We compared the cross-coherence and cross-ApEn meas-
ures between patients with panic disorder (n=23) and nor-
mal controls (n=17) using the frequency domain measure, 
coherence derived from spectral analysis, and cross-ApEn, a 
nonlinear measure to examine the coupling between beat-to-
beat HR and QT intervals obtained from surface electrocar-
diogram (ECG).  All subjects were healthy without any 
significant cardiac or other medical conditions and none of 
the patients or controls was on any medication except for 
occasional use of analgesics.  Their anxiety levels were 
measured by trait anxiety inventory (TAI). 

 
The ECG signal was sampled at 500 Hz and the data were 

stored on personal computers for further data analysis.  A peak 
detection algorithm was used to detect the ‘R’ waves and then 
heart rate was obtained from these R-R intervals series.  We 
used HR time series free of ventricular premature beats and 
noise. HR and QT time series (256 s at 4 Hz = 1024 points) 
were subjected to spectral analyses and the power spectrum 
was computed. The powers were integrated  in the frequency 
band of  0-0.5 Hz. Heart rate  and QT interval time series were 
subjected  to spectral analysis and the cross-spectrum between 
the two time series was computed from 256 seconds of data 
sampled at 4 Hz (1024 data points) using linear interpolation 
[3,4]. 

    

Cross-spectral analysis generates a coherence function, a 
measure of the best linear association of each observed rhythm 
in one variable on the same rhythm in the second variable. 
The coherence is described as the square of the correlation 
between sinusoids of the two processes at a specific fre-
quency, 
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   The coherence at frequency   is the square of the cross-
spectral density fHR( ) divided by the product of spectral 
densities of each series at frequency   [5].  
      
   Cross-ApEn resembles a non-linear measure of coupling 
between two time series. Unlike cross-spectral analysis, 
which detects linear coupling between two signals, sequences 
from two distinct yet intertwined variables in a network (here: 
heart rate and QT intervals) are compared by quantifying 
their asynchrony (conditional irregularity). The cross-ApEn 
would result in smaller values, if the association between 
the systems is strong and hence asynchrony is relatively 
low. In contrast, when there is only weak association be-
tween two signal time series, larger cross-ApEn values 
would be obtained  indicating a higher degree of asyn-
chrony. 

Like ApEn, cross-ApEn is a two-parameter statistic meas-
ure, with ‘m’ and ‘r’ reflecting the same as when calculating 
ApEn, but normalized for application to the standardized 
paired time series {u(i)}, {v(i)}. Cross-ApEn measures, 
within a tolerance ‘r’, the conditional regularity of v-patterns 
similar to a given u-pattern with a window length ‘m’. Greater 
asynchrony (or weaker association between signal complexi-
ties, more discordance) thus indicates fewer sub-pattern 
matches, as quantified by larger cross-ApEn values. Con-
versely, lower values are indicative of more concordance or 
stronger coupling [2].   

Statistical analysis was performed by BMDP Statistical 
software (Berkeley, CA, USA).  Descriptive statistics were 
obtained for each variable and tested for normality of distri-
bution.  We compared age using a student ‘t’ test.  Supine 
and standing coherence and Cross-ApEn were compared 
between the two groups using a two-way ANOVA (analysis 
of variance) using controls and patients as the grouping 
variable and posture as the repeated measure. 

 

III. RESULTS 

   Age was not significantly different between the two 
groups.  Age did not correlate significantly with the other 
variables.  Two-way ANOVA showed only a significant 
group difference for the measure, cross-ApEn (F=4.73; 
df=1,36; p=0.03).  There were no significant posture or 
group versus posture interaction effects. 

 

Table 1. 

 
Variable                    Controls (n=17)   Panic Patients (n=23) 

 
Age (years) 33±8 34±6 

TAI 27±5 52±12 

Supine Coherence HR-
QT (0-0.5 Hz) 

0.33±0.12 0.36±0.12 

Standing Coherence HR-
QT (0-0.5 Hz) 

0.27±0.09 0.25±0.09 

Supine Cross-ApEn 0.65±0.23 0.84±0.27 

Standing Cross-ApEn 0.61±0.26 0.69±0.42 

IV. DISCUSSION 

     The major finding of this study was the significantly 
higher Cross-ApEn between HR and QT intervals in pa-
tients with panic disorder.  This possibly reflects a dissocia-
tion between the two time series and may contribute to 
ventricular repolarization lability and thus, cardiac re-
entrant tachyarrhythmias.  The possible mechanism could 
be the increase in relative cardiac sympathetic function. 
Further studies need to examine the utility of this measure 
to differentiate patients from controls and also to evaluate 
changes before and after various interventions in psychiatric 
as well as cardiac patients. 

      One of the limitations is that we did not include the 
results of cross-sample entropy in this article (there is no 
significant difference in the results when either measure was 
used-unpublished observation).  This is important method-
ologically as the article by Richman Moorman [6] showed 
that sample entropy as well as cross-sample entropy are 
much more stable than cross-ApEn.  However, many arti-
cles have used both measures and therefore sample entropy 
does not appear to have any specific advantages when real 
time biological data are used [7, 8].  However, it may be 
premature to say this until more comprehensive analyses are 
conducted with both techniques. 
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V.  CONCLUSIONS 

The present findings support the view that nonlinear 
models of data analysis may yield important information to 
study various diseases and their pathophysiology. 
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Abstract— It has been observed that heart rate variability
(HRV) diminishes during anesthesia, but the exacts mechanisms
causing it are not completely understood. The aim of this paper
was to study the dynamics of HRV during propofol anesthesia
by using state-of-the-art time-varying methods. The time-
varying spectrum is estimated by using a Kalman smoother
approach. The obtained spectrum can be further decomposed
into separate components, which is especially advantageous in
HRV applications where low frequency (LF) and high frequency
(HF) components are generally aimed to be distinguished.
The results show that LF power decreases when subject loses
consciousness, which may indicate a decrease in sympathetic
activity.

I. INTRODUCTION

The variation of the heart beat interval or heart rate
variability (HRV) is a result of autonomic nervous system
and humoral effects on the sinus node. The autonomic
nervous system can be divided into parasympathetic (also
called vagal) and sympathetic branches. Roughly speaking,
sympathetic activity tends to increase heart rate (HR↑) and
parasympathetic tends to decrease it (HR↓) [1]. The most
conspicuous periodic component of HRV is the respiratory
sinus arrhythmia (RSA) which is considered to range from
0.15 to 0.4 Hz. This high frequency (HF) component is
generally believed to be mediated predominately by parasym-
pathetic activity [1]. Another apparent component of HRV is
the low frequency (LF) component ranging form 0.04 to 0.15
Hz. The rhythms within the LF band are nowadays generally
thought of being both of sympathetic and parasympathetic
origin [1].

Due to the complex control systems of HRV, it is pre-
sumable that the characteristics of HRV (e.g. the powers
and frequencies of LF and HF components) vary in time.
Especially, changes in physiological conditions may produce
significant variations. For example, it has been shown that
HRV diminishes during anesthesia [2], [3]. In addition, the
effects of different anesthetics (e.g. propofol and sevoflu-
rane) on HRV seem to vary considerably [4]. However,
the physiological background and exact mechanisms behind
these findings are not completely understood. Therefore,
the dynamics of HRV during anesthesia need to be studied
further.

In this paper, we analyze HRV dynamics of 6 subjects un-
dergoing propofol induced anesthesia. The dynamics of HRV

*M.P. Tarvainen is with the Department of Physics, University of Kuopio,
P.O.Box 1627, FI-70211 Kuopio, Finland (mika.tarvainen@uku.fi).

are analyzed by using a selection of time-domain, frequency-
domain and nonlinear HRV measures. The frequency-domain
dynamics are assessed by using a time-varying autoregressive
(AR) model. The parameters of this model are estimated
recursively with a Kalman smoother algorithm and time-
varying spectrum estimates are obtained from the estimated
model parameters. One advantage of this spectrum estimation
approach is that the spectrum estimate can be decomposed
into separate frequency components. Thus, dynamics of LF
and HF components can be analyzed without applying any
fixed frequency bands.

II. METHODS

A selection of time-domain, frequency-domain and nonlin-
ear measures of HRV are considered. The selected measures
and their computation is presented shortly in the following.

A. Time-domain measures of HRV

The time-domain measures are computed straight from the
RR interval time series data points. Measures used in this
study are the standard deviation of RR intervals (SDNN)
which is defined as

SDNN =

√√√√ 1
N − 1

N∑
j=1

(RRj − RR)2 (1)

where N is the number of RR intervals, RRj is j’th interval
and RR is mean value of RR intervals. SDNN reflects
the overall (both short-term and long-term) variation within
the RR interval series, whereas the root mean square of
successive differences (RMSSD) defined as

RMSSD =

√√√√ 1
N − 1

N−1∑
j=1

(RRj+1 − RRj)2. (2)

can be considered as a measure of short-term variability.

B. Frequency-domain measures of HRV

Frequency-domain measures considered here include LF
and HF powers and the ratio between LF and HF powers,
i.e. LF/HF ratio. Dynamics of these three measures are
easy to compute once a time-varying spectrum estimate is
given. Here, the spectrum is estimated by using a parametric
Kalman smoother approach which is shortly described in the
following. More detailed presentation of the approach can be
found from [5].
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In the approach, the RR series is first modeled with a
time-varying AR model of order p defined as

xt = −
p∑

j=1

a
(j)
t xt−j + et (3)

where xt is the modeled signal (i.e. RR series), a
(j)
t is the

value of j’th AR parameter at time t and et is the observation
error. By denoting

Ht = (xt−1, . . . , xt−p) (4)

θt = (−a
(1)

t , . . . ,−a
(p)

t )T (5)

the time-varying AR model can be written in the form

xt = Htθt + et (6)

which is a linear observation model. Kalman smoother algo-
rithm is based on so-called state-space formalism, meaning
that in addition to observation model, the evolution of the
state (i.e. AR parameters) is modeled. Here a random walk
model

θt+1 = θt + wt (7)

where wt is the state noise term, is used. Equations (6) and
(7) form the state-space signal model for the time-varying
AR process xt and the evolution of the AR parameters can
now be estimated by using the Kalman smoother algorithm.

1) Kalman smoother algorithm: The Kalman smoother
algorithm consists of a Kalman filter algorithm and a fixed-
interval smoother. The Kalman filtering problem is to find
the linear mean square estimator θ̂t for state θt given the
observations x1, x2, . . . , xt. Kalman filter equations can be
summarized as

Cθ̃t|t−1
= Cθ̃t−1

+ Cwt−1 (8)

Kt = Cθ̃t|t−1
HT

t (HtCθ̃t|t−1
HT

t + Cet)
−1 (9)

θ̂t = θ̂t−1 + Kt(xt − Htθ̂t−1) (10)

Cθ̃t
= (I − KtHt)Cθ̃t|t−1

(11)

where θ̃t is the state estimation error θ̃t = θt − θ̂t, θ̃t|t−1

is the state prediction error θ̃t|t−1 = θt − θ̂t−1, Kt is the
Kalman gain vector, and Cet and Cwt are the observation
and state noise covariances, respectively.

The fixed-interval smoothing problem is to find estimates
θ̂ S

t (S denotes smoothed estimates) for each state θt given
all the observations x1, x2, . . . , xN . Fixed-interval smoothing
equations can be summarized as

θ̂ S

t = θ̂t + At(θ̂ S

t+1
− θ̂t) (12)

Cθ̃ S
t

= Cθ̃t
+ At(Cθ̃ S

t+1
− Cθ̃t+1|t

)AT
t (13)

where At = Cθ̃t
C−1

θ̃t+1|t
and filtered estimates are used for

the initialization, i.e. θ̂ S

N = θ̂N and Cθ̃ S
N

= Cθ̃N
.

2) Adaptation of the algorithm: The terms effecting the
adaptation of Kalman smoother algorithm are the state and
observation noise covariances Cwt and Cet = σ2

e . The
observation noise variance can be estimated iteratively at
every step of the Kalman filter equations as

σ̂2

et
= 0.95 σ̂2

et−1
+ 0.05 ε2t (14)

where εt is the one step prediction error εt = xt − Htθ̂t−1.
Furthermore, the state noise covariance is selected to be
diagonal Cwt = σ2

wI and σ2

w is adjusted at every step of
the Kalman filter equations as

σ̂2

wt
= UC σ̂2

et
/σ̂2

xt
(15)

where σ̂2

xt
is the estimated variance of the observed RR series

at time t and UC is an update coefficient through which the
adaptation of the algorithm can be adjusted.

3) Time-varying spectrum estimation: The time-varying
spectrum estimate is obtained from the time-varying AR
parameter estimates â

(j)
t as

Pt(f) =
σ̂2

e/fs

|1 +
∑p

j=1
â
(j)
t e−i2πjf/fs |2

(16)

where fs is the sampling frequency, â
(j)
t is the j’th AR

parameter estimate at time t, and σ̂2

e is the variance of the
estimated observation error process.

4) Spectral decomposition: One property of the AR spec-
trum estimation methods, that is especially advantageous in
HRV applications, is that the spectrum can be divided into
separate components as follows. Equation (16) can also be
written in the factored form

Pt(f) =
σ̂2

e/fs∏p
j=1

(z − α
(j)
t )(1/z − α

(j)∗
t )

(17)

where z = ei2πf/fs , α
(j)
t are the time-varying roots of the

AR polynomial (also called poles), and ∗ denotes complex
conjugate. Now, consider a pole α

(j)
t positioned at frequency

fj . The spectrum of this single component in the vicinity of
fj can be estimated by assuming the effect of other poles on
the spectrum to be constant (for details see [5]). The powers
of the spectral components are finally estimated by simply
evaluating the areas of the components.

C. Nonlinear measures of HRV

Only one nonlinear measure is considered, i.e. Approx-
imate entropy (ApEn). ApEn measures the complexity or
irregularity of the signal [6]. Large values of ApEn indicate
high irregularity and smaller values of ApEn more regular
signal. The computation of ApEn is based on extracting em-
bedding vectors of selected dimension from the RR interval
data and then evaluating the distances between these vectors.
The value of ApEn estimate depends on three parameters, 1)
the embedding dimension m (i.e. the length of embedding
vectors), 2) a tolerance value r used to determine close by
vectors, and 3) the data length N . Here, values m = 2 and
r = 0.2SDNN were used.
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Fig. 1. Semantic presentation of the study setup. Consciousness was
tested twice at each drug level and at 1 min intervals after the infusion
was terminated. The color of arrows on the bottom indicate the result of
LOC-testing (red=response, blue=no response).

III. MATERIALS AND DATA ACQUISITION

Data from six healthy male subjects (age 23-28 years)
undergoing propofol anesthesia were analyzed. Propofol
was administered intravenously using target control infusion
(TCI) aiming at pseudo steady-state plasma concentrations
at 10 min intervals starting from 1.0 μg/ml and followed by
0.25-0.5 μg/ml increases until loss of consciousness (LOC)
was reached. After LOC, propofol infusion was terminated.
At each concentration level and after terminating the infu-
sion, consciousness was assessed by asking the subject to
open his eyes. LOC was defined as no response to the “open
your eyes” request and ROC as a meaningful response to the
same request.

Electrocardiogram (ECG) data along with a set of elec-
troencephalogram (EEG) channels were recorded using a
Galileo (Medtronic, Italy) EEG acquisition system. The
sampling rate of the ECG signal was 256 Hz.

IV. RESULTS AND DISCUSSION

Altogether HRV data from 6 subjects undergoing propo-
fol anesthesia were analyzed. The time-domain measures
(SDNN and RMSSD) and the nonlinear parameter (ApEn)
were computed in a 60 second moving window for the
whole RR interval series. The frequency-domain measures
(LF power, HF power and LF/HF ratio) were computed from
the Kalman smoother spectrum estimates. In the Kalman
smoother method, AR model order was selected to be 16
and the update coefficient (controlling the adaptability of
the algorithm) was selected to be 1 × 10−5. Before spectral
estimation, RR interval series were interpolated with a 4 Hz
cubic spline in order to have equidistantly sampled signal.

Obtained Kalman smoother spectrum estimates for two
subjects are presented in Fig. 2. In the figure, the RR interval
series are presented on top. The three vertical lines on the
figure represent 1) the last LOC-test where a response from
subject was obtained (pre-LOC), 2) the first LOC-test where
subject did not respond (LOC), and 3) the first LOC-test
(after LOC) where subject responded (ROC, recovery of con-
sciousness). The second row of Fig. 2 presents the Kalman
smoother spectrum estimate (red indicates high power and

blue low power). The green line on top of the spectrum image
represents the estimated respiration frequency (obtained from
ECG derived respiration, EDR). The two bottom rows of the
figure present the LF and HF component spectra obtained
through spectral decomposition.

One significant advantage of the presented spectrum es-
timation method is that the spectrum can be divided into
separate frequency components, e.g. into LF and HF com-
ponents. Furthermore, the powers of these components can
be estimated without fixing the frequency band limits. Thus,
it is expected that the reliability of these component powers
is much higher than those of powers computed from fixed
frequency bands, in the case where the central frequency of
a component is close to (or even crosses) the fixed frequency
band. For example, it is rather typical that for some subjects
the HF component related to respiration might overlap with
the LF component due to slow respiration rate. Statistics of
all computed HRV measures are presented in Fig. 3. In the
figure, the mean value of each measure with standard error
(SE=SD/

√
M , where M is the number of subjects) limits is

presented for seven different situations. Basically, in the first
three situations (situations 1-3) subject was awake, in the
following three situations (situations 4-6) subject was not
responding, and in the last situation (situation 7) subject had
responded. The trend in the HRV dynamics seems to be that
in baseline the variation is smaller and it increases a bit when
the infusion of anesthetic is started. This increase seems to
be mainly due to increase in LF power. A similar increase in
LF power was observed during fatigue in [7]. However, when
the subject loses consciousness (i.e. is not responding), the
variability seems to be decreased and this decrease in mainly
due to decrease LF power. Thus, the main finding of this
paper is that the LF power, representing mainly the activity of
the sympathetic branch of autonomic nervous system, seems
to be decreased when the subject loses his consciousness
during propofol anesthesia. In addition, approximate entropy
also seems to be decreased after loss of consciousness. These
findings are similar to those made in [3], except for the
decrease in HF power which was not observed here.

V. CONCLUSIONS

HRV dynamics of 6 subjects undergoing propofol anesthe-
sia were analyzed. The frequency-domain measures of HRV
were obtained by applying time-varying AR modeling and
the Kalman smoother algorithm. Kalman smoother algorithm
is a statistically optimal method for estimating the time-
varying AR parameters. One advantage of Kalman smoother
spectrum is that it can be decomposed into separate fre-
quency components, i.e. the LF and HF components of HRV
can be separated. The main finding of the paper was that
the LF power decreased when subject loses consciousness
during propofol anesthesia, which may indicate a decrease
in sympathetic activity.
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Abstract— The curative therapy of atrial fibrillation (AF) is
still challenging. Although the electrophysiologists know many
strategies to cure AF, the underlying mechanisms are still mostly
unknown. Also the optimal ablation strategy for paroxysmal
and long-lasting persistent AF is not known. Complex frac-
tionated atrial electrograms (CFAEs) are becoming more and
more important in the ablation strategies, especially for long-
lasting persistant AF. Automated detection and signal analysis of
CFAEs is essential in supporting the physicians during the abla-
tion procedure. The robust algorithm to locate CFAEs presented
in the contribution by Nguyen, Schilling and Dössel delivers a
good bases for postprocessing and signal analysis of CFAEs. It is
employing a non-linear energy operator combined with thresh-
olding. In this paper this new algorithm is tested on clinical data
and compared to clinically accepted algorithms.

Keywords— Atrial Fibrillation, CFAEs, Catheter Ablation, Sig-
nal Processing

I. INTRODUCTION

Atrial fibrillation (AF) is the most common cardiac ar-
rhythmia. There are two main forms of AF: paroxysmal AF
and long-lasting persistent AF. Paroxysmal AF is defined as
nonsustaining episodes of fibrillation shorter than seven days.
It is mainly caused by focal activity in the pulmonary veins.
Paroxysmal AF can be cured by electrically isolating the pul-
monary veins. There are many strategies in isolating the pul-
monary veins [1]. But the optimal ablation strategy is still
unknown.
Under the influence of the chaotic excitation during paroxys-
mal AF the atrial tissue undergoes a conversion process. This
process leads to a modification of the electro-physiological
properties of the atrium. As a result of this process called re-
modelling there are more and more areas with fractionated
potentials all over the atrium. The periods of AF are getting
longer until AF is long-lasting persistent. A very promising
approach is to map and ablate these fractionated areas. AF
then can often be changed into other forms of AF, to atrial
flutter or AF can even be terminated [2].
Surgical and catheter-based therapies may be used to treat
and prevent recurrence of AF in certain individuals. Despite
the considerable clinical experience and accumulated evi-

dence from experimental data, the exact mechanism of AF
and their elimination by catheter ablation techniques is still
unknown, especially in long-lasting persistent atrial fibrilla-
tion [3] [4].

The interpretation of signals measured during an electro-
physiological examination is the most important task in un-
derstanding the excitation propagation during AF. Commer-
cial software is assisting the physicians. Analysis in time and
also frequency domain is done. But not every algorithm is
reasonable.

The algorithm presented in [5] is a new approach to de-
tect complex fractionated electrograms (CFAEs) by evaluat-
ing the signals energy. The algorithm is based on the Non-
Linear Energy Operator defined in [6] [7] and is adapted to
atrial electrograms. The main advantage of this algorithm is,
that it is not delimited to a specific signal length. So also
CFAEs with an activity over e.g. 12 seconds can be de-
tected and then preprocessed. Based on this segmentation two
new indices (ActivityRatio and MeanLengthofActiveSection
(MLAS)) are defined to evaluate CFAEs. The physiological
information of these new indices is validated by comparing it
to clinically accepted algotrihms.

II. MATERIALS & METHODS

A. Data Acquisition

In coorperation with Städtisches Klinikum Karlsruhe
(Academic teaching hospital of the University of Freiburg,
Germany) intracardiac bipolar electrograms were examined.
The data was measured during electrophysiological exami-
nations. All patients were ablated because of persistent and
long-lasting persistent atrial fibrillation (AF). All ablations
were performed using the impedance based 3D navigation
system EnSite NavXTM(St. Jude Medical). Complex frac-
tionated electrograms (CFAE) were recorded before and af-
ter pulmonary vein isolation (PVI) at defined positions in the
left atrium (roof, septum, anterior and posterior wall). The
data was acquired with a 10 polar Lasso R© catheter (Biosense
Webster) over 6 seconds with a sampling rate of 1200 Hz.
In addition recordings from a multipolar catheter (8 polar,
BARD inc., New Jersey, USA) in the coronary sinus deliv-
ered four leads of bipolar intracardiac ECG signals (sampling
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rate 1000 Hz).
Baseline wander and low-frequency noise were elimi-

nated from the electrograms by use of DWT-based (Discrete
Wavelet Transformation) approach. The high frequency dis-
turbance is removed by a conventional Butterworth low pass
filter [8].

B. Dominant Frequency

The most common analysis of atrial fibrillation in the fre-
quency domain is the dominant frequency (DF) analysis. It is
an estimation of the atrial activation rates. If the signal is peri-
odic and more or less sinusoidal in morphology, the dominant
frequency will be related to the signal’s rate. The dominant
frequency will be able to reflect the periodicity of the signal
better, the more the signal looks like a sine wave. The imple-
mentation of calculating the dominant frequency is done as
described in [9].

1. Bandpass filtering at 40-250Hz
2. Absolute value (rectification)
3. Lowpass filtering at 20 Hz
4. Windowing
5. (Zero-padding)

Finally the FFT is computed and the frequency with the
highest amplitude is determined as dominant frequency.

C. Fractionation Index (EnSite)

CFAE-Maps were created during electrophysiolocical ex-
aminations by use of the EnSite NavXTMsoftware (St. Jude
Medical). Stable rhythms at different regions of the left
atrium are recorded with conventional catheters using the
EnGuide-System. The automated algorithm of the NavX sys-
tem is used to identify fractionated electrograms. A list of
settings for the NavX algorithm are made as usual by the
physicians (P-P sensitivity = 0.04 mV, electrogram detection:
−dV/dt, Refractory = 40 ms, Interpolation = 14 mm, seg-
ment length = 5 s, etc.). For each recorded region the auto-
mated algorithm delivers a fractionation index (CFE-Index)
based on the cyclelength of distinguishable local activities in
one electrogram.

D. Non-Linear Energy Operator

The Non-Linear Energy Operator (NLEO) is a simple al-
gorithm to calculate the energy of a given signal. The energy
of a mass-spring system with its underlying harmonic mo-
tion is proportional to the square of the frequency and to the
square of the amplitude [6].

E ∝ A2 2 (1)

Now, let x(n) = Acos(Ωn + ) be a digital signal, where
Ω = 2 f / fs is the digital frequency in radians/sample, f is
the analog frequency and fs the sampling frequency. is the
initial phase in radians and A the amplitude. The values for
the three unknowns (A, Ω and ) can be obtained from three
samples (xn, xn−1 and xn+1) of the signal x(n). Using trigono-
metric identities, doing some reformulating and substitution
we obtain

En = x2
n − xn+1xn−1 = A2 sin2(Ω) ≈ A2Ω2 (2)

This formula is unique and exact for Ω < /2. To use
the approximation on the right-hand side of (2) we limit
Ω to /4, i.e. f / fs < 1/8. With a sampling frequency of
fs = 1200 Hz the highest frequency in the signal must be
smaller than 150 Hz.

The NLEO is used to segment the given signal by inter-
preting its frequency and amplitude (1). According to [5] the
following processing is done

1. Denoising and Baseline Wander Removal
2. NLEO
3. Gaussian Lowpass Filtering
4. Adaptive Thresholding
5. Postprocessing

As result the signal is devided into active and inactive seg-
ments. Based on this segmentation two indices are defined.

ActivityRatio = ∑ length of all active sections
overall length

(3)

MLAS = ∑ length of all active sections
Number of active sections

(4)

III. RESULTS

A. Test of NLEO with Coronary Sinus Data

To test the two indices defined in (3) and (4) they are
applied on a data set measured in the coronary sinus. The
data was recorded during sinus rhythm, atrial flutter and atrial
fibrillation over a time of 60 seconds from the same person.
Five segments with a length of 6 seconds are analyzed and
the mean ActivityRatio and MLAS were computed (table 1).
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Fig. 1: CFAE Map before and after Pulmonary Vein Isolation (EnSite
NavX TM). White areas: high fractionation, purple areas: low fractionation.

Fig. 2: Mean CFE-Index (EnSite NavX TM) and dominant frequency before
and after Pulmonary Vein Isolation. data1-data4 terminated during ablation,

data5 did not terminate.

Table 1: Fractionation in the Coronary Sinus

ActivityRatio MLAS

Sinus Rhythm 0.11 50.16

Atrial Flutter 0.27 59.38

Atrial Fibrillation 0.42 74.03

Comparing the three states, it is evident that the Activi-
tyRatio is increasing when the disarrangement of the excita-
tion propagation from sinus rhythm to AF rises. That means
the length of the active segments is increasing and also the
number of fractionated signals. The data is getting more and
more irregular.
The MLAS delivers similar results. It is also increasing when
the electrogram gets disarranged.

B. A Patient Study

To investigate the clinical value of the ActivityRatio and
MLAS, they are compared to clinically proved methods
(CFE-Index, DF). The discribed methods were compared on
data sets of 5 patients. Complex fractionated electrograms
(CFAE) were recorded before and after Pulmonary Vein Iso-
lation (PVI) at defined positions in the left atrium (roof, sep-
tum, anterior and posterior wall) using the Ensite NavX Sys-
tem. For all data sets the mean CFE-Index, the dominant fre-
quency (DF), ActivityRatio and MLAS were calculated.
Out of the five analyzed data sets four were from patients
who terminated during catheter ablation (data 1-4, 3x direct
termination, 1x via an atrial tachycardia). The fifth data set
was from a patient who underwent external cardioversion. In
those patients who could be terminated by catheter ablation
the mean CFE-Index increased from 71,25 ± 21,1 ms before
to 125 ± 44,3 ms after PVI (indicating decreasing fractiona-
tion!) and the mean DF decreased from 6,4 ± 0,3 Hz before to
5,9 ± 0,5 Hz after PVI. Analyzing the patient without termi-
nation of AF the mean CFE-Index decreased (145 ms before
and 125 ms after PVI) and the DF did not change at all.

The same result is given by calculating the ActivityRatio
and the MLAS. For the data sets with termination of AF the
ActivityRatio decreased from 0.67 before PVI to 0.46 after
PVI and the MLAS from 243.2 to 125.2 (indicating decreas-
ing fractionation).
The values for the data set without termination are increas-
ing from 0.49 to 0.67 (ActivityRatio) and 128.8 to 176.0
(MLAS).

IV. CONCLUSION

The new approach for locating CFAEs works robust and
can be used as bases of a following signal analysis. It does
not have the disadvantages of the dominant frequency which
is only reasonable for a subset of CFAEs [9]. Also it is not
limited to a specific signal length like the CFE-Index. But
the main disadvantage of the CFE-Index is that it is depend-
ing on a long list of settings which have to be defined by
each cardiologist individually. So the result is not unique.
Using adaptive thresholding the new algorithm is less user-
dependent. Filtering and baseline wander removal is essen-
tial to get good results. The two new indices (ActivityRatio
and MLAS) reflect the disarrangement of the excitation prop-
agation when the heart rhythm evolves from sinus rhythm to
atrial fibrillation. Compared with CFE-Index and DF they are
well-defined, user-independent and they give the same infor-
mation on analyzing CFAEs before and after pulmonary vein
isolation.
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Fig. 3: Mean ActivityRatio and mean MLAS before and after Pulmonary
Vein Isolation. data1-data4 terminated during ablation, data5 did not

terminate.

Based on the segmented data further analysis like time-
frequency analysis can be performed to get a better under-
standing of the electrophysiological processes.
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Abstract— A modified mass-spring system for simulating the

passive and active elastomechanical properties of the myocar-

dial tissue is presented in [1]. The results presented in [1] are

combined with the method of [2] to use continuum mechanics

calculate passive forces in a mass-spring system directly start-

ing from the energy density function of the stress-strain rela-

tion. An efficient method for volume preservation is presented

and the implementation of an implicit time integration method

for solving the system’s equations of motion is described. The

computational complexity of the system is analyzed and shown

to be of O(n). At the end several simulations are conducted to

demonstrate the method.

Keywords— mass-spring, implicit integration, myocardial defor-

mation, volume preservation

I. INTRODUCTION

Myocardial tissue has non-linear, anisotropic elastome-
chanical properties. It also retains a constant volume under
deformation. These properties along with the complex geom-
etry of the myocardial tissue makes computer modeling of the
elastomechanics of the heart a challenging task. Mass-spring
systems provide an efficient tool for modeling deformable ob-
jects. However, an ordinary mass-spring system is not suit-
able for modeling the myocardial tissue due to the tissue’s
properties mentioned above.

Based on a mass-spring model suggested by Bourguignon
et al. [3] to control anisotropy in volumetric deformable ob-
jects, a modified mass-spring system for myocardial model-
ing was previously presented [1]. In this paper, the strain-
stress relations representing the passive mechanical proper-
ties of the myocardial tissue were approximated using several
cubic functions for the fiber, sheet and sheet-normal direc-
tions. The parameters of these functions were obtained by fit-
ting the cubic functions to strain-stress curves of energy den-
sity function proposed by Hunter et al. [4]. In a related work,
T. Fritz showed how to directly calculate the passive forces
in this modified mass-spring system by using the energy den-
sity function of continuum mechanics [2]. That eliminates the
need of parameterization, or approximation and provides the
system with higher accuracy.

In this paper, both concepts are combined to simulate
the elastomechanical properties of myocardial tissue using a
modified mass-spring system.

II. METHODS

A. Volume Preservation

A very important property of the myocardial tissue is that
it retains a constant volume under deformation. Therefore, in
computer modeling of heart elastomechanics, every method
must provide this feature. In mass-spring systems, achieving
volume preservation is not a straight forward.

Bourguignon et al. used a soft constraint approach [3].
where penalty forces depending on the change of volume
were applied to the vertices of each volume element.

This method was adopted in [1]. However, the perfor-
mance of the method was strongly related to the stress acting
in each volume element, and a level of 5% volume preserva-
tion was achieved only after several optimization cycles.

An adaptation method to track and eliminate the volume
changes by actively scaling the penalty forces was tested but
also did not show good results.

Again, the solution for the problem was obtained from the
toolbox of continuum mechanics as shown in [5]. By refer-
ring with W to the the energy density function used to calcu-
late passive forces in the model’s volume elements. The ex-
tended energy density function Wv can be defined by adding
a hydrostatic work term to W :

Wv = W +
1
2

k(det(F)−1)2 (1)

Wv represents the energy density function used to calculate
the passive forces and the volume preservation forces, k is a
large penalty number, F is the deformation tensor.
Since:

V = V0 det(F) (2)

it follows:

(V −V0)/V0 = det(F)−1 (3)
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In other words, the term det(F)− 1 is the relative change
of the volume. When the volume V deviates from its original
value V0, hydrostatic work is added to the extended energy
density function Wv, eventually, penalty forces resulting from
Wv will try to keep the change in volume around zero.

Several simulations were conducted to obtain a suitable
value for k. In these simulations the contracting forces were
linearly increased and the change of volume was calculated.
The value k = 2×106 was found to be suitable for the range
of our applications. Using this value of k, the relative change
of volume remained under the 0.1% limit. To avoid instabil-
ity, larger values for the penalty number k were avoided. In
our simulations, the extended energy density function Wv was
used instead of W to ensure incompressibility.

By using this method, the volume of the system V oscil-
lates around the original volume of the system V0. This oscil-
lation can compromise the stability of the system, therefore
smaller simulation time steps were needed to obtain a good
volume preservation.

B. Implicit Time Integration

In [1] solving the stiff equation of motion of the system
was done using Adams-Bashforth and Adams-Moulton meth-
ods as a Predictor-Corrector pair with adaptive time step.
This method offered a huge advantage over the explicit Euler
method concerning stability. However, the time step plunges
often into very small values to ensure stability and accuracy
of the solution which results in reduction of the efficiency. On
the other hand taking larger steps can lead the system very
easily toward instability.

To take larger time steps without compromising the stabil-
ity of the system, implicit time integration was implemented.
The equations of motion of the system are governed by the
system’s N particles p. A particle pn is defined by its three
components (p0

n, p1
n, p2

n). The trajectory of these particles is
a 3N dimensional u(t). The system’s equations of motion is
defined by a set of 3N coupled second-order differential equa-
tions:

M
d2

dt2 u(t)+F(u(t),
d
dt

u(t), t) = 0 (4)

with u(t = 0) = u0 and d
dt u(t = 0) = v(t = 0) = v0.

M is the mass tensor and F(u(t), d
dt u(t), t) can be written

as:

F(u(t),
d
dt

u(t), t) = Fext(t)+Fp(u(t))+Fd(
d
dt

u(t)) (5)

Fp represents the passive forces generated by the deforma-

tion of the object, Fd the damping forces and Fext represents
the active forces in our case.

The equations of motion can be rewritten as 2x3N first-
order equations as follows:

d
dt

u(t) = v(t) (6)

d
dt

v(t) = M−1F(u(t),
d
dt

u(t), t) (7)

To solve these equations numerically u(t) and v(t) must
be evaluated at discrete time points ti as follows:

vi+1 = vi +Δv (8)

Δv = hM−1F(ui+1,vi+1, ti+1) (9)

ui+1 = ui +vi+1 ·h (10)

and h = ti+1 − ti is the time step.

F(ui+1,vi+1, ti+1) = Fext(ti+1)+Fp,d(ui+1,vi+1, ti+1)(11)

Fext(ti+1) represents the active forces generated with the force
development model, and they are given prior to the mechani-
cal simulation’s beginning.

By applying a Taylor series expansion to
Fp,d(ui+1,vi+1, ti+1) and making the first order approx-
imation, we get:

Fp,d(ui+1,vi+1, ti+1) = (12)

F(ui,vi, ti) +
∂F(ui,vi, ti)

∂u
(ui+1 −ui)+

∂F(ui,vi, ti)
∂ t

h +
∂F(ui,vi, ti)

∂v
(vi+1 −vi)

and substituting in the equation (9), then using (10) and
(8), and finally arranging for Δv a linear system of the form:

AΔv = b (13)

is obtained with:

A = 1−hM−1 ∂
∂v

F(ui,vi, ti)−h2M−1 ∂
∂u

F(ui,vi, ti)(14)

b = hM−1Fext(ti+1)+hM−1F(ui,vi, ti) (15)

+ h2M−1 ∂
∂u

F(ui,vi, ti)vi +h2M−1 ∂F(ui,vi, ti)
∂ t
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The term h2M−1 ∂F(ui,vi,ti)
∂ t is neglected. The Jacobian ma-

trices Ju = ∂
∂u

F and Jv = ∂
∂v

F must be determined. This can
be done numerically by using finite differences.

To obtain the Jacobian matrix of the passive forces Fp the
passive forces at the current time point Fn(u(ti)) for all parti-
cles n are calculated. Then a small but finite value δu is added
to each component of each particle pk

m at a time, that results
in the varied configuration û(pk

m). Eventually the varied pas-
sive forces F̂

j
n(û(pk

m)) of all particles pn including pn=m are
calculated. The Jacobian matrix Ju is then built by calculating
the difference quotients:

Ju,qr =
F

j
n − F̂

j
n(û(pk

m))
δu

(16)

In a similar way, the Jacobian matrix of the damping forces
Fd is calculated by adding small but finite value δv to the
components of the velocity v and repeating the steps detailed
above to build the Jacobian matrix Jv.

Both Jacobians are replaced in equation (14) and (15).
Since any particle of the system is only connected to a max-
imal number of neighboring particles of 26 particles (voxel’s
vertices in 3D space) the matrix A is sparse and it can be
shown that every row of the matrix contains a constant count
of non zero elements. That allows the use of efficient meth-
ods to solve the linear system (13). An iterative solver that
takes advantage of the sparsity of matrix A provided with the
PETSc package [6] is used.

Implementing the implicit time integration for solving the
equations of dynamics not only increased the stability and
allowed for larger time steps, but also removed the unwanted
oscillation of the volume mentioned above.

III. SIMULATIONS

In this work, simulations are separated in two groups.
The first group of simulations demonstrates the linearity of

the complexity of the system, in other words, that the system
belongs to the O(n) algorithms class, where n is the count of
the system’s volume elements.

The main benefit of using mass-spring systems is time ef-
ficiency. Implementing implicit time integration means that
the equation (13) must be solved. This equation is of order
N2 with N the number of particles. Due to the sparsity of the
system’s matrices, equation (13) can be solved in N iterations
after the matrices are preconditioned, and therefore solving
the equations of motion is of O(N) complexity. The count of
volume elements n grows with the same rate as the count of
particles or faster, therefore it is safe to say that the system is
of O(n) complexity.

To test this hypothesis, cuboid shaped models sharing the
same physical properties but differ only in their mesh reso-
lution were simulated under the same conditions with a fixed
time step of 10−5s and simulation duration of 1s . For each
simulation the system’s matrices are preconditioned. Then
the total time needed for each of the simulations to complete
was noted along with the resolution of the model. The results
are displayed in (Table 1), the linearity is clearly shown in
(Fig 1).

Table 1: Simulations Statistics

Tetrahedrons count Total simulation time (s)

96 7

768 55

1500 107

6144 107

20736 509

32928 2604

49152 3598
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Fig. 1: The linearity of the complexity of the system. The simulations
duration is plotted against the models tetrahedrons count. The points

representing the simulations and the linear regression of these points are
displayed.

The second group of simulations demonstrates the volume
preservation of the model under deformation. As a simplified
model of the left ventricular geometry, a truncated ellipsoid
with an apex fixation and realistic fiber twist generated using
the method described in [7] was used. For each volume el-
ement of the geometry and for each time step, active forces
were simulated using the electrophysiology model described
in [8] combined with a force development model [9]. The ca-
nine passive and active mechanical properties were adopted
from [4] and [10]. Active forces and damping were scaled up
to compensate the effect of the unphysiological thick tissue in
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the model.The simulation showed rotation of the apex, thick-
ening of the myocardial walls and shrinking of the cavity and
thus a pumping function. (Fig. 2) shows some snapshots of
the simulations.

Fig. 2: Simulation of a truncated ellipsoid of 49344 tetrahedrons with a
total mass of 1.08454 kg in a 26x26x33 voxels lattice with a resolution of

5mm. Relative volume change remained below 0.01%. Rotation of the apex
and a pumping function are observed. The white mesh represents the model

at start. In red the deformed model after 250ms is shown.

IV. DISCUSSION

A method for volume preservation in a modified mass-
spring system was presented in this paper alongside with the
implementation of implicit time integration. The simulations
showed that the system is of O(n) complexity which ensures
the efficiency of the simulation method. Blood pressure and
the influence of the pericardium that were not discussed in
this paper. Toward an efficient and personalized modeling
tool of the myocardial elastomechanics will be part of future
works.
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Abstract— Abdominal aortic aneurysms are a major health 
concern in the developed world.  These aneurysms are often 
asymptomatic and eventually enlarge to the point of rupture if 
left untreated.  Most surgical intervention is performed when 
the detected aneurysm has exceeded 5.5cm in maximum di-
ameter.  Recently, concerns have been raised over the reliabil-
ity of this criterion, with calls for other relevant parameters to 
be included in the decision-making process.  Peak wall stress is 
often deemed the most appropriate value determined using 
numerical approaches to aneurysm modelling.  This work 
examined the influence of asymmetry on peak wall stress.  
Idealised models based on a realistic asymmetric case were 
studied.  Twelve models comprising of three forms of aneu-
rysmal sac lengths, with four ratios of asymmetry per sac 
length, were analysed.  All models experienced significant 
increases (P=0.004) in peak wall stress with increases in 
asymmetry, with peak stress always occurring at regions of 
inflection, rather than at regions of maximum diameter.  A 
novel technique of quantifying inflection was also developed 
and shown to be significant (P=0.023).  Asymmetry and inflec-
tion play significant roles in wall stress distributions and 
should be a concern of the clinician when deciding on the tim-
ing of surgical repair of abdominal aortic aneurysms. 

Keywords— Aneurysm, wall stress, asymmetry, inflection 

I. INTRODUCTION  

Abdominal aortic aneurysm (AAA) is a permanent and 
irreversible dilation of the infrarenal section of the aorta.  
AAAs are typically defined as having a maximum diameter 
1.5 times that of the healthy aorta.  These aneurysms are 
usually asymptomatic until rupture and are traditionally 
repaired once the maximum diameter exceeds 5.5cm.  There 
has been much research into the reliability of basing surgi-
cal repair solely on maximum diameter with researchers 
proposing to include other relevant risk factors in the deci-
sion-making process [1-6].  

AAA peak wall stress has recently been considered im-
portant with regard to rupture prediction [2,3].  It has been 
shown that small AAAs can rupture and, paradoxically, 
large AAAs may remain stable.  As AAA wall stress is 
clearly an important parameter in AAA rupture, many re-
ports have suggested that AAA geometry may play a role in 

the resulting stress distributions.  The geometrical role of 
asymmetry has been shown to influence wall stress in ideal-
ised models [7,8] and also in realistic AAA cases [4].  This 
paper aims to show the influence of asymmetry on peak 
wall stress in AAA models of varying geometrical mor-
phology, based on realistic asymmetry and diameters.  A 
novel method of quantifying inflection was also developed 
and examined with relation to peak stress. 

II. METHODOLOGY 

A. Model Generation 

A realistic AAA case with a maximum diameter of 7.3cm 
formed the basis of this study.  This extremely asymmetric 
AAA was reconstructed using Mimics v12 (Materialise, 
Belgium) with the centerline determined.  The degree of 
asymmetry was calculated using a previously described 
technique [4].  This asymmetric centerline was then varied 
in ratios back to that of a completely symmetric AAA as 
shown in Figure 1.  In order to create AAAs with realistic 
parameters, diameters based on a range of 15 patient-
specific cases [4] were applied to the centerlines.  
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Fig.1 Asymmetric centerlines developed from the realistic case. Legend 
refers to variations of asymmetry (Ω). 
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Twelve AAA models were created in total, with the ge-
ometries covering a wide aspect of possible AAA mor-
phologies as shown in Figure 2.  Models A1-4 have a sac 
length of 110mm, models B1-4 have a sac length of 87.5mm, 
and models C1-4 with a sac length of 70mm.  These sac 
lengths were also based on realistic cases [4]. 

 

 
 
Fig.2 Models generated using ratios of a realistic asymmetric AAA, sac 
lengths and diameters. 

 
B. Wall Stress Analyses 

 Wall stress distributions were calculated using the finite 
element solver ABAQUS v6.7.  The AAA wall was meshed 
using quadratic tetrahedral 3D stress elements.  The mate-
rial model used to represent the AAA wall is that developed 
by Raghavan and Vorp [9] and has been implemented in 
many previous stress analyses of AAAs.  A peak internal 
pressure of 120mmHg (16KPa) was applied to the inner 
wall to represent the end-systolic conditions of the cardiac 
cycle.  The proximal and distal regions of each model were 
fully constrained to simulate tethering to the rest of the 
aorta.  Contact between the virtual AAA and internal organs 
and the spinal column was ignored.  Mesh independence 
was achieved by increasing the number of elements of the 
mesh until the peak stress was not significantly altered 

(<2%) [4,5].  This criteria resulted in mesh sizes of 16000 
elements for Models A, 12000 for Models B, and 9000 for 
Models C. 
 
C. Inflection Quantification 

A novel technique of quantifying the degree of inflection 
was developed.  This simple method involves firstly, deter-
mining the centreline of the AAA using the reconstruction 
software.  This centreline is then connected with a straight 
polyline, and then the start of the AAA sac is located.  This 
is the point at which the sac begins to develop.   Next, a 
distance of 25mm distal to the start of the sac is marked on 
the asymmetric surface.  A connecting line from the inflec-
tion point on the surface of the AAA is joined back to the 
connecting centreline of the model, with the inner angle 
measured.  The point on the surface that joins with the cen-
treline connection will be predominantly on the anterior 
surface using this technique.  Figure 4 illustrates this 
method in an asymmetric case (B4). 

 

 
 
Fig.3 Method of determining angle of inflection.  Model shown is B4.  (A) 
The end points of the AAA centreline are connected.  The start of the AAA 
sac is located, with a distal distance of 25mm measured from this point. A 
line then connects the surface at the inflection point on the anterior surface 
with the centreline of the model.  The angle between these lines is then 
measured.  Resulting angle for this example is 63.8º.  (B) Gaussian surface 
curvature showing how regions are inflection points.  Inflection points are 
regions where the surface curvature equals zero.  The same approach is 
used for all models.   

III. RESULTS 

The FEA resulted in stress distributions on the surfaces 
of each AAA model.  The Von Mises stress was examined 
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as this is a stress index based on the Von Mises shear distor-
tion failure criterion and is a function of the invariants of 
the stress tensor.  In all models, peak stress occurred at 
inflection points on the surface of the AAA wall.  This find-
ing is consistent with previous reports that showed peak 
stress at regions of inflection and not at regions of maxi-
mum diameter [4,5,7-10].  The resulting stress distributions 
on the deformed models can be seen in Figure 3.  It is clear 
from the results that increasing the asymmetry relates to 
increased wall stress (P=0.004) as shown in Table 1.  Each 
percentage increase is compared to the symmetric case of 
that particular model, that is, when Ω=0.   

 

 
 
Fig.3 Wall stress distributions of the twelve virtual AAAs examined. 
Models are shown from the right lateral view. Note peak stresses at regions 
of inflection and how increasing asymmetry increases wall stress. 
 
 The realistic AAA case from which all virtual models 
were based was also examined using FEA.  This patient-
specific case returned a higher peak wall stress (0.895MPa) 
than its similarly asymmetric virtual models (A4 = 
0.6849MPa, B4 = 0.6126MPa and C4 = 0.6767MPa) as 
shown in Figure 4.  Peak stress also occurred at the proxi-
mal inflection point in the realistic case, as with all the vir-
tual models. 

 The degree of inflection was quantified for each virtual 
AAA model using the novel technique described earlier.  
The significant results of this analysis (P=0.023) are pre-

sented in Table 1.  From the results presented it was possi-
ble to relate inflection angle to asymmetry ratio in order to 
predict increases in wall stress due to geometrical parame-
ters.  This predictive stress model is shown in Figure 5.  
Here, the percentage increases in wall stress compared to 
the symmetrical model of that group, can be seen in relation 
to increases in both inflection angle and asymmetry ratio.  
This relationship allows AAAs to be roughly examined for 
peak wall stress depending on the degree of asymmetry, 
inflection quantity, and ultimately, overall shape.  Trendli-
nes fit well to the data for each group (Group A: R2=0.9998, 
Group B: R2=0.9995, Group C: R2=0.9755) with a signifi-
cant relationship observed between the results (P<0.0009).   

 
Table 1 Peak stress results, percentage increases in peak stress, and meas-
ured inflection quantities for each virtual AAA. Stress values are given in 
MPa.  Percentage increases are compared to the symmetric model when 
Ω=0 for that particular case. 
 

Model Peak Stress 
(MPa) 

Increase in Peak 
Stress (%) 

Inflection 
Quantity 

A1 0.378 - 47.7 

A2 0.4474 15.51 56.2 

A3 0.5785 34.66 62.1 

A4 0.6849 44.81 66.4 

B1 0.4533 - 40.0 

B2 0.5085 10.86 50.0 

B3 0.5546 18.27 58.5 
B4 0.6125 26.00 63.8 
C1 0.5826 - 33.4 
C2 0.6149 5.25 51.0 
C3 0.6438 9.51 55.5 
C4 0.6767 13.91 61.6 

 

 
 
Fig.4 Stress results for four differing AAA models all based on the same 
centreline asymmetry. The stress results for the realistic case are also 
shown for comparison. Models are shown deformed and from the right 
lateral view. 
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Fig.5 Relationship between inflection angle and asymmetry ratio for the 
groups of A, B, C models. Also shown is the percentage increase in peak 
wall stress of the particular geometry compared to the symmetric model of 
that group-set. 
 

IV. CONCLUSIONS 

This study examined twelve AAA models based on the 
asymmetry of one realistic case, and has shown how 
changes in both asymmetry and AAA sac length effects 
peak wall stress.  A novel method of quantifying inflection 
was developed.  It was clear from the von Mises wall stress 
results that an increase in asymmetry results in an increase 
in wall stress.  This was most evident in the fusiform mod-
els of cases A1-4.  Fusiform models appear to experience 
high increases in wall stress with increasing asymmetry, 
compared to the short saccular models of C1-4, which remain 
relatively highly stressed regardless of changes in asymme-
try.  The relationships between peak wall stress and both 
asymmetry (P=0.004) and inflection quantity (P=0.023) 
were observed as significant.  The methods of quantifying 
both asymmetry and inflection are quick and effective, and 
may be useful to include as parameters in the decision to 
surgically intervene a detected AAA.  
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Abstract— Anatomical voxel models are used for example for

dosimetric assessment and numerical field calculations. For best

matching between model’s and patient’s properties an accurate

model should be created by Magnetic Resonance Imaging or

Computer Tomography images for every patient. Due to com-

plexity, time and costs this is not always possible. In contrast

3D laser scanning is a fast and easy method to gain informa-

tion about a patient‘s body surface. In this work generic organ

models are developed to fit into the laser scan envelope of any

patient. One model set was processed as to fit to the volume ref-

erence values of the International Commission on Radiological

Protection’s of six different ages. To accomplish a more realistic

shape, orthogonal scaling factors are used to simulate growth in

three different directions.

Keywords— anatomic modeling, field calculations

I. INTRODUCTION

Anatomical models are a representation of human
anatomy. They are used for dosimetric calculations in nu-
clear medicine, for radiography and radiotherapy, for radia-
tion protection purposes and for numerical field calculations.
To achieve a best match to a patient, deriving an anatomi-
cal model of each subject would be the solution with highest
accuracy. Therefore cross-section images of Magnetic Reso-
nance Imaging (MRI) can be used to create a voxel model.
This procedure is very time consuming, complex and expen-
sive. In this work the body surface of any patient is acquired
with 3D-laser-scanning, which is a very fast method in com-
parison to MRI. This creates a need for an adaption of the
generic organ models to the actual body proportions. The
aim of this work was the development and implementation
of rules for this transformation process.

II. MATERIALS AND METHODS

A. Materials

A..1 Overview of anatomical models

In the beginning of dosimetric and field calculations,
mathematical phantoms were used as anatomical models.
Different organs and body parts were approximated by ge-
ometric objects, given as mathematical equations. These

geometric objects were a strong simplification of the real
anatomy and only roughly matched the real anatomical shape.
With further improvements in medical imaging through Com-
puted Tomography (CT), MRI and faster image process-
ing, anatomical models could be created from cross-section
images. Combining the images and extending them in the
third dimension made it possible to create voxel models. An
overview of various computational anatomical models can be
found in [1].

A..2 ICRP reference values

In their Publication 89 the International Commission on
Radiological Protection (ICRP) presented properties of hu-
man anatomy. Reference values were given for six different
ages: newborn (0 years), 1-, 5-, 10-, 15 years and adult. With
respect to age, mass and volume reference values were deter-
mined for every organ. Furthermore, organs were divided in
four growth patterns (Figure 1).

Fig. 1: Four patterns of human growth . A = lymphoid type (thymus, lymph
nodes and intestinal lymph mass), B = neural type (brain, meninges, spinal

cord and eye balls), C = general type (digestion, respiratory and urinary
organs, heart, blood volume, musculature and spleen), D = reproductive

type (genital organs except uterus) [2]

A..3 ORNL phantom series

The Oak Ridge National Laboratories (ORNL) Phantom
Series is a series of mathematical anatomical models. Human
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body and organs are described by geometric objects. The se-
ries contains six phantoms representing the different ages of
the ICRP reference individuals. Their organ volumes are de-
fined to match the reference values. All phantoms were de-
rived by transforming the adult phantom contained in the se-
ries. Therefore three orthogonal scaling factors are given for
each organ. With this scaling factors not only the size of an or-
gan can be varied but also its shape. This allows the anatomi-
cally correct description of growth in different directions [3].

A..4 Virtual Family

The Virtual Family is a series of four anatomical whole
body models provided by Speag, Zurich, Switzerland. It con-
sists of a 34 year old man, a 26 year old woman, an eleven
year old girl and a six year old boy. Mass and height show a
good match to ICRP reference values.
In this work, the Virtual Family models were used for two rea-
sons: first of all, there is an adult and a child model of each
gender. The adult models could be processed to match the
age of the child models. The results of these transformations
could be compared with the given child models, providing
a way to evaluate the transformation rules proposed in this
work. The second advantage of the Virtual Family was the
fact that organs are already segmented. This made it easier to
extract single organs from the data set.

B. Hypotheses

For developing subject specific models based on generic
organs, one must find a way to deform organs in order to
match the actual proband. The result of this process should
represent a realistic anatomy at an arbitrary age. As shown
in figure 1, organ proportions change during growth. This
made it necessary to process each organ separately in order to
match the ICRP reference values. That guaranteed a realistic
volume and weight. To obtain an accurate anatomical shape,
orthogonal scaling factors as shown in ORNL phantom se-
ries, were used to represent growth in different directions.

C. Methods

C..1 Alignment of organ models

Before applying the scaling factors of mathematical phan-
toms, the organ models had to be orientated according to
their corresponding mathematical phantom. Therefore the
method of principal components analysis (PCA) was used.
The PCA, also known as Kahunen-Loeve-transformation is
a multivariate analysis which helps to recognize patterns in
data sets. The PCA of 3D data provides orthogonal eigenvec-
tors, ranked after the significance of the variability in the data.

The organ model was rotated in order to align the orientation
of its eigenvectors with the corresponding eigenvectors of the
mathematical model.

C..2 Scaling of organ models

After an organ model is orientated in the same way as the
mathematical model, the three orthogonal scaling factors can
be used to change the organ‘s size and shape. Those fac-
tors for every given age directly influences the mathemati-
cal phantom’s size. Coming from the adult male model, only
relative changes of dimensions in the organ development at
different ages in respect to the adult dimensions were of in-
terest. Therefore scaling factors for other ages than the adult
had to be normalized to the adult’s scaling factors. Thus rela-
tive changes of dimensions in respect to the adult dimensions
were derived. These relative scaling factors were applied to
the oriented organ model.

III. RESULTS

A. Shape of processed organ models

The left and right lung as well as the liver were computed
for the ages five and ten, in order to compare them with the
children models of the Virtual Family. They represent six and
eleven year old children but do conform to the height and
weight of the ICRP reference values of ages five and ten. Two
different ways were used to generate these organs. First, an
organ was transformed to a reference volume by using an uni-
form scaling factor for all three dimensions. Then the same
organ was transformed by using three individual scaling fac-
tors derived from the ORNL phantoms. To evaluate the im-
plication of scaling factors, dimensions of the two generated
models were compared with the dimension of the real model.
The comparison was implemented by calculating the aspect
ratios X/Z, Y/Z and X/Y of the models’ dimensions (Table 1
and 2). Furthermore relative deviation of aspect ratios of the
scaled organs from the children models were calculated:

aspect ratioscaled organ − aspect ratiochild organ
aspect ratiochild organ

(1)

According to the deviation in aspect ratio using orthogo-
nal scaling factors, the results in Table 1 showed a good im-
provement by using ORNL scaling factors for both lungs of
a model (Figure 2), representing a five year old, as well as
for the right lung of an eleven year model (Table 2). Regard-
ing the liver the use of scaling factors did not result in an im-
provement but a deterioration of aspect ratio. The scaling fac-
tor for y-direction seemed not to be appropriate for real liver
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(a) (b) (c)

Fig. 2: Anterior and posterior view of mesh models of the human left lung.
Model representing age five generated using orthogonal scaling factors (a),

model of the six years old boys of the virtual Family (b) and model
transformed to the age of five by one single scale factor (c). (YZ view)

Table 2: Comparison of aspect ratios of the ten year old Virtual Family
model, (a) model generated with orthogonal scaling factors, (b) with one

scaling factor

aspect ratio rel. deviation in %
X
Z

Y
Z

X
Y

X
Z

Y
Z

X
Y

left lung:

girl 0,52 0,7 0,75 - - -

(a) woman orth.

scaled

0,48 0,74 0,64 -8,69 6,77 -

14,48

(b) woman to ref-

erence

0,48 0,7 0,69 -8,69 0,08 -8,76

right lung:

girl 0,65 0,76 0,85 - - -

(a) woman orth.

scaled

0,64 0,78 0,81 -2,22 2,73 -4,82

(b) woman to ref-

erence

0,58 0,72 0,8 -

11,57

-5,14 -6,78

liver:

girl 1,07 0,79 1,34 - - -

(a) man orth.

scaled

1,16 1,12 1,03 9,92 29,35 -

15,02

(b) man to refer-

ence

1,16 0,82 1,4 9,77 0,64 9,08

Table 1: Comparison of aspect ratios of the five year old Virtual Family
model, (a) model generated with orthogonal scaling factors, (b) with one

scaling factor

aspect ratio rel. deviation in %
X
Z

Y
Z

X
Y

X
Z

Y
Z

X
Y

left lung:

boy 0,57 0,86 0,67 - - -

(a) man orth.

scaled

0,59 0,87 0,68 3,22 1,76 1,44

(b) man to refer-

ence

0,5 0,69 0,72 -

12,79

-

19,52

8,36

right lung:

boy 0,66 0,88 0,75 - - -

(a) man orth.

scaled

0,73 0,96 0,77 10,38 8,06 2,15

(b) man to refer-

ence

0,62 0,74 0,83 -7,28 -

16,09

10,50

liver:

boy 1,07 0,79 1,34 - - -

(a) man orth.

scaled

1,16 1,12 1,03 8,17 40,70 -

23,12

(b) man to refer-

ence

1,16 0,82 1,4 8,14 3,54 4,45

models. Comparing the five and ten years old mathematical
phantoms with real organ models approved this assumption.
The liver phantom was over expanded in one direction com-
pared to real organ models. Using this factor for generic liver
models resulted in the same failure.

B. Deviation of reference values

The ORNL scaling factors are designed in such way that
the mathematical organ model’s volume matches the ICRP
reference values. By applying these factors on real organ
models, a deviation from reference values could be observed.
Table 3 shows relative volume deviations that appeared while
scaling the male and female models to different juvenile ages.
Thus the original Virtual Family models have a deviation
from reference values themself, a significant improvement

Table 3: Relative volume error in % due, using scaling factors for
generating models of the left lung, representing different ages.

age man man to ref. woman woman to ref.

adult 22,05 0 - -

15 21,67 0,29 13,82 0

10 25,11 2,54 17,20 2,96

5 27,31 4,41 19,16 4,41

1 29,33 6,22 20,89 6,22

0 37,80 13,02 28,95 13,4
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can be achieved when models are first scaled to reference val-
ues by one uniform scaling factor for every direction and then
transformed by three anisotropic scaling factors (Table 3).
To completely remove the small remaining volume error, the
transformed model can be scaled to reference values isotrop-
ically after the shape transformation is complete .

IV. SUMMARY

Since the construction of anatomical voxel models is
complex and time consuming, a faster method to construct
anatomical correct, patient specific models is needed. A def-
inition how to transform a generic model in such a way, that
it fits to arbitrary human body surfaces, is required.
Human growth patterns (Figure 1) show that many organs do
not grow in the same way as the outer body does. This fact
makes it impossible to transform a whole model in one step.
Every organ should be handled separately. Information about
organ volumes is provided by the ICRP as reference values
for six ages. Using these values, organ models with realis-
tic volume could be generated. However the shape of these
generated organ models was not always realistic, particularly
when adult models were transformed into child models. The
problem can be addressed by using orthogonal scaling factors
for every direction, as used in mathematical phantoms (A..3).
By this means organs acquire a more realistic shape in many
cases. In case of liver ORNL scaling factors do not seem re-
alistic.
With these methods inner organs of a patient, matching the
six reference ages can be generated. Due to individual devi-
ations of organ volume and shape the generated organs are a
realistic approximation but may differ from the real organs’

volume and shape. Scaling factors and organ volumes could
be interpolated in respect to the four growth patterns, but re-
sults cannot be evaluated since no information about the in-
ner organs and no reference values for the particular ages are
available,
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Abstract— Radiofrequency receiver phased-array coils in 

magnetic resonance imaging systems are used to pick up the 
signals emitted by the nuclei with high signal-to-noise ratio and 
a large region of sensitivity. Since the quality of obtained im-
ages strongly depends upon the correct choice of the coils 
geometry and position, array coils have to be designed mini-
mizing the mutual interaction among nearby coil elements and 
this is generally achieved by overlapping such adjacent ele-
ments. In this paper we describe the use of a numerical solver 
based on Finite-Difference Time-Domain algorithm for deter-
mining the overlap distance, which guarantees the maximum 
decoupling level between the coil elements, for array coils 
constituted by various geometry loops. Using the simulator, we 
designed a novel array coil for the spine imaging of small ani-
mals and composed by two elements with elliptical geometry in 
“folding” version around the animals spine curvature. 

Keywords— Magnetic Resonance Imaging, radiofrequency, 
phased-array coils, mutual inductance, FDTD 
method. 

I. INTRODUCTION  

Magnetic Resonance Imaging (MRI) is used in medical 
imaging to visualize the structure and the function of the 
body. Radiofrequency (RF) coils are key components in 
MRI systems since the use of coils which fit around parts of 
the body to be imaged is necessary for obtaining detailed 
images [1]. The purpose of the transmitter coil is to produce 
a highly homogeneous alternating B1 field in a wide field of 
view (FOV) while the function of the receiver coil is to 
maximize signal detection while minimizing the noise, 
mainly generated from patient’s tissue. The use of receiver 
phased array coil permits to provide a large region of sensi-
tivity, similarly to that obtained with volume coils, and a 
high Signal-to-Noise Ratio (SNR), usually associated with 
surface coils. The most common challenge in designing 
array coils is the mutual coupling between the elements. 
Generally, the adjacent coils are overlapped to yield zero 
mutual inductance [2]. 

The simplest design of such RF coils is an array of planar 
circular or rectangular loops of conducting material. How-
ever, a phased-array coil constituted by loops with different 
geometry respect to circular and square ones could be nec-
essary when particular FOV are desired. 

In a previous work [3] we proposed an array constituted 
by two decoupled planar elliptical loops for the spine imag-
ing of small animals. The design and the simulation of such 
novel array coils were performed with the application of a 
numerical method which uses a Finite-Difference Time-
Domain (FDTD) algorithm [4]. The accuracy of the soft-
ware was validated by experimental measurements on the 
built coil. 

The work described in this paper regards the simulation 
and the design of an elliptical array coil in “folding” version 
around the small animals spine curvature. The coil curva-
ture was chosen in order to accomodate such animals, while 
guaranteeing a wide FOV with a good penetration in deep 
sample regions. 

II. MATERIALS AND METHODS 

A. FDTD method 

FDTD algorithm is based on the direct discretization of 
the Maxwell’s curl equations and the enforcement of proper 
boundary conditions entailed by the physical structure under 
investigation. In the FDTD method the Maxwell’s equations 
are replaced by a set of finite difference equations in the 
time domain. Respect to magnetostatic simulation, which is 
useful for the design of low frequency coils constituted by 
linear and circular conductor segments [5], the use of FDTD 
easily permits to simulate coils with various and more com-
plex geometries. Moreover, respect to other numerical tech-
niques such as Method of Moments (MoM), FDTD algo-
rithm permits to incorporate complex structures such as part 
of human body in the computational space, permitting to 
study the electromagnetic interaction between the coil and 
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the biological phantom. An FDTD model of the elliptical 
array coil was developed using CFDTD software package 
(Pennsylvania State University) [6], constituted by a graphi-
cal interface for the geometry insertion, a built-in nonuni-
form mesh generator and post-processing of the data. 

 
B. Coil design 

The two coil elements were inserted into the tool inter-
face by parameterizing the loop geometry, as according to 
the following expression: 
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The dimensions of the simulated elliptical loops are: major 
axis (a)=18.5cm, minor axis (b)=10cm, curvature radius 
(R)=10cm. 
After the geometrical design of the two coils, depicted in 
Fig. 1, one coil was fed using a current excitation source 
and an output port for current value measurements was 
inserted in the adiacent coil. 

 

 
 

Fig.1 The designed array 
 
Varying the overlap region between the two elements, 

the mutual coupling pattern between the coils was found, 
permitting to calculate the position of the two elements 
which minimizes the mutual inductance. The decoupling 
estimation was achieved by the measure of S21 (forward 
transmission gain) parameter. The simulations were per-
formed with the unloaded coils and successively with the 

insertion of a load constituted by a cylindrical phantom 
whose dielectric properties meet the ASTM (American 
Society for Testing and Material) criteria for MR phantom 
developing (εr=80, σ=0.6 S/m) [7]. The phantom dimen-
sions are: 10cm radius, 15cm length (for the spine simula-
tion of a small animals). 

III. RESULTS 

A. Unloaded coil 

The decoupling level pattern in dependence from the dis-
tance between the two elliptical loops was estimated. 

The plot in Fig. 2 shows that the two coil elements have 
to be partially overlapped to force the mutual inductance to 
the lowest value. The coils maximum decoupling is 
achieved when the array elements are positioned with a 
distance between the centers of 7.5 cm. 

 

 
 

Fig.2 The decoupling level pattern for the unloaded coil 
 

B. Loaded coil 

A second simulation was performed with the loaded coil, 
in order to estimate the decoupling level pattern when the 
distance between the two elliptical loops varies. 

Even in this case, the plot in Fig. 3 shows that the two 
coil elements have to be partially overlapped for minimizing 
the mutual inductance between the coil elements: the coils 
maximum decoupling is achieved when the array elements 
are positioned with a distance between the centers of 6 cm. 

Comparing the two patterns depicted in Fig. 2 and Fig. 3, 
it is possible to note that the coils position which minimizes 
the mutual coupling between them is not the same for the 
loaded and unloaded array. These results demonstrated that  
the knowledge of a sample-coil interaction model is very 
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useful for the design of a system strictly coupled to the 
sample. 

 

 

Fig.3 The decoupling level pattern for the loaded coil 

IV. CONCLUSIONS 

The use of a numerical method for the design of MRI 
coils was demonstrated, which is able to predict the decoup-
ling level of a structure constituted by a couple of coils. The 
major goal of such method, which implements FDTD algo-
rithm, is to simulate coils with various geometries by taking 
into account for the sample-coil interaction, thanks to the 
possibility to incorporate part of human body in the compu-
tational space at all frequencies routinely used in MRI ap-
plications. This paper describes the application of this simu-
lation tools for the design of a novel phased array coil 
constituted by a couple of elliptical elements in ”folding” 
version. The shape and the positions of the two elliptical 
coils guarantee a wide FOV and a good penetration in deep 
sample regions of the spine of small animals. The designed 
coil is intended for application in a vertical low field MR 
scanner. 

The approach of using an electromagnetic solver can be 
useful for the simulation of arrays constituted by various 
geometry coils tuned at very high frequency for application 
in high-field MR scanner. 
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Abstract—The nucleus accumbens (NAcc) constitutes 
the major subdivision of the ventral striatum and it 
plays an important role in the reward circuit. It is also 
considered as the major site of action for many drugs of 
abuse. Majority of neurons in NAcc are GABAergic 
Medium Spiny Neurons (MSNs). Dendrites of these neu-
rons express several active conductances which may 
modulate their input-output relations. One candidate for 
this modulation is the inward rectifying potassium (KIR) 
current, which is active in the sub-threshold region. The 
KIR and KAf currents seem to exert a major constraint on 
the integration window of the MSNs, such that action 
potentials are generated only when inputs are activated 
within a narrow latency, requiring greater synchrony of 
inputs for excitation. 

Keywords—nucleus accumbens, medium spiny neuron, in-
ward rectifying potassium current, integration. 

I. INTRODUCTION 

The brain reward circuit in mammals promotes learning 
processes and activities that are essential to the survival of 
the individual and the species. It is implicated in a number 
of pathologies and emotional disorders such as drug   addic-
tion and schizophrenia. Nucleus Accumbens plays an im-
portant role in the reward circuit and is considered as the 
‘pleasure center’ of the brain. The principal neuronal cell 
type in the Nucleus Accumbens is the Medium Spiny  
Neurons (MSN), which is its primary output cell. Active 
conductances in central neurons play a major role in modu-
lating EPSPs and hence affecting the synaptic integration. A 
prime candidate for this modulation in MSNs is the inward 
rectifying potassium (KIR) channel. I-V characteristics of 
this channel shows that KIR current is inward, hyperpolari-
zation activated and depolarization deactivated [1]. Ih chan-
nels of CA1 pyramidal neuron also have analogous I-V 
properties to those of KIR channel and are known to be pow-
erful modulators of synaptic integration [2]. In our study 
simulations were carried out to investigate role of KIR and 
KAf current on synaptic integration. 

II. METHODS 

Our simulations were carried out using a multicompart-
ment stylized model [3] of the MSN with biophysical prop-
erties constrained by in-vivo intracellular recordings and 
was built using the NEURON simulation platform. Various 
intrinsic currents in MSN known to be present (14 in num-
ber) were distributed in the model.  

To investigate the role of KIR conductances in synaptic 
integration in MSN, simulations were carried out to see the 
effect of this current on a temporal integration window. 
Two alpha synapses (α–synapses) were used with time 
constant 4 ms and reversal potential 0 mV, each of which 
models the synchronous activation of a group of synapses. 
These are placed at three different combination of locations 
(Fig. 1), viz. (1) both at distal dendrites (D-D) (2) both at 
soma (S-S) and (3) one synapse at soma and the other at 
distal dendrite (S-D). They are activated at different time 
intervals and peak depolarization at soma is recorded for 
four different conditions (1) the passive model (2) passive 
model in the presence of KIR currents only (3) the active 
model containing all channels (4) the active model in the 
absence of KIR currents. In all the conditions the α–synapse   
conductance (gsyn) was tuned to obtain the same peak so-
matic depolarization i.e. -56.4 mV. The value of gsyn is 
selected such that EPSP produced is subthreshold when 
synapse is activated individually (threshold for action po-
tential is -44.6 mV).  
 
 

 
Fig. 1  Detailed morphology of a model cell with placement of synapses 
and recording site (S-D activation) 
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III. RESULTS 

A. Passive Model 

On elimination of active conductances from the model it 
was found that resting membrane potential (RMP) changes 
from -87.74 mV to -70.72 mV and therefore EPSP gener-
ated using the gsyn, changes from -56.4 mV to ~-45 mV 
(Fig. 2). By using current clamp (IClamp) method, compen-
sation is done for this change in RMP and it is restored back 
to -87.74 mV. All data presented hereon is for the compen-
sated case.  
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Fig. 2 Single EPSP (passive model).EPSP with depolarized RMP (thick 
pink trace) and EPSP with RMP restored back to -87.74mV (thin brown 
trace) 

EPSPs generated at various relative activation times (tS2-
tS1) are recorded at the soma (Fig. 3). When both the inputs 
are at the same location (S-S or D-D) there is no change in 
the amplitude of integrated synaptic inputs whether S1 pre-
cedes S2 (S1→S2) or S2 precedes S1 (S2→S1) (Fig. 3a and 
Fig. 3b). When inputs are at different locations (S-D) (Fig. 
3c), amplitude of integrated inputs is different for S1→S2 
and S2→S1. 

Fig. 4 shows the peak somatic depolarization following 
activation of the two inputs with reference to action poten-
tial threshold (APT, dashed line) in the passive model. On 
S-S activation (pink squares) or S-D activation (brown cir-
cles), the action potential is generated over a single tempo-
ral window. For S-D activation the integration window 
shifts depending upon whether S1→S2 or S2→S1. D-D 
activation (blue diamonds) results in two temporal windows  
as shown. 
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Fig. 4 Temporal integration window (passive model). Peak somatic       
depolarization with respect to activation time ((tS2-tS1) for S-S activation 
(pink squares), D-D activation (blue triangles) and S-D activation (brown 
circles). Dotted line marked APT represents action potential threshold for 
MSN 

B. Active Model 

When Single EPSP was recorded from active model it 
was found that width of the EPSP is narrower as compared 
to passive model (Fig. 5).This shows that active conduc-
tances reduce the width of EPSP when it propagates to-
wards the integration site i.e. the soma. It can be seen from 
Fig. 6 that active window (brown) is narrower as compared 
to passive (green) .In the active model also it was found that 
S-S and S-D activation resulted in a single temporal win-
dow and D-D activation resulted in a dual temporal win-
dow.  Table 1 shows the values of temporal window for all 
the three conditions for both active and passive models. 

 

Fig. 5 Single EPSP generated using active model compared with EPSP of 
passive model. Active model (blue narrow trace) and passive model (pink 
wider trace) 

Table 1 Temporal Integration Windows 

Location 
of 

Synapses

Temporal Window 
Profile 

Temporal 
Window (ms) 

(Passive Model) 

Temporal 
Window (ms) 

(Active Model)
S - S Single symmetrical* 100 58 
S - D  Single asymmetrical* 97 65 
D - D Dual symmetrical* 45 each 29 each 

     * - symmetrical about ‘0 delay’ axis. 
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Fig. 3 Recording of Summation of EPSPs at various location and time intervals. S1 and S2 are two synaptic inputs which are placed either (a) at the soma 
or (b) at the distal dendrites or (c) one at the soma and another at the distal dendrites. The inset represents the location of synaptic inputs and order of activa-
tion as marked (S1→S2 or S2→S1). For all the figures Δt =0 ms (blue trace), Δt= 20 ms i.e. S1→S2 (pink trace) and Δt= -20 ms i.e. S2→S1 (brown trace) 
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Fig. 6 Temporal integration window for active model. Peak somatic depo-
larization as a function of activation time (tS2-tS1) recorded for S-S activa-
tion (pink square), D-D activation (blue triangles) and S-D activation 
(brown diamonds) and compared with that of passive model (green circles). 
Dotted line marked with APT represents the threshold for action potential 

C. Passive Model in Presence of KIR 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7 Effect of KIR on integration window. Peak somatic depolariza-
tions as a function of activation time (tS2-tS1) for S-D activation for 
passive model (dark trace) compared with that of passive model (lighter 
trace) in presence of 100% KIR conductance (gmax for KIR channel is 
0.00014 S/cm2). Dotted line marked APT represents the threshold for 
action potential 

Fig. 7 shows the role of KIR in modulating the temporal 
window in the passive model, by adding only KIR conduc-
tances in the passive model, from which it is evident that the 
temporal window is narrower in presence of KIR current. 

D. Active Model in Absence of KIR 

On elimination of KIR conductances from the active 
model it was found that RMP changes from -87.74 mV to -
79.4 mV and therefore activation of a single α–synapse 
elicited an action potential (Fig. 8, pink trace). Using a 
current clamp method and scaling gsyn, EPSP was tuned to ~ 
- 56.4 mV (Fig. 8, brown trace). 

 
Fig. 8 Single EPSP in absence of KIR current (active model).Without 
current clamp compensation AP is elicited (pink- lighter trace). With 
current clamp compensation RMP is restored back to -87.4 mV (brown- 
dark trace) 

In the active model peak somatic depolarization at soma 
is recorded  in (i) the presence of all currents  (ii) in absence 
of KIR current and (iii)  in presence of 125% KIR current 
(Fig. 8). Data presented in Table 2 is for the S-D activation 
in both the passive and active model, showing that for all 
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these conditions temporal window becomes narrower in the 
presence of KIR current. 
                  

 
 
 

 
 
 
 
 
 
 
 

 
 

Fig. 9 Temporal integration window in absence of KIR conductance. Peak 
somatic depolarizations for active model (brown circles), active model in 
absence of KIR conductance (green diamonds) and active model in presence 
of 125% KIR conductance. Dotted line marked APT represents the thresh-
old for action potential for MSN 

Table 2 Temporal Integration Windows 

Temporal Window (ms)  

Passive 
Model 

Passive Model 
+ KIR Present 

Active 
Model 

Active Model 
+ KIR Absent 

S-D 97 35 65 98 

 
In summary, it was found that decreasing KIR conduc-

tances resulted in wider temporal window and increasing 
KIR conductances resulted in narrower temporal window.  

KAf currents also modulate EPSPs in MSN. Simulations 
were carried out to investigate the role of these currents in 
temporal integration using the same protocol. Elimination of 
KAf current has a negligible effect on RMP, changing it 
from -87.74 mV to -87.62 mV. As a corollary peak EPSP 
changes from -56.4 mV to -56.17 mV. Decreasing and in-
creasing KAf conductances resulted in a wider and narrower 
temporal window respectively. 

When simulations were carried out without current 
clamp, it was found that in absence of KIR current, a single 
synaptic input elicit action potential (Fig. 8). Therefore, 
integration of two inputs will always elicit AP irrespective 
of activation times. A temporal window of 101 ms resulted 
when KAf current was eliminated from the active model. 

IV. CONCLUSIONS  

Results of our investigation show that in MSNs, temporal 
integration window narrowed when the KIR current is in-
cluded in the passive model. For the active model the  
window over which action potential (AP) is elicited is nar-
rower as compared to the passive model, whereas the  
absence of  KIR or KAf current increases the window signifi-
cantly thereby equalizing it  to that  of the passive model.   
Since the KIR and KAf conductances play a role in constrain-
ing the temporal integration window for AP generation, 
modulation of these currents could offer a means of altering 
MSN excitability.  Elevation of these conductances reduce 
the temporal window and can drive the cell to fire in a coin-
cidence detection mode, while reduction of these conduc-
tances can change the mode of firing to temporal integration 
due to wider temporal window that results.  
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Abstract—Abnormal QT variability has been suggested to 
be marker of several cardiac diseases. It has been also reported 
that abnormalities of T-wave morphology predicts impending 
hypoglycemia. Changes in T-wave morphology can also distort 
QT interval estimation, and thus, detection of these changes is 
important. Method of detecting changes in T-wave morpholo-
gy is presented. The method can be used as prior information 
of QT-time interval estimation or directly in the evaluation of 
T-wave morphological changes. In the method, two Gaussian 
functions were used to model T-wave.  Parameters of these 
Gaussian functions give desired information of T-wave charac-
teristics and it separates easily normal, partly inverted and 
inverted T-waves. 

Keywords—T-wave, morphology, Gaussian function, ECG 
and QT interval. 

I. INTRODUCTION 

It has been suggested that abnormal QT variability ex-
tracted from a electrocardiogram (ECG) recording could be 
a marker for a group of severe cardiac diseases such as 
ventricular arrhythmias and that QT variability may yield 
HR independent information [1, 2]. In addition, the ampli-
tude and shape of the T-wave may include important clini-
cal information. For example, it has been observed that QT 
interval increases and T-wave amplitude decreases in result 
of hypoglycaemia [3].  

Recently T-wave characteristics have been widely stud-
ied be means of vector electrocardiography and prognostic 
values of hypoglycaemia detection has been very good [4]. 
However these new methods require 12 lead ECG recording 
systems because calculation of QRS and T-wave vector 
loops are required. In many cases only one channel of ECG 
is available and these methods cannot be used.  

The estimation of QT-interval during hypoglycaemia is 
troubled because changing characteristics of T-wave. End of 
the T-wave is originally detected by averaging T-waves 
reduction of noise, and then changing characteristics of T-
wave can produce bias on averaged T-wave, and gained QT 
estimates also. In automatic detection of QT variability it is 
essential to detect changes in T-wave morphology, other-
wise detection algorithms don’t know if T-wave is inverted 
or partly inverted and results are incorrect.  

Here we describe a method for detecting some significant 
changes in T-wave characteristics. Method is based on two 
Gaussian functions which are fitted to the T-wave. Compar-
ing parameters of these Gaussian functions give desired 
information of T-wave characteristics which can be used as 
prior information of automated QT-time interval detection 
algorithm. Method can also be used if only one channel of 
ECG is measured. This can be the case for example portable 
devices are used during normal life environments. Method 
is tested using one ECG recording were T-wave characteris-
tics changes significantly. 

II. METHODS 

 First T-wave epochs must be extracted. R-wave apex is 
used as a marker of extraction and thus R-wave detection is 
accomplished by using a QRS detection algorithm [5]. Once 
R-wave apexes are detected, T-waves can be extracted with 
a window function 
 100,500 ms                 if RR 700 100, 0.7 RR ms       if RR 700  (1) 

 
where RR  is the average RR interval [6]. After the T-
waves are extracted the shape of the T-wav is estimated 
using double Gaussian function 
 , / / . (2) 

 
First Gaussian function is forced to model positive T-wave 
shapes and second to model negative T-wave shapes. 

Model parameters ( … ) are estimated in least square 
(LS) sense, that is, choose  such that squared error norm 
 

║  , ║                              (3) 
 
is minimized. Where  is j:th T-wave epoch the length of 
which is N and t is time grid. Estimation of parameters θ is 
nonlinear problem which can solved e.g. with the Leven-
berg –Marquardt method 
 

     ,        (4) 
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where J is the Jacobian of ,  evaluated at  ,  is a 
step size parameter of the iteration and  is scalar parameter 
which ensure the stability of algorithm. Iteration (4) is re-
peated until desired convergence is achieved. Double Gaus-
sian function is fitted all successive T-wave epochs and T-
wave shape can be then examined by comparing the esti-
mated parameters.   

After model parameters are estimated, one simple way to 
evaluate T-wave characteristic is to compare parameters 
which affects the height of the Gaussian function 
 

                                                                         (5) 

 
By thresholding parameters we should be able to detect 
the time instants where the T-wave is normal (positive 
peak) and when it becomes inverted. Using this information 
we can decide which part of data we can estimate QT-times 
normally and is there any abnormal data sequences which 
require special attention. In large parameter values it is 
highly probable that T-wave is normal and QT time can be 
estimated easily. Small values T-wave is inverted and end 
of the T-wave can be calculated using ascending tangent. It 
have also be noted that inverted T-wave is indeed existence 
of dysfunction in repolarization.  

III. MATERIALS 

The proposed method is tested with a single ECG mea-
surement (male subject, age 62 years) in which T-wave 
characteristics change. This recording is one hour holter 
ECG measurement the sampling rate of which was 128 Hz. 
During the measurement repolarization characteristics are 
changing dramatically such that T-wave becomes complete-
ly and partly inverted because of this, data sample were 
optimal and very interesting test to our method.  

IV. RESULTS 

In different part of the ECG measurement used in this 
study T-waves were normal, partly inverted and completely 
inverted. Fig 1 represents three different samples of the 
analyzed ECG. Firstly the uppermost axis shows almost 
normal T-wave after 400s of measurement start. After that 
T-wave morphology was changed and T-wave becomes 
inverted as can be seen in the middle axis of Fig. 1. Third 
axis represents a time 1000s after measurement start and as 
can be seen at that time T-wave is partly inverted.  

Fig. 2 represents  parameter estimated for the whole 
measurement. Five representative T-waves were chose from  
 

different parts of the measurement. T-waves are shown in 
other axes with fitted function and the Gaussian basis vec-
tors. In the first axes of upper row  is 2.5 and T-wave 
shape is normal. In first axes of second row  is 0.5 and T-
wave is inverted. In second axis of second row  is 1.2 and 
as can be seen T-wave is partly inverted. It can be noted that 

 describes well the changing of T-wave morphology.  

 

Fig. 1 ECG sequences in different parts of the measurement. First normal 
T-wave 400s after beginning of measurement. Second inverted T-wave 
under 700 s and third partly inverted T-wave 1000s after measurement start 

V. CONCLUSIONS 

The Proposed method was tested by an ECG recording 
where T-wave morphology was significantly changing. 
Method was able to detect automatically different cases of 
T-wave morphological changes. Presented method can be 
used with QT interval detection algorithm because  para-
meter gives information of T-wave characteristics, and thus, 
can help to avoid erroneous T-wave end or apex detection. 
By connecting proposed method with QT interval detection 
algorithm a fully automated QT-interval detection system 
can be constructed, which can be used for example in detec-
tion of impending hypoglycemia. In addition,  parameter 
can also be used to detect changes of T-wave morphology 
which can be valuable information in detection of dysfunc-
tion in cardiac repolarization. 
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Fig. 1 First row second axis represent  in black and points of represented T-waves as gray. In other axis there are five representative cases of T-wave 
morphology changes during measurement. In all five axes there are original T-wave (gray solid line), fitted model base vectors (gray dash line) and sum of 
base vectors (black solid line).   values and T-wave number are presented in title of each axes 
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Abstract—In this paper an automatic segmentation algo-
rithm and a surface rendering technique for volumetric analy-
sis of dural ectasia are presented. The segmentation algorithm, 
based on an unsupervised Fuzzy C-Means method, was applied 
on T2-weighed Magnetic Resonance images of 6 patients af-
fected by Marfan Syndrome. The segmented images were then 
rendered using a marching cubes algorithm, a powerful tech-
nique producing very high-quality images. The proposed 
methodology is a preliminary step towards a morphological 
characterization of the pathological dilatation of the dura 
related to this particular autosomal disorder. The fidelity of 
the generated 3D reconstructions comes close to anatomical 
reality and provides the clinician with a tool for a panoramic 
view of the structures and a means for a more accurate diag-
nosis of ectasia. 

Keywords—dural ectasia, marfan syndrome, fuzzy c-means, 
marching cubes, surface rendering. 

I. INTRODUCTION  

Marfan syndrome is a genetic disorder that affects the 
body's synthesis of fibrillin, a fundamental protein of con-
nective tissue. 

According to the Ghent nosology [1] dural ectasia is con-
sidered one of the major criteria in the diagnosis of Marfan 
syndrome. Dural ectasia is defined as a widening of the 
dural sac, which is a membrane enwrapping the spinal cord, 
with consequent expansion of the spinal canal. 

In Marfan syndrome the dura is altered in its elastin 
composition and in its resistance. The action of gravity and 
the pulsations of the cerebral spinal fluid (CSF) result in an 
abnormal expansion of the dura, which reaches its maxi-
mum in the lumbosacral region, where the highest pressure 
is present. 

Diagnosis of dural ectasia is based on the visual assess-
ment of neuroradiological images. Magnetic resonance 
imaging and computed tomography have been the most 
suited modalities for an accurate diagnosis. This is due to 
the excellent contrast they afford, resulting in enhanced 

images of the extent of the dura and vertebral body scallop-
ing. However, visual inspection remains qualitative and 
subject to intra- and inter-operator variability. 

A first attempt to provide more objective and reproduci-
ble methods for the quantitative assessment of the dural 
ectasia was given by Villeirs et al. [2]. A cut-off value of 
the ratio of transverse latero-lateral diameter of the dural sac 
and vertebral body, manually outlined on sequential CT 
slices by the radiologist, was given as threshold for assum-
ing an abnormal dural sac volume. Oosterhof et al. [3] pro-
posed to compute dural sac ratios in the antero-posterior 
plane, at the levels of L3 and S1. 

Ahn et al. [4, 5] were the first to suggest the computation 
of the volume as the “gold standard” for the diagnosis using 
MR data; however, because techniques to calculate dural 
volume from MRIs were not widely available, they identify 
two major criteria and two minor criteria based on monodi-
mensional measures and on visual assessment of particular 
features.  

This main difficulty in obtaining dural volume stems 
from the fact that classical segmentation algorithms [6], 
traditionally used for medical images, like thresholding, 
region growing and contour extraction may produce unreli-
able results when utilized on images, presenting artifacts 
such as the partial volume effect and bias field distortion. 

Therefore, more advanced techniques, like clustering al-
gorithms, should be applied. In particular, a Fuzzy C-Means 
(FCM) [7, 8] algorithm is able to take into account the un-
certainty in attributing a pixel to a given class of tissue and 
enables the automatic segmentation of inhomogeneous 
structures, like the dura. 

This paper reports preliminary analyses aimed at devel-
oping a system to morphologically characterize pathological 
dural sacs and to provide for easier detection of dural ecta-
sia. The method is based on the recognition and the extrac-
tion of the dural sac by a FCM segmentation and a subse-
quent 3D visualization of the segmented structure by a 
surface rendering algorithm. The method was tested on 6 
patients affected by Marfan syndrome. 
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Fig. 1 Segmentation procedure 

II. MATERIALS AND METHODS 

A. Experimental Protocol 

MR images of the patients were acquired in the Depart-
ment of Radiology of the Fondazione IRCCS Policlinico S. 
Matteo in Pavia. In all patients the clinical diagnosis of 
Marfan syndrome was confirmed by mutation analysis of 
the fibrillin gene. 

The segmentation algorithm and the subsequent volumet-
ric reconstruction were applied on 6 patients affected by 
Marfan syndrome.  

Each patient underwent MR scanning of the lumbo-sacral 
spine using a 1.5 T Siemens closed scanner. The following 
sequence was performed: sagittal T2-weighed fat saturated 
spin echo (TR = 3700 msec, TE = 91 msec, FLIP ANGLE = 
180) with a spatial resolution of 0.781 mm x 0.781 mm in 
the sagittal plane, a slice thickness of 4 mm, and an inter-
slice gap of 4.4 mm. 

B. Pre-processing 

Images were pre-processed in order to enhance their con-
trast detail for the segmentation process. Firstly, a Non-
parametric Non-uniform intensity Normalization (N3) algo-
rithm aimed at removing RF inhomogeneities, shading  
artifacts, or intensity non-uniformities was applied to the 
images [9]. 

This method corrects intensity artifacts without requiring 
any explicit model of the different classes present in the MR 

image and, therefore, is well suited for automatic applica-
tions. 

In addition a contrast enhancement step was performed, 
stretching the range of gray levels and smoothing the image. 
This last step was done using a median filtering, which has 
the advantage to preserve edge information during noise 
removal. 

C. Dura Segmentation 

The pre-processed volume is segmented by applying an 
unsupervised Fuzzy C-Means (FCM) algorithm [7, 8]. The 
algorithm aims to find the partition of a data set 

{ }nxxx ,..., 21=X  into c clusters.  
The partition is represented by a (c × n) partition matrix 

U. The element, )1,1( nkciuik ≤≤≤≤  of the matrix repre-

sents the membership of the thk  data point in the thi class in 
a continuous range from 0 to 1. This fuzzy membership 
characterizes the degree of similarity between the thk point 
and the thi cluster. 

The partition matrix is computed by minimizing the in-
tra-groups square error function mJ : 
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Where { }ci ,...V,VV 21=V  are the randomly initialized clus-
ter centers and m [ )∞∈ ,1  is the fuzzyfication index. In this 
work it was set to 2.  

In Fig. 1 the result of our segmentation approach is 
shown on a single slice for simplicity. The enhanced vol-
ume is segmented by applying the FCM algorithm. For this 
application, a different number of clusters were evaluated. 
The optimal structure differentiation was obtained using 4 
clusters. After having applied FCM on the volume, the 
lesion membership maps were binarized with some empiri-
cally chosen thresholds in a defuzzyfication process. This 
allows for the labeling of every pixel and the identification 
of the region belonging to the dura. Finally the segmented 
dura was refined using morphological operations in order to 
obtain a more accurate result. 

D. Surface Rendering 

To construct an optical volumetric rendering of the seg-
mented data, an open-source software package for visualiza-
tion, the Visualization ToolKit (VTK) [10], was used. 

The dura volume, which is available as a set of mono-
chrome images, is filtered using a Marching Cubes algo-
rithm [11] with the aim of generating isosurfaces from the 
data. In order to reduce the number of polygons to be ren-
dered the resultant polygonal surface is simplified with a 
decimation algorithm, with the constraint of the preserva-
tion of the topology of the structure. 

The decimated polygonal surface is smoothed by  
adjusting the coordinates of the vertices using Laplacian 
smoothing. This step has the effect of relaxing the mesh, 
making the cells better shaped and the vertices more evenly 
distributed. 

III. RESULTS 

Fig. 2 shows in a rendering window the resulting 3D re-
construction of the segmented dural sacs of two patients 
affected by Marfan syndrome: the first with physiological 
dura (first row), the second one with a severe ectasia (sec-
ond row). 

The method permits one to quantify the dural sac volume 
by means of segmentation and provides the clinician with a 
visual instrument for a more accurate assessment of the 
severity of ectasia. 

 

 

Fig. 2 Surface rendering of the dural sac 

By navigating the volumes it is possible to have a com-
pact representation of dura geometry and a resulting visual 
tool for the quantification and localization of shape anoma-
lies, such as protrusions. 

In addition, the implemented tool furnish a simultaneous 
2D/3D visualization by locating the 3D model inside the 
real RM slices. This enables the interrelation of the dura 
with the surrounding structures and a consequent better 
understanding of mutual interactions involved. 

IV. CONCLUSIONS  

We have proposed a method for the automatic extraction 
and visualization of the dural sac of Marfan patients based 
on a 3D segmentation procedure followed by a surface 
rendering algorithm. Our initial results are encouraging and 
result useful for a more accurate assessment of the severity 
of dura widening. The implemented tool enables the clini-
cian to automatically obtain a quantitative measure of the 
dura volume. In addition, it is a visual instrument which 
permits a general and concise view of the structures and 
their localization in space. Fig. 2 shows two evident cases of 
a physiological dura and an ectasic one. These represent two 
obvious cases in which there is no diagnostic dilemma. 
Clinical importance of a more accurate ectasia analysis lies 
in the fact that it is considered a major criterion for diagnos-
ing Marfan syndrome, which is often not very easy to 
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evaluate. The accurate localization of pathological excres-
cences can be of aid for a better comprehension of symp-
toms like back pain or abdominal pain, which are often 
related to this disorder and whose causes are still the object 
of study and research. 

This work represents a preliminary and necessary step 
towards a more precise morphological characterization of 
pathological dural sacs with the objective of providing the 
clinician with quantitative parameters that synthetically 
describe surface irregularity, classify the degree of severity, 
and ensure a more objective and accurate diagnosis. 
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Abstract— Finite element head models are used to obtain a 
better insight in the mechanisms of head injuries. Current FE 
head models have a detailed geometrical description of the 
anatomical components of the head but often lack accurate 
descriptions of the brain material behavior and the contact 
between the brain and the cerebrospinal fluid. Also more 
attention should be paid to the FE mesh size and the hourglass 
modes which can arise when a reduced integration method is 
used to calculate the displacement field within the finite 
elements. These hourglass modes, also called zero energy 
modes, should be eliminated such that they can not invalidate 
the results. This paper therefore starts with the development of 
a generic simplified head model to investigate the influence of 
the brain material properties, the FE mesh size and the 
hourglass modes on the results of an impact analysis. From the 
performed study it follows that during a FE analysis with 
reduced integration elements, hourglass modes need to be 
eliminated to obtain correct, reliable results. The study also 
highlights the need for a more accurate description of the 
brain material properties for predicting head injuries because 
these properties have a large influence on the biomechanics of 
brain behavior. 

Keywords— Finite element model, hourglass modes, reduced 
integration, brain material properties 

I. INTRODUCTION  

Head injuries are observed in 21 to 61% of the victims of 
bicycle accidents who seek medical care [1-4] and are the 
direct cause of death in 69 – 93% of fatal bicycle accidents 
[4-6]. The golden standard to study the mechanisms of head 
injuries are experiments with cadavers, but their use is 
limited through the limited availability of test material and 
by ethical considerations. A good and reliable Finite 
Element (FE) head model is thus needed to facilitate the 
study of the mechanical response of the head and brain 
structure during impact. Current FE head models have a 
detailed geometrical description of the anatomical 
components of the head but often lack accurate descriptions 
of the behavior of the Cerebrospinal Fluid (CSF), the brain 
and the contact between these two. Also more attention 
should be paid to the hourglass modes which can arise when 
a reduced integration method is used to calculate the 

displacement field within the finite elements. These 
hourglass modes should be eliminated such that they can 
not invalidate the results. 

The paper starts with the development of a generic 
simplified FE head model followed by a mesh convergence 
analysis to determine the optimal FE mesh size. Based on 
this FE model, four slightly different FE models were built 
and the results of all five models were compared to study 
the effect of different material properties and hourglass 
modes on a FE analysis.  

II. METHODOLOGY 

A. Generic simplified FE head model 

A generic simplified FE head model was built in the FE 
software Ansys/Ls Dyna [6] to investigate the influence of 
different material properties and hourglass modes on the 
results of a FE analysis. The FE model, shown in figure 1, 
consists of three components: a simplified skull, brain and 
CSF. The size of the FE model is comparable to a normal 
head but the geometry of the three components was 
however chosen to reflect the overall biomechanical 
behavior in head impacts. Moreover, it is identical to an 
experimental model, built for future research. All three 
components are modeled using linear hexahedral reduced 
integration elements with an assumed strain co-rotational 
stiffness hourglass algorithm [7]. The skull, modeled as a 
rigid body is connected to the CSF, modeled as water, by 
adding the exterior nodes of the CSF to the rigid skull. The 
material properties of both components are listed in table 1.  

 

Fig. 1 Generic simplified FE head model (left: different components of the 
model, right: cross section view). 
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Table 1 Material properties of skull and CSF [8,9]. 

Material property Skull CSF 

Density [kg/m³] 1300 1000 

Bulk modulus K [GPa]   2.1 

Young’s modulus E [GPa] 15   

Poisson’s ratio ν [-] 0.22 0.5 

The CSF is, in his turn connected to the brain through a 
“tied penalty” contact [6]. The behavior of the brain 
material is characterized as elastic in compression and 
viscoelastic in shear. The shear modulus is expressed by: 

( ) ( )
0

tG t G G G e−β
= + −

∞ ∞
  (1) 

where G∞ is the long term shear modulus, G0 is the short 
term shear modulus and β is the decay constant. The values 
of the brain material properties for this FE model, taken 
from Zhang et al. [10], are listed in the second column of 
table 2.  

Table 2 Brain material properties for the different FE models [10,15,16]. 

Material property FE model  
1, 2, 3 

FE model  
4 

FE model  
5 

Density [kg/m³] 1060 1060 1060 

Bulk modulus K [GPa] 2.19 0.128 0.069 

Decay constant β [ s-1] 80 35 100 

Long term shear modulus G∞ [Pa] 2500 168000 34500 

Short term shear modulus G0 [Pa] 12500 528000 17200 

Finally, a load needs to be applied to the FE model to 
perform a FE impact analysis. For this FE model, it is an 
analysis of a real life accident case. The simulation of the 
accident was performed in MADYMO by Doorly et al. [11]. 
From this simulation, the X, Y and Z components of the 
linear and angular velocities during impact were calculated 
and applied to the rigid skull in the FE model. 

The generic FE head model described in this section will 
be referred to as FE model 1. Based on a mesh convergence 
analysis for FE model 1, discussed in section III, an optimal 
mesh size of 6mm was chosen for the brain in this FE 
model. Starting from this model, four other FE models, FE 
model 2, 3, 4 and 5 were built to study the effect of different 
material properties and hourglass modes on the results of a 
FE analysis.  

B. Adaptations to the generic FE head model 

FE head impact analyses often deals with large 
deformations and nearly incompressible materials. 
Therefore it is recommended to use selective reduced 
integration or reduced integration with hourglass control 

instead of full integration to calculate the displacement field 
within the finite elements. In this way the problem of 
volumetric locking which occurs in nearly incompressible 
fully integrated elements and which leads to an 
underestimation of the displacement field can be avoided. 
When a reduced integration method is used, attention 
should be paid to the hourglass modes which are introduced 
with this method [12]. These hourglass modes should be 
resisted by an hourglass control algorithm because 
otherwise they will degrade the results. As a general 
guideline, the hourglass energy, which is the energy 
dissipated by the forces of the hourglass control algorithm 
to resist the hourglass modes, should not exceed 10% of the 
internal energy in the model [6]. If the 10% limit is 
exceeded, the obtained results can be invalid and they are 
no longer reliable. The selective reduced integration method 
has the advantage of having no hourglass modes, but in 
some cases this method may encounter negative volume 
errors during an analysis due to the large deformations. 

To study the effect of the integration method and the 
hourglass modes on the results of a FE impact analysis, two 
new FE models, FE model 2 and 3 were built by making 
small changes to the base FE model 1. FE model 2 uses the 
standard hourglass algorithm defined in Ls Dyna [6] instead 
of the assumed strain co-rotational stiffness form used in FE 
model 1. In FE model 3, the integration method to calculate 
the displacement field in the elements is changed from a 
reduced integration method in FE model 1 to a selective 
reduced integration method.  

A second study was performed to investigate the 
influence of the brain material properties on a FE analysis. 
The reason for this study is that in the current FE head 
models, for example the ULP head model [13] or the 
University College Dublin Brain Trauma model [14], a 
broad range of different brain material properties is used. To 
perform this study, two new FE models, FE model 4 and 5 
were built by changing the brain material properties of FE 
model 1. FE model 4 uses the properties defined by Ruan et 
al. [15] and FE model 5 uses the properties defined by 
DiMasi et al. [16]. The brain material properties for both 
models are listed in table 2. 

In total, five slightly different FE models were built and 
the results of the five performed impact analyses were 
compared. 

III. RESULTS 

A. Mesh convergence analysis 

A mesh convergence analysis was performed with FE 
model 1 to determine the optimal FE mesh size for impact 
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analyses. Seven impact analyses were performed with FE 
model 1 where each time a different mesh size was used for 
the brain part, going from 3mm until 12.5mm. For all seven 
analyses the average Von Mises stress was evaluated for a 
set of nodes at the center of the brain and the results are 
shown in figure 2. This figure shows that a convergence 
was obtained at a mesh size of about 6mm. As the CPU 
time increases from 43 minutes for mesh size 12.5mm until 
8.5 hours for mesh size 3mm, a mesh size of 6mm was 
chosen as the optimal element size that gives accurate 
results and an allowable CPU time of 2.3 hours. 

 

Fig. 2 Von Mises stress over time observed in the center of the brain for 7 
different mesh sizes for the brain part in FE model 1. 

B. Influence  of hourglass modes 

The results of the simplified FE model 1, 2 and 3 were 
compared to see the influence of the integration method and 
the hourglass modes on a FE impact analysis.  

First the ratio hourglass/internal energy was calculated 
for all three models during the impact time of 0.07s to check 
if this ratio stays below the 10% limit. FE model 1 has a 
maximum ratio of 0.05% whereas FE model 2 exceeds the 
10% limit with a maximum ratio of 98%. FE model 3 has a 
constant ratio of 0% because no hourglass modes are 
present due to the selective reduced integration method.  

Secondly, for all three FE models, the average Von 
Mises stress was evaluated for a set of nodes at the center of 
the brain and the results are shown in figure 3. It is clear 
that FE model 1, where hourglassing was not significant, 
has the same results as FE model 3 whereas FE model 2, 
with a high amount of hourglass modes, shows different, 
lower and probably incorrect values of the Von Mises 
stress. This shows that a reduction of the hourglass modes is 
necessary to obtain reliable results. 

 

Fig. 3 Von Mises stress over time observed in the center of the brain for 
FE model 1, 2 and 3. 

 

Fig. 4 Von Mises stress over time observed in the center of the brain for 
FE model 1, 4 and 5. 

C. Influence of brain material properties 

Comparison of the results of the simplified FE model 1, 4 
and 5 shows the influence of the brain material properties. 
First a check of the ratio hourglass/internal energy was done 
and all three FE models have a ratio hourglass/internal 
energy which is far below the 10% limit so the obtained 
results are reliable.  

Secondly, the average Von Mises stresses for a set of 
nodes at the center of the brain for each model were 
compared to each other which is shown in figure 4. This 
figure shows a large difference in value and pattern of the 
Von Mises stress in all three FE models so the effect of the 
brain material properties can not be ignored. 
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IV. DISCUSSION 

A study was performed to investigate the influence of the 
hourglass modes on a FE impact analysis. The results of FE 
model 1 and 2, where hourglass modes are present in a 
different amount, were compared to the results obtained 
from FE model 3 with no hourglass modes and no negative 
volume errors. Figure 3 shows that the results from FE 
model 1 with a low amount of hourglass modes, ratio
hourglass/internal energy below 10%, are identical to the 
results from FE model 3. When these hourglass modes are 
not suppressed enough, which is the case in FE model 2 
with a ratio hourglass/internal energy of 98%, the results 
become different from the ones without hourglass modes 
and they are no longer valid. Figure 3 therefore highlights 
that reliable results can be obtained with either a selective 
reduced integration method or with a reduced integration 
method in combination with an hourglass algorithm that 
significantly reduces the hourglass modes. It is up to the 
user to make the appropriate choice between both methods. 
To avoid hourglass modes, a selective reduced integration 
may be used but on the other hand this method may 
encounter negative volume errors due to large deformations.  

Besides the effect of hourglass modes, the influence of 
the brain material properties is studied with FE models 1, 4 
and 5 which have three different material properties for the 
brain, all reported in literature [10,15,16] and listed in table 
2. Figure 4 shows that the brain material properties have a 
large effect on the Von Mises stress during an impact. A 
higher bulk modulus in FE model 1 compared to FE models 
4 and 5 leads to lower Von Mises stresses and a change in 
the time dependent shear modulus leads to a different 
pattern of the Von Mises stress. For example the effect of 
the head impact, which occurs around 0.05s, on the Von 
Mises stress at the center of the brain is seen around 0.067s 
in FE model 5 whereas in FE model 4 it is observed around 
0.055s. These findings highlight the importance to narrow 
the range of different brain properties and to have a more 
accurate description of the brain material behavior.  

V. CONCLUSION 

This paper highlighted the importance of reducing the 
hourglass modes which can arise when elements with 
reduced integration are used and which invalidate the 
results. Besides the reduction of the hourglass modes, a 
more accurate description of the brain material properties is 
necessary for predicting head injuries because these 
properties have a large influence on the biomechanics of 
brain behavior. 
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Abstract— Obstructive sleep apnea (OSA) syndrome is a com-

mon breathing abnormality. During apnea, the airflow is im-

peded or totally interrupted. The reaction of the autonomic ner-

vous system terminates the apnea and also leads to changes in

heart rate variability (HRV). As shown in previous studies, the

spectral analysis of HRV allows for a diagnosis of apnea. There-

fore, a high quality time-frequency distribution is of great signif-

icance. The Wigner-Ville-Distribution (WVD) offers a very high

resolution in both, time and frequency. However, the proper

handling of cross terms resulting in the calculation of the WVD

is a crucial point using the WVD. To cope with this task, the pre-

sented work compares different methods regarding their ability

of cross term suppression and applicability. Furthermore it is

shown that using spectral information of ECG overnight record-

ings from the Physionet Apnea Data-base, these datasets can be

separated.

Keywords— Apnea, ECG, Heart Rate Variability, Wigner-Ville-

Distribution, Physionet.

I. INTRODUCTION

The obstructive sleep apnea syndrome has a prevalence of
4% in adult men and 2% in adult women [1]. The main rea-
son for the occurrence of apnea is the reduction of the mus-
cular tone in sleep. This causes an obstruction of the upper
airway. In addition, a large tongue or obesity may encourage
this process. During episodes of obstructive apnea, the res-
piratory effort is continued. The autonomic nervous system
causes an arousal which terminates the apnea. The apnea is
followed by a hyperventilation. The heart rate declines dur-
ing the apnea and rises at the end of it. These cyclical varia-
tions in heart rate are typical for the apnea [2],[3]. There is a
large research interest for detecting the OSA from ECG data.
The Computers in Cardiology (CinC) Challenge 2000 aims at
identifying apneic episodes from ECG overnight recordings.
Various methods were applied to solve this problem [4]. Am-
bulant, portable health monitoring systems become more and

more attractive. The Fraunhofer IPMS develops such Body
Area Networks. These networks combine a number of differ-
ent sensors and can even be integrated into clothes [5]. Us-
ing these technologies, effective screening is possible. The
approach of ECG based apnea detection is to use data from
screenings to select patients that show indications of apnea.
Selected patients are then further examined in a sleep labora-
tory.

II. MATERIAL

The apnea ECG database from Physionet [6] is used to
evaluate the implemented algorithms. The apnea database is
divided into a training database and a test database. Each
database contains 20 records of patients suffering from ap-
nea (group A), 10 records from a control group (C) and 5
records (group B) that neither belong to group A nor to group
C. The CinC Challenge was divided in two tasks. The first
task was to assign the datasets from the test database to one
of the groups A or C. The aim of the second task was to label
each minute of the datasets apneic or non-apneic.

III. METHODS

A. Generating a Tachogram

The heart rate series are plotted against time in a
tachogram. The instantaneous heart rate corresponds to the
reciprocal of the distance between two consecutive QRS
complexes. A Wavelet based approach is applied to detect
the QRS complexes [7]. The RR series are cleared up from
spikes and extrasystoles. A linear interpolation and a resam-
pling with 10Hz is used to generate an equidistant NN series.
After band-pass filtering (low-pass cutoff frequency: 0,4 Hz,
high-pass cutoff frequency: 0,001 Hz) the NN series, it is re-
sampled to 1 Hz. For filtering, cascaded Butterworth filters of
second order are applied.
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(a) Time Domain Signal

(b) Result from WVD (c) Result from SPWVD

(d) Result from TFDS (e) Result from STFT

Fig. 1: Qualitative demonstration of the WVD, its modifications and of the
STFT. (a) Each of the two signals consists of two frequency modulated

Gaussian functions with frequencies 0,15 Hz (top) and 0,35 Hz (bottom).
The sum of the signals in (a) is transformed according to Wigner and its

modifications (b),(c),(d) and with the STFT (e).

B. Wigner-Ville Distribution

The WVD is used to analyze the frequency content of
HRV. Its time-frequency resolution is twice as high as this
of the Short Time Fourier Transform (STFT) [8].

The WVD is derived from the ambiguity function. For a
signal z(t), the WVD is defined as:

WV Dz(t, f ) =
∫ ∞

−∞
z(t +

τ
2
)z∗(t − τ

2
)︸ ︷︷ ︸

Ψzz(t,τ)

exp(− j2π f τ)dτ (1)

The expression Ψzz(t,τ) in (1) is the so called instanta-
neous autocorrelation function. Its calculation causes cross
terms (or interference terms). These cross terms are the ma-
jor disadvantage of the WVD.

C. Cross Term (CT) suppression

The most common method for CT suppression is the
Smoothed Pseudo Wigner-Ville-Distribution (SPWVD). An-

other method uses a Time Frequency Distribution Series
(TFDS) [12]. In the following, both methods are explained
in detail. Further methods are given in Table 1.

SPWVD: The calculation of the SPWVD is separated in
two steps. In the first step, a window function h(τ) is applied:

WV DP
z (t, f ) =

∫ ∞

−∞
h(τ)z(t +

τ
2
)z∗(t − τ

2
)e− j2π f τ dτ. (2)

Depending on the length of the window function h(τ) this
suppresses, to some extent, the CT for multicomponent sig-
nals. The reason is that the window function makes the WVD
local. But there are still CT left from different auto terms
within the window. These CT can be reduced by convolut-
ing the result from (2) with function g(t):

WV DSP
z (t, f ) = WV DP

z (t, f )∗t ′ g(t)

=
∫ ∞

−∞
g(t − t ′)WV DP

z (t ′, f )dt ′
(3)

By applying the function h(τ) and g(t), the resulting time-
frequency distribution is smeared to some degree in time and
frequency. Nevertheless, the resolution provided by the SP-
WVD is still superior to the STFT.

TFDS: For the TFDS, the signal under investigation, z(t),
is written in terms of linear combination of a set of ele-
mentary functions. These elementary functions should have
a good localization in time and frequency. The Gabor ele-
mentary functions used in the TFDS satisfy these conditions.

The elementary functions are defined as:

hm,n(t) =
(α

π

)0,25
exp

{
−α

2
(t −mT )2 + jnΩt

}
(4)

and a signal is represented as:

Table 1: Further methods for CT suppression in the WVD

Method Approach and Properties
TFDS, Wil-
son base[9]

TFDS using a Wilson base; (+): No re-
dundancy (-): High computational effort

Superposition
of STFT and
WVD [10]

Knowledge of auto terms in STFT re-
duces CT in WVD (+): Simple; High res-
olution (-): Auto terms have to have a
minimum distance

Phase shifting
of signal [11]

Shifted auto terms produce shifted CT;
(+): High Resolution (-): A priori knowl-
edge about auto terms

Comparative Analysis of Different Wigner-Ville Distribution Implementations for the ECG-Based Detection 907
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(a) SPWVD

(b) TFDS

(c) STFT

Fig. 2: Different Time-Frequency-Distributions for HRV from a Group A
dataset (Record a03 apneadb)

z(t) =
∞

∑
m=−∞

∞

∑
n=−∞

Cm,nhm,n(t). (5)

The Gabor elementary functions in 4 are time shifted and
frequency modulated Gaussian functions. Cm,n are the Gabor
coefficients. The coefficients are calculated using the Time
Frequency Toolbox [13]. The Cross WVD is applied to (5):

Wz(t, f ) = ∑
m,m′

∑
n,n′

Cm,nC∗
m′,n′Wh,h′(t, f ). (6)

By setting (m,m′,n,n′) in (6), the distances |m−m′| and
|n − n′| are determined. These two distances describe the

width of the instantaneous autocorrelation function. By ma-
nipulating them, a windowing can be achieved. This improves
the resolution of the original Gabor spectrogram and simul-
taneously suppresses the CT effectively.

Figure 1 shows the interference terms in the WVD and the
high time-frequency concentration of the SPWVD and the
TFDS compared to the STFT.

D. Configuration of SPWVD and TFDS

Both, SPWVD and TFDS are programmed using MAT-
LAB. Gaussian windows are used for SWPVD and TFDS.

SPWVD: To analyze frequencies down to 0,01 Hz and less,
the minimum length of window function h(τ) is 100 s. The
following window lengths are a compromise for a good time-
frequency resolution: h(τ) = 181s, g(t) = 60s.

TFDS: For the TFDS, the Gabor coefficients have to be
calculated first. The Gabor elementary functions only form a
basis of L2(R) if T ·Ω = 2π in (4). But the closer T ·Ω gets to
2π , the worse the dual function becomes. This circumstance
requires some degree of oversampling, meaning T ·Ω > 2π .
The oversampling rate Q = M·N/L is set to 128. For a signal
consisting of L = 8192 samples, N = 512 Gabor coefficients
in time and M = 2048 in frequency are calculated. For the
Cross WVD applied in the following step, the distance d =
|m−m′|+ |n−n′| is set to 4.

IV. RESULTS

WVD and methods for CT suppression: Using different
test signals, the best results for CT suppression were achieved
using the SPWVD. Compared to the TFDS, the SPWVD has
less computational effort and the configuration is less com-
plex. The TFDS requires some degree of oversampling re-
sulting in a high redundancy.

A dataset from group A was analyzed using SPWVD,
TFDS and STFT (Gaussian window; 181 s) (see Fig. 2(a)
- 2(c)). Compared to the STFT, both the SPWVD and the
TFDS provide a higher time-frequency resolution. The SP-
WVD is chosen for further analysis.

Dataset Separation: In Fig. 2(a), the annotated apneic
episodes (annotated by an expert) are marked on the time
axis. There is an interrelation between these annotations and
the rise of the energy in the frequency range between 0,02 Hz
and 0,04 Hz. This interrelation was not noticeable in all of
the datasets. Characteristic peaks arise when averaging the
spectra in time. For datasets from group A, this peak lies
at 0,021 ± 0,006Hz. For datasets from group C, it lies at
0,011± 0,002Hz. These values have been determined from
the training dataset.
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Fig. 3: Spectra for one dataset from group A and one from group C
averaged in time.

Table 2: Results for classifying datasets by their averaged peak in the
frequency domain

Training Database Test Database
Specificity 85 % 100 %
Sensitivity 90 % 100 %

The datasets are classified by setting a threshold value.
This threshold is based on the previously mentioned fea-
tures and is set to 0,015 Hz. Using this threshold, datasets
from groups A and C are separated (see Fig. 3). The re-
sults for classification within the training database and the
test database are summarized in Table 2.

V. DISCUSSION

Using SPWVD for HRV Analysis: To reduce CT artefacts
in the WVD, a modification has to be applied. The SPWVD
reduces the time frequency resolution of the WVD but is still
superior to the STFT. Using the high resolution, a minute by
minute analysis of HRV is possible.

Apnea detection: The spectral analysis of HRV has shown
an interrelation between episodes containing apnea and en-
ergy changes in the frequency range between 0,02 Hz and
0,04 Hz. This result agrees with results from other works [3],
[14]. For datasets from group C, the characteristic peak is
in the range between 0,006 Hz and 0,014 Hz. This peak, de-
tected in this work, is a further feature to separate the datasets
from groups A and C. But the minute by minute analysis
using the selected features does not work properly for all
datasets. One reason is that the physiological causes for the
very low frequencies in HRV are not entirely clear.

VI. CONCLUSION

The WVD is a powerful tool for the combined time fre-
quency analysis. The CT artifacts in the WVD are reduced by
using appropriate mathematical methods. The SPWVD was

found to be the most efficient approach for CT suppression in
this application.

Using the SPWVD to analyze HRV it was shown that it
is possible to separate group A and C datasets from the Phy-
sionet apnea database. Good results were achieved using a
simple threshold decision method.

Future work will use HRV to diagnose pathological
changes. The ECG derived respiratory signal will be used in
combination with the analysis of HRV to realize investiga-
tions with a higher temporal resolution.
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Abstract  Many medical applications benefit from gather-
ing anatomical data of large numbers of patients into a centra-
lized database. Current systems are easily able to handle sev-
eral thousand datasets in diverse representations, such as CT, 
segmented bone surfaces etc., annotated with patient metadata 
(e.g. age, ethnic group or height). In this paper, we present a 
method for performing automated measurements of quantities 
such as distances, angles or circle diameters on a large number 
of pre-segmented bone samples. The quantity to be measured 
is specified on a template shape, and then identified on every 
sample respectively through correspondence matching. Addi-
tionally, the system allows the inclusion of automatically ex-
tracted anatomical landmarks in the measurements. By filter-
ing the input dataset based on patient attributes, the measured 
quantities can be statistically analyzed with respect to specific 
subpopulations (e.g. differentiating by sex or ethnic group, to 
be used in the design of optimized implants). The quality of the 
automated measurements was assessed through a comparison 
with an evaluation performed manually. 

Keywords  bone database, automated, anatomical measure-
ments, correspondence matching 

I. INTRODUCTION  

Accurate quantitative information about the magnitude of 
anatomical features is vital for a variety of medical applica-
tions. For example, designing orthopedic implants requires 
a good knowledge of the bony anatomy of the relevant bone 
(e.g. CCD angle on the proximal femur, or width of the 
intramedullary canal of the humerus).  Of special interest 
are findings concerning the statistical distribution of mea-
surements with respect to subpopulations, such as male vs. 
female, or different ethnic groups. To be statistically mea-
ningful, such evaluations must be performed on a sufficient-
ly large number of datasets. Recently, such databases con-
taining several thousand bone samples in different 
representations (e.g. CT images, segmented surfaces) have 
become available in various commercial and scientific set-
tings. 

Due to the large amount of data involved, it is not prac-
tical to manually carry out such measurements, issues of 
reproducibility notwithstanding. This paper describes an 
approach for performing these evaluations in an automated, 

reproducible fashion on bone data represented by polygonal 
surfaces obtained through CT segmentation.  

II. MATERIALS AND METHODS 

The system developed can measure lengths, angles and 
diameters. Measurements are based on features, which can 
be points, lines, planes or circles (for example it would be 
possible to measure the distance between a point and a 
plane). These features are identified on every member of the 
input dataset, which is a collection of bone samples in sur-
face representation drawn from the database. Measurements 
are then performed automatically on each sample. 

 
The system uses two fundamentally different kinds of 

features, which are landmark features and correspondence
features. 

A. Landmark Features

 Landmark features are features with anatomical signi-
ficance (mostly points, but also lines and planes). Table 1 
displays a selection of landmark features defined on the 
femur. 

Table 1 A selection of femur landmark features 

Feature Definition 

Coronal Plane 
Plane through two most posterior points of the con-
dyles and most posterior point of the proximal femur 
(usually the lesser trochanter) 

Axial Plane Perpendicular to coronal plane, tangent to the most 
distal points of medial and lateral condyle 

Sagittal Plane Perpendicular to coronal and axial planes 
Head Center Center of best-fit sphere of femoral head 
Neck Center Center of the neck isthmus 
Neck Axis Line connecting head center and neck center 

Obviously, landmark features depend on the kind of bone 
(femur, tibia etc.) being analyzed. They are pre-calculated 
for every item in the database, and stored along with the 
datasets. All of the landmark features are detected automati-
cally without user intervention. Figure 1 displays a femur 
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sample with some of the landmark features that were deter-
mined on it. 

            

Fig. 1 Automatically detected landmark features on femur and tibia 

Landmark feature detection works through analysis of 
the polygonal mesh data representing the sample. Various 
techniques are employed to determine the different features. 
For example, the basic anatomical directions (ante-
rior/posterior, lateral/medial, superior/inferior) are initially 
approximated through a principal component analysis of the 
mesh data, and refined later. The basic planes (coronal, 
axial, sagittal) are detected by a tangent plane fitting algo-
rithm that tries to fit a plane to a shape so that three-point 
contact is achieved, given some initial constraints such as 
approximate plane normal or orthogonality conditions (e.g. 
the axial plane must be orthogonal to the coronal plane). 

Most of the features detected in this way are defined un-
ambiguously, which means they do not depend on the spe-
cifics of the algorithm used. For example, the coronal plane 
is unique in that it is the only plane touching the bone on 
both condyles and the proximity of the lesser trochanter. 
Some features are less rigorously defined, like the sphere 
approximating the femur head, the location of which de-
pends to a certain extent on the points included in the fitting 
process (no clear-cut classification of these exists). Never-
theless, using the algorithms as they stand, all features can 
be reconstructed in completely reproducible fashion at all 
times. 

B. Correspondence Features

The second class of features are those which have no 
predefined anatomical meaning, but are found by transfer-

ring points marked on a template shape to all sample shapes 
through a correspondence mapping.  

The user can place one or more points interactively any-
where on the surface of the template shape, and the system 
can identify the corresponding points through a precom-
puted mapping function on every sample. Figure 2 shows 
two points marked on the template, and the corresponding 
points on some samples. 

  

 

Fig. 2 Correspondence features, marked on the template (left) and mapped 
to the set of sample bones 

The mapping transformation used yields a dense, conti-
nuous mapping from points on the template surface  to 
points on the sample surface , and can be written as the 
concatenation of three constituent functions: 

 
              (1) 

 
in which 

 
  is an affine transformation that aligns the 

template and the sample with respect to position, 
orientation and scaling 

  is a non-rigid deformation mapping that 
deforms the template surface until it coincides with 
the sample 

  maps a point to the closest surface point of 
the sample (which is necessary only because 

 is not fine-grained enough to capture 
small irregularities on the segmented surface) 

 
The affine transformation is found through analysis of 

the previously calculated landmark features. For example, 
two femora are registered by aligning their shaft axes and 
coronal planes, and choosing the scaling so that they have 
identical lengths. A similar procedure can be used for other 
kinds of bones. 

The non-rigid deformation was implemented following 
the approach described in [4]. The template shape is em-
bedded into a deformation lattice, which is a regular grid 
whose vertices are control points that can be displaced, 
thereby controlling the deformation. The displacement of 
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points inside the grid is interpolated using cubic B-splines, 
thus guaranteeing a continuous, smooth deformation of the 
entire shape. 

The displacement of the control points can be written as  
 

 
 
In which  is the total number of control 

points in the lattice,  is the displacement of 
the -th control point, and  represents the identity 
transformation  (no deformation). 

 The optimal displacement  of the control points is ob-
tained through minimizing the following energy function: 

 

 

 
where  is the smooth B-spline mapping of a point 

x under a given deformation , and  and  are signed 
distance transforms of  the template and the sample, respec-
tively. The distance transform of a shape  yields the 
signed distance of a point x to the closest point on the 

outside the shape and negative for points inside. 
The energy function sums up the squared differences of 

the distance fields of both shapes over their combined 
bounding volume , the idea here being that this sum goes 
to 0 once the optimal deformation has been found. 

This energy function proves to be a very powerful crite-
rion for surface congruence and lends itself well to minimi-
zation, e.g. with gradient descent methods. Its essential 
constituent, the distance transform, can very quickly be 
evaluated by sampling pre-computed distance fields at the 
relevant point locations. See [5] for a GPU-based (i.e. 
graphics-hardware accelerated) approach for generating 
distance fields from a polygonal mesh, and [6] for how to 
compute the correct sign of the distance values. 

Finally, the function surf() in equation 1 that maps a 
point x to the closest surface point on the sample can easily 
be expressed using the distance transform : 

 
 

 
because the gradient of the distance transform always 

points to the closest surface point, and . 
The method described above establishes a dense, conti-

nuous  surface correspondence between the template and the 
sample shapes. The choice of the template itself is of lesser 
importance, as long as the mapping produces consistent 
results. In our system the template was generated using a 
two-step procedure: first, a pseudotemplate was selected 

among the sample set, by choosing the one sample whose 
 (with respect to 

several angles and lengths derived from the landmark fea-
tures). Then, all samples were mapped to the pseudotem-
plate using the algori 

thm described. Finally, the correspondences thus ob-
tained were used to generate a mean shape through averag-
ing the sample-mapped locations of all of the pseudotem-

 The mean shape thus generated was then 
used as new template, to which all samples were registered 
once again.  

This method for generating the template proved quite ro-
bust, as we tried it with different pseudotemplates, and the 
resulting mean shapes turned out nearly identical (with a 
maximum surface deviation of less than 2mm). 

C. Measurements

Once the landmark features and correspondence map-
pings have been calculated, performing measurements is 
straightforward. The system can perform measurements 
between arbitrary combinations of features, for example 

connecting the femoral head with correspondence point #1 
 The measurements 

are automatically performed on all samples, and the results 
are reported back to the user. 

III. RESULTS 

The system was tested on a database containing 1265 
femur and 805 tibia datasets. The data preprocessing (gen-
eration of the distance fields, and optimization of the free-
form deformation) took approximately 1-2 minutes per 
sample on a 2.67 GHz Intel Core2 Duo CPU with an NVi-
dia GeForce 8 graphics card. 

 
The quality of the correspondence matching was prevali-

dated through the following procedure: 
 

1. Ten femur samples were randomly chosen from 
the database. 

2. Two measurements were specified: head diame-
ter, as defined by the distance of two points lo-
cated on opposing sides of the femur head, and 
femur length as defined by the distance between 
the most proximal point on the greater trochan-
ter, and the distal center of the facies patellaris. 

3. On all samples, the measurements were per-
formed automatically using the proposed system 
(AM = automated measurements), and manually 

912 H. Gottschling et al.

IFMBE Proceedings Vol. 25



by two engineers (S1 and S2), using a commer-
cial CAD software (Pro/E). 

 
Figures 4 and 5 display the per-sample deviations be-

tween the different measurements (ideally, all 3 subjects 
would have measured identical values, and the differences 
would be 0). Table 2 displays the mean value and standard 
deviations of the measurements. 
 

 
Fig. 3 Absolute differences in femur head radius measurements between 

subjects 

 
Fig. 4 Absolute differences in femur length measurements between  

subjects 

Table 2 Analysis of the measurements 

 S1 - S2 S1  AM S2  AM 
Head Diameter 1.74±0.69 mm  1.93±1.04 mm 0.73±0.53 mm 
Femur Length 1.64±0.91 mm 1.04±0.67 mm 1.76±1.43 mm 

IV. DISCUSSION 

Previous approaches for the determination of bone cha-
racteristics and statistical distribution of the results were 

based on manual measurements, performed individually on 
every bone. In general, these measurements were conducted 
by means of electrical or mechanical devices, such as MRI 
[1], ultrasound [2] or an osteometric board [3].  

Obtaining a representative amount of bone measurements 
through these approaches is very time consuming. Further-
more, the reproducibility of the results is low compared to 
the use of an automated and validated measuring method. 

The proposed system permits more detailed and precise 
measurements of bone characteristics than manual methods. 
Its benefit lies in the ability to handle a very large number 
of datasets (possibly filtered according to specific criteria), 
and the standardization and thus transferability and repro-
ducibility of measurements, which is not guaranteed by 
manual approaches. 

 Validation of such a system is difficult, especially with 
respect to correspondence detection
mapping between two bones exists. What can be done is to 
compare the results obtained from the system with mea-
surements performed manually. The prevalidation con-
ducted on a small set of samples shows that the accuracy of 
the automated measurements seems comparable to those 
performed manually. As can be seen in Figure 3 in the case 
of the femur head diameter, the discrepancy between S1 and 
S2 is often larger than that between the system and any of 
the human subjects. For both measurements, agreement 
between one human subject and the system was better than 
agreement between S1 and S2 (cf. S2  AM for the head 
diameter, and S1  AM for the femoral length). More de-
tailed studies are pending. 
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A transportable camera based motion analysis system with application
to monitoring of rehabilitation of hand
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Abstract— In this paper we present a portable camera based
motion analysis system. The system consist of multiple high
speed FireWire cameras with a powerful image processing
workstation alongside biosignal and pressure insole data acqui-
sition systems. The laboratory equipment was utilized in a case
study in which post-stroke recovering patients were performing
various task involving controlled coordination of the upper
extremities. The framework on assessment of the effectiveness
of post-stroke rehabilitation was developed. The preliminary
results suggest that three-dimensional motion analysis methods
can give valuable quantitative information on rehabilitation
process.

I. INTRODUCTION

Motion analysis methods have been widely used to mea-
sure and model human movements. Biomechanics can be
considered as the base of modern motion analysis, which
aims for modeling of human body as a mechanical compo-
sition of joints and rigid segments [1]. Motion analysis can
be considered to consist of three components: kinematics,
kinesiological electromyography and kinetics. Kinematics
examines the motion of body segments from geometric point
of view without paying attention to forces producing the
movements, whereas kinetics interlinks forces and move-
ments produced by the forces [2], [3].

Stroke can affect physical, mental and social functions.
Disability or paralysis is often affected only to one-side,
e.g. movements of hand can be impaired. Some stroke
survivors exhibit poor control of movement smoothness [4]
and movements seem to grow more smooth with recovery
[5]. In monitoring of rehabilitation of stroke patients ob-
jective evaluation methods are required. The evaluation of
effectiveness of rehabilitation is an important task. However,
at present the monitoring of rehabilitation can be based
only qualitative measures, such as visual interpreting of
movements of controlled task. Three-dimensional motion
analysis turns out to be a powerful quantitative tool for
assesment of movements of a hand.

A. Camera based systems in motion analysis

The most advanced methods in motion analysis, which
can be used for modeling of movements of the whole
human body, are based on photogrammetric methods [6]. The
camera technology has advanced during last years. Cameras

*T. Bragge is with department of Physics, University of Kuopio, P.O.Box
1627, FIN-70211 Kuopio, Finland. (timo.bragge@uku.fi)

utilizing FireWire or Ethernet interface are nowadays avail-
able at a reasonable price.

II. LABORATORY EQUIPMENT

We have developed and built a flexible mobile motion
analysis laboratory which consists of multiple high speed
cameras with image processing system, biosignal and iner-
tial sensor measurement system and pressure insoles. The
laboratory is suited for various research projects as well
as development of methods applied in motion analysis. All
laboratory equipment packs in a car and the whole system
can be set up for the field measurements in less than
two hours. A diagram which describes the components and
connections of laboratory equipment is presented in Fig. 1.

One of the most important criteria of laboratory design is
scalability. The number of utilized cameras can vary from
one to eight at the moment but the number can be further
increased if needed. The volume in which the tracking of
3D coordinates takes place can be from a cubic litre scale
(10× 10× 10 cm3) up to cubic meter scale, e.g., 3 × 2 × 2
m3. The smallest volume is suitable for precise tracking of
finger movements, the bigger volumes are required when a
whole body is tracked in gait or running analysis.

Workstation Firewire

DT340

Camera 1

IR-light

1394

Sync

Synchronization device
for cameras and lights

RJ45 RJ45 RJ45 RJ45

Camera 8

IR-light

1394

Sync

...

Trig in

Trigger
(manual or
photocell)

Biomonitor
ME6000

AMTI Force plates Pressure insoles

Fig. 1. A diagram of laboratory equipment and its connections

A. High speed cameras

The laboratory is based on Basler high speed Firewire
(IEEE 1394a) cameras, Fig. 2. The system consists of six
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monochrome model A602f and two color model A602fc
cameras. Color cameras are usually used as scene cameras.
The cameras are miniature sized and are based on CMOS
sensor technology with 10 effective bits per pixel. Power to
the cameras is supplied via 1394 cable. The image resolution
of cameras is 656 × 491 pixels. When full resolution is
utilized frames can be obtained at the rate of 100 frames
per second over the Firewire bus. That is approximately 31
megabytes of data per second per camera.

Camera parameters can be controlled over the 1394 bus
by software. Such parameters are electronic exposure time
(shutter time), gain, brightness and trigger configurations.
Exposure time is at least 20 μs, gain and brightness controls
the mapping from 10 bit sensor output to 8 bit camera output
values. The A602 cameras have four input and four output
ports in a 10 pin RJ-45 jack. The I/O ports are utilized for
various trigger and timing signals. For example, exposure
can be controlled in hardware level by using pulsewidth
modulated trigger signal. In that case the pulsewidth controls
the exposure time.

Camera positioning is an important issue in photogram-
metric 3D reconstruction methods especially if infrared (IR)
lights are employed. The equipment includes various camera
stands and tripods which enables flexible camera positioning
around the measurement volume. The cameras are usually
placed around and above the subject so that no camera is
in field of vision of other cameras. The cameras can be
configured with different objective lenses depending on the
measurement, varying from fixed focal length objectives (6-
12 mm) to zoom objectives. IR filters, which filters out
visible light, can be attached to all objectives. IR filters
are typically utilized in conjunction with IR lights and
retroreflective markers.

Fig. 2. A Basler A602f FireWire camera with attached IR-filter and IR-
light.

B. Image processing hardware

For image processing and storage a specific workstation
was designed and assembled. Simultaneous video capturing
from multiple 1394 cameras is very banwidth intensive task.

As one camera operating at full frame rate consumes almost
the whole 1394a bus bandwidth, the number of required
1394-controllers is equal to number of 1394 cameras. The
workstation is equipped with two 4-bus IEEE 1394a con-
troller cards equalling 8 independent full speed 1394 buses.

Eight cameras can produce continuous data stream
equalling 250 megabytes per second which can be stored
with help of a decent RAID controller and bunch of SATA
hard drives. Software for simultaneous camera control and
video recording was developed with National Instruments
LabVIEW 8.1. The system is capable of continous video
capturing and streaming to hard drive for off-line analysis
when using 8 cameras. Also real time marker tracking is
possible with LabVIEW. When real time tracking of markers
is utilized the amount of data is essentially reduced since
only marker coordinate information is needed for further
processing.

C. Synchronization and infrared lights

In motion capture and analysis applications it is important
to drive the cameras synchronously. The Basler A602 cam-
eras have I/O ports for triggering purposes. A synchroniza-
tion box was developed which is connected to a counter/timer
card installed in the workstation. The synchronization box
and thereby the frame rate and exposure of all cameras can
be controlled with the developed LabVIEW video recorder
software. Each camera is connected to the box via RJ-45
cabling and connectors and the box distributes the same
exposure control trigger signal to the all cameras. The
recording of a trial can be started by software or by external
hardware trigger, e.g., with a photoelectric cell.

The synchronization box has also circuitry to drive camera
lights which consists of IR LEDs. The LEDs are driven
with a pulsed overcurrent which can be used to increase the
brightness of LED lighting. Moreover, the pulsed current is
active only when the exposure occurs in the cameras.

D. Camera calibration device

Measurement volume and camera calibration is a substan-
tial step of photogrammetric 3D motion analysis. Calibra-
tion can be accomplished with a specific calibration device
which consists of some points of reference whose real 3D
coordinates are precisely known. The laboratory equipment
includes two different sized calibration frames for different
motion analysis setups. The smaller calibration frame con-
sists of solid aluminium rods attached to aluminium plate
and its dimensions are approximately 50×35×46 cm3. The
bigger one’s dimensions are approximately 220× 140× 190
cm3 and it is suitable for motion analysis of whole body.

III. PHOTOGRAMMETRIC METHODS

Photogrammetry can be defined as measurement of three-
dimensional objects geometry through two-dimensional im-
ages. In motion analysis the photogrammetric methods are
utilized for determining the temporal positions and orien-
tations of body segments with help of markers attached
on the body. When the three-dimensional point of interest,
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e.g. a marker, is observed simultaneously with at least two
calibrated cameras the 3D-coordinates of the point can be
solved. The markers attached on body can be either passive
or active. The passive markers are usually retroreflective
balls which are utilized alongside light sources attached
to cameras. Hence the markers are clearly visible in the
camera images. When IR-filters and IR-lights are utilized
the markers are the only objects appearing in the images.

A. Camera calibration

Camera calibration is a crucial part in photogrammetric
methods. A classic approach to calibrate a camera is called
direct linear transformation (DLT) method [7], [8]. The DLT-
method, which is based on a model of pinhole camera, can be
extended to take account of the nonlinearities of the camera
lens [6], [9].

The pinhole camera model P is a projective mapping
which maps a homogenous 3D-world point �X to homoge-
nous 2D image point �x,

�x = P �X. (1)

The camera matrix P ,

P =

⎡
⎣ αu s up

αv vp

1

⎤
⎦

︸ ︷︷ ︸
K

[
R

∣∣∣ − R�C
]

(2)

= KR
[
I3×3

∣∣∣ − �C
]
, (3)

consists of intrinsic and extrinsic parameters of the camera.
The extrinsic parameters, R and C, are camera orientation
and position, the intrinsic parameters, matrix K , consist of
focal length, pixel size on the sensor and the centre of
optical axis. The DLT method for camera calibration can
be formulated as a problem of solving camera matrix P
components [6].

Calibration can be performed with a specific calibration
device. With help of this device, correspondence between
known 3D-coordinates �X and observed pixel-coordinates
�x can be established. The matrix P parameters can be
solved in a least squares sense, when sufficient amount of
corresponding points are defined. Reconstruction of marker
3D coordinates is possible, when the marker is observed in
at least two calibrated cameras.

B. Kinematic human body model

In human body modelling, the body is modelled as joints
and bones, and in more sophisticated models, also muscles
and ligaments are included into the model. The kinematic
3D human body model describes the translational motion
and orientation of different body parts and from the model
various parameters can be derived. Such parameters are for
example velocities and accelerations of body segments or
joint angles.

One problem in motion analysis is, how to estimate the
location of joint centres, when only markers on the skin
are observed. One solution is to try to position the markers

precisely relative to known body landmarks, and to use that
information in the modelling.

IV. CASE STUDY: MONITORING OF HAND
REHABILITATION

The aim was to develop quantitative methods for monitor-
ing of effectiveness of rehabilitation of stroke patients. Hand
rehabilitation is monitored with series of specific standard-
ized tests, including grabbing and moving of different ob-
jects. The case study was accomplished in cooperation with
Brain Research and Rehabilitation Center Neuron, Kuopio,
Finland.

The test setup consisted of seven cameras and is presented
on Fig. 3. Twenty-six markers were attached to both hands
and arms and one marker to the top of sternum, totalling 53
markers on the subject. Marker sites of hand are shown in
the Fig. 4. In addition markers were attached to the objects.

Fig. 3. The positioning of cameras around the table. The upper surface
level of the table is not shown.

A. Protocol description

Two hemiplegic stroke patients with upper limb motor
deficits, 1 male and 1 female, attended to the study. The
developed protocol consisted of three tasks. The subjects
were seated in front of a table which consisted of two
surfaces. The upper surface was 35 cm higher compared
to lower surface. The first task was to grab a 15 cm long
and 3 cm wide square profiled metal brick from the lower
surface and lift it up to the upper surface. The second task
was a grabbing to a pen-sized stick and threading it into a
hole whose diameter was 5 mm greater than the diameter
of the stick. The final task was grabbing of 2 cm thick
pen and drawing straigt lines on paper with guidance lines.
All tasks repeated three times and were performed with
both hands. The measurements were performed on the first
day of rehabilitation and the follow-up measurements were
performed after two weeks rehabilitation.

In the start position, the subjects were sitting in a confort-
able position against the chair back, feet on the floor. The
both hand were lying on the table.
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Fig. 4. The placement of retroreflective markers attached to hand and trajectories of markers reconstructed from a grabbing task. A reconstructed 3D-model
of hand.

B. Results

After the camera calibration, each of the markers were
identified from video files acquired from trials. The marker
identification and tracking were performed by using Vicon
Peak Motus 9 software. An example of tracked marker
trajectories is shown in Fig. 4. The marker coordinate data
was transferred to MATLAB software, which was used for
modeling, visualization and trajectory analysis. The devel-
oped body model of one hand consists of 23 segments.
The developed software allows determination of joint angles,
velocities and accelerations of segmentes as well as temporal
parameters of movements. Also smoothness parameters can
be derived from the kinematic model, such as jerk cost [10]
or jerk metric [5]. The jerk can be calculated as the third
derivative of displacement with respect to time. Two views
of reconstructed hand 3D-model is presented on the lower
part of Fig. 4. According to first analyses, the smoothness
of movements on more affected hands were inferior to the
less affected hands. Moreover, the movements after two-
week rehabilitation were more controlled compared to the
first measurements.

V. CONCLUSIONS

Preliminary results suggest that three-dimensional kine-
matic analysis can give valuable quantitative information on
the assessment of effectiveness of rehabilitation process. To
be practically applicable the system has to be highly autom-
atized and robust. Studies with larger number of patients is

needed for deciding which parameters best correlate with the
effectiveness of rehabilitation.
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Abstract— The main focus of this paper is to investigate 
the possibility to distinguish among different classes of 
beats, as provided by ANSI/AAMI EC57:1998 standard, 
from the ECG holter recordings. We compare the perform-
ance of an ensemble classifier based on three classifiers on 
distinguishing ECG beats from holter recordings character-
ized by two distinct sets of features.  

The first feature set is one relying upon the "classical" 
time interval measurements of QRS complex and T-wave. 
The second one tries to describe the beat using means as 
simple as possible resulting in a description of the QRS 
complex in terms of "easy-to-compute" statistical moments; 
hermite coefficients and Karhunen Loeve coefficients.  

The results of the ensemble classifier consisting of three 
different classifiers – namely a k-NN classifier, a Back 
propagation Neural Network and a Support Vector classi-
fier- are as general as possible by using global train-
ing/testing approach that uses one half of the recordings 
from the MIT-BIH database for training and the other half 
for testing. Results of the classifier are computed using 
sensitivity (Se) and specificity (Sp) for both feature sets. The 
best results achieved during the experiments were those 
using the "classical" feature set and the ensemble classifier. 
The specificity for detection of normal beats was 74.26% 
and sensitivities were 68.19%, 45.73%, 35.19%, 48.70% for 
ventricular, bundle branch blocks, supraventricular, and 
fusion beats respectively. The results achieved on the "easy-
to-compute" approach are comparable to those from "clas-
sical" approach when dealing with the detection of ventricu-
lar beats with specificity 74.73% and sensitivity 59.97% – 
but they have performed much worse when trying to detect 
the other classes such as supraventricular, fusion or bundle 
branch block beats. 
Keywords— ECG holter, classification, Ventricular beats, 

ensemble classifier, feature set comparison 

I. INTRODUCTION  

Many different methods have been proposed to solve 
the crucial problem of long-term holter recordings 
evaluation which can be transformed into the problem of 
discrimination between normal ‘N’ and variety of other 
beats mainly premature ventricular ‘V’ beats; bundle 
branch block beats (BBB) and supraventricular beats (S).  

Lot of research effort has been put to examine and 
classify data using methods that are usually based on 
beat-shape description parameters [1], shape descriptive 
parameters transformed with the Karhunen–Loeve 
method [2], and Hermite polynomials [3]. Other works 
use time-frequency features [4] and features obtained 
from heartbeat interval measurements [5, 6] to identify 
cardiac arrhythmia.  

In any case, for the comparison of different approaches 
the setup of the experiments, where the type of the train-
ing and the selection of testing sets are defined, is of 
major importance. There are two main setups to be con-
sidered: training based on a local learning set [7] and on a 
global learning set [8].  

The main reason for using local classifier is the fact 
that beats within one patient tend to look alike – but tend 
to differ widely between patients – therefore using local 
classifier usually leads to better overall result in a person-
alized medicine approach using the patient as its own 
control. Further remarks on both approaches are pre-
sented in Chapter IV. 

In this paper we attempt, using as guideline our ex-
periments dealing solely with distinguishing between 
normal and ventricular beats [9], to provide a thorough 
investigation of different pattern analysis techniques 
using an ensemble classifier on two different global fea-
ture sets. The MIT-BIH database [10] is used for our 
experiments. Finally the results are then compared using 
sensitivity and specificity.  

The rest of the paper is organized as follows: Section 
II presents the feature extraction process. Section III 
briefly describes the classification methods involved. In 
Section IV the selection of the training and testing sets is 
given and the results are presented in Section V. Section 
VI concludes the paper giving some directions for future.  

II. FEATURE SETS  

A. Preprocessing 

For the purposes of the processing methods used in 
this paper all records were re-sampled to 500Hz from the 
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original 360Hz. No filtering was performed on any of the 
signals.  

For the detection of R-peaks a method proposed firstly 
by Christov [11] was applied. Based on the R-peak find-
ings two different ways of processing are then followed. 
For the "easy to compute" feature set the maximum of the 
major R-peak is found and a window of 128 samples with 
R peak centered on position 64 is selected for further 
computation. For the "classical" feature set each beat 
enters a measurement procedure where based on treshold-
ing of specifically filtered parts of the signal the impor-
tant points of the signal are found. The important points 
measured are QRS-complex onset, offset, T-wave offset 
and amplitudes of the Q, R, S and T waves. 

If the measurement procedure failed the beat was dis-
carded from further processing. Therefore we have skip-
ped 5 beats from each signal (the first three and last two 
of the recording) and additionally 4927 beats were 
skipped in total from records 108, 203 and 219. 

B. Feature extraction 

The "classical" feature set followed the standard ex-
traction of features based on time intervals, amplitudes 
and its ratios based on the important points measured 
from the signal. Features computed are presented in  
Table 1.The "easy to compute" feature set consists of 
features that are computed solely on the 128 samples 
around the R-peak. Those features consist of 4 normal-
ized statistical moments (mean, standard deviation, skew-
ness and kurtosis) and a selected number of Karhunen-
Loeve[12] and Hermite coefficients. These second set 
features are also presented in Table 1.  

Since one of the main purposes of holter measurement 
is to recognize arrhythmic beats in both feature set the 
RR-interval change based prematurity indicator computed 

Table 1 Enumeration of the features in "classical" and "easy to 
compute" feature sets 

"Classical" features "Easy to compute" features 

Beat prematurity Mean 
QRS interval Standard deviation 
Q, R, S amplitudes Skewness 
T-positive amplitude Kurtosis 
T-negative amplitude First nine Karhunen-Loeve 

coefficients 
QT interval Nine Hermite coefficients 
R/Q, R/S, R/T  Beat prematurity 
Areas under wave - Q,R,S,T All features were computed on 

128-sample beat excerpt centered 
on the R peak 

as relative prolongation of the current RR interval in 
comparison to the median of 10 preceding beats without 
prematurity larger than 0.15. 

C. Comparison of feature sets 

The motivation for having two sets of features is to 
check whether an “easy to compute” set can perform 
comparably to the “classical” but more computational 
demanding set. The "classical" feature set is a slight sim-
plification of the feature set obtainable from the clinically 
used holter devices. 

The "easy to compute" feature set is based only on the 
ability to find correctly the maxima of the major R-peak. 
Then all the features are computed based on the “trun-
cated” signal itself without the need of any other meas-
urements. Therefore this feature set stands as a model for 
classifying the data obtained by telemedicine application 
devices. In our case it also means we have no information 
from the depolarization phase of the beat cycle – since the 
behavior of the T-wave varies wildly in terms of shape 
and length it is in our view not possible to use without 
other measurements such as end of T-wave.  

III. CLASSIFICATION METHODS  

For the classification purposes we have chosen three 
different classifiers – a k-nn classifier, an artificial neural 
network, and an SVM. In the following paragraph a short 
description and more importantly the settings of the 
methods used will be given. WEKA [13] was used for 
executing all the classification experiments.  

A. k-NN classifier 

The k-nearest neighbor classifier [14] is used as an ex-
ample of a simple classifier, yet in cases of biomedical 
data often a very effective one. In our case the NN classi-
fier called NNge in WEKA was used with the number of 
attempts to generalize set to 10, and the number of folders 
for mutual information set to 5. 

B.   Back propagation NN 

Back Propagation Neural Network is a well-known su-
pervised learning technique used for training artificial 
neural networks with one or more hidden layers [15]. 

During the recall phase, the sample is presented to the 
network and values are propagated from inputs to outputs 
of the ANN. The difference between desired and actual 
outputs is calculated formulating the overall network’s 
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error. This error is propagated backwards from output 
neurons toward inputs. For each neuron its contribution to 
the output error is calculated and the weights of its con-
nections are adjusted accordingly.  

The back-propagation network used in this study (se-
lected after thorough testing of different configurations) 
had 7 neurons in the first hidden layer and 4 neurons in 
the second. For training of the ANN, the standard BP 
algorithm is implemented in WEKA with momentum and 
decreasing learning rate. 

C. SVM 

Support Vector Machines (SVMs) are learning sys-
tems that are trained using an algorithm based on optimi-
zation theory [16]. The SVM solution finds a hyperplane 
in the feature space that keeps the empirical error small 
while maximizing the margin between the hyperplane and 
the instances closest to it. Every new pattern x is classi-
fied to either one of the two categories through: 

1
( ) ,

n

i i
i

if sign y a K bx x x
                 

where b is a threshold parameter. For this study SVMs 
with RBF kernels were employed [16]. 

D.  Ensemble classifier 

As a final means of classification an ensemble classifier 
was used, based on the classification outcomes of the 
above described classifiers, employing a majority voting 
scheme.   

IV. DATA AND TRAINING OF THE CLASSIFIERS 

For evaluation of our approach we have used the com-
monly used MIT-BIH database [9].There are two ways of 
training the classifiers with the database.  

The first one is to use local training – using vertical di-
vision of the database. That means that, usually, the be-
ginnings of each of the recordings from the database are 
used for training and the rest of each of the recordings is 
used as a testing set. Although this type of training brings 
usually results close to absolute sensitivity and specificity 
and is often encountered in the literature e.g. [1, 7] it is 
very controversial from the point of view that any practi-
cal application would require additional annotation of at 
least a short part of each patient's recordings.  

Table 2 Beat types and its mapping on the MIT database 

Beat Label – AAMI inspired Beat Label in MIT db 

N – normal N, e, j 
BBB – bundle branch block L, R 
S – supraventricular ectopic beat S, a, A,  J 
V – ventricular ectopic beat V, E 
F – fusion F 
Q – other Q 

 
The second approach is to use the so called global 

training. In this case the database is divided horizontally 
and only those recordings that are not used for training 
are used for testing. This approach is less commonly used 
e.g. [8] and it yields about twenty percent worse results 
both in sensitivity and specificity. Nevertheless results 
obtained, using this approach, are more general and also 
reproducible on other data sets. 

 After considering the above mentioned advantages 
and disadvantages the results reported in the next section 
are based on the global classification approach using half 
of the records from the database for training and the other 
half for testing purposes. 

The beat types classified are shown in Table 2 together 
with its mapping to annotations of the MIT database – for 
further information refer to [9].  

Besides a total of 5337 beats skipped due to preproc-
essing reasons as described in Section II A also all the 
recordings with paced beats (records number 102, 104, 
107, 217)  were excluded from the data set. 

V. RESULTS 

 Results for each classifier separately and the ensemble 
classifier are shown in the Table 3. Table 3 shows the 
Specificity for detection the N beats and separate sensi-
tivities for all other not-normal beats. Since in the data set 
there are very few questionable beats the algorithm were 
not able to train for them. BBBs are often classified as N; 
the same is true for supraventricular beats.  

VI.  CONCLUSIONS  

Based on our results it seems that for "easy to com-
pute" features it is possible to compete with the "classi-
cal" ones only when dealing with distinguishing N and V 
beats.
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Table 3 The overall results for the "classical" feature set (CLA_S) and the "easy to compute" feature set (ETC_S) for each classifier  k-th Nearest Neighbor  
(k-NN), Back Propagation Neural Network (BPNN), Support Vector Machine (SVM) and ensemble classifier based on the previous three. The results 
shown for AAMI inspired classes Normal (N); Ventricular (V); Bundle branch blocks (BBB); Supraventricular (S); Fusion (F) and Other (Q) beats. 

 N-Sp[%] V- Se[%] BBB-Se[%] S-Se[%] F- Se[%] Q-Se[%] 
ETC_S_kNN 61,34 51,94 23,23 20,10 39,02 0 

ETC_S _BPNN 75,35 56,66 25,78 25,16 29,61 0 
ETC_S _SVM 73,80 59,09 29,12 32,10 41,38 0 

ETC_S _Ensamble 74,73 59,97 30,20 28,13 42,73 0 
CLA_S_kNN 62,13 58,13 43,76 35,10 31,20 0 

CLA_S _BPNN 81,92 53,44 44,13 33,18 39,23 0 
CLA_S _SVM 75,46 65,94 52,15 40,17 45,18 0 

CLA_S _Ensamble 74,26 68,19 45,73 35,19 48,70 0 
 
For all the rest of classes the "easy to compute" fea-

tures results are worse than the results of classifiers based 
on classical features. In comparison to papers using simi-
lar methodologies [1] our results are in general compara-
ble. For further experiments the area of the T-wave will 
have to be included into consideration for "easy to com-
pute" based features to improve the results. Also to sepa-
rate classification based on prematurity of the beat prior 
to further classification might be useful. 
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Abstract—We evaluated entropy of the cervical electromy-
ographical (EMG) signals during normal labor and labor with 
the delay by calculating sample entropy (SampEn). SampEn is 
the measure of time series regularity; the more regular is the 
process, the lower are the SampEn values. The values of 
SampEn are higher during the latent phase of the labor when 
compared to the active phase of the labor. A delay in an active 
phase of the labor caused the active contractions of cervical 
circular muscles is indicated in larger SampEn values, up to 
the value of 0.2 calculated from cervical EMG activity.  

Keywords—Uterine electromyogram. Sample entropy. La-
bor progression. 

I. INTRODUCTION  

Uterus is unique among smooth muscular organs in that, 
during the pregnancy, it undergoes profoundly, largely 
reversible changes orchestrated by ovarian hormones. The 
pregnant human uterus can be anatomically and functionally 
divided in two parts: uterine corpus and cervix. Throughout 
pregnancy uterine corpus adapts to the stretch induced by 
growing fetus such that a state of its contractile quiescence 
can be maintained, while the role of the cervix is to remain 
closed and retain the products of conception. At term uter-
ine corpus quiescent state is converted to a highly contrac-
tile state and the cervix dilates and retracts [1,2,3,4,5].  

Progress of labor is typically followed by measuring cer-
vical dilatation and fetal head descent. Both values are out-
lined graphically as partogram (Figure 1,3). The values for 
cervical dilatation range along the scale from 0 to 10 cm. If 
the dilatation of the cervix lags more then two hours behind 
the expected rate of dilatation, labor is considered to be 
labour with a delay. The values of head station range on the 
scale of partogram from -5 to 5 cm. Presently, both deter-
mination of fetal head station and cervical dilatation are 
carried out blindly, solely by palpation, and is therefore 
subjective and prone to errors [6].  

The progress of labour predominately depends on uterine 
smooth muscle tissue activity, which is responsible for 
uterine contractions [4]. Measurement of uterine electromy-
ographic (EMG) activity provides precise information about 
myocyte electrical activity directly and investigations have 
indicated that it is a sensitive method having great potential 
in clinical practise [1,2,3,4,5]. Studies based on cervical and 

uterine EMG activity recording indicated that through the 
latent phase of the labor the EMG activity of both parts of 
uterus (i.e. uterine courpus and cervix) is synchronically 
grouped into bursts [4, 7]. Through the years different re-
search groups used different processing of uterine EMG 
signals, majority of them focused on contraction segments 
or bursts. The analyses of bursts were made by calculating 
the power density spectrum and peak frequencies of the 
power density spectrum [2, 3, 8, 9]. Nonlinear nature of 
bursts was tested with different methods [10, 11] and 
proofed. Due to nonlinear nature of uterine EMG signals 
[10, 11], entropy methods could be appropriate for the rec-
ognition purposes. By entropy methods the complexity (or 
its opposite, regularity) of stochastic processes can be meas-
ured. In general the values of entropy increase with greater 
complexity [12, 13, 14] and decrease with regularity. En-
tropy methods have been already successfully applied for 
analyzing other biological signals such as ECG and EEG 
[15, 16, 17, 18].  

The aim of the present study was to investigate the pos-
sibility of an early recognition of labor with a delay, based 
on EMG signals. To achieve this goal, sample entropy 
(SampEn) was calculated on measured EMG signals to 
detect changes in regularity of the signals that could be a 
consequence of abnormal uterine contractions. 

II. METHODS 

A. Patients and Cervical EMG Recording 

The investigation was approved by the National Medical 
Ethics Committee, and informed consent was obtained from 
all 32 patients enrolled in the study. Patients included in the 
study were primiparous at age from 19 to 35 years. After 
admission to the delivery room the values of cervical dilata-
tion and fetal head descent were carefully outlined into the 
partogram. An open-end catheter for measuring and re-
cording the intrauterine pressure was inserted in the uterine 
cavity. Later on uterine contractions were extracted from 
intrauterine pressure record. 

EMG signals were recorded on cervix. The recording of 
EMG signal of the cervix was described previously [1]. 
Briefly, to record the cervical EMG activity a pair of spiral 
needle electrodes (Hewlett- Packard) was used. The  
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electrodes were attached to cervix in the proximal part of 
the portio for detection in the transverse (circular) detection. 
A reference electrode was placed on the woman’s thigh. All 
cervical EMG signals were sampled at 18.2 Hz, low-pass 
filtered at 5 Hz and saved for processing and analysis [1]. 
Cervical EMG signals were first detrended and band-pass 
filtered (0.1 – 3 Hz) using a Butterworth digital filter of 
second order. We decreased the sampling rate of the EMG 
signals by keeping every second sample. SampEn (m = 2, r 
= 1) was calculated on 4500 data points, therefore SampEn 
value is available every 8.2 minutes. Signal processing was 
made in Matlab.  

B. Sample Entropy  

SampEn is the negative natural logarithm of the prob-
ability that two sequences similar for m points remain simi-
lar at the next point, where self-matches are not included in 
calculating the probability [15, 16, 17, 19]. Thus, a lower 
value of SampEn also indicates more self-similarity in the 
time series. SampEn is largely independent of record length 
and displays relative consistency under circumstances [15]. 

Formally, given N data points from a time series 
{x(n)}={x(1), x(2), …, x(N)}, to define SampEn, one 
should follow these steps: 

1. Form N-m+1 vectors X(1), …, X(N-m+1)  
defined by X(i)=[x(i), x(i+1), …, x(i+m-1)], for  
1 ≤ i ≤ N-m+1. Those vectors represent m consecutive 
values of the signal, commencing with the i-th point. 

2.  Calculate the distance between X(i) and X(j),  
d=[X(i), X(j)], as the maximum absolute  difference be-
tween their respective scalar components: 
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3. For a given X(i), count the number  
of j (1 ≤ j ≤ N-m, i ≠ j), such that the distance between 
X(i) and X(j) is less than or equal to r·SD: 
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late )(iAm
r : 

( ) ( )[ ]( )∑
−

≠=

−⋅Θ
−−

=
mN

iji

m
r jXiXdSDr

mN
iA

,1

)(,
1

1

  (4) 

6. Calculate 
m
rA  as: 

( )∑
−

=−
=

mN

i

m
r

m
r iA

mN
A

1

1

  (5) 
7. Finally the sample entropy is defined as: 

( ) ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
−= m

r

m
r

B
A

NrmSampEn ln,,
.  (6) 

III. RESULTS 

The values of SampEn were calculated on all recorded 
cervical EMG signals. Cervical EMG records of the labour 
have different lengths and are recorded in different phases 
of the labour, depending on the patients arrival to the deliv-
ery room and the specifics of the labour. Therefore just 
typical progress of normal labour and the labour with a 
delay are outlined. The progresses of labours are presented 
with a partogram and values of SampEn. The partogram of 
the labour is shown on Figure 1 and 3. On the abscissa is 
time in hours; on ordinate is cervical dilatation (marked 
with squares) and head station range (marked with circles). 
The values of SampEn cervical EMG are shown on Figure 
2B and 4B. On Figure 2A and 4A the number of uterine 
contractions during 8.2 minutes, which was extracted from 
intrauterine pressure record, are shown. In the figures transi-
tion from latent to active phase of the labour is marked with 
the grey zone. This transition from latent to active phase 
was determined by obstetrician as 3 - 4 centimeters cervical 
dilatation. 

A. Normal Labor 

The partogram of a normal labor is shown in Figure 1; 
dilatation of cervix is progressing in the course of time and 
the head of the fetus is evenly drooping to the birm, with no 
delays. 

The observation of the labor presented in Figure 1 started 
at 1 cm cervical dilatation. The number of uterine contrac-
tions (not intensity or duration) in active phase stabilizes at 
3 or 4 contractions in 8.2 min (Figure 2A) and keeps the 
same value utill the delivery. SampEn values calculated 
from cervical EMG are shown in Figure 2B; in latent phase 
of the labor the values of SampEn are around 0.1. At the 
transition from latent to active phase of the labor values of 
SampEn start to reduce and continue reducing throughout 
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the active phase of the labour. At approaching the end of the 
labour SampEn values are around 0.05.  

 

Fig. 1 Partogram of normal labor 

 

Fig. 2 SampEn values calculated from cervical EMG during the normal 
labor. The gray zone marks the end of latent (the left side of zone) and the 
beginning active (the right side of gray zone) phase. The upper part of the 
figure shows the number of contractions in 8.2 minutes (A) 

B. Labor with a Delay 

The partogram of a labor with a delay is shown in Figure 
3. The curve with dropping trend, representing fetal head 
station, has the same value for nearly two hours before 
continuing the dropping trend. The curve, representing the 
cervical dilatation, has the same value for an hour. The 
number of uterine contractions during 8.2 minutes long 
interval is between 2 and 3 and has increasing trend in the 
first part of active phase. Number of contractions (not inten-
sity or duration) doesn’t change during the delay (Figure 
4A) it stays settled around 4 and 5. The values of SampEn 
calculated from EMG of the cervix (Figure 4) are signifi-
cantly greater during the delay. The values of SampEn dur-
ing the delay rise up to the value 0.2 (Figure 4B). The val-
ues of SampEn drop to 0.1, when, according to partogram, 
the labour progresses again by progressive dilatation of the 
cervix and fetal head station. Approaching the childbirth the 
values of SampEn reduce to 0.05 as in the case of normal 
labour. 

 

Fig. 3 Partogram of a labor with a delay 

 

Fig. 4 The values of SampEn calculated from cervical EMG during the 
labor with a delay (B). The gray zone marks the end of latent and the 
beginning active (the right side of gray zone) phase. The upper part of the 
figure shows the number of contractions in 8.2 minutes (A) 

IV. CONCLUSIONS  

SampEn values calculated from cervical EMG activity 
provide a new insight on cervix activity. Instead of analyz-
ing just bursts (contractions) in cervical EMG signls [1] we 
calculated SampEn values from relatively long nonoverlap-
ing segments (8.2 minutes) through the entire EMG records, 
which usually last for hours. In this way the latent as well as 
the active phase of the labour is followed-up by SampEn 
values, which are considered as a measure of the signal 
complexity.  

The complexity of cervical EMG activity during normal 
labor is reduced with frame in active phase of the labor. 
Results of our study show that at the end of the latent phase 
of the labor the SampEn values calculated from EMG activ-
ity of cervix is 0.1, while approaching the end of the labour, 
drop to 0.05. The number of uterine contractions (not inten-
sity or duration) is more or less stable when the end of the 
labour is approaching (Figure 2A). 

A delay in labour, noted in partogram as stagnation in 
cervical dilatation and head station, is accompanied by less 
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regular EMG activity of the cervix as it is during the active 
phase of the normal labour. Additional complexity in EMG 
activity of the cervix is registered as considerable increase 
in SampEn values (up to 0.2). As the complexity in EMG 
activity of the cervix is reduced, the values of SampEn 
reduce to the values noted at calculation SampEn values 
during normal labour, and the labour progresses. It has to be 
pointed out that EMG activity of the cervix was measured in 
transverse direction. Therefore the additional complex EMG 
activity detected by SampEn probably represents the circu-
lar muscle fiber activity, which may hinders effective dilata-
tion of the cervical canal during active phase of the labour 
[10] and consequently causes its delay. By measuring cervi-
cal EMG activity and calculating SampEn simultaneously 
such a delay in active phase of the labour can be noticed in 
approximately 25 min – immediately as three consecutive 
values of SampEn increase over 0.1. Due to our results 
(Figure 4A) the number of contractions can not indicate the 
delay in the active phase of labour. Acctually, during the 
active phase of labour the number (not intensity or duration) 
of contractions is more or less stable, regardless on compli-
cations present. 

The results of the present study show a potential and pos-
sibility to follow–up the progress of the labour with elec-
tromyography (EMG); specially on the uterine corpus, 
which can be detected noninvasively. 
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Abstract— Differences in the individual pixel response of de-
tector elements introduce ring artifacts in tomographic images 
seriously degrading image quality. Removing or at least sig-
nificantly reducing such artifacts is indispensable. In this pa-
per an improved ring artifacts remover filter based on the 
approach of I. Sijbers and A. Postnov [1] is presented. The 
principal advantage and core characteristic of the proposed 
method is that it can be applied directly on images that have 
been already reconstructed, thus eliminating the need for 
additional imaging data like sinograms, flat fields and dark 
fields that are traditionally used for ring removal. The pro-
posed method is computationally inexpensive and can be used 
even within established CT workflows or on past archived 
tomographic data. 

Keywords— filtering, ring artifacts, tomographic images 

I. INTRODUCTION  

Nowadays it is possible to visualize non destructively the 
internal structure of an object by means of several tech-
niques like X-Ray Computed Tomography (CT), Positron 
Emission Tomography (PET) and Magnetic Resonance 
Imaging (MRI). However, the produced images are often 
affected by a series of artifacts that seriously degrade image 
quality [2]. The most recurrent artifact in projection recon-
struction techniques is the presence of concentric rings that 
arise from some systematic effects consistent in all views 
such a bright/dark pixel in the detector (CT/PET) or some 
additive signal at fixed frequency (MRI). Ring artifacts 
complicate the post processing of the data, in particular the 
segmentation of the image and further quantitative analysis. 
Therefore, a significant reduction of these artifacts is essen-
tial. 

Several attempts have been proposed in literature through 
years and an interesting distinguish can be made in terms of 
slice processing after the reconstruction [1] or sinogram 
processing during the reconstruction [3]. In this paper an 
effective ring artifacts remover filter based on the approach 
of I. Sijbers and A. Postnov [1] is presented. The proposed 
method corrects ring artifacts after reconstruction, thus 
avoiding the need for accessing sinograms, flat field and 
dark field images.  

II. THE PROPOSED METHOD 

The proposed method is based on an algorithm suggested 
by I. Sijbers and A. Postnov [1] and it is founded on the 
observation that ring artifacts become straight vertical lines 
trasforming the input image into polar coordinates where 
the center of the ring artifacts is assumed as the center of 
polar transformation. Within a sliding window of user de-
fined size W, a set of homogeneous rows of polar image is 
detected. The homogeneity criteria is based on an user 
specified threshold value T. Working on this set an artifact 
template is generated and used for the correction of each 
column of polar image. At the end, the image is transformed 
back into cartesian coordinates.  

In the original idea, the whole method is performed 
within a suitable mask determined by segmenting the object 
from the background. However, in the proposed method the 
mask determination is considered as an optional step. If 
there is a particular interest in the vicinity of object margins, 
the mask allows a better processing in that area due to the 
fact that the sliding window and derived artifact template 
corrector do not take into account image background. Also, 
on the hypothesis that mask determination requires an in-
significant computational time, the mask allows a faster 
execution because the filtering process is inhibited on unin-
teresting zones. Nevertheless, the mask determination is in 
general a critical step being related to a segmentation proc-
ess. 

I. Sijbers and A. Postnov suggested a segmentation tech-
nique for mask determination based on thresholding and  
morphological processing. The morphological processing 
was introduced to fill holes within the object that might 
remain after thresholding. This is a common situation in μ-
CT images of a porous object and it can be faced with more 
robust techniques and, most importantly, with less user 
interaction than the thresholding with following morpho-
logical processing. In the present paper, a more effective 
technique is suggested. The binary mask is the result of a 
region growing process that starts from a seed point external 
to the object in the original reconstructed image. The  grow-
ing process is based on the concept of confidence interval: 
starting from the seed point, usually the pixel of coordinates 
(0,0), a neighborhood of N × N pixel is considered as initial 
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region, being N a parameter of the method. Then the mean μ 
and standard deviation σ of this initial region is determined. 
A pixel topologically connected to the region is included 
into the region if its intensity value is included in the confi-
dence interval [ μ - kσ; μ + kσ ] (where k is another parame-
ter of the process) and mean and standard deviation are 
updated. The process stops if no pixel topologically con-
nected to the growing region can be added. The result is an 
image containing a connected component that represents the 
external part of the object. Inverting this binary image, a 
final mask representing the whole area occupied by the 
object can be obtained. This method  has several advan-
tages: it ensures that the resulting mask contains exactly a 
connected component and the parameter set is reduced to k 
and N (the latter poorly affecting results so a default value N 
= 3 could be adopted). 

The proposed method introduces the possibility to apply 
the filter iteratively a specified number of times n or until 
the difference between the single elements of the artifact 
template ai and ai-1 will be smaller than a predefined stabil-
ity parameter ε, i.e. | ai(l) – ai-1(l) | ≤ ε for l = 0, 1, ..., M - 1 
(with M number of column of polar image and i iteration 
step). Often it happens that severe pronounced artifacts in 
the vicinity of the rings center still remain after first pass. In 
this situation, effective results were obtained applying the 
filter iteratively. This iterative version of the algorithm 
allows computational advantages and more accurate results. 
Manually invoking the filter iteratively unnecessary trans-
formations are performed: the image is transformed back 
into cartesian coordinates at the end of a step and then im-
mediately retransformed into polar space at the beginning of 
the subsequent step. Knowing in advance the desired num-
ber of iterations, the method can remain into polar space 
allowing a faster execution of the filter and also, being the 
polar-cartesian transformation performed once, more accu-
rate results can be observed. 

III. RESULTS AND DISCUSSION 

An application of the proposed method on a 8-bit μ-CT 
slice of a high porous material (a polyurethane foam) is 
reported in figure 1. Tomographic images were acquired 
using a microfocus X-ray source (40 kV, 200 μA) with 
cone-beam geometry. In this example, the filter (W = 51 and 
T = 300.0) is applied once avoiding the definition of a mask. 
It must be noticed that the filter slightly compromise the cell 
pattern far from the center: this is due to the interpolation 
process introduced by the discretized polar-cartesian trans-
formation. However, impressive results were observed in 
the vicinity of the center of ring artifacts (figure 2).  

A second example in which the mask is adopted and the 
filter is applied iteratively is shown in figure 3. A 
DELRIN® phantom (φ = 20.0 mm) was scanned and in this 
case, the mask was determined by means of the previously 
suggested region growing process (k = 7.5). For the first 
pass, W = 31 and T = 300.0 were adopted but smaller rings 
still remains after the filtering. In order to not compromise 
previously results in the vicinity of object borders and to 
allow a faster execution, an artificial binary circle mask 
centered on rings center and having a convenient radius (r = 
565 pixels) was created for the second pass. A stronger 
parameterization (W = 31 and T = 550.0) as well as iterative 
filtering (n = 7) were applied resulting in a cleaner image 
suitable for further processing and quantitative analysis. 

IV. CONCLUSION AND WORK IN PROGRESS 

Ring artifacts seriously degrade the quality of tomo-
graphic images. Reducing such artifacts is indispensable for 
further data processing and quantitative analysis. In this 
paper an effective ring artifacts remover filter based on the 
approach of I. Sijbers and A. Postnov [1] was proposed. The 
proposed method is computationally inexpensive and it can 
be applied directly on reconstructed images, thus eliminat-
ing the need for additional imaging data like sinograms, flat 
fields and dark fields. Further investigation is focused on  
the stability parameter as well as the global effects on the 
reconstructed 3D dataset. 
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Figure 1. Application of the proposed ring remover filter on a polyurethane foam slice (image courtesy of L. Bregant, Department of Mechanical Engineer-

ing, University of Trieste, Italy): a) original image; b) filtered image (W = 51, T = 300.0 without mask specification). 
  

 
Figure 2.  Zoomed details of the effects of the proposed ring remover filter on the polyurethane foam sample. A crop in the vicinity of rings center is figured 

out for a) original image and b) filtered image. A crop quite far from rings center is figured out for c) original image and d) filtered image. It must be no-
ticed that the filter slightly compromise the cell pattern far from the center, while impressive results were observed in the vicinity of the center of ring 

artifacts. 

a) b) 

b) a) c) d) 
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Figure 3 Effects of ring remover filter adopting the mask with recursively application on a DELRIN®, phantom (φ = 20.0 mm) slice: a)  original image; b) 
mask determined with the proposed region growing (k = 7.5); c) filtered image after first pass (W = 31 and T = 300.0) using the mask exposed in b); d) 

filtered image after second pass (W = 31, T = 550.0 and n = 7) using a binary circular mask centered on rings center having radius r = 565 pixels (not re-
ported). A zoomed crop of a small area in the vicinity of rings center is reported on bottom right corner. 

 

b) a) 

c) d) 
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Abstract—The growing number of fatigue related accidents in
recent years has become a serious concern. Accidents caused by
fatigue in transportation and in mining operations involving heavy
equipment can lead to substantial damage and loss of human life.
Preventing such fatigue related accidents is highly desirable, but
requires techniques for continuously estimating and predicting
the operator’s alertness state. This paper proposes ECG-based
operator fatigue estimation. For this aim, ECG was recorded
continuously, and several heart rate measures were calculated and
correlated with other well established fatigue labels. As a result,
changes in operator’s fatigue during a night time study could be
depicted during three different conditions. In the first condition,
subjective and objective fatigue measures were collected during
a 40-minute monotonous driving task. In the second and third
condition, a 10-minute Compensatory Tracking Task (CTT) and
a 5-minute Psychomotoric Vigilance Test (PVT), respectively,
delivered a set of additional objective fatigue measures. Correla-
tions between heart rate and fatigue measures were calculated,
using experimental results of two volunteers, who each completed
two nights in a real-car lab following a partial sleep depriva-
tion design. The subjects were going through all three conditions
(driving, CTT and PVT) eight times during the course of one night.

Keywords—Fatigue, Heart Rate Variability, Overnight
Driving, CTT, PVT

I. INTRODUCTION

Objectively assessing operator fatigue is a difficult task. Nev-
ertheless, worker fatigue is a concern for any operation that re-
quires an employees’ sustained alert performance. This is es-
pecially apparent where 24/7 shift work schedules are standard,
e. g. as in mining, transportation and emergency services.

In the 70’s and 80’s heart rate measures were investigated re-
garding their ability to indicate fatigue. In 1985, [Bishop et al]
found that during extended periods of low workload under
monotonous conditions, heart rate (HR) in beats per minute
has been shown to decrease while heart rate variability (HRV)
has been shown to increase. These effects and their relation-
ship to fatigue have been demonstrated in an ‘on-the-road’ driv-
ing task [O’Hanlon & Kelly] and simulator based environment
[Wierwille & Muto].

During mental and physiological stress HR can increase up to
three-fold. In a healthy individual, the HR at any time represents
the net effect of the parasympathetic nerves which slow down

Figure 1: Design of one overnight experiment, divided in eight sessions. ECG
was recorded continuously through the experiment. HR-measures were cal-
culated for each driving, CTT and PVT session and correlated with the cor-
responding fatigue measures.

the HR and the sympathetic nerves on the other hand which
accelerate the HR. Resting HR varies widely per individual (be-
tween 50 and 100 beats per minute), which leads to substan-
tial difficulties for the interpretation of HR-measures in order to
assess operator fatigue objectively. In addition, HR-measures
may vary because of many mental and physical influences and
insufficient control over the environment. For example, HR
increases and HRV decreases during increasing mental work-
load, whereas the exact opposite characteristics can be found
for increasing fatigue. To add to this complexity, [Coumel et al]
pointed out that several HR-measures show a strong circadian
behavior; therefore a correlation to fatigue can be expected. As
a consequence, the behavior of HR-measures in their ability to
indicate fatigue can only be established under strict experimen-
tal conditions, eliminating the influence of mental workload.

In our situation, the experimental protocol of driving and test-
ing (CTT and PVT) reduced the mental workload and their
influences to a minimum. In addition, we assessed the HR-
measures of our subjects individually, because in our opinion
calculating the means of HR-measures over a group of subjects
can lead to contradicting results.

II. EXPERIMENTS

Our study consisted of two nights of driving simulation (in a
real-car driving simulator lab) per participant. The design of
one overnight experiment is shown in fig. 1. For each partic-
ipant, there was a gap of at least one week between the two
experiments. At the start of the experiment (11:30 pm), each
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Figure 2a: Two nights of eight consecutive driving sessions for subject 9. Fa-
tigue measures (black to white): MSE, ACC, KSS, VLD, PCLOS. HR-
measures (black to white): SD RR, pNN50, M TPow, SD1, SD2.

Figure 2b: Two nights of eight consecutive CTT sessions for subject 9. Fatigue
measures (black to white): M Dist, SD Dist, M Velc, SD Velc. HR-measures
(black to white): SD RR, M TPow, SD TPow, SD1, SD2.

participant had an assured uninterrupted time-since-sleep of at
least 18 hours. The entire study included 12 participants; the
data presented here is from participants no. 9 and 11.

III. METHODS

A. Heart Rate Measures

Time Domain HRV is defined as the consecutive beat-to-beat
(RR) time intervals of the ECG. The simplest time domain mea-
sures are the mean and standard deviation of this RR time series,
which we denote as ‘M RR’ and ‘SD RR’. All adjacent RR-
intervals differing more than 50 msec were counted and nor-
malized by the length of the RR time series, resulting in the
HR-measure ‘pNN50’. Another simple measure was calculated
by z-transforming the RR time series and counting the zero-
crossings (denoted ‘ZCross’).

Frequency Domain The RR time series is an irregularly sam-
pled signal, therefore it was interpolated before Fast Fourier
Transform (FFT) was applied. The power spectral density
was analyzed by calculating the relative powers for different
frequency bands. Commonly used frequency bands are very-
low-frequency (VLF) ranging from 0.001 Hz - 0.04 Hz, low-

Figure 2c: Two nights of eight consecutive PVT sessions for subject 9. Fatigue
measures (black to white): M Latc, SD Latc, #Lps. HR-measures (black to
white): SD RR, SD2.

frequency (LF) from 0.04 Hz - 0.15 Hz and high-frequency (HF)
from 0.15 Hz - 0.4 Hz. Our frequency-domain measures in-
clude the means and standard deviations of total power, VLF-,
LF- and HF-bands (denoted ‘M TPow’, ‘SD TPow’, ‘M VLF’,
‘SD VLF’, ‘M LF’, ‘SD LF’, ‘M HF’, ‘SD HF’, respectively).

Phase Space It is realistic to presume that RR time series also
contain nonlinear properties, because of the complex regulation
of the heart. A simple method to capture this nonlinear charac-
teristic uses the Poincaré plot in phase space, which is a graph-
ical depiction of the correlation between consecutive RR beats
in a shape of an ellipse. The standard deviations along the semi-
minor and semi-major axis of the ellipse are denoted ‘SD1’ and
‘SD2’, respectively. The first describes short-term, the latter the
long-term variability of the heart rhythm.

B. Fatigue Measures

Driving Session During driving, micro-sleep events (MSE)
were visually scored. The occurrence of MSE strongly varies
from person to person; typical visible signs are prolonged eye-
lid closures, head nodding, spontaneous pupil contractions and
stare gaze. MSE are an objective, individual-specific fatigue
measure. The number of each MSE during one driving session
is weighted by its severity; the weighted sum constitutes the
fatigue measure ‘MSE’. Accident events (AE) represent an ad-
ditional objective fatigue measure, because they show the con-
sequences of not being able to stay awake and keep the lane.
AE are also weighted and summed up to a measure denoted
as ‘ACC’. The Karolinska sleepiness scale (a standardized and
subjective measure of fatigue on a numeric scale between 1 and
10) is polled in regular intervals during driving; its mean score
constitutes the measure ‘KSS’. The variation of lane deviation
is recorded as the distance from the lane’s center and is an objec-
tive measure of driving performance; its standard deviation con-
stitutes the measure ‘VLD’. Finally, PERCLOS (PERcentage of
eyelid CLOsure, recorded by commercial eye-tracking system)
was promoted for many years as an excellent fatigue measure;
its mean score constitutes the measure ‘PCLOS’. These five pa-
rameters are making up the set of fatigue measures during driv-
ing.
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Figure 3a: Two nights of eight consecutive driving sessions for subject 11. Fa-
tigue measures (black to white): MSE, ACC, KSS, VLD, PCLOS. HR-
measures (black to white): SD RR, M TPow, M VLF, SD VLF, SD2.

Figure 3b: Two nights of eight consecutive CTT sessions for subject 11. Fatigue
measures (black to white): M Dist, SD Dist, M Velc, SD Velc. HR-measures
(black to white): SD RR, ZCross (negative correlation), M VLF, M HF (neg-
ative correlation), SD2.

CTT Session A CTT performance test – described by
[Van Orden et al] – had to be completed after driving. The CTT
is a two-dimensional visual compensatory tracking task involv-
ing a target positioned in the center of a display and a mov-
ing disk. The task is to keep the disk in or near the center of
the target annulus using a trackball whose movement supplied a
restorative force to the disk in the direction of trackball motion.
The position of the disk is recorded as a function of its previous
position and velocity. The mean and the standard deviation of
the distance of the moving disk to the target (denoted ‘M Dist’
and ‘SD Dist’) as well as the mean and standard deviation of the
velocity of the disk (denoted ‘M Velc’ and ‘SD Velc’) make up
the fatigue measures during the CTT.

PVT Session The PVT is a simple stimulus-reaction test,
where reaction times are interpreted as a performance measure.
The short 5-minute version used in our study was evaluated in
[Lamond et al]. Latency is defined as the time between the ap-
pearance of the stimulus and the subject’s button-push response.
As a measure set, we selected the mean and standard deviation
of latenties (denoted ‘M Latc’ and ‘SD Latc’) and the number
of lapses (absence of response, denoted ‘#Lps’).

Figure 3c: Two nights of eight consecutive PVT sessions for subject 11. Fatigue
measures (black to white): M Latc, SD Latc, #Lps. HR-measures (black to
white): SD RR, ZCross (negative correlation), SD2.

IV. RESULTS

Figures 2a-c and 3a-c show comparisons between fatigue and
HR-measures for subjects 9 and 11, respectively. Please note
that the start times for the eight sessions differ somewhat be-
tween two respective experiments. All measures are z-scored to
adjust for scaling differences.

In general, the progression of the fatigue measures under all
three conditions and for both subjects shows a real struggle
against fatigue during the course of the experiments, also there
is a clear time-on-task behavior regarding fatigue. Multiple HR-
measures from time domain, frequency domain and phase space
are correlating with multiple fatigue measures. However, indi-
vidual differences in the results are considerable.

For subject 9, the worst time of driving is between 6:30 and
8:30 am (7th and 8th session), where the fatigue measures reach
top level (fig. 2a). An even clearer picture is provided by the
CTT condition: Fatigue measures consistently increase during
the course of the experiment and correlate with selected HR-
measures; this is especially true for the 2nd night (fig. 2b). The
PVT condition gives a different assessment: the most fatigued
time is around 6:30 am (6th session), which is quite earlier than
in driving and CTT (fig. 2c).

Subject 11 is most fatigued in driving between 6:30 and 7:30
am (6th session in the 1st night, 7th session in the 2nd night, fig.
3a). The CTT condition is consistent with this picture, where
fatigue levels are highest during the 6th session/1st night and
7th session/2nd night (fig. 3b). The PVT condition shows a
somewhat delayed effect: the highest fatigue is reached around
9:00 am, during the 7th session/1st night and 8th session/2nd
night (fig. 3c). The results of subject 11 display a remarkable
influence of the circadian rhythm: the timing of both experi-
ments had a considerable misalignment of 30-45 minutes, yet
the maximum of fatigue was reached at approximately the same
time. Also, towards the end of the experiment the fatigue levels
are decreasing. This points out that not only time-on-task, but
also time-of-day effects have a significant influence on fatigue
progression.

Between the 4th and 5th session, the subjects had an exten-
sive break of one hour. Considering time-on-task behaviour,
both subjects should partially recover from their previous fa-
tigue. However, judging by the fatigue levels in all three con-
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Table 1: Correlation coefficients between all HR measures (rows) and fatigue measures (columns). Significant correlations (P< 0.01) are marked gray.

ditions, this is not the case, which hints at a considerable influ-
ence of time-of-day effects. Furthermore, for both subjects the
PVT is surprisingly inconsistent with the other two conditions:
where driving and CTT both point to their highest fatigue levels
at approximately the same time-of-day, the PVT determines this
fatigue maximum at another time.

Please note that in figures 2a-c and 3a-c not all and not the
same HR-measures are displayed. This was done for clarity,
because each fatigue measure correlates well only with some
selected HR-measures (this is true for different conditions and
different subjects). This can be seen in table 1, where a com-
plete overview for correlations between all HR-measures and
fatigue measures is given. Surprisingly, some HR-measures
were only useful to indicate fatigue under certain conditions.
For example, the HR-measure ‘SD TPow’ of subject 9 corre-
lates consistently well with all CTT-fatigue measures, but not
with any of the driving- or PVT-fatigue measures. Another ex-
ample is ‘M TPow’ of subject 11, which indicates fatigue during
the driving condition very well, but shows no correlation with
any of the CTT- or PVT-fatigue measures. The HR-measures
‘SD RR’ and ‘SD2’ (additionally ‘ZCross’, only for subject 11)
can be considered as the strongest indicators for fatigue, since
they correlate with the most of the available fatigue measures.
The most uncorrelated (and therefore unreliable) HR-measures
are ‘SD HF’, ‘M RR’, ‘SD LF’ and ‘SD VLF’ (and addition-
ally: ‘M HF’ and ‘M VLF’ for subject 9; ‘SD TPow’, ‘SD1’
and ‘M LF’ for subject 11).

V. CONCLUSIONS

Under specific task conditions of low mental workload such as
overnight driving, several HR-measures are an excellent indi-
cator of drowsiness. The previous findings by [Bishop et al]

could be confirmed regarding his statement about HRV. Strong
correlations between fatigue and HR-measures are observed in
‘SD RR’, ‘ZCross’ and the long term HR-measure ‘SD2’ ob-
tained from the Poincaré map. The chosen way to rely on data
from single subjects first for establishing the fatigue estimation
capabilities of HR-measures turned out to be successful. Nev-
ertheless, we will analyze the data of additional subjects over
time. Based on our experience with other bio-signals such as
EEG and EOG, substantial individual differences are expected.
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Abstract— For simulations of the ventricular activation se-
quence it is important to have a realistic model of the excita-
tion conduction system. In this work, we use a previously de-
veloped method to create a physiological endocardial 
stimulation profile for the Visible Man dataset that imitates 
the role of the excitation conduction system. We evaluate dif-
ferent configurations of the endocardial stimulation profile by 
checking forward calculated ECG features against literature 
standard values. Additionally, isochrone maps of selected 
stimulation profile configurations were compared to measured 
isochrone maps from Durrer et al. A stimulation profile that 
included Durrer’s sites of early endocardial activation showed 
the most realistic results. 

Keywords— Purkinje network, conduction system, activation 
sequence, simulation study, Visible Man dataset. 

I. INTRODUCTION  

A normal sequence of cardiac activation has the follow-
ing pattern of excitation: the sino-atrial node, which is the 
primary pacemaker of the heart, generates electrical pulses 
which spread over the atria, reach the AV node and propa-
gate to the ventricles. There, the excitation spreads at high 
speed from the AV node through the bundle of His, to the 
left and right Tawara branches and finally to the Purkinje 
fibers.  

The distal parts of Purkinje fibers are called Purkinje-
muscle junctions (PMJs). They represent bridging units of 
the specialized conduction system which lead the electrical 
activity to the myocardial cells and thus trigger ventricular 
contraction. Furthermore, Purkinje fibers play an important 
role in the development of cardiac arrhythmias (e.g. left or 
right bundle branch block, bundle branch reentry, ventricu-
lar tachycardia and fibrillation). However, their electrophy-
siological properties show noticeable differences depending 
on species as reported in experimental studies [1]. In addi-
tion, the structure of the Purkinje network varies even with-
in samples of the same species. Thus the comparison be-
tween different human ventricular geometries is difficult.   

For the creation of a realistic ventricular model of the 
heart, it is essential to produce an accurate anatomical mod-
el of the His-Purkinje system. Various modeling approaches 

that try to generate a realistic conduction system have been 
reported in the literature. Most of them are based on simpli-
fied descriptions of distal Purkinje network without refer-
ence to the anatomical distribution of the PMJs [2,3]. There 
are also models including the distal Purkinje network in an 
anatomically realistic manner with one right bundle branch 
and a more complex left branch consisting of several 
branches [4,5].  

In this work, we used an extension [6] of the method of 
Werner et al. [7] to generate an endocardial stimulation 
profile for the widely-used Visible Man dataset (National 
Library of Medicine, Bethesda, Maryland, USA). By vary-
ing specific parameters of the endocardial stimulation pro-
file their impact on the body surface potentials and the ECG 
is evaluated. This is done by simulating the corresponding 
activation sequence for each modified stimulation profile. 
These excitation conduction simulations are used as input 
data to compute the body surface potential maps using the 
detailed thoracic model of the Visible Man. Morphological 
changes in the extracted Einthoven ECGs were analyzed 
quantitatively and compared to standard values from the 
literature. Additionally, isochrone maps were generated and 
compared to the invasively acquired measurements on is-
loated human hearts from Durrer et al. [8].  

II. METHODS 

The electrophysiological simulations were conducted on 
the Visible Man dataset. The ventricular geometry had a 
voxel-size of 0.4 mm leading to more than 4.4 million ex-
citable elements. All electrophysiological processes were 
modeled using a recent version of the ten Tusscher and 
Panfilov model [9]. The following heterogeneous ion chan-
nel distribution was incorporated according to Weiss et al. 
[10]: 

 Iks: apico-basal, transmural and interventricular hetero-
geneities  

 Ito: apico-basal and interventricular heterogeneities 
 kNa,Ca: left ventricular transmural heterogeneities 

Cell coupling was simulated using the monodomain equ-
ations. The isotropic Visible Man torso which was used for 
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the forward calculations of the ECGs contained a detailed 
representation of the following organs: lungs, blood, skelet-
al muscle, liver, spleen, intestine and fat. Tissue conductivi-
ties were adopted from Gabriel et al. [11]. 

The forward calculations were performed as described by 
Farina et al. [12]. The simulation of one heartbeat (approx. 
400 ms) took ca. 18 h on 10 PPCs with 2GHz-CPUs. 

The stimulation profiles investigated in this study were 
generated as described by Keller et al. [6]. At first, so-called 
root points are defined manually, which represent the end of 
the Tawara branches and the beginning of the Purkinje 
network. Beginning from these manual root points Purkinje 
nodes were distributed automatically on the endocard ac-
cording to the following parameters of the stimulation pro-
file:  

 The parameter “coverage” regulates to which degree the 
basal part of the ventricles is covered with PMJs. 

 The parameter “density” defines the distance between 
the nodes on the endocard. 

 The parameter “velocity” determines the speed of the 
excitation inside the Purkinje tree. 

 The parameter “time offset” allows to introduce a delay 
between the left or right ventricular Purkinje tree. This 
is useful if the stimulation should begin earlier in the 
left than in the right ventricle or vice versa. 

 The parameter “additional PMJs” allows to add stimula-
tion points manually in order to reproduce Durrer’s 
isochrone data or other activation time information. 
 
For the simulation study an initial stimulation profile 

was created which served as basis for the successive para-
meter variations. The conduction velocity in the initial setup 
was set to 2000 mm/s. No time offset between the manually 
placed root points was defined. 15% (left ventricle) and 
20% (right ventricle) of the ventricular surface was not 
covered by the Purkinje network leading to a total of 442 
PMJs. 

Proceeding from the initial profile, first the conduction 
velocity, then the location of the root points and afterwards 
the density of the stimulation points was modified. Howev-
er, the most realistic results were achieved after the intro-
duction of a time offset (see Table 1). According to this, the 
following simulation profiles were generated based on the 
profile with time offset. Now, first the distance to the atria 
was manipulated and finally, a stimulation profile including 
Durrer’s sites of earliest endocardial activation was investi-
gated. 

The changes introduced to the ECG by the different 
stimulation profiles were evaluated by analyzing the mor-
phology of the Einthoven 2 lead. As there is no ECG data 
available for the Visible Man dataset to allow a comparison, 

we evaluated the ECG morphology using standard values 
[13]. 

The QRSWIDTH was manually determined as a measure 
for the duration of the depolarization. TMAX/RMAX indicates 
the height of the T wave relative to the QRS complex. 

For the three most promising stimulation profiles isoch-
rone maps were generated and compared to measurements 
from Durrer et al. To facilitate the comparison we chose a 
similar color map and cross-sections as illustrated in Fig. 1. 

III. RESULTS 

A. Analysis of ECG-results: 

Table 1 shows the ECG features extracted from the Ein-
thoven 2 lead for the various stimulation profiles. 

The initial profile had a TMAX/RMAX ratio of 0.9 and a 
QRSWIDTH of 59 ms. However, a notch in the ascending half 
of the R peak (data not shown) pointed to an unphysiologi-
cal activation sequence. A decreased conduction velocity 
inside the Purkinje tree led to a RMAX of lower amplitude 
and a wider QRS complex due to a slower depolarization. 
The reduced RMAX resulted in an increased TMAX/RMAX ratio. 
The effects caused by an elevated conduction velocity 
showed directly opposite tendencies. A displacement of the 
root points introduced severe changes to the morphology of 
the ECG. In this case, the T wave amplitude is over twice as 
large as the QRS complex. A reduction in the number of 
PMJs (low density) led to lower RMAX and SMAX, a slower 
depolarization and an increase in TMAX/RMAX ratio. As soon 
as  the  number  of  PMJs  was  increased  (high density) the 
effects were vice versa. 

Table 1 Extracted ECG features (Einthoven 2) for each stimulation profile. 

Profile RMAX SMAX QRSWIDTH 
TMAX/ 
RMAX 

initial 1.28 mV -0.59 mV 59 ms 0.90 
low velocity 

(v=1000 mm/s) 
0.92 mV -0.68 mV 76 ms 1.36 

high velocity 
(v=3000 mm/s) 

1.68 mV -0.37 mV 46 ms 0.64 

shifted root 
points: 

0.64 mV -0.85 mV 82 ms 2.26 

low density  
(58 PMJs) 

1.38 mV -0.007 mV 88 ms 0.71 

high density  
(848 PMJs) 

1.73 mV -0.47 mV 61 ms 0.68 

time offset 1.90 mV -0.35 mV 65 ms 0.58 

25% uncovered 1.82 mV -0.67 mV 62 ms 0.66 

50% uncovered 1.36 mV -1.5 mV 81 ms 1.0 

additional PMJs 
of Durrer 

2.57 mV -0.44 mV 64 ms 0.44 
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Fig. 1 Isochrone maps in horizontal (a-d) and vertical (e) cross-sections showing the activation sequence initiated by the respective stimulation profiles:  
1) initial profile, 2) profile with time offset and 3) profile with additional PMJs according to Durrer et al. Each color represents a 5 ms time interval.

The introduction of a time offset of 10 ms for the stimula-
tion of the left ventricle accounted for the longer distance to 
the left ventricular root points by modeling the delayed 
activation. The associated QRS complex had larger R peak 
amplitude thus reducing the TMAX/RMAX ratio. Additionally 
it showed no signs of a notch in the QRS complex thus 
serving as a new basis for the following simulations. A 
reduction of the endocardial coverage reduced the RMAX 
while increasing the SMAX and delaying the depolarization 
(larger QRSWIDTH). The integration of Durrer’s sites of early 
activation mainly increased the RMAX while slightly reduc-
ing the amplitude of the S peak. 

B. Analysis of isochrone maps: 

The isochrone maps in Fig. 1 show the ventricular activa-
tion in the horizontal (a-d) and the vertical sections (e) for 
the following stimulation configurations (see bold marked 
values in Table 1): initial profile (Fig. 1.1), profile with time 
offset (Fig. 1.2) and the profile with the additional PMJs 
according to Durrer et al. (Fig. 1.3). 

In the isochrone maps of the initial profile (Fig. 1.1) the 
earliest activation in the left ventricle occurred high on the 
anterior paraseptal wall (Fig. 1.1a,b) and on the lower post-
erior paraseptal wall (Fig. 1.1c,d). The earliest activation in 
the right ventricle started on the lower paraseptal wall (Fig. 
1.1e). Fig. 1.2 shows isochrone maps of the stimulation 
profile with left ventricular time offset. The activation se-
quence is similar to the initial setup except for the delay in 
the left ventricle. Fig. 1.3 shows the isochrone map that has 
been generated by adding Durrer’s sites of early endocardial 
activation. In this case, an additional stimulus was posi-
tioned at the left surface of the interventricular septum. The 

other locations of early activation were similar to the initial 
stimulation profile. 

In all three setups, the basal part of the right ventricle 
was activated at last. The depolarization was finished after 
approximately 70 ms (Fig. 1.1 and Fig. 1.2.) or in case of 
Durrer’s additional PMJs after 60 ms (Fig. 1.3). 

IV. DISCUSSION AND CONCLUSION 

In this study, different stimulation profiles were created 
for the widely-used Visible Man dataset. The aim was to 
generate a realistic activation sequence that can be utilized 
in future projects.  

Due to the lack of ECG data for the Visible Man, the 
forward calculated Einthoven 2 ECG was compared to stan-
dard values from the literature [13]. According to this, the 
width of a typical QRS complex should be between 60-100 
ms where the TMAX/RMAX ratio should be between 0.16-
0.66.  

Compared to these figures, the TMAX/RMAX ratio for the 
initial setup is too large and therefore not realistic. The first 
activation occurs at the sites which have been reported by 
Durrer et al. (except for the site on the left part of the sep-
tum). Nevertheless, the R peak shows an unphysiological 
notch which indicates problems in the activation sequence.  

Furthermore, the displacement of the manually chosen 
root points introduces severe and unphysiological changes 
to the ECG morphology. This suggests that the generation 
of the Purkinje tree is sensitive to the location of the root 
points. A reduction of the number of PMJs reduces the 
amplitude of the R peak (see Table 1: “low density” and 
“50% uncovered”). However, if the density of the PMJs is 
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reduced (“low density”) the S peak amplitude is diminished 
whereas in case of the reduced endocardial coverage 
(“50%” uncovered) the S peak amplitude is strongly in-
creased.  

The introduction of a time offset eliminates the notch in 
the corresponding R peak. Although this creates a physio-
logical excitation sequence, it contradicts findings by Durrer 
et al. who reported the first endocardial activation to occur 
in the left venctricle.  

Finally, the stimulation profile including Durrer’s sites of 
early endocardial activation produced the most realistic 
results. The corresponding features from the Einthoven 2 
ECG were within the expected ranges and the isochrone 
maps agreed with Durrer’s measurements. While this setup 
is able to produce realistic results concerning depolarization 
and repolarization it has to be noted that the repolarization 
is modified decisively by the electrophysiological heteroge-
neities which are taken into account. Therefore, especially 
the TMAX/RMAX ratio can be altered by parameters that are 
outside the scope of this study. 
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Abstract— Cerebral Autoregulation (CA) is a control 
mechanism adjusting cerebral vasomotor tone in response to 
changes in arterial blood pressure (ABP), in order to ensure a 
nearly constant cerebral blood flow (CBF). CA is often im-
paired after severe craniocerebral injury or subarachnoidal 
hemorrhage. Patient treatment could be optimized, if monitor-
ing of CA would be possible. Various methods of assessment of 
CA using spontaneous slow fluctuations of blood flow velocity 
(FV), arterial blood pressure, and cerebral perfusion pressure, 
have been used in clinical practice. This paper compares sev-
eral approaches in time and frequency domain and analyses 
their mutual relationships. We analysed digital recordings 
from patients with severe head injury retrospectively. Two 
lumped parameter models, transfer function approach, cross-
correlation approach, and two kinds of autoregulation index 
(ARI) are compared. Furthermore, we analysed the relation-
ship between above mentioned parameters and patient age, 
Glasgow Coma Scale (GCS) Grade and arterial pCO2 level. 
From 120 analysed parameter pairs we have found 23 pairs 
with strong correlation (Spearman’s rho > 0.281 p < 0.01), 10 
pairs correlated 95 - 99% significant and 9 pairs 90 – 95% 
significant. Alternative parameters from Windkessel models 
are well correlated with clinically established ones.  

Keywords— Cerebral autoregulation, continuous monitor-
ing, transfer function, cross-correlation, Windkessel model 

I. INTRODUCTION  

Cerebral autoregulation (CA) maintains a relatively con-
stant cerebral blood flow (CBF) despite changes in arterial 
blood pressure (ABP). This has been well documented in 
humans and in animals [1]. However, there is no gold stan-
dard of CA assessment yet [2]. After severe head injury or 
subarachnoid hemorrhage CA may be impaired. Introduc-
tion of transcranial Doppler sonography (TCD) for meas-
urement of cerebral blood flow velocity (CBFV) increased 
possibilities of CA assessment substantially: This non-
invasive method has a high time resolution and overcomes 
previously used methods for acquisition of blood flow, 
including positron emission tomography, xenon-enhanced 
computer tomography (CT) or arterio-venous O2 difference. 

Already proposed methods for assessment of CA are 
based on black-box models. These models use signal analy-
sis both in time (response time on step change of blood 
pressure or on other artificially triggered changes) and fre-
quency domain (phase shift and gain of transfer function). 
However, these approaches do not mirror real physiological 
changes related to impaired autoregulation. Ursino et.al [3] 
proposed a complex analogue model for simulation of cere-
bral hemodynamics. But identification of such model pa-
rameters based on blood flow and pressure measurements is 
not feasible for individual subjects. Simple lumped models 
of arterial hemodynamics have been also proposed: Olufsen 
et. al. [4] investigated changes of lumped parameters of a 
simple 3-element model during changes in posture. How-
ever, comparison of such model parameters with established 
clinical test parameters was not yet performed. 

We hypothesize that cross-comparison of parameters can 
shed light to mutual relationships of individual parameters 
and might contribute to optimize CA diagnostic, which 
should derive from multiple assessment methods for pa-
rameter estimation. 

II. MATERIALS AND METHODS 

A. Clinical study measurements 

There were 13 comatose patients (10 with severe head 
trauma and 3 with subarachnoid hemorrhage) included into 
the study. The study protocol was approved by the local 
ethic committee of the Medical College of the University 
Hospital of Dresden. BP was measured invasively via the 
radial artery using a standard arterial catheter (Vygon, 
Ecouen, France). CBFV was measured simultaneously us-
ing two transcranial Doppler flow velocity meter probes 
(2MHz, DWL, MultiDopT2, Singen, Germany). Subjects 
were not manipulated during recordings. Each recording 
was 20 minutes long. Patients were monitored 1 – 15 days 
after injury. 81 recordings were analysed. 

The common concern about changes in MCA diameter in-
validating the assumption that CBFV can be used as an index 
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of CBF does not apply to this study, since all parameters were 
calculated from the same CBFV recording, and it is unlikely 
that any changes of MCA diameter took place during those 
relatively short recordings. 

B. Models in time domain 

3-Element Windkessel model (Fig. 1) consists of two re-
sistors and one capacitor. Resistor R1 represents arterial 
resistance, capacitor C arterial compliance (MCA and arter-
ies leading to it) and R2 resistance of peripheral cerebrovas-
cular bed [4]. 

 
Fig. 1 3-element Windkessel model 

4-Element Windkessel model [5] (Fig. 2) consists of two 
resistors, one capacitor and one inductor. Meaning of pa-
rameters R1, C and R2 is the same as in case of 3-Element 
model. Parameter L represents additionally arterial inertance 
(MCA and arteries leading to it). 

 
Fig. 2 4-element Windkessel model. 

Preliminary estimation of resistances in 3-element and 4-
element Windkessel model is based on limit values of total 
impedances Z(s) of 3-element Windkessel model (Eq. 1, 2) 
[4] and 4-element Windkessel model (Eq. 3, 4) respectively, 
compliance was estimated using area method [6] and those 
results were used as initial values for fitting using prediction 
error minimisation algorithm.  

1R
sCBF
sABP

sZ
s

  (1) 

21
0

RR
sCBF
sABP

sZ
s

  (2) 

1R
sCBF
sABP

sZ
s

  (3) 

2
0

R
sCBF
sABP

sZ
s

  (4) 

Each data recording was for identification of Windkessel 
model parameters divided into 36 sections which were 480 
seconds long and overlap 20 seconds. Identification was 
carried out for each section using the method described 
above. For validation the following section was used. For 
the validation of the last section the nearest previous section 
was used. Mean values of parameters identified over those 
36 sections were used for further processing. 

 
Autoregulation index ARI (suggested by Aaslid [7] as re-

sult of cuff deflation test, algorithm 1) was also estimated 
using modified standard method as described detailed in [8], 
algorithm 2. The index is in both algorithms based on de-
termination of change of cerebrovascular resistance CVR 
(eq. 5), which is defined as ratio of cerebral perfusion pres-
sure (CPP) and CBF. CPP is the difference between ABP 
and intracranial pressure (ICP) (eq. 6). The rate of regula-
tion (RoR) is then determined as in equation 7 [7]. The first 
algorithm computes RoR over the fixed time interval of 
4 seconds, the second one determines time frame individu-
ally for each performed test. 

CBF

CPP
CVR   (5) 

ICPABPCPP   (6) 

ABP

TCVR
RoR

/
  (7) 

Cross-correlation between ABP and CBFV in the low-
frequency band (up to 0.1 Hz) in principle allows a continu-
ous monitoring of cerebral autoregulation, if it is computed 
sequentially for subsequent segments. The cross-correlation 
function RABPCBFV between the signals ABP and CBFV is 
defined as 

dttCBFVtABPRABPCBFV )()(  (8) 

Phase lag  between rhythmical fluctuations can be iden-
tified as the maximum of the cross-correlation function. We 
already have shown, that the time delay between ABP and 
CBFV in healthy subjects is -2.0 s whereas the signals in 
patients are almost synchronous in the low frequency band 
(up to 0.1 Hz) [9]. 

Comparison of different Clinical Models of Cerebral Autoregulation in Time and Frequency Domain 939

IFMBE Proceedings Vol. 25



Mx index was calculated as Pearson correlation coeffi-
cient between averaged CPP and CBFV over 3 minutes long 
segments. Strong and positive correlation indicates dis-
turbed autoregulation, and correlation close to zero or nega-
tive a good autoregulatory reserve [10]. 

 
C. Models in frequency domain 

To quantify the relationship between changes in pressure 
and velocity, it is possible to estimate the transfer function 
H(f) defined as 

)(
)()(

fS

fS
fH

XX

XY   (9) 

where Sxx( f ) is the autospectrum of changes in ABP and 
Sxy( f ) is the cross spectrum between ABP and CBFV sig-
nals. The transfer function gain H(f)  reflects the cou-
pling intensity between both, but the dynamics of this con-
trol system is completely lost. It can be described using 
phase of complex transfer function arg[H(f)] [11]. 

We used the mean value of transfer function gain and 
phase in very low frequency band between 0.02 and 0.07 
Hz. 

D. Parameter comparison 

We built 120 pairs from overall 16 parameters or criteria. 
For each pair, we computed Spearman’s rho and determined 
level of significance. To assess degree of correlation, we 
divided observed levels of significance into three classes as 
indicated in table 1. 

III. RESULTS 

Identified lumped parameter models relatively well re-
produced the cerebral hemodynamics (Fig. 3). 4-Element 
Windkessel model performed better than 3-Element Wind-
kessel model as already proved by Stergiopulos [5]. 

From 120 analysed parameter pairs (see sets of parameter 
pairs, Table 1) 23 correlated well on the level of signifi-
cance p<0.01, 10 on the level of significance 0.01<p<0.05 
and 9 on the level of significance 0.05<p<0.1. Correlations 
determined in this study are summarized in table 1. Age and 
GCS grade correlated well with ARI and cross-correlation 
phase lag  respectively. ARI (both algorithms) correlate 
well with peripheral resistances R2 in both types of Wind-
kessel model. Gain of transfer function correlated with both 
arterial resistances R1 and peripheral resistances R2. There 
was a correlation of phase shift determined from transfer 
function analyses with capacity in 3-Element Windkessel 
model, which could clear reasons of dynamic components 

in CA assessment. Strong mutual correlations of resistances 
in respective Windkessel models (W3 – 3-element Wind-
kessel model, W4 – 4-element Windkessel model) confirm 
the same physiological meaning of those parameters.  

Fig. 3 Comparison of measured CBFV signal and simulation using 4-
element Windkessel model 

Table 1  Significance levels of correlation of individual pairs of 
parameters. 

 
 p<0.01 23x 
 0.01 < p <0.05 10x 
 0.05 < p < 0.1 9x 

940 J. Kožuško et al.
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IV. DISCUSSION 

In most previous studies, only one single method of dy-
namic CA analysis is considered, and hence it is not possi-
ble to learn about intermethod relationships under similar 
circumstances. 

The main problem with assessment of CA is that there is no 
reference method, which could be used to assess new methods 
and techniques in relation to various aspects like reliability, 
reproducibility and quality for clinical use. This is not easily 
practicable, because of the variety of mechanisms influencing 
CA. Used parameters relate to real physiological quantities of 
human hemodynamics and allow thereby interpretation of 
influence of CA on these quantities. Comparison of lumped 
parameters with established one-time test of CA as well as with 
continuous evaluation methods based on black-box model 
approach provided validation of clinical meaning of those 
parameters. 

Further comparisons and theoretical analysis of inter-
parameter relationships should be carried out. Learned relation-
ships may be used in implementation of an intelligent expert 
system to classify CA status reliably based on both 
ABP/CBFV measurements and additional clinical data includ-
ing GCS, age and arterial pCO2. 
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Abstract— This paper presents a methodology for the trans-

fer of an artifact handling system into a mobile ECG monitoring

device. The realization of a well working artifact handling sys-

tem is achievable even where strong constraints like limited pro-

cessing power and the use of a textile wearable system with dry

ECG electrodes occur. The presented solution can increase the

appraisal quality significantly in 24/7 monitoring, where fully

automated ECG analysis is necessary. This system is equipped

with algorithms for ECG channel selection, baseline wander re-

moval and artifact detection. The outcome is a significant im-

provement in the automatic QRS detection.

Keywords— ECG, artifact detection, dry electrodes, signal pro-

cessing

I. INTRODUCTION

Mobile ECG long-time monitoring has become a com-
mon diagnostic method for various heart diseases since its
establishment by Norman Holter in 1961 [1]. There is now
progress in long-term monitoring towards longer recording
time and more intelligent recorders. The current advances
range from normal holter monitoring with a recording time of
several days to convenient permanent ECG monitoring with
a telemetric up-link or systems that are equipped with an in-
tegrated full-automatic defibrillation unit.

An increase of application time comes with new compli-
cations. One such problem is the electrodes that are used. Dry
or insulated electrodes are obligatory whenever the applica-
tion time exceeds two days since adhesive gel electrodes are
not well suited for this purpose [2]. The use of dry electrodes
however results often to poorer signal quality. Good artifact
handling for mobile ECG monitoring systems is necessary so
as to attain a fully automated ECG analysis since the huge
data amounts require such a system.

A system that can easily be worn without any professional
assistance is essential in a 24/7 monitoring device. The whole
leading system thus needs to be in one piece so as to make
sure that the defined electrode positions remain unchanged.
A piece of clothing with integrated electrodes is used to meet
these requirements. The non-sticky electrodes, restrictions

in textile processing and wearing comfort however limit the
electrode positions and eventually lead to a decrease in signal
quality. This may be caused by loose electrodes or even bad
skin contact.

II. MOTION ARTIFACTS

The most common artifacts during long-time monitoring
with dry electrodes are motion artifacts. There are two ori-
gins of motion artifacts: Very high and high frequency ar-
tifacts occur whenever the electrode moves relative to the
skin. These artifacts often saturate the amplifiers. However,
the electrode-skin conduct is almost constant if the electrodes
firmly stick to the skin and only the electrical skin character-
istics change during such movement. The resulting artifact is
generally slower and smaller in amplitude (see Fig. 1).
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Fig. 1: Strong movements often results in strong noise (top) and slow
movements in baseline wander (bottom)

The frequency range of motion artifacts overlaps the fre-
quency range of the ECG [3]. It is therefore impossible to re-
move all motion artifacts by conventional bandpass filtering
since this would also remove the required signal.

A superior on-line artifact handling methodology is
needed so as to obtain reliable analysis results from a mo-
bile system. Artifacts ought to be filtered out where possible
since disturbed ECG sequences are considered as not ana-
lyzable. Analysis in multi channel systems should primarily
be done on the channel with the highest signal-to-noise ra-
tio. Algorithm restrictions however come about mainly from
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the used micro controller computing power and the real-time
demand.

III. MOBILE DEVICE

A mobile monitoring device with a textile leading system
was used for this work. The system with its textile wearing
system and the signal processing device is illustrated in Fig.
2. The leading system comprises of four dry silicon based
electrodes [4], three of them are used for two leads while the
last one is used for the common mode rejection (driven right
leg). The textile wearing system also includes a tri-axial ac-
celeration sensor for body movement recording.

The ECG is sampled with 250 Hz and quantified with
16 bit. The least significant bit (LSB) is 1 μV. The acceler-
ation data has a 50 Hz sampling rate and a quantization of
12 bit, the LSB is 2.9×10−3 g.

The core of the recording device is an 8 MHz signal pro-
cessor – the MSP430F1611 from Texas Instruments. This
processor performs the signal analysis and manages the data
transmission via mobile communication network (GSM).

Fig. 2: Mobile signal processing and transmission device (left) and its
textile wearing system with integrated dry electrodes and an acceleration

sensor (right).

IV. SIGNAL PROCESSING

A. Channel Selection

The signal processing artifact handling chain is shown in
Fig. 3. The system initially detects the most reliable ECG
channel. The decision is based on the noise summation pa-
rameter of the used Open Source ECG Analysis QRS detec-
tor [5]. This procedure is done at a frequency of 250 Hz for
each incoming ECG sample set. The following analysis will
be made only on the channel that is chosen by this channel
selection due to processing power limits.

Fig. 3: Artifact handling signal processing chain

B. Baseline Wander Removal

The baseline wander removal comprises of a morpholog-
ical filtering operation, similar to that operation explained in
[6]. One wide triangular structure element with the length of
71 samples is used for the morphological operations of open-
ing and closing. The baseline can be extracted and subtracted
from the ECG signal with these operations (see Fig. 4). The
bigger part of the baseline wander can be removed in this
way. A lot of high frequency and high amplitude noise is still
present in the signal because of the use of dry electrodes.
That’s why an artifact detection system is established so as
to minimize the noises influences on QRS detection.

Fig. 4: Baseline wander removal with a morphological filter

C. Artifact Detection

Besides the ECG, the artifact detection uses the informa-
tion of the tri-axial acceleration sensor. The acceleration sig-
nal is well suited for the artifact detection because of the
correlation between motion artifacts and body movements
[7, 8, 9]. An adaptive filter is used to estimate the artifact in
the ECG signal after the pre-processing process (see Fig. 5).
The LMS algorithm has the filter length 25 and is called with
50 Hz. Four out of five ECG samples are therefore skipped.
The ECG is marked as disturbed whenever the calculated ar-
tifact level exceeds a predefined threshold. All detected arti-
facts in the QRS detection are omitted so that the disturbed
ECG signal does not interfere with the detector’s internal
thresholds.

Fig. 5: Artifact detection with adaptive filter
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The amplifier drives into saturation during strong move-
ments or when an electrode loses its skin contact. All ECG
sequences exceeding a defined threshold are marked as ar-
tifact thus detecting all the artifacts that are caused by this
effect.

D. QRS Detection

QRS detection is made based on this pre-processed ECG.
The used QRS detector is enhanced by multi-channel input
and the previously mentioned channel selection. The internal
threshold adjustment can additionally be stopped whenever
artifacts occur. A heart rate calculation is finally done with
the use of the QRS detection results.

V. EVALUATION METHOD AND RESULTS

A. Data Acquisition and Evaluation Method

A data base of 61 one-hour ECG records, randomly
stripped out of four holter monitoring recordings from four
healthy subjects was used in the evaluation of the above men-
tioned algorithms. All of these data sets were recorded with
the monitoring system described above. The raw data was
saved on a memory card instead of sending the processed data
via mobile network. An expert annotated the QRS complexes
of all ECG data. This reference QRS trigger list and all sensor
data was saved in the Unisens format [10].

Figure 6 illustrates the tool chain that was used for devel-
opment, validation and evaluation of the algorithms. Three
different executable variations of the same algorithm exist.
All of them use the same code base, written in C. The MSP
version is the machine code for the mobile device. A Lab-
view version was used for its on-line validation. While the
MSP captures and transmits the data, Labview grabs and vi-
sualizes them in addition to running the same algorithms on
the raw data.

The Matlab version is used for the development and eval-
uation of the algorithms because of its straight-forward han-
dling. The data that is saved in this manner can be read and
processed very fast. The results can also be plotted and the C
code can be debugged if necessary. The results of the Matlab
and the Labview implementation can be crosschecked off-
line. All used data types have fixed sizes so as to avoid errors
that may occur because of different word length on different
computing platforms.

B. Timing on the Mobile Device

Figure 7 shows the average timing during the 20 ms period
of five captured ECG samples and one acceleration sample,

Fig. 6: Tool chain for developing, testing and evaluating the artifact
handling algorithms

measured during an on-line test. In this time, the artifact de-
tection function is called once while the other ECG analysis
functions are called five times. The 4.7 ms that is not used
for signal processing is needed for communication, display
updates and data acquisition.

Fig. 7: Processing time in ms for five ECG samples and one acceleration
sample

The specific software components have different time de-
lays. The simultaneous artifact detection and baseline wander
removal defuses this situation. There is however still a total
time delay of 1356 ms. This value is acceptable for a 24/7
monitoring device since it is small in relation to the other re-
sponse times in the case of emergency.

C. Performance of Artifact Handling

The following detection evaluation was made with the
Matlab version, after the on-line test on the MSP had shown
correct behavior and timing. The results from the integrated
QRS detector were used to quantify the benefits of the arti-
fact handling results. Better QRS detection results amount to
better artifact handling signal processing chain.

Table 1 shows the overall result of the QRS detection with
the activated artifact handling system. These results are put
against the results of QRS detection when parts of the artifact
handling system are deactivated.
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Table 1: QRS detection results corresponding to different artifact handling

Baseline Wander

Reduction

Channel

Selection

Artifact

Detection

Se +P

– – – 88.2 % 75.9 %

active – – 88.7 % 79.7 %

active active – 89.4 % 81.5 %

active active active 93.3 % 91.9 %

The metrics described in [9] were used to assess the quality
of the artifact detection. Figure 8 shows the artifact detection
ROC plot for different thresholds. The artifact detection has a
specificity of 81.2 % and a sensitivity of 66.5 % at the favor-
able working point. 18.9 % of the recorded signal is marked
as an artifact in this case.
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Fig. 8: Artifact detector ROC plot

VI. DISCUSSION AND OUTLOOK

The outcome has shown that this approach to an artifact
handling system for a mobile long-term ECG monitoring de-
vice with dry electrodes works satisfactorily. The results of
detecting artifacts are however not as good as those from
the methods used in [8] and [9]. The explanation for this de-
cline in quality is most likely caused by the use of a different
recording device that uses other electrodes in addition to the
actual application in real life. Furthermore some simplifica-
tions in the algorithm were made so as to match the timing
requirements of the real-time embedded system.

The used algorithm for the channel selection has room for

improvement despite the fact that it already has positive ef-
fects on the analysis results. The baseline wander removal re-
duces the number of false positive QRS detections by reduc-
ing the disturbances that the QRS detector detects by mistake.

The analysis outcome has been significantly enhanced by
this signal processing chain. The deactivation of one com-
ponent of the artifact handling system leads to decrease in
results. The signal quality that is got from this system is still
way far from the results that are delivered by a conventional
holter monitoring system. They however do not match up to
the requirements for permanent ECG on-line monitoring.
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Abstract - A valuable alternative to US cardiotocography, 
for fetal surveillance, can be offered by phonocardiography, a 
passive and low cost acoustic recording of fetal heart sounds. A 
crucial point is the exact recognizing of the fetal heart sounds, 
associated to each fetal heart beat, and then the estimation of 
FHR signal. In this work, software for FHR assessment from 
phonocardiographic signals was developed. To check the reli-
ability of the software, obtained results were compared with 
those of simultaneously recorded cardiotocographic signals. 
Results seemed to be satisfying, as provided FHR series were 
almost all confined within FHR_CTG +/- 3 bpm, where 
FHR_CTG were FHR series provided by commercial US car-
diotocographic devices, currently employed in clinical routine. 

Keyword - Passive fetal monitoring, phonocardiography. 

I. INTRODUCTION  

In the third trimester of pregnancy, the widespread diag-
nostic tool for fetal surveillance is ultrasonographic car-
diotocography (US-CTG). Its usefulness is undoubted [1, 
2]. However, some limitations are still related to this tech-
nique [2, 3]. Some pathologies and anomalies of cardiac 
functioning are not detectable. Moreover, although frequent 
and/or long-term fetal heart rate (FHR) monitoring is often 
recommendable, there is no strong evidence if long applica-
tions of ultrasounds can be considered totally harmless for 
the fetus.  

A valuable alternative can be offered by phonocardiogra-
phy (PCG), a passive (no energy beam is transmitted to the 
fetus) and low cost acoustic recording of fetal heart sounds 
(FHS) [4, 5, 6]. This signal can be easily captured by plac-
ing a small acoustic sensor on mother’s abdomen. However, 
a crucial point is the correct recognizing of fetal heart 
sounds associated to each fetal heart beat and then the esti-
mation of the FHR signal. This is not an easy task since the 
acoustic signal recorded on the maternal abdomen is faint 
and noisy. The analysis of FHS measured on the maternal 
abdominal surface is complicated by the following main 
factors [4]: acoustic noise produced by fetal movements; 
maternal digestive sounds; sounds of maternal heart activ-
ity; maternal respiratory sounds; external noise. 

Recent studies focused on development of algorithms for 
FHR estimation from PCG signals. However, in general, 
completely reliable results were not yet obtained [4, 5]. In 
this work, a software for FHR extraction from PCG signals 
is presented. Actually, once fixed the main steps of the 
software, different signal processing paths were imple-
mented in order to identify the more reliable one. To check 
the reliability of the estimated FHR signals, obtained results 
were compared with those of simultaneously recorded CTG 
(currently considered reference technique). 

II. METHODS 

A. Patients’ selection and equipment  

Fetal phonocardiographic signals were recorded from 20 
pregnant women, at the end of the pregnancy (35-39 
weeks). A portable phonocardiograph “Fetaphon Home", 
equipped with a microphone for FHS signals recording and 
a traditional pressure probe for uterine contractions re-
cording, was utilized. The device digitized audio signals by 
using a sampling frequency of 333 Hz. 

The measurements were carried out simultaneously with 
US-CTG recordings. 

B. Signal processing 

In FHS signals first and second fetal heart sounds (S1 
and S2 respectively) can be recognized. S1 (closure of mi-
tral and tricuspid valves) is considered as a good time refer-
ence of heart beat, because of both its high energy with 
respect to the other portions of the FHS and less morphol-
ogic variability. 

The proposed software was basically based on the detec-
tion of bursts corresponding to S1. PCG signals were re-
sampled at a higher sampling rate – 1332 Hz (Pre-
Processing block in Fig. 1). The flow chart in Fig. 1 repre-
sents the main steps implemented for exactly detecting S1. 
The first step (1°ST in Fig. 1) had the main aim to enhance 
the SNR. It was realized by means of the following filtering 
blocks: matched filtering with a manually selected S1 tem-
plate, band-pass filter (35-50 Hz) and variable band-pass  
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filter (parameters chosen on the basis of the average of  S1 
power spectra). 

 

 

Fig. 1 Signal processing flow-chart 

2°ST in Fig. 1 was carried out by using autocorrelation or 
Teager Energy Operator (TEO) or their combinations. TEO 
is a non-linear time domain operator designed to enhance 
areas of local high energy [2]. 

In all the case, the 2°ST output was the signal envelope 
(en). From en peaks detection, the logic block identified the 
probable beats, reducing errors due to shifted placement and 
missed beats or to waves not corresponding to real beats of 
markers. 
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Fig. 2  Logic block 

A simplified version of the logic block is reported in Fig. 
2. It analyzed en peak by peak and only the peaks with a 
magnitude greater than a threshold (chosen with reference 
to the peaks magnitude in the previous 5 s) and position 
within a time interval (chosen with reference to the average 
value of peaks inter-distances - ID - in the previous 5 s) 
were considered as probable fetal heart beats. If the logic 
block found several probable beats, it chose the most prob-
able one (the nearest to ID).  

Then, for each chosen peak (corresponding to a detected 
S1), the logic block identified three kinds of time marker: 1) 
maximum of en peak (M1); 2) centre of mass of the recti-
fied signal tract of 1°ST output, corresponding to the chosen 
en peak (M2); 3) maximum of the central peak of the recti-
fied signal tract of 1°ST output, corresponding to the chosen 
en peak (M3). 

After that, the logic block checked for eventual outliers 
and substituted them with a local median value. 

Finally, the beat-to-beat sequence (RR series in ms) was 
computed as differences between detected consecutive heart 
beats. The FHR signal (measured in beats per minute - bpm) 
was then calculated as 60000/RR. 

Considering all the 12 possible processing paths (all the 
combinations of two steps) and the 3 kinds of time markers, 
36 FHR signals were obtained.  

C. Reliability index 

To express the reliability of the estimated FHR values, a 
reliability index (RI) was provided, depending on other two 
values: FD and QS indexes, here developd. 

The FD index, “fiducial degree” of the detected beat, was 
high if in the analyzed en segment there was just one prob-
able heart beat; it scored a medium value if two probable 
heart beats were present and it scored low if the probable 
heart beats were more than two. 

The QS index, “quality signal”, was function of the ratio 
between RMS computed in an interval that includes only S1 
and RMS computed on an interval corresponding to about 
the whole heart period. Also QS could be high, medium or 
low in base on the ratio value. 

RI value was high if both FD and QS were high; it was 
medium if FD or QS was high and medium the other index; 
it was low in all the other cases. 

D. PCG and CTG comparison 

FHR signals estimated by the developed software 
(FHR_PCG) were compared with FHR signals of CTG 
(FHR_CTG) simultaneously recorded. 

To this purpose, only if FHR_PCG signal tracts showed 
high or medium reliability indexes and the corresponding 
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FHR_CTG signal tracts showed good quality on the device, 
they were compared. Error between the two FHR series was 
evaluated by computing the differences of corresponding 
FHR values. So, for each recording, 36 error series (ES) 
were computed. 

E. Statistical Analysis 

All the error series for each patient were analyzed in or-
der to estimate the following parameters: mean absolute 
value (ME in bpm), standard deviation (SD in bpm), skew-
ness absolute value (SK), kurtosis (KU). Moreover, per-
centages of high (%H) and medium (%M) reliability index 
values were computed. Beside a Jarque-Bera test was per-
formed in order to verify if the error series was Gaussian. 
Error values histograms were also evaluated. Finally, for 
each patient, an ANOVA analysis among FHR_CTG and 
the corresponding 36 FHR_PCG was performed in order to 
identify the FHR_PCG series belonging to the same popula-
tion of the FHR_CTG series (the percentage of FHR_PCG 
series which belong to the same population of  FHR_CTG 
series was called AN).  

In order to identify the PP characterized by the smallest 
errors, the software computed the mean value (estimated on 
all the patients and weighted according to the analyzed 
signal tract length) of above mentioned parameters: 

N

n
n

N

n
nn bXbX

11

)(                     (1) 

where bn is the number of analyzed beats for the nth patient, 
Xn is the considered parameter computed for the nth patient, 
N is the number of all the patients and X  is the mean value. 

F. Quality Index 

To compare the different PP performances a quality in-
dex (QI), calculated as linear combination of the 7 X  pa-
rameters, was introduced:  

7
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iii
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i )aXk(SQI       (2) 

 
where ki, and ai were reported in table 2 and Si couldn’t be 
less than 0 and greater than a maximum value MSi (also 
reported in table 1). 

Table 1 Values of QI parameters 

 ME SD SK KU %H %M AN 

ki -1 -3/4 -1 1/4 3/100 1/100 3/100 

ai 3 15/4 1 -3/4 0 0 0 

MSi 3 3 1 1 3 1 3 

III. RESULTS 

For each PP, about 20000 beats were compared. Each PP 
was identified by means of a 3 number code, where the first 
number represents 1°ST (1= matched filtering with manual 
template, 2= band pass filter, 3= variable band-pass filter); 
the second, 2°ST (1=TEO, 2=autocorrelation, 
3=autocorrelation + TEO, 4=TEO + autocorrelation); the 
third, the kind of time marker (1=M1, 2=M2, 3=M3): 

Table 2 Mean values X and QI obtained for each PP 

ES ME SD SK KU %H %M AN QI 

1.1.1 0,89 2,06 0,51 9,31 64,9 8,4 100 10,8

1.1.2 1,08 2,58 0,35 6,29 65,0 8,5 100 10,2

1.1.3 1,30 3,23 0,55 7,69 64,9 8,4 100 9,5

1.2.1 1,89 4,09 0,20 4,78 16,1 7,1 58 5,3

1.2.2 2,04 4,26 0,23 4,38 16,1 7,2 58 4,9

1.2.3 1,90 5,49 1,17 10,88 16,0 7,1 57 4,4

1.3.1 1,88 3,83 0,34 5,56 13,4 7,0 71 5,9

1.3.2 2,05 4,11 0,22 4,05 13,4 7,0 59 4,9

1.3.3 2,00 5,65 0,71 5,88 13,3 7,0 58 4,2

1.4.1 1,53 3,03 0,40 5,48 18,4 16,8 63 6,8

1.4.2 1,42 2,85 0,46 5,31 18,4 16,8 63 6,9

1.4.3 1,57 3,39 0,54 6,62 18,4 16,8 73 6,9

2.1.1 1,05 2,52 0,24 7,02 61,2 10,9 74 9,7

2.1.2 1,16 2,74 0,25 6,26 61,2 10,9 74 9,3

2.1.3 1,30 3,25 0,40 6,67 61,2 10,9 74 8,7

2.2.1 2,29 5,06 0,33 3,60 15,0 7,4 59 3,8

2.2.2 2,31 5,18 0,34 3,39 14,9 7,1 57 3,7

2.2.3 1,80 7,16 1,01 5,55 14,7 7,1 41 3,6

2.3.1 2,32 4,96 0,41 3,75 10,8 7,8 51 3,4

2.3.2 2,24 5,02 0,39 3,39 10,9 7,7 49 3,3

2.3.3 2,30 7,60 1,49 9,62 10,7 7,7 50 3,6

2.4.1 1,71 3,17 0,26 4,51 20,5 16,7 60 6,4

2.4.2 1,65 3,08 0,28 4,48 20,5 16,7 54 6,3

2.4.3 1,66 3,34 0,36 4,99 20,5 16,7 60 6,3

3.1.1 1,09 2,53 0,30 6,42 60,8 11,5 100 10,3

3.1.2 1,20 2,77 0,24 5,50 60,8 11,5 100 9,8

3.1.3 1,38 3,30 0,25 5,36 60,8 11,5 84 8,7

3.2.1 2,29 4,78 0,37 3,96 14,2 7,1 59 4,0

3.2.2 2,32 4,91 0,36 3,70 14,2 7,1 64 4,0

3.2.3 1,87 6,41 1,13 7,16 14,0 7,0 56 4,3

3.3.1 2,13 4,40 0,43 4,01 11,2 6,8 60 4,3

3.3.2 2,07 4,66 0,34 3,71 11,2 6,8 60 4,2

3.3.3 1,84 6,78 1,36 8,38 11,1 6,8 58 4,3

3.4.1 1,56 3,05 0,30 4,81 20,5 18,4 55 6,5

3.4.2 1,52 2,95 0,32 4,64 20,5 18,4 55 6,5

3.4.3 1,56 3,24 0,50 5,89 20,5 18,4 55 6,4
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The analysis of error arises indicated that some PP were 
able to provide a FHR series very similar (almost all con-
fined between +/- 3 bpm) to that provided by a commercial 
US cardiotocographic device, currently employed in clinical 
routine.  

From table 2, it is possible to observe that for 1°ST of the 
developed software, the use of matched filtering seemed the 
best choice. However, the other two choices, which have the 
advantage of avoiding the manual template selection, gave 
acceptable results. Moreover, about 2°ST, it is possible to 
observe that TEO operator seemed to be the best choice 
(results of these PP are: ME values ~1 bpm or <1 bpm; SD 
values < 3 bpm; %H values > 60%; high KU, AN and QI 
values). Regardless of the employed processing path, M1 
gave the lowest error while M3 the largest one.  

The errors values histograms, for all patients data and all 
PP, look like symmetric distributions, not Gaussian because 
their high values of kurtosis (leptokurtic distribution). 

As example, in Fig. 3 the error distribution concerning 
the patient number 15 and PP=1.1.1 is reported. 

 

Fig. 3  Logic block 

IV. CONCLUSION AND DISCUSSION 

Monitoring of FHR variations provides important infor-
mation about fetal well-being. In order to intensify antenatal 
surveillance, the FHR recording should be performed with a 
passive device. 

Phonocardiography, due to its passive nature, is a suit-
able alternative tool to record FHR. However, to estimate 
FHR, it is necessary to extract reliable time references of 
the heart sounds. This is not an easy goal because of the 
poor signal to noise ratio of the PCG. 

In this work, comparison of software developed or FHR 
extraction from PCG signals was pred1esented. 

For software performances validation a comparison with 
a gold standard technique is necessary. Currently, US-CTG 
is generally considered as reference, due to its wide diffu-
sion in clinical environments (in some countries it has also 
legal value). So, a comparison between FHR signals esti-
mated by employed processing paths and simultaneously 
recorded US-CTG measurements was carried on. 

From the obtained results, it seemed that a reliable soft-
ware should include the following main steps: filtering for 
increasing SNR (reducing artifacts and mothers heart 
sounds), realized by cross-correlation with a template of S1  
(manually selected); TEO operator for enhancing signal 
tracts corresponding to S1 (areas of maximum local en-
ergy); logic block for exactly recognizing time references of 
S1 (corresponding to fetal heart beats). 

Future developments will aim to compare obtained re-
sults with a more accurate measurement method and to 
enrich the software with extraction of new features for de-
tection of abnormal heart activities. 
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Abstract  Respiratory motion is a main issue in current 
radiation therapy of lung cancer. To adequately account for 
respiratory motion a detailed knowledge about breathing 
dynamics and its impact on dose distributions is necessary.  

Within this context we propose a non-linear registration 
scheme to estimate motion fields in 4D CT images of lung 
cancer patients. We focus on handling discontinuities in lung 
and chest wall motion as motivated by the physiology of 
breathing. Accuracy and plausibility of the registration scheme 
are evaluated. Based on 3D conformal radiotherapy (3D CRT) 
treatment plans the optimized registration method is applied 
for dose accumulation purposes, i.e., to simulate the impact of 
breathing motion on the patient-specific dose distribution. 

 Designed as a proof-of-concept study, results are obtained 
for 5 patients with tumors of different size and location. The 
motion field estimation is shown to be significantly improved 
both in terms of registration accuracy and plausibility when 
accounting for the discontinuities in lung and chest wall mo-
tion. The mean target registration error of 1.6±1.1 mm is in the 
order of voxel size. Based on the optimized registration 
scheme, dose accumulation yields that motion-induced effects 
on the dose distribution highly depend on the patient-specific 
tumor mobility. Qualitatively, the dose distributions are shown 
to be blurred due to breathing motion. Quantitatively, voxel-
wise differences between the planned dose distribution and the 
distribution obtained by dose accumulation range from <5% 
(patient with tumor motion of 2 mm) up to 47% (tumor mo-
tion: 12 mm) of the prescribed dose. 

Keywords  Respiratory motion, non-linear registration, 4D 
CT, radiation therapy, dose accumulation. 

I. INTRODUCTION  

In recent years, respiratory motion has become an increa-
singly important issue in radiation therapy (RT) of lung 
cancer.  RT aims at high local tumor control and low normal 
tissue complication probabilities. Thus, the dose to be ap-
plied should be focused on the tumor as precisely as possi-
ble, avoiding especially surrounding organs at risk. This 
turns out to be challenging in case of lung cancer because 
tumors and organs move due to respiration; motion ampli-
tudes of up to several centimeters have been reported in 
literature [1]. Consequently, methods to adequately account 

for respiratory dynamics are searched for (e.g., gating and 
motion tracking techniques). Even though existing tech-
niques have been shown to be clinically advantageous [2], 
their clinical use is considered controversial [3]; further 
detailed analysis of breathing dynamics and the impact on 
dose distributions is necessary [1,3]. 

In our paper we address two aspects within this field of 
research: estimation of motion fields in 4D (=3D+t) data 
sets and simulation of the influence of respiratory motion on 
the dose distribution (dose accumulation). Motion field 
estimations are required to be as accurate as possible and to 
be plausible from the perspective of the physiology of 
breathing when intended to be used for clinical issues. We 
first propose an optimized non-linear registration scheme 
for motion field estimation. The evaluation of registration 
accuracy and plausibility is based on 4D CT images of lung 
cancer patients. We then apply the registration scheme for 
dose accumulation purposes based on the patient-specific 
3D conformal radiotherapy (3D CRT) treatment plans.  

II. MATERIALS AND METHODS 

A. 4D CT data acquisition

Lung cancer patients are examined with a 16-slice CT 
scanner (Philips Medical Systems, Cleveland, USA) operat-
ed in ciné mode. Image acquisition is performed at the 
Washington University School of Medicine, St. Louis 
(USA); for details see [4]. To reduce motion-artifacts the 
data are reconstructed retrospectively using an optical-flow 
based method developed at the University Medical Center 
Hamburg-Eppendorf [5]. The 4D CT data sets provide a 
high spatial resolution of 1.0×1.0×1.5 mm³; they comprise 
between 10 and 14 3D data sets representing different 
breathing phases; the phases are chosen to sample the pa-
tient-specific breathing cycle equidistantly in time. 

 
B. Estimation of motion fields in the 4D CT data

Let  be the 3D images representing the 
4D CT data set of a patient with   being the dif-
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ferent breathing phases. To estimate the patient-specific 
motion fields between two phases  and  we apply a non-
linear non-parametric intensity-based registration approach. 
The problem of image registration can be formulated as a 
minimization problem [6]: Given the two images  (refer-
ence image) and  (target image), a transformation 

,  is searched which minimiz-
es a distance  between  and the warped target image 

 with respect to a desired smoothness  of : 

 (1) 

By searching for the zero crossing of the derivatives, i.e., 
, we solve the minimization problem 

using a semi-implicit iteration scheme 

 (2) 

with  being the step-size and  the identity map.  and  
represent the driving force and the restrictions during the 
image transformation, respectively. They are related to the 
distance  and the smoothness  of . We choose a diffuse 
approach for regularization, i.e., , and the force term 
is defined as follows: 

 

 (3) 

with  being the reciprocal of the mean squared spacing. 
The proposed driving force yields stronger forces at weak 
edges in comparison to, e.g., the commonly used sum-of-
squared distances. Thus, we get a more precise registration 
for low contrast structures like inner lung structures.  

When applying non-linear registration methods to esti-
mate physiological motion fields, usually knowledge about 
the physiological processes is not taken into account [7]. As 
a consequence, the plausibility of resulting motion field 
estimations is questionable. In case of breathing motion and 
focusing in particular on lung dynamics, one such aspect 
concerns motion field estimation near the lung borders: 
From the perspective of physiology, visceral and parietal 
pleurae are sliding along each other during breathing, yield-
ing discontinuities in lung and chest wall motion. To handle 
these discontinuities we propose to estimate motion fields in 
two steps: First, inner lung motion fields  are com-
puted using lung segmentation data  to restrict 
the force computation to the lungs: 

  (4) 

Second, the registration is performed without restriction 
of force computation, yielding fields . Finally, the mo-
tion field estimation between  and  is given as a combi-
nation of   and  : 

  (5) 

C. Treatment planning

For all patients treatment planning is based on a CT data 
set acquired during inspiration (treatment planning phase, 
TPP). Organs at risk (lungs, heart, spinal cord), the GTV 
(gross tumor volume) and the PTV (planning target volume) 
are contoured using CMS Focal. In accordance to the clini-
cal practice in our RT facility, the PTV is drawn as the GTV 
plus an isotropic margin of 15 up to 20 mm. Treatment 
planning is performed using CMS XiO (CMS, Champaign, 
USA). 15-MV 3D CRT plans are generated; prescribed dose 
to the PTV is 50 Gy (2 Gy / fraction).        

 
D. Dose accumulation

For dose accumulation purposes we first compute the 
dose distributions of the treatment fields for the different 
breathing phases. Field positions, shapes and monitor units 
are kept constant (the same as for the treatment planning 
phase). Dose computation is based on the XiO superposition 
algorithm [8]. Let  be the dose distributions 
corresponding to the fields . Assuming the time 
of irradiation for the fields  to be long in comparison to a 
typical length of a breathing cycle, the dose for each voxel 
of the TPP CT image is given by: 

  (6) 

with  as the patient-specific motion field estimations. 

III. RESULTS

The study is based on five selected 4D CT data sets of lung 
cancer patients. Tumor location and motion differ consider-
ably between the patients; patient characteristics are given 
in Table 1. Taking the five patients as examples we study 
the impact of these parameters on motion estimation accu-
racy and the dose accumulation results. 
 
A. Accuracy of motion field estimation

To evaluate the accuracy of the motion field estimation a 
medical expert identified 80 inner-lung landmarks (bifurca- 
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Table 1  Patient characteristics: Tumor size, location and motion 
magnitude (= motion magnitude of the GTV mass center). In addition, the 
level of inspiration of the CT data set used for treatment planning is listed. 

Data set Tumor location Tumor 
size 

Tumor 
motion 

Inspiration level   
of the TPP CT 

Patient 1 left upper lung lobe 19 cm³ 6 mm 40% (phase 3/10) 
Patient 2 right lower lung lobe 7 cm³ 12 mm 20% (phase 2/10) 
Patient 3 left lung, near anterior 

chest wall 
13 cm³ 7 mm 40% (phase 3/10) 

Patient 4 right upper lung lobe 89 cm³ 8 mm 43% (phase 4/14) 
Patient 5 left upper lung lobe 5 cm³ 2 mm 57% (phase 5/14) 

 
tions of the bronchial and the vessel tree) for each patient in 
the CT data sets at end-expiration (EE), end-inspiration 
(EI), mid-inspiration, and mid-expiration. We differentiated 
landmarks in the middle of the lung, near the lung borders, 
and landmarks close to the tumor in order to analyze model-
ing accuracy for different lung regions. Modeling accuracy 
is quantified in terms of the target registration error (TRE), 
i.e., we determined the differences between the landmark 
motion observed expert-based and landmark motion as 
predicted by the registration. 

Focusing on the motion field estimation between EE and 
EI, the overall TRE (mean over all landmarks and patients) 
is 1.6±1.1 mm; for the different landmark locations it is 
1.4±1.0 mm (landmarks in the middle of the lung), 1.8±1.3 
mm (near lungs borders), and 1.6±0.9 mm (close to the 
tumor). The proposed restriction of the force computation to 
the lungs can be shown to improve both plausibility of lung 
motion estimation (see Fig. 1) and modeling accuracy in 
terms of the TRE: for unrestricted force computation the 
TRE values are 2.0±2.0 mm (overall TRE), 1.6±1.3 mm 
(middle of the lung), 2.6±2.3 mm (near lung borders), and 
1.7±1.2 mm (close to tumor). Effects are similar considering 
the other breathing phases. In each case, differences in the 
TRE values can be shown to be highly significant (paired t-
test; p<0.01 for all patients). 
 
B. Impact of patient-specific motion on dose distributions

To study motion-induced effects on the dose distribution 
the accumulated dose  and the planned dose 

are compared to each other 
(see Fig. 2 for an visualization of  and the differ-
ence between  and ). The most promi-
nent effect is a blurring of the dose distribution, resulting in 
a decreased dose gradient. Effects depend on the treatment 
planning phase TPP: If TPP corresponds to the phase of 
mid-inspiration, dose blurring leads to an underdosage with-
in the PTV and higher doses outside the PTV. Differences 
are more or less symmetrically around the GTV. This is not 
the case if TPP is not a mid-respiration phase; then, separate  
 

 
Fig. 1 Color-coded visualization of the estimated motion magnitude be-

tween end-expiration and end-inspiration (data set: patient 2). Red colored 
areas indicate motion amplitudes of up to 15 mm and more, blue-colored 
areas show small motion amplitudes. To illustrate the impact of the ap-
proach proposed to handle discontinuities between lung and chest wall 
motion we focus on inner lung motion fields (left) and in particular on 
regions near the lung borders (right). In case of registration without re-
stricting force computation to the lungs (top row), only small motion 

amplitudes occur near lung borders; thus, motion fields are not plausible 
from the perspective of physiology (see Sec. II B). Restricting force com-

putation to the lungs helps to overcome this problem (bottom row).  

and large areas of under- and overdosage can be observed 
(Fig. 2, bottom), and differences between corresponding 
dose grid points of  and  are higher. 

Furthermore, differences increase with increasing tumor 
motion amplitudes; in our study they range from <5% (pa-
tient 5) to 47% (patient 2) of the prescribed dose. Due to 
large safety margins (see Sec. II C) these differences do not 
affect the GTV (dose differences within the tumor <5%).   

IV. DISCUSSION

The study presented is designed as a proof-of-concept 
study. Based on 4D CT data sets of patients with lung tu-
mors differing in size, location, and motion patterns we 
showed the estimated motion fields to be accurate in terms 
of a low TRE and plausible from a perspective of physiolo-
gy. As an application motivated by radiation therapy of lung  
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Fig. 2 Visualization of the planned dose distribution  for patient 2 

(top) and the difference between  and  (bottom; dose differences 
between -0.1 and 0.1% are not drawn). Dose values are given in percentage 

of the prescribed dose. Maximal differences are up to -39% and +47%.  

cancer we applied the registration approach in order to si-
mulate the impact of breathing motion on dose distributions. 
In a former study, we measured motion-induced effects on 
dose distributions by means of motion phantoms [9]. The 
effects of the simulations obtained in this study coincide 
with the results obtained by measurements. Thus, the dose 
accumulation results obtained seem to be feasible.  

As future work, the number of patient data sets examined 
will be increased. Regarding dose accumulation, effects of 

different treatment modalities (e.g., intensity modulated RT) 
and safety margin concepts will be investigated. 

V. CONCLUSIONS

Our study shows promising results regarding both parts 
of the study: Motion field estimation is accurate and plausi-
ble; dose accumulation results coincide with phantom mea-
surements and look feasible. The methods proposed have 
the potential to lend greater insight into motion-induced 
effects on dose distributions, but further thoroughly evalua-
tions of the methods are required. 
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Abstract— Current advise systems in surgery use standard 
colors to communicate specific messages. Unfortunately, these 
colors may have a poor contrast to the background, like red on 
blood rich backgrounds of an OR microscope intervention. In 
this work, we present an approach of choosing high contrast 
colors based on the current image content, which is used in a 
study for an AR-based mode display of an active computer 
assisted surgery system. 

Keywords— visual advice system, mode, navigated control, 
color space, augmented reality. 

I. INTRODUCTION  

One of the major goals of using medical technology is to 
improve the save use of this technology in the OR, where 
the human-computer-interaction is an important safety 
factor. Hence, interdisciplinary perceptual analysis is 
needed for the improvement of the human-machine-
interaction. Many directions in computer graphics share this 
need – including visualization and augmented/virtual reality 
research – to maximize the information content [1], where 
especially the in-situ visualisation is used often [2]. 
Perception research has found the importance of knowledge 
of low-level cues (former described as pre-attentive 
features) and used it for an effective augmented reality. For 
example, it is important for an AR display of computer-
generated virtual objects on the (digital) video stream 
representation of the real world to remain consistently 
positioned and oriented in 3D relatively to the real 
environment for the correct perception in the human visual 
system [3].  

For our research it is important that the visual system 
relies on attentional mechanisms to highlight and select 
specific parts of the sensory input stream. The visual system 
is using as well overt: top-down/intentional (task-dependent 
knowledge) and covert: unintentional / bottom-up (input 
driven properties sudden flash) processes. Other relevant 
effects are the importance of brightness contrast to improve 
reading performance [3] and the importance of the relation 
of an advice system to an object in 3D, in terms of usability 
[4]. Other important factors for low level perceptual 
processing are colour, size and orientation of the feature 

(glyphs) density and regularity of texture elements [1]. In 
many cases pop-out effects may enable a significant faster 
detection by the lower level of the human visual system [1; 
5]. Especially color is a very dominant key to pop-out 
because of its immediate detection by the low-level of the 
human visualization system, if it is chosen properly [6]. 
However, if other cues are used together with color, 
interaction effects need to be considered [7]. A further 
impact can be achieved by highlighting, especially if this is 
applied to only a small number of elements, f.e., a node in a 
graph [8].  

In this paper, we propose a color choice for AR-enhanced 
human-machine-interaction, based on color design theories 
and perception research. 

II. VISUAL ADVISE SYSTEMS IN MEDICINE  

A. Color Design based on Color Space CAD 

Color space: Bauer et al. [9] performed studies on the 
perception of color stimuli. They state the potent effects of 
linear separability. Ware et al. [5] proposed that a signal 
color for images should lie outside of the convex hull of all 
colors in the image. Figure 1 shows the analysis of a in-situs 
picture. 

Fig. 1 CAD Analysis of a in-situs picture 
 
This research is based on the development of color 

spaces for the orientation within the human perceivable 
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color spaces, e.g. the CIE and the HSV model. Color spaces 
provide measurability. Which is necessary to analyze colors 
for a visual advisory system based on the surgeons field of 
view.  

The technical base for the color analysis is the Color-
Space CAD plug-in for Photoshop [10; 11]. This software 
can handle the most important pixel formats. A picture is 
analyzed and the convex hull of the colors is computed. 
Figures 1 and 2 give an example of the described usage. For 
an analysis of the color space in operation videos, we 
decompose the videos into single frames. The operation 
video themselves are acquired through the OR-microscope 
Pentero (Zeiss, Oberkochen).  

The color of each pixel is assessed and converted in the 
according CIEL*a*b*. The convex hull can be visualized in 
2D and 3D. At the same time the color spectrum outside of 
the convex hull is shown and can be analysed. The convex 
hull of the separate images can be saved with the intern 
gamut-library or in an XML format. Through this analysis it 
is possible to have an effective overall evaluation of videos 
through analyzing each frame and combining the saved 
outcome. So that a color scale of the whole OR-video 
comprehensive a convex hull can be build and analyzed.  

The OR-microscope Pentero offers the possibility to 
augment the surgeons’ field of view. The result of the color 
analysis can be imported into the OR-microscope Pentero as 
a visual signal with the according color. Therefore the 
signal is positioned in the surgeons field of view without 
alienating him and disrupting his/hers field of view on the 
situs. With the help of the Color-Space CAD plug-in for 
Photoshop we want to measure the effect of color in a visual 
mode display on salience. We propose, that a signal color 
for a visual mode display which lies outside of the convex 
hull of all colors in the image will reduce the amount of 
mode errors.  

As a first step a static convex hull for specific images of 
a generic phantom is build to evaluate a visual advice 
system for the computer-assisted system navigated control, 
which will be described later.  

 
B. Use of different modes 

General aspects for modes: Different modes are a 
common architecture in modern machines [12] they 
represent different states or functions in a certain system 
[13]. It is a potential risk to use different modes but in 
certain medical systems it is without alternative. That makes 
it essential to have an adequate advise system for the modes 
to minimize the risk of mode errors, e.g., by using a 
validated generic phantom in a validated study setting [14]. 
First of all the relevant aspects for feedback systems are 
explained and then the studies for the development for an 

efficient visual mode advisory system on the example of the 
computer assisted system navigated control are introduced.  

Sellen et al. [15] has shown several criteria for feedbacks 
f.e. sensory mode (in this case visual) continuous feedback 
during the whole process depending on the actual mode) 
and the user cannot turn off the advisory system because 
Sellen et al. [15] has despicted that a „sustained, 
demanding, and actively maintened“ system (p. 144) is to 
be most effective to avoid mode errors. 

Sellen et al. [15] showed with software that also visual 
advice systems can lead to a decline of mode errors. This is 
especially important since auditory feedback is really 
efficient for visual tasks [16; 17; 18], as it is even called 
attention grabber [19]. The disadvantage of auditory 
systems is their high intrusiveness [20; 21], which is not 
suited for the operating room because the surgeon needs a 
high level of concentration on hers/his task. This is 
especially important if a task needs only the relevant 
information (e.g. the “navigated controlled” mode is 
deactivated), so that disruptions of the surgeon should be 
avoided, but an adequate advice system should be installed. 
Another aspect which is critical for using an auditory advise 
is the amount of other auditory signals in the OR (f.e. other 
medical systems, working sounds) can minimize the 
efficiency of auditory signals and the implementation 
should consider hearing acuity [22]. The general idea of 
using permanently different sensory channels [23] for 
feedback is not applicable in the OR, because the surgeon 
has already many information sources to process. 
Additional to that, more than one advice system is used 
during a surgery and continual auditory signals can bring 
the personnel to deactivate the signals [24]. 

For a scientific analysis the different advice systems 
(especially auditive and visual) have to be compared to find 
a safe and adequate solution.  

It is important to use specific software and a scientific 
analysis because, e.g., red is the color symbolizing an 
urgent danger, or an alarm on illuminated displays [25; 26]. 
But in some situations in the OR red is difficult to see, e.g., 
when looking through an operation microscope at the situs, 
where red is quite common, when blood is present.  

Navigated Control is a surgical navigation system which 
has two different modes. In the “free mode” the surgeon can 
use the navigation and has no limitations for using the 
surgical tools in the situs. In the “navigated controlled” 
mode the system automatically switches off the surgical 
instrument when the surgeon approaches pre-defined areas 
of risk. These areas of risk are defined preoperatively by a 
segmentation of the region-of-interest. If the tip of the 
tracked instrument is within this region, the instrument 
performs the milling, outside this region the instrument is 
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switched off, even if activated by the surgeon with the foot 
pedal [27].  

Based on this work a within group design was chosen. 
We compare three different advisory systems. In system a) 
the mode switch is signaled through a single sound and a 
change in the tiny display of the system. System b) uses a 
continuous auditive signal to indicate the “free mode” 
additional to the signals of system a). In system c) a visual 
signal of the actual mode is augmented in the view field of 
the surgeon in the OR-microscope.  

It is assumed that the test persons will improve to 
correctly anticipate the errors, if the mode is displayed 
through additional advice systems (auditory or visual). The 
primary task includes not only the correct milling of this 
phantom without injuries but also a change of mode. This 
means that the test person has to switch with a foot pedal 
from “free mode” to “navigated-controlled” mode and back. 
The green fields are milled in “navigated-controlled” mode, 
the red in “free mode”. This is in accordance with the 
software, which displays the current mode with a red and 
green button, respectively. So the visual feedback is being 
adapted with the described procedure (Figs.1 - 2).  

 
 

Fig. 2 CAD Analysis of a generic phantom 
 
The study results are the base for further studies and will 

give important cues for an adoption of a visual advice 
system for a mode display in the real operation setting. As a 
later goal many different videos of operations will be 
analyzed to be able to make statements about the typical 
color space of a certain operation or even a group of 
operations. The main goal is to develop a dynamic system 
which is showing, depending on the color space in the situs, 
the best possible advice which mode is on in real time. 

III. CONCLUSIONS  

Visual computing with perception research is essential to 
design effective AR visual advice systems in surgery. This 
is especially important since auditory advice systems can 
have a high intrusiveness in the operating room. Further 
work is needed to study the best combinations of advice 
systems and symbols for producing adaptive advice system 
which are improving the efficiency and the patients’ safety. 
The type of visualization makes a significant difference in 
terms of effectiveness with the interaction.  Nevertheless 
visualization and interaction processes have to be further 
analyzed for medical implication to take advantage of their 
power.  
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Abstract— Currently about five million people are diseased 
by arthrosis. This painful inflammation is often attended by an 
artificial joint replacement.  

Due to immune reactions resulting from the agglomeration 
of the polyethylene wear implant loosening appears. In the 
field of hip endoprostheses the functionality of ceramic hip 
implants is well known since many years. To minimize the 
necessary revision surgeries bioceramics will be also used for 
knee implants.  

However, the use of bioceramic hard-hard-pairings for total 
knee arthroplasty results in high demands on the geometrical 
accuracy as well as the surface topography of such complex 
implants. Since ceramics cannot cope with non-uniform loads, 
a new adapted design for ceramic knee implants is required. 
Hence, the biomechanical requirements have been investi-
gated. In a roll-gliding wear simulator specimens of simplified 
geometries have been tested under movements and stresses 
similar to the knee joint.  

Due to the fact that the complex implants will be machined 
in one clamping, the high geometrical requirements can be 
achievable. After 5-axis-grinding with torical grinding pins the 
polishing process with flexible tools takes place in the same 
machine. Two concepts for flexible polishing tools are traced. 
Here, a new belt apparatus for flexible polishing is presented 
in addition to flexible rubber tools with bonded diamond 
grains. 

Keywords— roll-gliding-test-station, gravimetrical wear detec-
tion, machining, ceramic implants, belt polishing. 

I. INTRODUCTION  

Worldwide the knee is the most treaded joint. About 
80,000 knee joint replacements are accomplished in Ger-
many per year. Approximately a quarter of the overall pa-
tients have complications. Different reasons for revisions 
such as infections, wear or breakage have been investigated 
[1]. The major cause is the implant loosening excited by 
particle disease. Conventional knee endoprostheses consist 
of a cobalt-chromium (CoCr) femur part and an inlay made 
of ultra high molecular weight polyethylene (PE). The PE-
wear debris developed during the implant life span activates 

bone decomposing osteoclasts via immune reactions which 
is called particle disease. 

In the application range of totally hip arthroplasty the uti-
lization of bioceramics like alumina or zirconium oxide is 
standard [2]. The reduced wear characteristics of bioceram-
ics extend the life span of such endoprostheses. However, 
the use of bioceramics of complex implants like knee, 
shoulder or ankle joints is still not realized due to the high 
demands on the implant quality [3].  

Ceramics are featured by hardness and high wear resis-
tance. The material is furthermore biocompatible. Due to 
low fracture toughness and tensile loads ceramic materials 
break brittle without any announcement. In ceramic hip 
implants congruent surfaces of ball and socket are in con-
tact. Stresses can therefore be distributed over the whole 
surface. Complex prostheses such as the knee joint generate 
merely line or even point contact without a congruent de-
sign. A compromise between necessary conformity of the 
wear partners and essential flexibility has to be found. Addi-
tionally a machining process to finish complex ceramic 
implant surfaces is required. 

II. MATERIALS AND METHODS 

A. Processing of geometry 

Conventional knee implants (CoCr-PE) are manufactured 
in several steps. Firstly the implants are milled and then 
vibratory ground before the polishing step occurs. Polishing 
of free formed surfaces is up today often realized by manual 
work. Since the polishing is a purely force-controlled proc-
ess the shape accuracy will be affected. The objective in this 
project is to enable an automated process chain on one ma-
chine tool: the near-net-shape sintered and pre-ground com-
ponents will be multi-axis ground and afterwards polished 
with flexible tools to minimize the influence of the finish 
step on the macro geometry. Polishing with flexible tools 
affords a path-controlled machining of the implant surfaces. 
The aim is to smooth the roughness peaks of the contour.  
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To achieve a steady material removal toric grinding pins 
are developed [Fig. 1]. These grinding pins are adaptable to 
complex shapes due to their bond geometry in combination 
with their angle towards the work piece [4]. In different 
preliminary work ideal machining process and tool parame-
ters are investigated [5].  

B. Surface finishing 

In the beginning of the work several polishing methods 
were compared for the application of free formed ceramic 
surfaces. A belt system, rubber tools interspersed with dia-
mond grains as well as felt tools with loose abrasive were 
tested. By means of the roughness of the surfaces and the 
characteristics of the tools, two principles were pursued 
(Fig. 2).  

All tools show the possibility for ductile polishing, but 
felt tools require special equipment for the machine tool as 
well as the disposal of the loose abrasive. Furthermore, the 
polishing time increases. Finishing with rubber tools 
seemed to be the simplest way to achieve an average surface 
roughness lower than Ra = 20 nm. In preliminary work it 
has been found out that a 30 percent nickel coating and a 
concentration between 50 and 100 of the diamonds are 
needed for the best surface quality in rubber bond tools. The 
bonding was a standard silicone. The grains had an average 
size of 20 µm. It was identified that higher tool angles of 
45° achieve lower roughness due to a higher stiffness of the 
tool. In the consequence of higher process forces the tool 
wear and the attrition at the work peace increase. Reducing 
path distance and feed as well as increasing the infeed the 
surface quality could be improved.  

A belt tool needs a special apparatus to be connectable to 
the machine tool. Therefore a belt polishing system was 
developed (Fig. 3). Via a flexible contact roll made with a 
rubber surface and a flexible contact foot realized via a 
spring, a not purely force controlled machining will be pos-
sible. To compensate the wear of the belt, a long belt path 
was implemented by eight deflection pulleys. The contact 
roll hardness is about 80 shore. 

Fig. 1 Toric grinding pin in process 

Fig. 2 Belt toll versus rubber tool 

Fig. 3 Belt apparatus and belt topography 
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The diameter d1 in mm of the drive roll, the thickness hb 
in mm of the belt and the speed define the belt velocity vbelt 
in m/s, which can be calculated via equation (1). 

(1) 

 

By means of a statistical experimental design a standard 
diamond belt was firstly tested. The cutting speed or belt 
velocity, feed velocity and infeed were varied on a plane 
bioceramic surface. The belt was a one-layer nickel bond 
tool with a diamond grain size of dg = 25 µm. The speci-
mens were pre-ground with peripheral grinding in the same 
way and have an initial average roughness of Ra = 0.6 µm.  

C. Roll-gliding-test-station 

To investigate the wear behavior of different surface 
qualities in hard-hard-pairings like in totally bioceramic 
knee implants a special roll-gliding-test-station was devel-
oped [6]. This roll-gliding-simulator enables a comparison 
of the wear behavior of different pairings on specimens with 
simplified geometry. Thereby standardized movements and 
stresses similar to the human knee have been simulated.  

The wear of simplified ceramic pairings have been ana-
lysed at body temperature in a standardized on calf serum 
based synovial fluid (ASTM F1715). The specimens were 
tested up to 2 million cycles. The accrued wear was de-
tected gravimetrically after 100.000, 500.000, 1 million and 
2 million cycles. The generated wear marks were analyzed 
qualitatively with scanning electron microscopy.  

In the last investigations it was focused how the behavior 
of wear specimens changes if the surface integrity got 
worse. Therefore, three different finished hard-hard-pairing 
specimens were compared (Table 1). Furthermore, it is 
known from other fields of engineering that structured sur-
faces can provide lubricant for tribological pairings. Con-

trary to this it is assumed, that rough surfaces result in 
higher abrasive wear.  

III. RESULTS AND DISCUSSION 

A. Belt processing 

Feed and belt velocity were varied in four steps in a sta-
tistical test as depicted in Fig. 4. The spring of the contact 
foot was initially removed to focus on the influence of the 
contact roll. To attain lower roughness values a tendency 
towards lower feed and higher cutting velocities could be 
shown which is consistent with the effects detected with 
rubber bond tools. The surface mean roughness Ra behaves 
itself in the same way like the roughness depth Rz. With 
increasing feed velocity vf  the roughness is rising too. 
When using higher belt velocity vbelt the mean roughness as 
well as the roughness depth is decreasing. It becomes ap-
parent that the initial roughness Ra = 0.6 µm will be 
strongly influenced not until feed velocity is higher than 
vf = 50 mm/min. The roughness will increase intensely as 
well if the belt velocity is lower than vbelt = 1.8 m/s. With 
slower feed and higher speed velocity more grains are pene-
trating the ceramic surface compared with high feed rates 
and low belt velocity. More work piece material could be 
removed and smoothed, if many grains are engaged.  

An influence to roughness of the infeed which is a de-
termining factor for the normal force could not yet be se-
curely detected. The results are varying in a very small 
range compared with the standard deviation of the initial 
roughness.  

B. Wear behavior  

Four compared pairings had an average roughness Ra of 
20 nm, 80 nm, 550 nm and 850 nm. The measured gravim-

Fig. 4 Influence of feed and belt velocity to surface roughness 
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etrical wear shows no distinct tendencies. After 2 million 
cycles the wear of pairing 1 with the coarsest initial rough-
ness shows the lowest gravimetrical weight (Table 1). The 
measuring accuracy of the balance is about 0.001 mg. Pos-
sibly, the rills of a rougher surface of pairing 1 provides the 
synovial lubricant in a film as assumed. In case of very 
smooth surfaces like in pairing 4 the roughness peaks are 
smoothed and the gravimetrical wear volume will decrease. 
Therefore, a more precisely balance is needed for the next 
investigation. In further investigations the depth of wear 
marks had been measured and compared [7]. Photographs 
of scanning electron microscope were used to give impres-
sion of the surface integrity after the roll-gliding test.  

Table 1 Wear behavior of hard-hard-pairings 

IV. OUTLOOK 

The next investigations in belt processing should focus 
on belt and feed velocity. Additionally a lower contact roll 
hardness will be investigated. It is known from different 
polishing methods, e.g. at silicon industry that softer contact 
pads generate a lower mean roughness. For comparing the 
influence of the process to the achievable surface quality the 
parameters material ratio Rmr and waviness Wt will be inves-
tigated. Hence, a confocal white light microscope will be 
used to get an impression of the 3D topography. Particularly 
for an application of free formed surfaces this step is neces-
sary. 

To minimize the influence of the belt tool on the macro 
geometry the grain size will be decreased and resin bond. 
To raise the flexibility of the belt another bracking will be 
used. Thereby the belt could easily follow the shape of the 
contact role and provides to polish more complex surfaces.  

In case of roll-gliding-test more investigations with rub-
ber polished specimens will be compared. Furthermore, the 
simplified geometry will be changed; thus the influence of 

different radii ratios of the half cylinder and the plane 
specimen can be investigated. 
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gravimetrical 
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behavior - stick slip stick slip in 
the beginning 

stick slip in 
the beginning
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Abstract— In this study the spatial distribution of anisotrop-
ic elastic properties and tissue mineralization within a human 
femoral cortical bone shaft (female: 72 years) were investi-
gated. Cylindrically shaped punch biopsy samples (diameter: 
4.4 mm) were analyzed using high resolution ultrasonic cylin-
drical scanning microscopy (SAM, N = 56) at 50 MHz and 
synchrotron radiation µCT (SR-µCT, voxel size: 10 µm, 
N = 27). For all samples the average tissue elastic coefficients 
and the average tissue mineralization were derived from the 
SAM and the SR-µCT measurements, respectively. The impact 
of tissue mineralization on the five independent elastic coeffi-
cients was analyzed with respect to the anatomical location of 
the femoral shaft. The average values (mean ± std) of the elas-
tic coefficients were: c33: 31.0 ± 3.0 GPa: c11: 22.0 ± 1.8 GPa; 
c12: 9.5 ± 1.2 GPa, c13: 10.0 ± 1.3 GPa, c44: 6.6 ± 3.0 GPa.  The 
average tissue degree of mineralization in the cylinders was 
1.10 ± 0.02 g/cm3. Weak, but significant correlations with DMB 
were found for c33 (R² = 0.11, p < 10-4) and c44 (R² = 0.008, 
p < 0.031). The coefficients of correlation R² between the indi-
vidual elastic coefficients were between 0.04 and 0.99. Two-
factor ANOVA revealed that the axial and radial anatomical 
locations had significant influences on DMB and the elastic 
constants. However, these variations were not consistent for 
DMB and the elastic coefficients. These findings confirm that 
tissue mineralization is only a minor predictor for tissue elas-
ticity in cortical bone. 

Keywords— Acoustic microscopy; Anisotropy; Bone; Elastici-
ty; Microstructure; Synchrotron radiation; µCT. 

I. INTRODUCTION  

The elastic behavior of cortical tissue cannot be simply 
described by a set of material constants or compositional 
parameters. Instead, its complex hierarchical structure re-
sults in spatially, temporally and directionally variable elas-
tic properties. In a previous study [1] we have shown that 
the anatomical location had a significant influence on the 
anisotropic elastic coefficients within a human femoral 
shaft. In this study, microelastic data obtained from quantit-
ative scanning acoustic microscopy have been combined 
with synchrotron radiation μCT (SR-μCT) measurements, 
that provide information about the spatial distribution of the 
tissue degree of mineralization (DMB). The aim of the 

study was to i) investigate the spatial distribution of elastic 
properties and tissue mineralization with a femoral shaft and 
ii) to evaluate dependencies between tissue mineralization 
and the anisotropic elastic coefficients at the tissue level. 

II. MATERIALS AND METHODS 

A. Sample preparation 

The shaft of one human femur (female, 72 years) was di-
vided into 14 cross sections from proximal to distal with 
equal thickness of 22 mm (Fig. 1). All sections were dehy-
drated in a graded series of ethanol (70%, 96% and 100%) 
and embedded in polymethylmethacrylate (PMMA). Four 
cylindrically shaped samples (diameter 4.4 mm) with the 
orientation of the long axis parallel to the radial axis of the 
femoral shaft were prepared from 4 anatomical positions for 
each cross section (N  56). 

Fig. 1 Sample preparation.

B. Scanning Acoustic Microscopy 

We used a custom scanning acoustic microscope 
(SAM200Ex, Q-BAM, Halle) which was equipped with a 
50-MHz transducer and a rotational stage with a custom 
made sample holder in order to measure the angular depen-
dent impedance map of the cylindrically shaped samples. 
Distilled and degassed water at 25°C was used as coupling 
fluid. The procedure that allows automatic eccentricity
compensated surface scans of cylinder samples was pre-
viously developed and implemented in the microscope con-
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trol software [1]. The radio frequency signals were con-
verted into values of acoustic impedance using a time-of-
flight (TOF) based defocus correction and impedance cali-
bration procedure, as described elsewhere [1-2]. 

C. Synchrotron radiation CT

After acoustic inspection the samples were imaged using 
SR-μCT at the European Synchrotron Radiation Facility 
(ESRF, Grenoble, France). The experiments were per-
formed on beamline ID19, where a 3D parallel beam CT 
setup has been developed [4].  

We selected a resolution of around 20 μm and a field of 
view of 6.06 x 6.6 mm². The energy was set to 26 keV. For 
each sample 1500 radiographic images under 1400 angles of 
view were recorded. A 3D volume of 600 × 600× 650 vox-
els was then obtained by applying an exact tomographic 
reconstruction algorithm, based on filtered backprojection. 
The voxel size was 10.1 μm. Grey levels of these 3D data 
were converted to volumetric tissue mineralization ex-
pressed as g/cm 3 of hydroxyapatite crystals, as detailed in 
[3-4]. 

Prior to further processing the outer cylinder surfaces 
were detected and the data were transformed by translation 
and rotation operations in order to align the long axis of the 
cylinders with the z axis of the cartesian coordinate system.  

All post processing was done using a custom toolbox de-
veloped in Matlab R2007a.   

D. Scanning Acoustic Microscopy 

In the acoustic impedance and DMB images, voids filled 
with embedding material were excluded by an adaptive 
threshold calculated from an approximation of the imped-
ance and DMB values of osteonal tissue [1]. The impedance 
threshold masks were further eroded with a disk of a radius 
of 2 pixels. For the synchrotron data we have developed a 
3D segmentation and erosion algorithm to minimize the 
influence of the partial volume effect. The DMB values 
were measured within the entire volume. 

Fig. 2 Example of site-matched SAM and synchrotron μCT data. 

The acoustic impedances values were averaged for each 
observation angle and converted to stiffness values using 
the correlation found in a previous study [5]. The fit of 
angular dependent stiffness values to a transverse isotropic 
model yields the axial elastic constant C33, the radial elastic 
constant C11, and C* = C13 + 2C44. The coefficients C12 and
C13 are extracted using continuum micro-mechanical model 
constraints, as proposed by Hellmich et al. [6]. The remain-
ing elastic coefficient C44 was calculated from C* [1]. The 
technical constants E3, G13 and ij (i,j = 1,2,3) were deter-
mined from the compliance matrix, which was obtained by 
inverting the stiffness matrix. 

III. RESULTS 

The spatial fusion of SR-μCT and SAM data of one sam-
ple is shown in Fig. 2. The mean DMB of all samples was 
1.107 ± 0.025 g/cm3 (mean ± std). 

The average values of elastic coefficients and technical 
constants of all samples are listed in Table. 1. 

Table 1 Elastic coefficients and technical constants (mean and standard 
deviation). 

Elastic Coefficients Technical Constants  
c33
c11
c12

c13
c14

31.0 ± 3.0 GPa 
22.0 ± 1.8 GPa 
  9.5 ± 1.2 GPa 
10.0 ± 1.3 GPa 
  6.6 ± 3.0 GPa 

E3
G13

12

13

31

  24.6 ± 2.3 GPa 
    6.6 ± 0.9 GPa 
0.327 ± 0.015 
0.218 ± 0.018 
0.314 ± 0.011 

Significant regional variations along the axial (proximal 
to distal), circumferential (anterior, medial, posterior, later-
al) and radial (periosteal to endosteal) of DMB and the 
elastic constants were observed by multifactor analyses of 
variance (N-way ANOVA). 

A. Variations with respect to the axial direction 

The strongest dependence on the axial position was 
found for C33 (Fig. 3). We observed a linear increase from 
section 20.8 % to 80.7 % of the femoral length (R2 = 0.62, 
p < 0.001). In contrast, the DMB values do not show a 
comparable correlation. Only the most proximal position at 
20.8 % had significantly smaller values compared to the 
central regions (around 34% to 64% of the femoral length). 

B. Variations with respect to the circumferential direction 

Fig. 4 shows that in the posterior quadrant C33 (F = 18.3) 
was smaller than in all other quadrants (Fig. 4). In contrary 
to this C11, C12 and C13 were lowest in the medial quadrant 
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(F = 3.1), and C44 was higher in the anterior quadrant than in 
the lateral and the posterior quadrants (F = 11.8). 

For DMB we observed significantly lower values in the 
posterior and anterior quadrants than in the medial and 
lateral quadrants (F = 12.74, p < 0.04) (Fig 4). 

 
C. Variations with respect to the radial direction 

For the analysis of variations along the radial directions 
the data of all anatomical quadrants were divided into 10 
equidistant sections, starting from the endosteal surface 
(0 %) towards the periosteal surface (100 %). For each 
section all elastic coefficients and DMB values were esti-
mated separately. C33 increases from the endosteum towards 
the central part of the cortex. The maximum is reached 
between 50 and 70 % of the cortical width. Between 70 % 
and the periosteum the values decreased again. However, 
C11, C12 and C13 did not vary from the endosteal boundary to 
the central region (~ 50 %) and decreased from the central 
region towards the periosteum (Fig. 5).  

A variation with respect to the radial location was also 
observed for the DMB values (Fig. 5). However, the maxi-

mum values occurred in the second quarter (~25 %– 50 % 
of the cortical width) and the values decreased asymmetri-
cally towards the endosteal and periosteal boundaries. 

 
D. Correlation between elastic coefficients and DMB 

The correlations between the elastic coefficients are 
summarized in Table 2.  

Table 2 Correlation coefficients (R²) between the transverse isotropic 
elastic coefficients. 

 C33 C11 C12 C13 
C11 0.61    
C12 0.90 0.87   
C13 0.93 0.82 0.99  
C44 0.04 n.s. n.s. n.s. 

 
Moreover, we found a weak, but significant correlation 

(R2 = 0.13) for C33 with DMB. The other elastic coefficients 
were not correlated with DMB (Fig. 6). 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 3 Variation (mean and standard deviation) of C33 and C11 (left) and DMB (right) along the femur length. 
 

 
Fig. 4 Variation (box-whisker plot) of C33 and C11 (left) and DMB (right) along the circumferential direction. 
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IV. CONCLUSIONS  

The relations between anisotropic elastic coefficients and 
degree of mineralisation at the tissue level have been inves-
tigated in a human femoral shaft. The results confirm previ-
ous findings that i) tissue mineralisation is only moderately 
correlated with tissue elastic properties [5]; ii) elastic tissue 
properties within a single bone are variable and depend on 
the anatomical location [7]. Moreover, we have shown for 
the first time that the variation of elastic coefficients with 
respect to the anatomical location is different, e.g. for com-
pressional and shear coefficients. These data will be essen-
tial for future numerical model developments as well as for 
further elucidating the complex relations between tissue 
composition and elastic function of bone tissue during 
maturation, ageing, or in pathological conditions. 
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Fig. 5 Variation (mean and standard deviation) of C33 and C11 (left) and DMB (right) along the radial direction. 

  
Fig. 6  Correlations between DMB and elastic coefficients.
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Abstract—The medial collateral ligament (MCL) tears fre-
quently in sports and is commonly accompanied by ACL and 
medial meniscus injuries. Experimental and clinical studies 
have been widely carried out, but were limited to obtaining 
stress distribution and conducting parametric studies. The 
purposes of this study were to develop a validated three di-
mensional finite element model of knee joint, and to analyze 
the subsequent changes of the kinematics and stress distribu-
tion of corresponding structures induced by different levels of 
MCL rupture. The model was developed from magnetic reso-
nance images and validated by published experimental data. A 
loading and boundary condition of passive knee flexion (0~60 
degrees) were applied to the knee with an intact MCL, superfi-
cial MCL torn, deep MCL torn and complete MCL torn. The 
most significant differences found were the deformation within 
medial meniscus as well as the valgus degree of the knee be-
tween pre- and post-injury MCL condition. The computational 
results indicated that the deep MCL prevents excessive trans-
lation of medial meniscus, while the superficial MCL provides 
most of the restraining valgus moment. This study could help 
to understand the various subsequent injuries led by MCL 
injuries, and to predict the risk positions in the joint. Fur-
thermore, this model could shed some light on the mechanism 
of MCL injuries and the treatments. 

Keywords— Deep MCL, Superficial MCL, Injury, Finite ele-
ment model, Valgus degree. 

I. INTRODUCTION  

The medial collateral ligament (MCL) tears frequently in 
sports, especially those involving valgus knee loading [1, 2]. 
Other structures such as ACL and medial meniscus injure 
commonly in association with MCL [3]. Various preventive 
measures have been studied but resulted in limited efficacy 
[4]. Although ruptured MCL could heal spontaneously, its 
biomechanical property fails to recover, which may lead to 
subsequent injuries as well as knee instability [1, 3].  

A complete understanding of biomechanics of MCL and 
the involved structures is necessary to optimize the prophy-
laxis, treatment and rehabilitation. The MCL could be di-
vided into superficial and deep layers. The superficial MCL 
is considered to be the primary static stabilizer in the medial 
side of the knee [5]. It limits valgus and external rotation 
translation at all degrees of flexion [3]. On the other hand, 
the deep MCL shows insignificant contribution to the knee 
stability [2]. Extensive experimental research has been de-
veloped to quantify the force and strain in the MCL under 
typical loading and boundary condition [6, 7]. Subsequent 
change of kinematics and in situ force of involved structures 
following MCL injury has also been measured [3]. Experi-

mental measurement, however, was limited to obtain stress 
distribution and conduct parametric studies. Three dimen-
sional (3D) finite element (FE) models of knee joint have 
been developed to gain data which would otherwise be 
difficult to obtain experimentally. Preliminary models rep-
resented ligaments as one dimensional (1D) springs [8]. 
These models were useful for predicting joint kinematics 
and ligament forces. Other researchers developed 3D mod-
els of parts of knee joint within ligaments such that the 
stress distribution as well as the contact and the friction in 
the ligaments could be calculated [9]. More recent studies 
have constructed models of entire knee in order to simulate 
complicated practical condition [10]. The validation of these 
models based on experimental data, however, was limited. 
Further more, little computational analysis has been focused 
on the subsequent change of biomechanical behavior of the 
knee induced by the different levels of MCL lesion. 

The purpose of this paper was to determine subsequent 
change of the kinematics and stress distribution of involving 
structures induced by the different levels of MCL rupture 
using a validated 3D FE model of knee joint. The model 
was validated by published experimental data including 
measurement and kinematics of the knee as well as the in 
situ forces in anterior cruciate ligament (ACL) under the 
anterior tibial loads. Then the validated model was used to 
analyze kinematics and stress distribution of the knee with 
an intact MCL, superficial MCL torn, deep MCL torn and 
complete MCL torn in the boundary condition of passive 
knee flexion (0~60 degree). 

II. MATERIALS AND METHODS  

A. Knee joint geometry 

The 3D FE model of in vivo knee joint was reconstructed 
using magnetic resonance (MR). The knee (male, 28 years 
old, without any abnormalities) was positioned at full exten-
sion and subjected to a MR image scan in the sagittal plane 
using a fat suppressed gradient echo sequence and 1.5T 
magnets. A series of slices separated in 2mm intervals with 
the pixel size of 0.469×0.469 mm2 were obtained. Under the 
guidance of surgeon, the geometric information of relevant 
tissue was extracted from MRI using MIMICS (Materialise, 
Inc., Belgium). Four-node tetrahedral elements were used to 
mesh the bones, cartilages, menisci and ligaments (except 
the superficial MCL) in consideration of the irregular shape 
of the articular tissues. Four-node shell elements were used 
to mesh superficial MCL since it’s thin. Fig. 1 shows the 
complete 3D FE model of knee joint containing femur, tibia, 
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fibula, cartilages, medial meniscus, lateral meniscus, ante-
rior crucial ligament (ACL), posterior crucial ligament 
(PCL), lateral collateral ligament (LCL), Deep MCL and 
superficial MCL. 

 

Fig. 1 FE model of the knee joint 

To verify the accuracy of the geometry of the model re-
constructed, critical dimensions including length and inser-
tions of the ligaments, as well as depth, width and cross-
sectional geometric parameters of the meniscus were com-
pared with the published data measured on the cadaveric 
knees and the MRI of the knees [11, 12]. The deviation of 
each parameter was found to be less than 3%, which 
showed that the geometry of the model has high accuracy. 

B. Material of tissues 

Since the deformation of the bone was far less than that 
of the soft tissues, the bones were assumed to be rigid. The 
viscoelastic effect of the soft tissue was not significant un-
der the quasi-static loads, therefore ligaments were consid-
ered to behave as a hyperelastic material described by the 
strain-energy function of Mooney-Rivlin, as shown in Equa-
tion 1, which fits the experimental results of the uniaxial 
tension well. 

dJICICW cc /)1()3()3( 2
201110                                     (1)          

 Where W is the strain energy per unit of reference vol-

ume. I
c 

1
 and I

c 

2
 are the first and second invariants of Cauchy 

strain tensor. J is the determinant of Deformation gradient 
tensor. C10, C01 and d are the material constants. 

The material constants (C10, C01 and d) were determined 
through a least-squares-fit procedure, as show in Equation 2.  
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Where test
i  is a stress value from the test data, and th

i
  

is the nominal stress derived from the material model. The 
proper constants were calculated to minimize the relative 

error (E). The strain-energy function of each ligament was 
determined respectively according to the published experi-
mental data (due to the lack of data, material of LCL was 
assumed to be equal to that of MCL) [13, 14]. Cartilage was 
considered to behave as a single-phase linear elastic and 
isotropic material with the elastic modulus of 5MPa and the 
Poisson’s ratio of 0.35 because of the little deformation [15]. 
For the same reason, meniscus was assumed to be a single-
phase linear elastic and isotropic material with an elastic 
modulus of 59MPa and a Poisson’s ratio of 0.49 [16]. 

C. Loading and boundary conditions 

Finite sliding contact without friction was established be-
tween bones, meniscus and bones as well as ligaments and 
bones [10]. Meniscus and ligaments were attached to bones 
by setting up the constraint of the proper nodes in the site of 
the attachment. The deep MCL was attached to the external 
periphery of the medial meniscus identically [9]. 

The published experimental configuration was simulated, 
with the femur fixed and the tibia free to move in five de-
grees of freedom (DOF) [8, 9]. The tibia was flexed at 0° 
and 30° respectively by simulation, and the incremental 
anterior tibial loads (20, 40, 60 and 80N) were applied at the 
tibia (Case 1). The calculated forces in the ACL were com-
pared to the corresponding forces of the experiment pub-
lished in order to validate the model. The verified FE model 
was then used to analyze the kinematics and the stress dis-
tribution of the knee. 

 In order to determine subsequent change of the kinemat-
ics and stress distribution of involving structures induced by 
the different levels of MCL rupture, loading and boundary 
conditions of passive knee flexion (0~60 degree) were ap-
plied to the knee with: an intact MCL, superficial MCL torn, 
deep MCL torn, complete MCL torn (Case 2). 

The finite element calculation was performed with 
ABAQUS (Simulia Inc., USA). An optimized mesh size is 
determined while the differences in peak stresses between 
this particular mesh and its double-densed mesh were less 
than 10%. 

III. RESULTS  

A. Anterior tibial load (Case 1) 

Under the incremental anterior tibial loads (20, 40, 60 
and 80N) at full extension, the posterior tibial translation 
was calculated to be 0.65 1.3 1.9 2.5 and 3mm, which 
was about 0.5mm higher than the published experimental 
data (Fig. 2(A)). The computational forces in the ACL un-
der the same loads were 12 25 37.5 52 and 66N. The 
difference between the calculated force and the published 
experimental data rose gradually with the increasing loads 
and reached the peak of 12% under 80N of load (Fig. 2(B)).   

Under the same loading condition at 30° of flexion, the 
posterior tibial translation resulted to be 0.8 1.7 2.7 3.4 
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and 4.3mm, and the corresponding force in ACL resulted to 
be 16 32 49 68 and 86N. Fig. 2(C) and Fig. 2(D) show 
that the computational data matched the published experi-
mental data in most of the loading range except the load of 
80N, at which the difference increased significantly. Al-
though small, the existent difference might be caused by the 
exclusion of other anatomic features and the material as-
sumption being applicable no more with the increasing load. 

 

Fig. 2 Calculated tibial translation ((A), (C)) and Force in ACL ((B), (D)) 
compared with the published data (0 and 30 degree of flexion) 

B. Passive knee flexion (Case 2) 

We have calculated the stress distribution and the kine-
matics of the knee with the pre- and post-injury MCL in 
response to the boundary condition of passive knee flexion 
(0~60 degree).  

The most significant deformation caused by different 
types of MCL rupture was found to be in the medial menis-
cus. With the superficial MCL ruptured, the maximal Von 
Mises stress occurred at the posterior region of the meniscus 
and was 1% higher than that with the intact MCL. When the 
deep MCL was ruptured, the maximal Von Mises stress 
increased remarkably by 23%, and further increased by 
23.8% when the MCL was completely ruptured. Meanwhile 
the stress concentration took place near the horn attachment 
of the meniscus. The posterior translations of the posterior 
periphery of meniscus relative to the tibia were found to be 
1.9, 2.3, 3.3 and 8.0mm respectively in the knee with an 
intact MCL, superficial MCL torn, deep MCL torn and 
complete MCL torn.  

 

Fig. 3 the valgus degree with knee flexion 

Valgus degree was also calculated under the mentioned 
pre- and post-injury MCL conditions. With increasing flex-
ion angle, slight valgus was observed in the deep MCL 
ruptured knee relative to the normal knee. Valgus is re-
markable when superficial MCL is ruptured, and severe 
valgus occurs when the complete MCL is ruptured (Fig. 3). 

IV. DISCUSSION  

In this paper we developed a relatively complete 3D FE 
model of the healthy human knee joint. The geometry of the 
model was obtained using magnetic resonance and was 
verified by the published data of measurement. The pub-
lished experimental configuration was used to validate the 
model developed. The computational results matched well 
with the published experimental data. With the validated 
model, we analyzed the subsequent changes of the kinemat-
ics and stress distribution of corresponding structures in-
duced by the different levels of MCL rupture. The most 
significant differences were found to be the deformation 
within medial meniscus as well as the valgus degree of the 
knee between pre- and post-injury MCL condition. 

As shown in the comparative results, the peak stress and 
the posterior translation of the medial meniscus increased 
remarkably when deep MCL is ruptured. Meanwhile, stress 
concentration took place near the horn attachment of the 
meniscus, which may potentially cause the injury of the 
meniscus. It reveals that the deep MCL plays an important 
role in prevention of excessive translation of medial menis-
cus. Besides, the connections between MCL and meniscus 
were critical to produce accurate results in the FE study. 
These findings correspond to the clinical studies that medial 
meniscus tears commonly in combination with MCL injury 
[2]. On the other hand, the changes of the valgus degree 
showed that superficial MCL provides most of the restrain-
ing valgus moment in response to passive knee flexion. The 
rupture of deep MCL alone has little influence on the tibial 
valgus until total MCL was ruptured, the Valgus degree 
then increased significantly by more than 50%.  

The calculated results (Case 1) matched well with the 
published data in the most of the loading range. The existent 
deviation that computational translations were higher than 
that of experiment is most probably due to the exclusion of 
the other anatomic features. Thus, the stiffness of the knee 
decrease and the translation calculated would be higher than 
the experimental results. Besides, the assumption of iso-
tropic material was no longer applicable when the deforma-
tion was very large. This may explain the increment of the 
differences between calculated and experimental data at 
higher external loads. 

The next step is to simulate more practical conditions. 
Typical loads leading to MCL injuries and risky motion that 
should be avoided in rehabilitation will need to be analyzed. 
Ligament reconstruction can also be mimicked to help to 
improve the surgery. Therefore, mechanical properties in-
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cluding failure models will need to be better developed to 
assure the precision of the results. 

V. CONCLUSIONS  

In this numerical study, a validated 3D FE model of the 
human knee joint was reconstructed and shown to be a use-
ful tool in predicting biomechanical information which 
would otherwise be difficult to obtain experimentally. The 
model was then used to indicate that deep MCL mainly 
prevented excessive translation of medial meniscus, while 
superficial MCL provided most of the restraining valgus 
moment in the condition of passive knee flexion. 
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Abstract—Currently automated external defibrillators 
(AEDs) require interruption of cardiopulmonary resuscitation 
(CPR) to analyze the ECG. To avoid interruptions of chest 
compressions, which decrease the defibrillation success rate, 
several algorithms are available for reducing CPR artifacts in 
the corrupted ECG. In order to test and verify algorithms, 
designed to reduce or ideally remove the compression artifacts, 
both the original ECG as well as the corrupted ECG should be 
known. However, only few datasets of real corrupted ECGs with 
uncorrupted episodes are available so far and often approximate 
mathematical models are used to simulate CPR corruption. 

We present a pig model for adding “true” CPR related 
artifacts to known human emergency ECGs. A constant current 
is fed in via two pacemaker leads (placed close to the pig’s heart, 
either v. cava or esophagus). The generated potential is 
measured on different thorax positions without and during chest 
compressions. Thus, the animal resembles an “ECG generator” 
which allows adding artifacts, induced by CPR. The corrupted 
ECG signals as well as the corresponding reference signal (force) 
were recorded simultaneously. For obtaining the reference 
channel we used an electromechanical film (EMFi) sensor, 
which measured the force applied to the sternum.  

The measured ECG has almost no frequency dependent 
attenuation from 1-100Hz and the induced surface potential is 
similar to the original Pig-ECG. So far, 58 real human ECGs, 
recorded during emergencies, were used to corrupt within this 
model.  

As the induced CPR artifacts are similar to the emergency 
situation, our setup provides a valid model to obtain “true 
CPR corrupted” ECG data sets, even resembling situations 
when lay rescuers perform CPR. In addition the model allows 
evaluating algorithms for reducing such CPR artifacts. 

Keywords—CPR, artifact reduction, ECG analysis, pig 
model, second channel. 

I. INTRODUCTION  

During cardiopulmonary resuscitation (CPR) the ECG 
produces baseline variations due to the changing electrical 
properties of the skin-electrode interface [1]. In order to 
analyze the ECG with currently available (semi-) automatic 
external defibrillators (AED) on-line the interruption of 
chest compression is required. Berg et al. [2] showed that 
interrupting chest compressions can adversely affect 
hemodynamics during CPR. Because survival rate is related 

to blood flow generated during CPR, the chances for a 
better outcome of the victim may decrease the longer the 
interruptions of resuscitation last (commonly referred as 
“hands off” time).  

In recent studies [3;4] it has been shown, that appropriate 
algorithms could reduce or possibly eliminate CPR induced 
noise from ECG signals, whereby some algorithms make 
use of a second or reference channel [5;6].  

For validating and developing suitable algorithms and 
methods, corrupted human emergency ECG data with 
sufficient quality are needed. The model commonly used for 
the artificial corruption of ECG data is a linear 
mathematical approach, called additive model, where the 
CPR-generated noise is simply added to the ECG signal. 
Although the signal-to-noise-ratio (SNR) can be determined 
quite easily [3], the major drawback of the additive model 
is, that CPR related artifacts arise from many changing 
parameters [7] present in real CPR. Therefore, such models 
represent only a coarse approximation and cannot be 
favored for generation of real CPR artifacts.  

The present work presents a pig model using a new 
approach to generate CPR-corrupted data. 

II. MATERIALS AND METHODS 

A. ECG and CPR Signals 

ECG signals to be corrupted were obtained from a 
database, which contains 179 signals recorded during 
resuscitation operations in Innsbruck (Austria) using a 
Welsh-Allyn PIC 50 defibrillator in the period from 2003 to 
2006 [8]. 

58 signals were cut to a length of 12 seconds, and were 
analyzed by a Philips Heartstart MRx defibrillator. 32 non-
shockable and 26 shockable rhythms were selected as data 
for the experiments.  

The saved ECG sequences were serially (RS232, optical 
link for electrical isolation) fed into a microprocessor 
controlled signal generator for DA conversion. A battery 
driven voltage controlled current source (VCCS) delivered 
the current to the active pacemaker leads. In one pig 
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experiment the pacemaker leads were placed in the vena 
cava at the plane of the heart base and the other at the plane 
of the apex. The position was verified by X-ray (see figure 
1). To simplify the insertion of the leads in another 
experiment we placed them in the esophagus at the previous 
mentioned planes. The University´s ethics committee 
granted permission for the animal experiments. 

 

Fig. 1 Position of pacemaker electrodes in the pigs chest to feed in the 
human ECG signals 

CPR was performed alternating by a MD and a 
paramedic. Depth and rhythm of the chest compressions 
were randomly chosen.  

B. Measurement of the ECG 

Before applying conventional ECG electrodes the skin 
was abraded with “Nuprep gel” (Weaver & Co., Aurora, 
USA) to lower the impedance and minimize artifacts [9]. 
The 4 bipolar ECG channels were measured in anterolateral 
position (figure 2). 

 

Fig. 2 The anterolateral position of the 4 bipolar ECG-leads (arrows). The 
EMFi sensor was fixed on the sternum using self adhesive stripes (cross) to 
monitor the compression force 

To measure the ECG signals self built four-channel 
bipolar battery powered, shield driven ECG amplifiers were 
used. A high pass filter with a cut-off frequency of 0.6 Hz 
was implemented. A sampling frequency of 1 kHz/channel 
was chosen for data acquisition (NI DAQCard 6036E), 
using Datalogger software (P. Hamm, Univ. Innsbruck) for 
recording and subsequent off-line evaluation.  

C. Measurement of the Corrupting Signal (Reference 
Channel) 

To measure the force applied to the sternum during CPR 
an ElectroMechanical Film (EMFi, S-series) [10;11] was 
attached to the center of compression (figure 2). The 
electronic circuit determines the frequency characteristic 
and the sensitivity of the sensor [11]. We designed the 
electronic circuit in such a way that any overshooting was 
avoided within the required frequency range. This was 
checked using a commercial load cell (PW2G-2, nominal 
range 0–720 N; Hottinger Baldwin Messtechnik, Darmstadt, 
Germany). As some baseline shift was observed the signal 
was high pass filtered (cut off frequency 0.5Hz) offline 
using a Butterworth filter in Matlab.  

A schematic drawing of the setup is given in fig.3. 

 

Fig. 3 Outline of the pig model: Human ECG data are fed into the dead pig 
via the constant current feed-in stage (DA converter, constant current 
source and two pacemaker electrodes) in such a way that a “real” ECG 
signal can be recorded from the pigs thorax (bipolar three lead ECG from 4 
different positions). CPR is performed on the pig (corrupting thorax 
compression) distorting the ECG. The corrupting signal is measured using 
an EMFi sensor. The corrupting force and the corrupted ECG signals are 
recorded using the NI data acquisition system 

III. RESULTS 

A. Verification of the Pig Model 

The frequency response of the pig model was measured by 
feeding in a sinus sweep (1-100Hz) via the pacemaker leads. 
The pig’s thorax impedance showed no frequency 
dependency in this range. 1Hz was chosen, because below 
this frequency the ECG amplifier attenuated the signal due to 
the high pass filter. Figure 4 demonstrates, that the original 
ECG (the fed in signal) and the measured signal are almost 
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identical. However a minor offset-shift, probably due to the 
high pass filter implemented in the ECG amplifier was 
observed. Averaged correlation of the signals is about 0.99.  

 

Fig. 4 5 second plot of original ECG (blue) and the ECG recorded from the 
pig´s thorax (red). Note that the two signals are nearly indistinguishable 

The four measured ECG signals differed only slightly, 
either when measuring the real pig ECG or when measuring 
the human ECG (in which case the magnitude of the constant 
current applied had been adjusted accordingly: In our 
placements we achieved about 0.6mV surface potential with a 
current of about 200µA.). In both placements of the 
pacemaker leads (vena cava and esophagus, respectively) the 
measured ECG on the surface was the same, thus placement 
of the stimulating pacemaker electrodes close to the pig heart 
seems to satisfy our needs. The measured ECG amplitude 
increased with increasing distance of the pacemaker leads. 

CPR artifacts seem to be the same, no matter if the pig is 
alive (original pig ECG) or if a human ECG is applied to the 
dead pig, at least for experiments lasting up to two hours.  

Figure 5 shows an original and the matching corrupted 
ECG signal as generated in our model.  

 
Fig 5 Typical 5 second recording of original human emergency ECG fed 
into the pig (upper panel) and when corrupted by thorax compressions in 
the pig model 

B. Reference Signal 

The EMFi sensor showed excellent properties, firstly 
because its small size (10mm diameter, 1 mm thickness) 
does not impair the performance of CPR, and, secondly its 
dynamic characteristic is comparable to that of an isometric 
load cell. Because of the high pass filter no baseline shift is 
seen (figure 6). 

 

Fig 6 Signal of the EMFi sensor during CPR (y axis: arbitrary units) 

IV. DISCUSSION AND CONCLUSION 

The pig model presented in this work is a considerable 
improvement over our previous approach [12]. A clear 
advantage of the pig model is the generation of “true” CPR 
artifacts in any given ECG signal, in contrast to the additive 
model where the artifacts are mathematically processed and 
added to the ECG signal. A pig was used, because human 
and pig chest behave relatively similar during CPR, also 
with respect to chest stiffness [13]. 

In addition the pig model allows the simultaneous 
recording of the corrupting signal (second channel), as in 
the present experiments the compression force was recorded 
using the EMFi sensor. Another advantage of the pig model 
is the straightforward approach which is necessary to 
simulate different CPR scenarios. For example, it can be 
examined how the CPR induced noise changes between 
well trained rescue personnel and untrained lay people. The 
proposed pig model would allow for a basis for the 
extensive testing and refinement of CPR removal 
algorithms. Furthermore, this model can help to understand 
much better the origin and the properties of the generated 
artifacts.  

There are some limitations in our approach. The 
anatomical structure of the pig thorax is different in 
comparison to the human thorax. Also the skin properties 
seem to be different, as in our experiments the impedance of 
the skin was much higher (~5x) in the pig than in the human 
skin. This could affect the generation of the artifacts, 
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because these are dependent on the skin electrode interface 
properties [1]. Before widespread use of the pig model to 
systematically corrupt ECG signals, such limitations have to 
be taken into account. 

In contrast to our earlier studies [12] we observed no 
frequency distortion when all the devices used were 
electrically isolated.  

The signal to noise ratio can be easily adapted by in- or 
decreasing the constant current between the pacemaker 
leads.  

C. Artifact Reduction Using Gabor Multipliers 

The original human ECG in figure 7 is a shockable VF. 
In the corrupted signal CPR artifacts can be identified. The 
correlation coefficient between original and corrupted signal 
is 0.81. After artifact reduction with the Gabor multiplier 
method [3], using the EMFi signal as second channel, the 
artifacts are attenuated. The correlation coefficient 
increased (0.91).  

 

Fig. 7 The signal in the upper panel depicts the original human VF, the 
middle panel shows the ECG corrupted with CPR artifacts and in the lower 
panel the reconstructed signal using Gabor multipliers is plotted (y-axis: 
arbitrary units) 
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Abstract— Magnetic Resonance Imaging (MRI) is widely

used in daily clinical practice for the diagnosis of soft tissue in

general and for several cardiac diseases in particular. With the

implantation of active devices like pacemakers the patients be-

come unavailable for this means of imaging due to potentially

hazardous effects for the patient. Coupling of RF-fields into the

device can lead to interference with the electronics and heat-

ing of the tissue near to the electrode. Aim of this work was to

determine the field distributions inside the patient by means of

computer models and numerical field calculation. In a phantom

study all examined objects were placed in a saline filled plexi-

glass phantom which was positioned in the center of a birdcage

coil. The frequency of the RF-signal was set to 64 MHz cor-

responding to 1.5 Tesla MRI systems. The simulations showed

that the level of energy absorption near to the metallic object

depends on the distance from the center of the phantom as well

as the straight length of the wires.

Keywords— Magnetic resonance imaging, cardiac devices, nu-

merical simulation, electromagnetic fields

I. INTRODUCTION

Magnetic Resonance Imaging (MRI) is a widely used
means of imaging for soft tissue. Its high resolution and the
absence of ionizing radiation makes it especially interesting
for the examination of cardiac function and tissue properties.
The indication for these diagnostic procedures is often linked
to arrhythmic diseases. Possible treatments are implantable
devices like pacemakers or defibrillators. However there are
several reports in the literature describing hazardous effects
that occurred during MRI examinations of patients with pace-
makers. The most significant are changes of the stimulation
mode, sensing failures and temperature elevations at the tip of
electrodes or endovascular guide wires [1, 2, 3]. In 2008 Mat-
tei et al. conducted a comprehensive experimental study try-
ing to identify patterns and locations that caused significant
temperature elevations [4]. They suggested the objects’ posi-
tion within the coil and the length of straight parts of wires
as the key parameters for effective absorption of the rotating
B-field’s energy. The aim of this work was to create computa-
tional representations of some of the experimental setups de-

scribed there to confirm the findings analytically and to create
an environment for further studies.

II. METHODS

Fig. 1: Saline filled plexiglass phantom with pacemaker model placed in the
center of a birdcage coil (stimulating frequency: 64 MHz)

A. Plexiglass phantom model

All examined objects were completely placed in a saline
filled plexiglass box (σ=2.5e-3 S/m, εr=2.6). The outer shape
of the box corresponded to the ASTM phantom with the head
part removed [5]. It filled a volume of 31.3 L. The saline was
set to a NaCl concentration of 0.4 % resulting in a conductiv-
ity of σ=0.79 S/m (εr=79).

B. Pacemaker/electrode model

The pacemaker and electrode model consisted of a metal-
lic housing and a metallic core, each coated with 1 mm of
silicone rubber (σ=1e-12 S/m, εr=3). The thickness of the
isolation was enlarged to keep the necessary mesh resolution
for the simulations within a manageable range. The length of
the straight part of the electrode could be arbitrarily config-
ured as required while the diameter was fixed to 1.5 mm. To
reduce the coupling of the high-frequency signals emitted by
the birdcage coil into the pacemaker’s circuitry in one config-
uration, the electrode was connected to the housing via a first
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Fig. 2: Current density distribution along an isolated metallic wire
(l = 16 cm) placed in different positions relative to the center of the

phantom.

Fig. 3: Point SAR distribution along an isolated metallic wire (l = 16 cm)
placed in different positions relative to the center of the phantom.

order low pass filter with an approximated cutoff frequency of
0.64 MHz. This design could be regarded as reasonably trans-
parent for the stimulating signals generated by the pacemaker,
that normally have a duration of one to several milliseconds.
Besides the combination of pacemaker and electrode we also
evaluated a setup that contained isolated wires only. For both
configurations, the isolation was cut 2 mm at the end of the
wires to model the tip of a pacemaker electrode.

C. Birdcage coil

The birdcage coil model was modeled from 32 T-shaped
metallic conductors arranged cylindrically (see figure 1). The
RF-excitation took place with an adjustable phase difference
leading to a 64 MHz rotating B-field comparable to a 1.5 T
MRI device. The complete power fed into the system was
normalized to 1 W. The coil had an inner diameter of 63 cm.

This allowed for not only the usage of the plexiglass phan-
tom as described above but also for datasets derived from the
Visible Human Project, which provides a detailed, high reso-
lution model of the human anatomy.

D. Simulation environment

All simulations were carried out with the software package
SEMCAD X 13.4 from Speag, Zurich, Switzerland. It is based
on an implementation of the Finite Difference Time Domain
method. The discretization resulted in a mesh of ca. 20 Mio.
voxels which lead to a computation time of 50 h on a dual
socket Intel Xeon 5150 system. By transferring the calcula-
tions to a hardware-accelerated platform from Acceleware,
Calgary, Canada, computation was reduced by a factor of
five.

III. RESULTS

The level of interference was examined by evaluating
current densities (A/m2) and the Specific Absorption Rate
(SAR, mW/kg). The latter is given as point SAR here, since
the normalization over 1 g or 10 g would have smoothened
out the prominent peaks present at the small tips of the wires.
The data for all plots was extracted on a line along the central
axis of the electrodes. The induced current densities showed a
strong dependency on position and length of the wires. More
distant positions led to a higher absorbed energy (see Fig-
ures 2 and 3). The largest current densities outside the metal-
lic parts were observed at the electrode’s tip and spread out
into the surrounding tissue in a rather small volume. The two
peaks in current density on the right side of figure 4 corre-
spond to the galvanic connection between electrode and hous-
ing and the distal wall of the housing itself.

Fig. 4: Current density distribution along an isolated metallic wire
(l = 16 cm) and a pacemaker.

Electromagnetic Fields Near Implanted Cardiac Devices during Magnetic Resonance Imaging 975

IFMBE Proceedings Vol. 25



The attachment of a pacemaker model to one of the bare
ends did not significantly influence neither current density
nor SAR at the remaining open ending (Figure 4).

Fig. 5: Point SAR distribution along an isolated metallic wire (l = 16 cm)
and a pacemaker.

IV. CONCLUSIONS

The simulations confirmed the experimental findings of
Mattei et al. [4]. The amount of energy deposited by the
wires and pacemaker-electrode systems varied significantly
with the distance from the center of the volume conductor.
The fact that the current density is strongly attenuated within
a few millimeters around the electrodes’ tips is important for
future experimental studies. It means, that only a very close
positioning of temperature probes in saline allows a realistic
detection of temperature changes. The convective properties
of saline are lower compared to the ones of blood or mus-
cle tissue as present in the real heart environment. This may
imply, that in vivo the occurring temperature elevations are
smaller because of better heat dissipation. The simulations

presented in this work did not include any kind of perfusion,
which is normally occurring around the electrodes placed in-
side atria or ventricles and improves the dissipation of ther-
mal energy. Therefore the results describe a worst case sce-
nario.
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Abstract— This interdisciplinary project between medical 
and engineering sciences focuses on the development of de-
gradable magnesium implants for osteosynthesis. The removal 
of those implants after convalescence of the fractured bone is 
no longer necessary, resulting in a considerable benefit for 
patients and the public health care system. Different magne-
sium bone screw designs are investigated and show compara-
ble biomechanical properties to conventional surgical steel 
implants. The influence of the mechanical processing on sur-
face and subsurface layers of the selected biocompatible mag-
nesium alloys is analyzed. Different operations of processing 
and postprocessing magnesium workpieces enable the adjust-
ment of distinct surface and subsurface properties. These 
properties are then utilized to adjust the corrosion resistance 
and therefore the degradation kinetics of the implant in the 
organism. Results of in-vitro an in-vivo experiments validate 
the strong relation between workpiece properties and corro-
sion behavior respectively degradation kinetics. 

Keywords— Magnesium, Biomaterial, Rolling, Cutting, Degra-
dation, Corrosion  

I. INTRODUCTION  

Annually several million people suffer bone fractures 
caused by accidents or diseases. Many of those fractures are 
too complex for an external medical treatment but have to 
be surgically fixated by internal bone implants. Traditional 
methods of osteosynthesis or osteotomy use permanent 
metal implants e.g. bone screws and bone plates made of 
steel or titanium alloys, but permanent metal implants have 
to be excised. Usually, metal implants should be removed 1 
or 2 years after the first operation. Biodegradable implants, 
which dissolve in the human organism, represent an appro-
priate solution [1, 2]. Magnesium as a degradable implant 
material provides both biocompatibility and sufficient me-
chanical properties.  

In-vivo studies have previously shown that magnesium, 
which is an essential element of the human organism, is 
suitable as a degradable biomaterial for use in medical im-
plants. Also an influence of surface properties on the degra-
dation behavior was already demonstrated [3, 4].  

The aim of the described project is to preset individual 
degradation kinetics for implants made of biocompatible 

magnesium alloys through adjusting the surface and subsur-
face properties by the machining processes.  

© IFWLu/47139
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Fig. 1: Scheme of implants adapted to function 

Figure 1 illustrates the idea of implants specifically 
adapted to their desired function and functional period with-
in a possible range of surface or subsurface modifications. 
The suitability of magnesium as an implant material in 
relation to biomechanical requirements has already been 
proven. Magnesium workpieces showed comparable results 
to conventional steel implants in biomechanical tests [5]. 

II. SURFACE AND SUBSURFACE PROPERTIES AFTER MACHINING 

This study focuses on differences of the subsurface prop-
erties whereas similar surface properties are targeted. The 
processes turning and deep rolling are utilized to change the 
residual stress state in the subsurface. The process parame-
ters were chosen to achieve comparable smooth surfaces. 

Figure 2 shows the surface roughness of the investigated 
workpieces with the corresponding process parameters and 
a scheme of the deep rolling process. A hydrostatic rolling 
tool was applied to finish the turned surfaces. The investi-
gated deep rolled surfaces are smoother than the turned 
surfaces, though the turned surfaces are still located in a 
comparable range of finish quality. 
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Fig. 2: Surface quality after machining 

Significant differences occur in the residual stress state of 
the workpiece subsurfaces. Figure 3 shows depth profiles of 
the residual stress state after processing.  

 

Fig. 3: Residual stress depth profile after machining 

It can be observed that there is only minor influence on 
the subsurface with a little penetration depth of the turning 
process. In contrast the deep rolled workpieces show a 
strong process influence on the subsurface. A distinct inter-
dependency between rolling forces Fr and the level of com-
pressive residual stresses as well as the penetration depth 
can be observed. The maximum is shifted significantly to 
the workpiece center. 

III. CORROSION EXPERIMENTS  

The corrosion behavior is determined through the corro-
sive mass loss in saline solution with 0.9 wt% NaCl, 
representing the salt content of the organism. To determine 
the mass loss through corrosion the hydrogen that is gener-
ated by the magnesium oxidation is collected and monitored 
in measuring cylinders, the corresponding mass of degraded 

magnesium can then be calculated through the chemical 
equations. Figure 4 shows the test setup of the corrosion 
experiments. 

 

Fig. 4: Corrosion test setup 

The corrosion rates were normalized to the exposed sur-
face of each specimen to achieve comparable results. Eva-
luating the progression of the corrosion a significant differ-
ence between turned and rolled surfaces appears. The 
corrosion rates of the turned workpieces are approximately 
a hundred times higher than the corrosion rates of the deep 
rolled surfaces (Figure 5).  

 

Fig. 5: Corrosion progression - deep rolled and turned specimens 

For the deep rolled surfaces a homogeneous corrosion at-
tack with moderate corrosion rates is observed. Besides 
increasing the level of compressive residual stresses the 
deep rolling process apparently also seals micro cracks and 
pores in the surface and prevents the corrosion medium 
from penetrating and bursting the surface and subsurface. 
The sample rolled with a force of 50 N shows a particular 
corrosion progression. Beginning approximately from the 
point where the mass loss of the specimen equals the mass 
of modified subsurface material the corrosion rate increases 
significantly. Accordingly the corrosion resistance is in-
creased for a distinct range of modified subsurface until the 
unmodified regions are uncovered. 
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IV. CONCLUSION AND OUTLOOK  

To Significant processing influences on the corrosion be-
havior of machined workpieces were detected. A very 
strong correlation between subsurface properties and the 
corrosion progression was observed for this workpiece 
material. The generated high compressive residual stresses 
in the subsurface through the deep rolling process reduced 
the corrosion rate by a factor of approx. 100. In this study 
the slight differences in the surface finishing showed no 
relevant effect on the corrosion behavior. Considering the 
objective to provide customized implants for orthopedics 
and reconstructive surgery, subsurface modifications 
present a practical approach to meet the requirements. Con-
comitant in-vivo experiments have to prove the transferabil-
ity of the results to the organic environment. 
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Abstract––Currently, automated external defibrillators 
(AEDs) require interruption of cardiopulmonary resuscitation 
(CPR) to analyze ECG. To avoid interruptions of chest 
compressions, which decrease the defibrillation success rate, 
there are several algorithms available for reducing CPR 
artifacts from the corrupted ECG, but, based on recent 
research reports, none of the algorithms checked showed 
superior sensitivity and specificity.  

Independent component analysis (ICA) is an established 
tool for signal extraction. However, as far as the authors know, 
artifact removal from the CPR corrupted ECG has not been 
tried with ICA. As a new approach to solve the problem of 
removing CPR induced noise, the use of ICA is evaluated in 
this paper. By measuring four ECG channels during CPR on a 
porcine model, data were obtained for testing ICA algorithms. 
After applying ICA to corrupted signals with small ECG 
amplitude (low SNR), the sensitivity increased from 75% 
(corrupted signal) to 100% using the selected independent 
component and specificity from 80% to 89%, taking the AEDs 
decision whether the rhythm is shockable or not. When 
checking the similarity between the original, the corrupted and 
the reconstructed signal, the computed correlation values 
indicated an improvement compared to the corrupted signal. 
We conclude that ICA was successful in separating the 
artifacts from the corrupted ECG in our experimental setup. It 
must be noted that the correct independent component was 
selected by visual inspection only.  

Keywords—CPR, artifact reduction, ECG, ICA. 

I. INTRODUCTION  

CPR produces baseline variations due to the changing 
electrical properties of the skin-electrode interface [1]. In 
order to analyze the ECG online with currently available 
(semi-)automatic external defibrillators (AED) the 
interruption of chest compression is required.  

Berg et al. [2] showed that interrupting chest 
compressions can adversely affect hemodynamics during 
CPR.  

Because survival rate is related to blood flow generated 
during CPR, the chances for a better outcome of the victim 
may decrease the longer the interruptions of resuscitation 
last (commonly referred as “hands off” or “no flow” time). 
In present studies [3;4] it has been shown, that appropriate 
algorithms could reduce or possibly eliminate CPR induced 
noise from ECG signals, whereby some algorithms make 
use of a second or reference channel [5;6]. Nevertheless, 
none of them showed satisfying sensitivity and specificity in 
realistic emergency situations [7]. According to Kerber et al 
[8] high sensitivity (> 90%) and specificity (> 95%) for 
artifact free signals is a basic requirement.  

High sensitivity for AED analysis is required in patients 
with shockable (VF and VT) rhythms, who receive the 
greatest benefit at the lowest risk. High specificity is 
required in patients with non shockable rhythms, who 
derive no benefit from defibrillation and are at maximum 
risk. [8] 

ICA is an already established method for artifact removal 
in various biosignals, mainly in the EEG and fetal ECG 
extraction from maternal ECG recordings. Recent studies 
show the role of ICA in removing motion artifacts from the 
ECG [9-11]. We used the ICA for separating the 
independent components out of the mixture of surface 
potential and CPR induced artifacts recorded from the chest 
ECG. 

II.   MATERIAL AND METHODS 

Using a porcine model we generated true artifacts in 58 
human ECGs, obtained during emergency situations [7]. 
The ECG was measured from 4 anterolateral positions. 
Using the JadeR [12;13] algorithm the independent 
components were extracted and the component 
corresponding to the ECG was identified visually. 
Furthermore, the extracted ECG was compared to the 
original one.  
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A. Independent Component Analysis 

ICA decomposes multivariate signals into several 
independent components [15].  

This separation can be achieved in case several 
assumptions are fulfilled [15;16]:  

• The components must be statistically independent. 
• The independent components must have non-

Gaussian distributions (if just one of the signal 
sources components is Gaussian the ICA model 
can still be estimated). Djuwari et al [16] 
demonstrated the capability of ICA to separate also 
nearly Gaussian signals. 

• The number of available mixtures must be at least 
the same as the number of the independent 
components.  

• The mixtures must be a linear combination of the 
independent sources. 

• There should be little or no noise and delays 
between the mixtures. 

We decided to simultaneously measure four ECG 
channels in order to calculate four independent components. 
Thus 4 linear mixtures of the sources (ECG channels) were 
observed and we were searching for the same number of 
independent components.  

The ICA has also some ambiguities [17]: 

• there is no ordering between the sources and 
• the amplitude and the sign of the independent 

component cannot be reconstructed. 
 

Like in Chawla et al [11] the JadeR algorithm was used for 
further investigations, because it deals with real-valued 
signals and doesn’t expect the ICA model to hold exactly. 
[12] 

B. ECG Measurements 

We obtained the 4 channel ECG data using a porcine 
model described in [18]. By abrading the stratum corneum 
of the skin with Nuprep gel (Weaver&Co, Aurora, USA) 
and the use of standard Ag/AgCl ECG electrodes (Nessler, 
Innsbruck, Austria) we tried to keep the skin impedance and 
the motion artifacts as small as possible [19;20] and similar 
in the 4 ECG channels. The cut off frequency of the high 
pass filter implemented in the ECG amplifier (gain=1000) 
was 0.6Hz, ensuring that no CPR induced artifacts (about 
2Hz) were attenuated. Simultaneously the force applied to 
the sternum and the acceleration at one site (directly at the 
ECG electrode) was measured. All signals were sampled 

with 1 kHz (DAQCard 6036E) and recorded on the PC 
(datalogger software, Peter Hamm, Univ. Innsbruck). To get 
rid of the noise due to line interference the data were offline 
low pass filtered at 45Hz using Matlab. To generate 
different signal to noise ratios we changed the amplitude of 
the ECG in our experiments. 

CPR was performed by a MD or a paramedic. Depth and 
rhythm of the chest compressions were randomly chosen in 
the range of 200 to 500N and 1.5-2.5Hz. 

C. Performance Measure 

For comparing the corrupted and reconstructed signal 
with the original ECG, Pearson-correlation values were 
computed. Average improvement in the correlation as well 
as improvement for shockable and non shockable rhythms 
was calculated. 

Sensitivity and specificity were determined based on the 
decisions of an AED (Philips Heartstart MRx) whether the 
rhythm is shockable or not.  

III.   RESULTS 

A. Pre-requirements for Using ICA 

To determine the non-Gaussianity of the components the 
kurtosis of typical signals (VFs and SRs) was calculated. In 
Matlab a kurtosis value of =3 proves a Gaussian 
distribution. In typical SRs values far above 3 were 
computed (approx. 5-15), typical VF showed values around 
2-4. To estimate the artifacts also the kurtosis values of the 
typical independent components were computed (Table 1). 
Because only VFs are nearly Gaussian the requirement of 
non-Gaussianity of all the sources except one were fulfilled 
in most of the cases. The described, typical components are 
often identified ones, but they were not seen in all of the 
signals. Sometimes components with Gaussian properties 
were observed.  

Table 1  Calculated kurtosis data of typical, often observed independent 
components (ICs) and ECGs 

non-shockable ECG 5-15 
Shockable ECG 2-4 
Typical IC 1 <2.5 
Typical IC 2  >3.5 

 
The artifact source (skin/electrode interface) [1] is 

independent from the underlying ECGs and vice versa, 
fulfilling the ICA pre-requirement of independency.  
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B. Example for Artifact Reduction 

In figure 1 an example for artifact reduction with ICA is 
shown.  

 

Fig. 1 The signal in the upper panel depicts the original bradycard SR, the 
mean of the 4 corrupted ECG channels is plotted in the middle one and the 
selected independent component is shown in the panel below. (y-axes: 
arbitrary units) 

C. Comparison of Correlations 

In case of low SNRs (ECG is about 0.4mV) the 
improvement is clearly visible (figure 2), in case of high 
SNR (ECG is about 0.6mV) there is no average 
improvement. A minor improvement in non shockable data 
is evident but the correlation of shockable data decreases.  

 

Fig. 2 Comparison between the corrupted ECG (vertically striped) and the 
selected independent component (horizontally striped) with the original 
uncorrupted ECG. Improvement in correlation is seen in non-shockable 
rhythms as well as in shockable ones when applying ICA to signals with 
small ECG amplitudes (low SNR). The diagonally striped bar shows the 
average improvement in correlation of the selected independent component 
to the corrupted signal, both compared with the original ECG. The dotted 
bar indicates the improvement of non shockable rhythms, the checkered 
one the improvement of shockable ECG 

D. Comparison of AED decisions 

After applying ICA to corrupted signals with small ECG 
amplitude (low SNR), the sensitivity increased from 74.6% 
(corrupted signal) to 100% in the selected independent 
component and specificity increased from 79.5% to 88.5%.  

At high ECG amplitudes sensitivity was 100% both in 
the corrupted data and in the independent component; 
specificity improved from 88.5% to 92.3%.  

IV.   DISCUSSION AND CONCLUSION 

From the presented results we conclude that ICA was 
successful in separating the artifacts from the corrupted 
ECG. In our experiments the assumptions for a successful 
ICA decomposition were fulfilled in almost all cases, non-
Gaussianity of typical independent components (except the 
shockable rhythms) and independence of the sources could 
be proven. Independent components close to Gaussianity 
(kurtosis value 3±0.1) in general do not seem to have a 
negative influence to the decomposition of the sources, at 
least as long as the ECG component has not also an exact 
value of 3. Because for our needs the amplitude and the sign 
are irrelevant, ICA seems to be a valid tool.  

To check the similarity between the original, the 
corrupted and the reconstructed signal, we computed 
Pearson-correlation values. With low SNRs the correlation 
indicated an improvement compared to the corrupted signal 
(average: 9%). Taking the AEDs decision whether the 
rhythm is shockable or not, the sensitivity and specificity 
increased compared to the corrupted ECG. In contrast, with 
higher SNRs the independent component did not result in a 
better correlation than the corrupted signal. In non-
shockable rhythms a minimal improvement was observed, 
but the correlation of shockable rhythms decreased to a 
similar extent. However, when comparing the decision of an 
AED, specificity increased also, sensitivity was 100% in 
both, the independent component and the corrupted ECG.  

In 5 out of 116 cases the independent component resulted 
in a wrong decision compared to the original signal. All of 
them were classified in the original form as non shockable 
with the AED. We assume this misclassification might be 
due to bad signal quality, and, secondly, because the 
analyzed ECGs included “intermediate data” [8], where 
only small changes in the signal result in different decisions. 
In one case a kurtosis value of exactly 3 was calculated in 
the signal as well as in one independent component, most 
probably the reason why the signal was not decomposed 
satisfyingly.  
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A. Limitations 

In the present experiments the correct independent 
component was selected by visual inspection.  

Skin impedance affects the size of artifacts, generated by 
a change of the skin-electrode interface properties. 
Therefore, it is necessary to keep the impedances of all 
electrodes similar and as low as feasible. In the presented 
experiments this was achieved by abrading the stratum 
corneum, a method hardly applicable in the human victim.  

Applying PCA to good signal quality data (=similar 
signals in all channels) and extracting 2 or 3 principal 
components to use as inputs for ICA shows improved 
results. Due to poor signal quality we had to calculate 4 
independent components to decompose all the possible 
sources. This could have led to over-determination in cases 
of good signal quality.  
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Abstract—A new algorithm for pitch extraction based on the 
Ensemble Empirical Mode Decomposition (EEMD) is pre-
sented. Applications to normal and pathological voices are 
considered. EEMD is a completely data-driven method for 
signal decomposition into a sum of AM - FM components, 
called Intrinsic Mode Functions (IMFs) or modes, which can 
be written as ( ) cos( ( ))A t tϕ . The voice fundamental frequency 
(F0) can be captured in a single IMF, allowing its extraction by 
means of well known AM-FM separating techniques. An en-
tropy based selection algorithm is here proposed, in order to 
determine the mode that holds the fundamental frequency. 
The behavior of the proposed method is compared with other 
two ones, both in normal and pathological sustained vowels. 

Keywords—Ensemble empirical mode decomposition, fun-
damental frequency, pathological voice, entropy. 

I. INTRODUCTION  

The fundamental period T0 of a voiced speech signal can 
be defined as the elapsed time between two successive la-
ryngeal pulses and the fundamental frequency or pitch is F0 
= 1/T0 [1]. Even if F0 is useful for a wide range of applica-
tions, its reliable estimation is still considered one of the 
most difficult tasks. In speech, F0 variations contribute to 
prosody, and in tonal languages, they also help to distin-
guish segmental categories. Current applications are related 
with speech and speaker recognition, speech based emotions 
classifications, voice morphing and the analysis of patho-
logical voices. 

In the clinical evaluation of disordered voices, the analy-
sis of F0 perturbation is a standard procedure in order to 
assess the severity of pathologies and in monitoring the 
patient progress [2]. For this application, a reliable and 
accurate estimation of F0 is essential. Conventional F0 ex-
traction algorithms are based on windowed segments, usu-
ally providing stair case time series [1]. These methods 
assume that speech is produced by a linear system and that 
speech signals are locally stationary. However, in the above 
mentioned applications it is desirable to have a smooth and 
accurate F0 time series. 

In voice pathology assessment, several parameters ex-
tracted from pitch estimation are commonly used. Then, it is 

very important to have a good and reliable F0 estimation. 
Unfortunately, there is no F0 extraction method which oper-
ates consistently for pathological voices. This is due to the 
more serious and complex irregularities of vocal folds vi-
bration in pathological voices than in normal. Many diffi-
culties arise when estimating F0, especially when pathologi-
cal voices are analyzed, including period-doubling and 
period-halving. 

Empirical Mode Decomposition (EMD) has been re-
cently proposed by Huang [3] for adaptively decomposing 
nonlinear and non stationary signals into a sum of well 
behaved AM - FM components, called intrinsic mode func-
tions (IMFs). While in [4] six fixed band pass filters are 
used in order to obtain an AM FM model of speech, the 
EMD adaptively decomposes the speech signal into a sum 
of AM - FM components. A few EMD based algorithms 
have been proposed for F0 extraction [5; 6], however they 
suffer the “mode mixing” problem. Wu and Huang [7] pro-
posed a modification to the EMD algorithm, called Ensem-
ble EMD (EEMD), which largely alleviates this effect. Here 
we present a new method based on EEMD which is able to 
extract the F0 in normal and pathological sustained vowels. 

II. MATERIALS AND METHODS 

A. Database 

As test database we use [8]. It includes 710 sustained 
phonation speech samples of the vowel /a/ from patients 
with a wide variety of organic, neuralgic, traumatic, and 
psychogenic voice disorders, as well as 53 normal subjects. 
For these normal voices, the average F0 is in the range from 
120.39 Hz to 316.50 Hz. All signals were downsampled to 
22050 Hz. 

B. Ensemble Empirical Mode Decomposition 

As already stated, EMD decomposes a signal x(t) into a 
(usually) small number of IMFs. They must satisfy two 
conditions: (i) the number of extrema and the number of 
zero crossings must either be equal or differ at most by one; 
and (ii) at any point, the mean value of the upper and lower 
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envelopes is almost zero. Given a signal x(t), the non-linear 
EMD algorithm is described as follows [3]: 

1. Find all extrema of x(t). 
2. Interpolate between minima (maxima), obtaining the 

envelope emin(t) (emax (t)) 
3. Compute the local mean m(t) = (emin(t) + emax(t) ) / 2. 
4. Extract the IMF candidate d(t) = x(t) - m(t). 
5. Check the properties of d(t): 

• if d(t) is not an IMF, replace x(t) with d(t) and go to 1. 
• if d(t) is an IMF, evaluate the residue r(t) = x(t) - d(t). 

6. Repeat the steps 1 to 5 by sifting the residual signal r(t). 

The sifting process ends when the residue satisfies a prede-
fined stopping criterion [9]. One of the most significant 
EMD drawbacks is the so called mode mixing, illustrated in 
the left column of Fig. 1, where a sustained vowel /a/ is 
analyzed by EMD. Only the four IMFs with higher energy 
are shown. It is clear the appearance of oscillations of quite 
different scales in IMF3. Another example can be observed 
in IMF6, where two oscillations, very similar to those on 
IMF5, are marked with circles.  

The EEMD algorithm [7] alleviates the mode mixing de-
fining the true IMF components as the mean of certain en-
semble of trials, each one obtained by adding Gaussian 
white noise of finite variance to the original signal. 

In the right column of Fig. 1 an example of the EEMD 
abilities can be seen, obtained with an ensemble of size Ne 
= 5000 and different additive noise with standard deviation 
ε = 0.2. The IMFs 3 to 6 are shown. Compared with the left 
column, they appear to be more regular. The fundamental 

period of the sustained vowel /a/ is captured by IMF6 as can 
be appreciated in Fig. 2.a, where the analyzed signal and 
IMF6 are shown. In Fig. 2.b the power spectral densities 
(PSD) of /a/ and IMF6 are plotted. The PSD of IMF6 have a 
well defined peak in the frequency F = 209.28 Hz. It can be 
understood as the mean fundamental frequency. 

C. EEMD Based F0 Extraction Algorithm 

In this section the main ideas for the EEMD based F0 ex-
traction algorithm are presented and discussed. 

Once the EEMD is computed, a first question arises 
about which mode holds F0. With this in mind, we perform 
a visual inspection to the decomposition of the normal 
voices in our database and, as above, we select a candidate 
mode. With the purpose of eliminating spurious frequency 
components, a band-pass Chebyshev Type II filter is ap-
plied to the selected mode. The filter is centered in the fre-
quency corresponding to the maximum of the PSD of the 
selected mode. As shown in Fig. 2.b, this frequency is a 
good approximation to the mean of the F0. We use a 150 Hz 
filter bandwidth. Then, an AM – FM separation algorithm 
must be applied. We select DESA-1[10], which overcomes 
the Hilbert transform based techniques when applied to real-
world signals [11]. 

In the case of our 53 normal sustained vowels, F0 was 
found in the fifth, sixth or seventh IMF. In two occasions F0 
was found in IMF7, with averages 120.394 Hz and 121.102 
Hz; nineteen times in IMF6, with averages between 121.652 
Hz and 189.295 Hz; and in IMF5 in the 32 remaining voic-
es, averaging between 193.934 Hz and 316.504 Hz. It can 

Fig. 1 Sustained vowel /a/ analyzed by EMD (left column) and EEMD 
(right column). IMFs 4 to 6 are shown. In the left column, the circles 
indicate two segments where “mode mixing” occurs 

Fig. 2 a) Sustained vowel /a/ (blue) and IMF6, obtained by EEMD (red). b) 
PSD of the sustained vowel /a/ (blue) and its EEMD based IMF6 (red). The 
peak of the spectrum of the IMF6 is marked as F0 = 209.28 Hz 
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be appreciated that the IMFs containing the F0 depends on 
its mean value. It is also in agreement with the studies of 
Flandrin et al., who showed that the EMD is an adaptive 
dyadic filter bank when applied to white noise [12]. 

An automatic method for selecting the mode where the 
F0 is present is needed. We explore the ability of entropies 
in this task, as information related measures. In Fig. 3.a, the 
box-plots of the discrete Shannon entropies (H) [13], esti-
mated with 500 bins, for the ten first modes of the sustained 
vowels /a/ in which F0 was encountered in IMF5, are 
shown. In Fig 3.b those corresponding to the voices in 
which F0 was encountered in IMF6 are shown. The first 
mode mainly contains the noise residuals (the one added 
and the one present in the original signal). It has a lower 
entropy than the next four (Fig 3.a) or five (Fig 3.b) modes. 
In case of voices in which F0 is in IMF5, the entropy has a 
step in mode 5, while there is a similar step in mode 6 for 
voices in which F0 is in IMF6. These steps have a lower 
overlap while using the differential entropy (DH) [13], also 
with 500 bins. The results are shown in Fig. 3.c (F0 in 
IMF5) and Fig. 3.d (F0 in IMF6). Here it must be empha-
sized that the IMFs obtained by EEMD for normal sustained 
vowels, have a sinusoid-like morphology. Indeed, their 
probability density functions are also similar. The DH of a 

sinusoid with amplitude A is given by DH = ( )ln / 2Aπ . 
Therefore, it is reasonable to think that the logarithm of the 
IMFs’ power could be also a good index for finding the 
mode which holds F0. This approach will be addressed in 
other works. 

Based on these results, for each mode = 5, 6, and 7, for 
normal voices we can propose the thresholds T5, T6, and T7 
as the followings: -3.365 < T5 < -3.234, -4.224 < T6 <-3.433, 
and -5.761 < T7 < -4.172. In this way, if the DH of IMF5 is 
higher than T5 while the one of IMF6 is lower than T5, then 
F0 is expected to be in IMF5. Otherwise, we test the exis-
tence of a step between IMF6 and 7 using T6, and next be-
tween IMFs7 and 8 using T7. In order to confirm this hy-
pothesis and to obtain optimum thresholds, this study 
should have to be carried on with a larger data set. 

III. RESULTS 

For illustration purposes, the F0 extracted with the 
method proposed in the previous section from a sustained 
vowels /a/ in the database is presented in red in Fig. 4. For 
comparison, two additional pitch extraction methods – 
RAPT (black) [14], and an autocorrelation-based method 
(blue) [15] – are applied to the same normal voice records 
and also shown in Fig. 4. The parameters involved in these 
two algorithms are the defaults. It can be observed that the 
results are similar, although it must be remembered the 
stair-case nature of the two last methods. The Pearson corre-
lation coefficient between the mean F0 of the 53 healthy 
sustained vowels /a/ reported in [8] and the averaged instan-
taneous frequency obtained by our method was r = 
0.999995. 

In Fig. 5 the F0 of a sustained vowel /a/ from a patient 
suffering muscular tension dysphonia, obtained with the 
proposed method, is shown. As in Fig. 4, the F0 obtained 
with RAPT and auto-correlation based methods are super-
posed in blue and black. Even if the autocorrelation based 
method has been reported as being the best pitch estimation 
technique for the analysis of pathological sustained vowel 
/a/ [16], it can be observed in Fig. 5 that it fails. Also does 
RAPT algorithm, while the method here proposed exhibits a 
better behavior. In a study with 35 disordered sustained 
vowels /a/ (15 from patients suffering muscular tension 
dysphonia and 20 suffering adductor spasmodic dysphonia) 
we have observed that, in the task of a correct F0 extraction, 

Fig. 4  F0 of a healthy sustained vowel /a/. Autocorrelation method (black), 
RAPT (blue) and the EEMD based instantaneous F0 (red) 

Fig. 3 a, b) Boxplots of the discrete entropy of IMFs 1 to 10 of normal 
sustained vowels /a/ in which F0 is present in IMF5 and IMF6, respectively. 
c, d) Boxplots of the differential entropy of IMFs 1 to 10 of normal 
sustained vowels /a/ in which F0 is present in IMF5 and IMF6, respectively
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while RAPT and auto-correlation based methods both fail in 
22 voices (62.86%), the here proposed algorithm reduced 
the number of failures to only 10 voices (28.57%). The F0 
estimation was considered failed when at least one dou-
bling- or halving-period event, or a “spike-like” artifact 
appear. In the method here proposed, we have observed that 
these spike-like artifacts were coincident with pathological 
voice segments of very low energy. In order to detect them 
and to prevent this kind of mistakes in the F0 estimation, we 
consider that a voice-activity detection method could be 
applied as a pre-processing stage. However, the failures of 
the other two algorithms were more evident. It is important 
to emphasize that the total length of the segments where the 
RAPT and autocorrelation-based methods fail, largely ex-
ceed the total length of all spike-like events related with the 
here propose method. For this reason, if another quantifier 
is used in the algorithms comparison, as for example the 
percentage of signal length where the F0 estimations are 
satisfactory, then the advantage of the EEMD based method 
would be more pronounced. These improvements will be 
addressed in future works. 

IV. DISCUSSION AND CONCLUSIONS 

In this work we have presented the abilities of EEMD for 
extracting the F0 from sustained vowels /a/ in combination 
with an instantaneous frequency estimator algorithm 
(DESA-1). Additionally, an entropy based technique for the 
automatic selection of the mode from which F0 can be ex-
tracted, was here proposed. The new method was success-
fully tested on normal and pathological sustained voices and 
compared with other algorithms. The EEMD based method 
has the advantage to be parameters free, what is an interest-
ing property for non-computational expert operators. These 
preliminary results suggest that the method here proposed 
provides important improvements to this task and encourage 
us to continue the research on these ideas. Although very 
promising, all the conclusions here presented need to be 
statistically tested on a larger database. Spontaneous speech 
and noisy signals will be addressed in future works. 
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Abstract— Understanding the mechanisms of perfusion in 
pulmonary capillary networks is essential for understanding 
gas exchange between air and blood. A two-phase-fluid model 
was developed to investigate mechanisms of blood perfusion 
and distribution of erythrocytes in the capillary of the lung. 
Rheological investigation of the model fluid was performed 
showing non-Newtonian behavior of the model. The flow 
around red blood cell models was examined in a Y-bifurcation 
using particle image velocimetry. 

Keywords—lung, capillary network, rheology, PIV measure-
ment 

I. INTRODUCTION  

The mechanisms of distribution of red blood cells 
(RBCs) in the pulmonary capillary network are not yet fully 
understood.  

Red blood cells have the shape of a biconcave disc with a 
diameter of 7.5 μm [1], however, lung capillaries have di-
ameters of 6 μm. The latter are located in the walls of alveo-
li. Oxygen diffuses from inside the alveolus into the capil-
lary due to concentration differences. It binds on the 
hemoglobin inside the red blood cell. 
Pulmonary capillaries do not have precapillary sphincters as 
other capillaries in the body. These smooth muscles regulate 
the blood flow. Which mechanisms do regulate the flow in 
the pulmonary capillaries? Objective of this paper is to 
explore the basics of two-phase flow in capillaries. 

II. MATERIAL AND METHODS 

A blood model consisting of a two-phase-fluid was de-
veloped [2]. The red blood cells are modeled by dyed water; 
plasma is modeled by sunflower oil. The surface tension 
models the membrane of the red blood cell. Other constitu-
ents of blood have not been considered in this model. A 
capillary network basically consists of a sequence of tubes 
and bifurcations. Therefore, investigation was started with 
simple tubes followed by Y-bifurcations and complex capil-
lary networks. 

PVC tubes (Nalgene®) with inner diameters of 2.4 mm 
have been used. The investigated Y-bifurcation was made 
of silicone rubber having a tube diameter of 2.4 mm as well.  

Water was dyed with molecular dye (Patent blue). The two 
immiscible fluids were injected into a tube via cannulas 
with identical volume flow using an in-house perfusion 
pump. 

Water droplets are formed in oil flow because of the in-
terfacial tension between the fluids (Fig 1). This is the ma-
jor difference between blood and model fluid. Since the 
water droplets do not have a membrane as the red blood 
cells strong deformations might not be modeled correctly. 
Additionally coalescence or splitting of droplets may oc-
cur.

 

Fig 1: Top: Deformation of red blood cells deforming in glass capillary. 
Schematic drawing. Bottom: Water droplets in oil flowing through PVC 
tube with inner diameter 2.4 mm. Flow direction is left to right. 

Blood is a non-Newtonian fluid. The rheology of the 
model has been investigated. Measuring pressure over vo-
lume flow in a single tube leads to curves analogous to 
shear stress-shear rate plots. 

The oil flow around water droplets has been investigated 
in Y-bifurcations using Particle Image Velocimetry (PIV) as 
described in [3]. Conduct-O-Fil AGSL150-30TRD particles 
(Potters Industries Inc.) with diameter  75 μm have been 
used as tracer particles. Particle concentration in oil was 
0.25 g/l. A Lasiris™ SNF Laser (Stockeryale, Canada) with 
wave length of 682 nm and a MotionPro X3™ (Redlake 
Inc.,US) camera has been used. 

III. RESULTS 

Similar to red blood cells having a higher velocity than 
plasma in pulmonary capillaries the water droplets travel 
faster than oil. This effect is known as Fåhraeus effect in 
physiology. At bifurcations a distribution of water droplets 
or red blood cells respectively occurs changing the hemato-
crit (ratio of volume of water to volume of oil) in the outlets 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 992–994, 2009. 



depending on volume flow distribution and geometry. At 
given volume flow rates in the outlets the distribution of 
water droplets is time- independent. At certain ratios of 
outlet volume flow all droplets travel through one outlet and 
none in the other (Fig. 2).  

 
Fig. 2: Droplet distribution in Y-bifurcation at given outlet volume flow 

rate. Flow direction is left to right. 

The rheological behavior of the two-phase fluid has been 
investigated in a single tube. The water droplets and oil 
have been at rest for a certain time. A water filled reservoir 
was placed on a vertically movable plate and connected to 
the tube. Lifting the water reservoir increases pressure in the 
system causing the droplets to start moving. Pressure was 
measured via a pressure transducer while volume flow was 
calculated analyzing movies made with a uEye® camera 
(IDS, Germany).  

 
Fig 3: Droplet form at different pressure. Top left: Resting. Top right: 

Creeping. Bottom left: low velocity. Bottom right: high velocity. 

With increasing pressure resting droplets only deform 
until a certain yield pressure where they finally start to 
move. A lubrication film of oil develops between the water 
droplet and the inner tube wall. Figure 3 shows differences 
of droplet form for various pressure levels. 

With decreasing pressure volume flow decreases. Fig-
ure 4 shows pressure-volume flow curves of three droplet 
resting times. The water reservoir has been lifted to a height 
of 30 cm, dropped to a height of 15 cm lifted up again and 
finally dropped to zero position. 

 
Fig 4: Pressure-volume flow curves of different droplet rest times. Ar-

rows indicate hysteresis loop. 

The oil flow between the water droplets in a Y-
bifurcation has been investigated using particle image velo-
cimetry. PIV images have been analyzed using the software 
DaVis (LaVision). Figure 5 shows images velocity distribu-
tion according to DaVis analysis.  

 
Fig 5: Flow visualization of oil flow around water droplets at Y-

bifurcation using DaVis software. Direction of flow is right to left. 

Outlet flow was pressure controlled by positioning out-
lets at the same height resulting in identical hydrostatic 
pressure and equal droplet distribution. The outlet tubes 
have identical lengths of 15 cm. The system is very sensitive 
for minimal pressure differences resulting in different flow 
resistances forcing the water droplets to move in the outlet 
with less resistance. The distribution is instationary in time. 

Investigations of combination of single tubes and Y-
bifurcations lead to model networks as shown in figure 6.  

IFMBE Proceedings Vol. 25

Modeling Blood Flow in Pulmonary Capillary Networks 993

Modeling Blood Flow in Pulmonary Capillary Networks 993



 
Fig 6: Model of pulmonary capillary network with inner tube diameter 

1.2 mm. 

The network was generated by stochastically displacing 
the nodes of a hexagonal network using statistical data from 
pulmonary capillary networks of rat lungs obtained by two-
photon fluorescence microscopy. The distribution of water 
droplets in this network will be investigated in the future 
with respect to distribution mechanisms and effects seen in 
single tubes and bifurcations. 

IV. DISCUSSION AND CONCLUSIONS  

The blood model shows good agreement with the beha-
vior of erythrocytes in pulmonary capillaries. It models the 
non-Newtonian rheology of blood. The two-phase fluid 
shows hysteresis of pressure-volume flow curve due to 
lubrication of water droplets with oil. The hysteresis strong-
ly depends on droplet rest time but also on the pressure-time 
curve, e.g. how fast pressure is increased.  

PIV measurements show strong deformation of water 
droplets in the bifurcation area and interesting flow pheno-
mena that are subject to further investigation. 

Presetting pressure at the outlets of the described Y-
bifurcation shows instationary droplet distribution in con-
trast to presetted volume flow rate. The two-phase-flow 
system is very sensitive for differences in pressure leading 
to distribution of volume flow and water droplets. 
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Abstract— Colonoscopy is one of the best methods for 
screening colon cancer and still is the “gold standard” despite 
advancements in the field of virtual endoscopy based on com-
puter-tomographic imaging. As the automatic detection of po-
lyps in endoscopic images is a challenging task for image proc-
essing, a variety of research groups have proposed methods 
that try to fulfill this task to develop a system which supports 
the doctors during examination. However, the problem can 
still not be assumed to be solved. This paper provides a review 
of the state of the art in detection methods published within the 
last decade. We found out that the major drawback of many 
approaches is the lack of representative video data, which hin-
ders comparison and evaluation of the published methods. 

Keywords— Computer-Aided Detection, Colonoscopy, Classifi-
cation, Review 

I. INTRODUCTION  

According to the World health organization (WHO), co-
lorectal cancer is the third most common form of cancer [1]. 
With approximately 639,000 deaths per year worldwide it is 
also on the second place regarding cancer-related death in 
the western countries. In about 80% of cases, colonic polyps 
(adenomas) are the precursors of colorectal cancer making 
the early detection of such polpoid lesions a highly impor-
tant goal of regular screening programs. However, the effec-
tiveness of the screening strongly depends on the quality 
and thoroughness of the examination [2]. Within the tight 
schedule for the screening in clinical practice the recogni-
tion of small, immersed and flat neoplasia is very difficult 
and the reported rates for missing such lesions is quite high 
with a range of 15-25% [3,4].  

This alarming statistics emphasizes the demand for com-
puter systems supporting the doctors during examination. 
Three main causes that lead to misses can be distinguished: 

 The endoscopist does not cover all parts of the colon 
(parts remain ''unseen'' by the endoscope), 

 the polyp appears on the screen and the doctor sees it 
but does not identify it as a polyp, 

 the polyp appears on the screen but the doctor does not 
look at the screen in this moment. 

The first error is hard to tackle with computer systems, as 
it addresses 3D-reconstruction of non-rigid shapes from 
only one camera. To address the second type of errors, 
CADx-systems (Computer-Assisted Diagnosis) are needed 
that compare conspicious structures to a database of struc-
tures that already have a verified diagnosis. Most work has 
been done on the third problem, the Computer-Aided Detec-
tion (CADe) or on combined CADx/CADe-systems. Our 
work focuses on a review of current available techniques of 
polyp detection, i.e. on CADe systems.  

II. STATE OF THE ART 

The problem of automated polyp recognition has been an 
active field of research since over 10 years now and still is 
of interest to various research groups. In the following we 
give an overview of the different approaches applied so far. 

A. General structure of CADe-systems 

In general methods for automatic detection of colorectal 
polyps and cancer are structured as follows: At first colono-
scopic images or videos containing normal and abnormal 
cases are needed. In addition to that, ground truth informa-
tion that labels the abnormalities is necessary. Extracted 
feature-data from the images are used to train a classifier 
which should be tested on a different set of images. Classi-
fiers such as self organizing maps (SOM), support vector 
machines (SVM), neural networks (NN), or fuzzy approa-
ches have been suggested. 

Good classification results primarily depend on appropri-
ate features that characterize polyps and cancer to distin-
guish between abnormal and healthy areas within an image. 
Training and testing of classifiers should be based on large 
sets of images showing different polyps, due to the high di-
versity of their appearances. In general one can distinguish 
two classes of approaches to polyp detection. These are sha-
pe and texture based methods such as the ones described in 
the following sections. 
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B. Shape-based methods 

Krishnan et al. presented a method to detect abnormali-
ties through curvature analysis. They use a thresholding me-
thod to segment the darker image regions, that are supposed 
to represent the intestinal lumen, and compute parameters 
such as perimeter, boundary area, and a form factor describ-
ing the irregularity of the enclosed region [5]. Later they 
used an edge detection approach, that is performed to ex-
tract contours, which are smoothed afterwards to make them 
suitable for curvature computation [6]. A similar approach 
by Hwang et al. is based on the elliptical shape that is com-
mon for nearly all small colon polyps. It is observed whe-
ther elliptical shapes fit into segmented regions by utilizing 
a watershed-based image segmentation and ellipse fitting al-
gorithms. New techniques are proposed to distinguish the 
ellipses of polyp regions from those of non-polyp regions 
by matching curve direction, curvature, edge distance, and 
intensity [17]. 

The techniques adopted by Dhandra et al. are based on 
segmentation of color endoscopic images in HSI color space 
followed by morphological watershed segmentation. The 
output of the process indicates whether the endoscopic im-
age is normal or abnormal based on the number of water-
shed regions present in the image [18]. Kang et al. proposed 
a real-time image processing system for endoscopic applica-
tions. After detecting edges using the Canny-operator [19], 
a morphological operation is employed to thicken the edges 
and connect disjoint edges that are closer together. The 
emerging segments are classified as either a polyp or a non-
polyp by extracting three features: area size, color and shape 
[20]. 

C. Texture-based methods 

Wang et al. developed a method for classification of en-
doscopic images based on texture and Neural Networks. 
The Local Binary Pattern describes the spatial structure of 
local texture. Combining this pattern with average intensity 
leads to a two-dimensional histogram. A self-organizing 
map is applied for the classification process [7]. Li et al. 
proposed to represent the image regions using multi-size 
patches simultaneously. The features extracted from these 
patches include the means and standard deviations of the 
absolute value of the approximating and detail coefficients 
from a two-level Discrete Wavelet Transform decomposi-
tion of the image patches in the three channels of CIE-Lab 
color space. Other features include one-dimensional histo-
grams of luminance L and two-dimensional histograms of 
the a and b components. An ensemble is constructed based 
on a set of individual Support Vector Classifiers to catego-
rize patches as normal or abnormal [22]. 

Tjoa et al. proposed to use homogeneity histograms for 
segmentation of colonoscopic images [8] which serve as a 
basis for further classification. In a later work they extract 
different statistical measures from the texture spectra in the 
chromatic and achromatic domains. Furthermore, color fea-
tures for a selected region of interest from each color com-
ponent histogram are extracted. The feature vector’s dimen-
sion is reduced using Principal Component Analysis. For 
evaluation, Back-propagation Neural Networks are used [9]. 

Alexandre et al. presented a method subdividing each 
image into small subimages with a fixed size of 40×40 pi-
xels. The used features are RGB-values and coordinates of 
each pixel. As SVMs are able to deal with high-dimensional 
input spaces, learning and classification is performed on this 
raw data sets [12]. Coimbra et al. are investigating the po-
tential of selected MPEG-7 descriptors for event detection 
(such as polyps) in colonoscopic images. Some of the used 
features among others are: color structure, homogenous 
texture and scalable color [29]. 

Karkanis et al. proposed a scheme based on features ex-
tracted from the grey-level co-occurrence matrix (GLCM). 
To distinguish between normal and cancer regions a multi-
layer feed-forward neural network is employed [21]. The sa-
me GLCM features were used by Magoulas et al. and dif-
ferent learning and classification techniques were investti-
gated [23, 24, 25]. An extension proposed by Karkanis et al. 
based on GLCM-features and discrete wavelet transform 
[26] was implemented in CoLD (colorectal lesions detector) 
[11]. Another extension by Karkanis et al. utilizes covari-
ances of the GLCM-features calculated over the wavelet 
frame transformation of different color bands and linear dis-
criminant analysis (LDA) [10]. Iakovidis et al. presented 
different approaches, all based on features (wavelet energy, 
correlation signature, …) computed from subimages and 
tested on several color spaces. SVMs handle the clas-
sification of the feature vectors computed from every single 
subimage [28]. Maximizing the use of available detection 
methods, Zheng et al. presented a fusion-based decision 
support system [27]. 

 

   

   

Fig. 1 Detection results: Modified color vector method according to [12] 
(first row), sum- and difference histograms [15] SVM (second row) 
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Common to all of these approaches is that a combination 
of color and texture information is aimed for which never-
theless only the work by Karkanis et al. [10] is doing in a 
way that captures direct correlations of texture and spectral 
information. Palm et al. [13,14] integrated spatial and spec-
tral information by calculating the co-occurrence matrix di-
rectly from pair-wise adjacent chromatic planes in different 
color channels. This principle was adopted by Münzenma-
yer et al. [15] for the computation of inter-plane sum- and  

difference histograms that can be computed much more 
efficiently and thus are capable for realtime applications. 
Shevchenko et al. [16] used inter-plane sum- and differ-
ence-histograms together with an SVM-classifier to detect 
polypoid lesions on a database of 153 images, see. Fig. 1. 

To provide an overview of all mentioned methods, the 
main aspects are summarized in Table 1. Additionally, a co-
lumn ‘datasets’ describes the data used for demonstrating or 
testing the methods in the corresponding approach. 

III. DISCUSSION 

According to literature, the mentioned methods achieve 
remarkably good classification results. For example, the 
work of Tjoa et al. [9] report a classification accuracy of 
97% on a data set of 66 images with 54 abnormal and 12 
normal cases based on a combination of texture and color 
features with a principal component analysis and back-pro-

pagation neural network. Karkanis et al. [10,11], who also 
used textural methods for the detection of lesions in colono-
scopic video sequences, report a specificity of 97% and a 
sensitivity of 90% for the detection of adenomatous polyps 
which is based on 1200 single frames from digitized video 
sequences. Alexandre et al. [12] also achieved classification 
rates up to 93% on a dataset consisting of 4630 regions of 
interest obtained from 35 single image frames.  

However, the expressiveness of these results can be cal-

led into question due to several facts. First, except for a few 
cases, the sample sets used for testing and training usually 
are relatively small. It is also of high importance what kind 
of evaluation scheme was used. In cases where cross-valida-
tion of image regions extracted from the same image se-
quences (or the same patient) have been used, the generali-
zation of methods seems to be questionable. That means, 
there is a high risk of over-adaption to a certain sample set, 
so that the classifier would not be able to correctly detect 
lesions on different image material. A reliable classification 
system should be based on a huge set of images containing 
many different types of abnormalities. Beyond quantity, the 
quality is an important factor, i.e. the modalities of image 
acquisition influenced by the optics, the sensor chip, quality 
and image enhancement settings of the video processor, 
standardization of illumination as well as final digitization 
and coding have to be optimized. Of course, in future, high 
definition (HD) colonoscopy will be standard so that digiti-

Table 1  Overview of different polyp detection methods described in current literature. 

Research group Methods / Fetures Feature Class Classifier Datasets (#img; size) Literature 

Krishnan et al. form factor, curvature shape - 9; 256 x 256  [5] 

Krishnan et al. curvature analysis shape - 2 normal, 4 abnormal  [6] 

Hwang et al. 
 

curve direction, curvature, edge distance, 
intensity 

shape, color - 27 polyps [17] 

Dhandra et al. number of regions after morphological 
watershed transformation 

shape, color - 50 normal, 50 abnormal  [18] 

Kang et al. area, colour and shape of segments shape, color - - [20] 

Wang et al. Local Binary Pattern, intensity texture, color NN 3 images [7] 

Li et al.  Wavelet coefficients, Lab histograms texture, color SVM 12 normal, 46 abnormal; 256 
x 256 

[22] 

Tjoa et al. texture spectrum, colour histograms texture, color NN 12 normal, 54 abnormal [9][8] 

Alexandre et al. RGB values and coordinates of each pixel - SVM 35; 514 x 469  [12] 

Coimbra et al. MPEG-7 descriptors texture, color - 899 [27] 

Karkanis et al. GLCM features,  Wavelets Texture NN 2, 10, 4, 2, 8; 512 x 512  [21,24,23,25] 

Karkanis et al. Colour Wavelet Co-variance texture, color LDA, SVM 1380, 15000; 320 x 240 [10,26] 

Iakovidis et al. (Color) Wavelet Energy,  Wavelet Correla-
tion Signatures,  (Opponent Color) Local 
Binary Patterns 

texture, color SVM 15000; 320 x 240  [26,28] 

Shevchenko et al. Sum- and difference histogram texture, color SVM 153 [16] 
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zation and interlacing artifacts should now really become a 
problem of the past. 

IV. CONCLUSIONS  

In this paper we presented an overview of colon polyp 
detection approaches proposed by several research groups. 
The benefits of automated lesion detection could be nume-
rous as the effectiveness of preventive colonoscopy is very 
dependent on the quality of the examination. Thus, this re-
search topic still is of high interest. In our opinion, the ma-
jor problem today is the lack of a representative database 
that contains enough annotated lesions. Each relevant lesion 
should be delineated by a clinical expert and its relevance 
verified, e.g. by histological evaluation. These lesions 
should be captured from several hundreds of patients, to al-
so capture individual differences. Thus, new methods could 
be evaluated against a valid “gold standard” and also com-
pared to each other to really advance the field. Only with 
such a basis systems that are really clinically relevant can be 
developed.  
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Abstract—The output data generated in whole heart simula-
tions are usually single or multiple parameters at each point in 
the simulation space. Visualizing data sets of gigabyte size puts 
great stress on the hardware and can be slow and tedious. 
Creating animated movies to analyze the excitation propaga-
tion can take hours on standard systems. We present two par-
allel visualization techniques to improve rendering of large 
datasets from cardiac simulations. 

The Scalable Parallel Visualization Networking (SPVN) 
toolkit provides the ability to assist in optimizing the utility 
and functionality of the aggregate resources in visualization 
clusters. Run time visualization offers the opportunity to visu-
alize the results of cardiac simulations on the fly on High Per-
formance Computers. Parallel visualization techniques enable 
fast manipulation of high resolution whole heart data sets and 
simulation results. The SPVN system has the potential to be 
linked with the simulation environment similar to the run time 
visualization described.  

Future efforts will focus on creating a simulation and visu-
alization environment with appropriate characteristics for 
clinical setting. Specifically, speed, intuitive control and the 
ability to render diverse signals will likely be critical to drive 
adoption in the clinical setting. 

Keywords—Cardiac Models, High Performance Computing, 
Parallel Visualization, Run Time Visualization. 

I. INTRODUCTION  

Only in the last couple of years, whole heart or at least 
two ventricle models have emerged in simulating cardiac 
electrophysiology. Today, ventricular models with high 
spatial resolution are used to investigate conduction dys-
function, arrhythmia and defibrillation [1-3]. Mono- and 
bidomain models on human anatomies have been carried 
out and become more present in the field. Numerous efforts 
(for an overview see [4]) have been undertaken to address 
with increasing success the computational demands of 
whole heart simulations. High performance computer 
(HPC) technology has been an enabler in this field [5-8]. 
The increasing model complexity of multi-physical, multi-
scale cardiac models that are simulated on HPC clusters and 
computers requires not only an optimization in solving the 
partial and ordinary differential equations of the model 
efficiently, but also communication, data input and output 
and data analysis. Visualization of the data plays an  

important role in data analysis of the simulation result. 
Many research groups have developed their own visualiza-
tion software. However, the increasing anatomical model 
sizes lead to an increase in output data. Visualizing data sets 
of gigabyte size puts great stress on the hardware and can be 
slow and non-interactive on standard desktop computers 
and visualization software. Creating animated movies to 
analyze the excitation propagation can take hours on stan-
dard systems. Parallel visualization offers the opportunity to 
render large data sets, including simulation data interac-
tively, which is essential for using cardiac models in a clini-
cal setting for personalized medicine. 

We present two approaches for parallel visualization. The 
Scalable Parallel Visualization Networking toolkit (SPVN) 
[9] offers the ability to render large data sets using parallel 
graphic processing techniques for post-processing the re-
sults. Currently we employ SPVN offline only. For run time 
visualization we will demonstrate a system that takes the 
simulation output data from cardiac simulations on 256 
processors of an IBM Blue Gene/L supercomputer [10], 
processes online and visualize it in parallel on a visualiza-
tion cluster using the open source ParaView software [11]. 

II. METHODS 

A. Anatomical Model 

Increasing resolution in medical imaging technology is 
just beginning to enable the simulation on specific patient 
hearts anatomies (for review, see [12]). We choose an ex-
ample case based on openly available Visible Female data 
(National Library of Medicine, Bethesda, Maryland, USA) 
with a 0.33 mm cubic resolution that is not yet achieved by 
standard CT and MRI systems for humans in a clinical set-
ting. The segmented heart was interpolated to a 0.2 mm 
cubic regular grid and each element was annotated with a 
corresponding tissue class (fig. 1). In our simulations we 
considered only ventricular tissue. The resulting anatomical 
model is a three – dimensional cubic grid of dimension 782 
x 542 x 833 and comprising over 353 Mio. elements includ-
ing ~40 Mio. tissue elements. We included transmural het-
erogeneity and fiber orientation [13]. 
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Fig.  1 Visible Female data set of the atria and ventricles visualized using 
Scalable Parallel Visualization Networking 

B. Cellular Electrophysiology Model 

It is beyond the scope of this article to give an in depth 
description of the underlying equations that govern the 
computation of cardiac electrophysiology. Instead we would 
like to refer to extensive reviews such as from Rudy and 
Silva [14] (cellular electrophysiology and ion channel mod-
eling), Vigmond et al. [15] (thorough review on the solution 
of the bidomain equations). However, we will briefly dis-
cuss the reaction-diffusion model used in the simulations.  

The bidomain equations are the most complete macro-
scopic description of the excitation propagation on tissue 
and organ level [15]. Assuming equal anisotropy ratio for 
intra- and extracellular conduction, the equations can be 
simplified to yield the monodomain formulation: 

 

∇ ⋅ σ i∇Vm( )= Am Cm

∂Vm

∂t
+ Iion

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ − Is

  (1) 
 
The transmembrane voltage Vm describes the cellular ex-

citation state. Am is the surface to volume ratio of a cell, and 
Cm is the membrane capacitance. The conductivity tensor σi 
accounts for anisotropic conduction with regard to the fiber 
orientation of the cells within the tissue. Is is the stimulus 
current. The ionic currents Iion are computed by the electro-
physiological cell models in the simulations. In our simula-
tions we use the ten Tusscher et al. (2004) model [16] that 
proposed specific parameterizations for ventriculular endo-
cardial, midmyocardial and epicardial cells.  

C. Scalable Parallel Visualization Network 

Results that are sampled at a single point in the simula-
tion can be stored efficiently and displayed in graphs using 
standard visualization tools even during run time without a 
large overhead. However, the output data generated in 
whole heart simulations is usually a single or multiple state 
variables at each point in the simulation space. 

With the increasing availability and performance of 
commodity computing components, including workstations, 
graphics hardware, and networking components, clusters of 
commodity workstations are becoming more widely used as 
parallel visualization and graphics systems. The Scalable 
Parallel Visual Networking (SPVN) was designed as a tool-
kit that addresses the challenges of programming parallel 
and distributed visualization applications on cluster-based 
systems (e.g., optimizing the utility and functionality of the 
aggregate resources).  Due to the relatively large size of the 
output data of the whole heart simulations, SPVN was em-
ployed to render portions of the data in parallel using well-
established “sort-last” parallel rendering paradigms in order 
to visualize the entire data set. The entire anatomical heart 
data set was rendered by changing the shading of the heart 
model at a particular location based on the value of the 
simulation data at that location and moment in time.  

With SPVN, the anatomical data, as well as five time 
steps of the electrophysiological simulation output data, 
were each partitioned into eight separate rectilinear sub-
volumes.  Each of the six subvolumes (one anatomical sub-
volume and five subvolumes of the electrophysiological 
simulation data) were then loaded onto each of the proces-
sors in our commodity cluster. This resulted in approxi-
mately 800 MB of data on each processor. Next, each clus-
ter node rendered its subvolume using 3D texture-based 
volume rendering algorithms [17]. In addition, using shader 
programs loaded and executed on the programmable graph-
ics card of each node, the anatomical volumes were shaded 
based on the simulation data at a particular time step. Fi-
nally, the resulting pixel image on each node was read from 
their respective frame buffers and was composited using a 
binary-swap compositing algorithm [18]. The final compo-
sited image was then sent to and displayed in SPVN's 
graphical user interface (GUI).   

While SPVN works as a post-processing step we have 
started to investigate visualization of the transmembrane 
voltage online as a run time application. 

D. Run Time Visualization 

We envision that cardiac models will be used in the fu-
ture to support diagnosis and therapy planning in a clinical 
setting within the next 10-15 years [12]. 
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Fig. 2 System set-up for parallel visualization of large scale cardiac models using SPVN. The anatomical data (a) is decomposed and simulated on the IBM 
Blue Gene/L supercomputer (b). The connection to the visualization cluster is through a master processor or controller.  The visualization of the result (c) is 
carried out in parallel on the visualization cluster. The figure depicts the application as running across four nodes. For the visualizations presented in this 
paper, the application was run across eight nodes in the cluster 

The thorough data analysis is indispensable for basic re-
search. In a clinical setting, different rules will likely apply 
as the clinician wants to read the results in a clear, concise 
and intuitive manner. Processing of the simulation results 
can potentially be carried out in the background to distill the 
clinically relevant diagnostic information for display. By 
processing the simulation data on the fly during run time, 
the requirement to buffer or store output data can be re-
duced.  Rapid visualization should improve throughput of 
the clinicians as graphical representation are often the most 
efficient means to convey complex, high-dimensional data. 
Rapid assessment of the simulation output should promote 
faster decisions to therapy or for additional simulations if 
iteration is required.    

We envision a system that makes use of the Blue Gene/L 
supercomputer as the simulation platform that is connected 
with a visualization cluster (fig. 2). However, the run time 
visualization is currently carried out by ParaView that is a 
powerful open source software package that allows parallel 
visualization. The computation of the model is carried out 
on the Blue Gene/L supercomputer. Currently, a 256 proc-
essor partition is used. The data decomposition algorithm 
[7, 8] creates 256 rectangular subvolumes that maps to the 
anatomical data set in a regular grid. A visualization array is 
created on each processor that holds the variables to be 
visualized (i.e., the transmembrane voltage in our simula-
tions). The array is complemented by defining the sub-
volumes coordinates in a data structure. The time for visu-
alization of the results can be defined to be different from 
the computation time step, (e.g., the computation time step 
is 0.01 ms vs. 1 ms for the visualization time step). At each 
visualization time step, a master – slave setup collects the 
visualization array and corresponding coordinate structure 
at a single processor that serves as communication point to 

the visualization cluster. Once the data are collected on the 
master processor, a connection to the visualization cluster is 
established using the respective IP addresses. A plug-in for 
ParaView is implemented that controls the visualization 
parameter and parallel visualization. Thus, it is possible to 
view and record the results in image or movie format with-
out creating large amount of data to be analyzed. 

III. RESULTS 

Figures 1 and 3 demonstrate the capabilities of the 
SPVN. The detail of the anatomical structures is clearly 
visible (fig. 1). Especially an insight into the tissue depth 
can be gained. Visualization of different anatomical parts 
can be easily carried out, shading can be modified and the 
manipulation of the anatomical data is fast and without 
delay. Figure 3 shows three times steps of ventricular exci-
tation in the simulation. The transmembrane voltage is su-
perimposed onto the anatomical information to gain an 
insight into the excitation propagation on the hearts surface 
as well as inside the tissue. 

IV. DISSCUSSION 

The run time visualization requires a negligible increase 
in simulation time. However, the master – slave arrange-
ment requires memory space for the whole data set on one 
processor. Given that Blue Gene/L is a distributed memory 
architecture, each chip has access to only 512 MB memory 
that does not permit the simulation of a large whole heart 
model (e.g., human or canine) using our current run time 
visualization. However, the current system will allow simu  
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Fig. 3 Visualization of the ventricular anatomy and transmembrane voltage at (a) 10 ms, (b) 30 ms and (c) 50 ms using SPVN 

lation and visualization of smaller animal heart or smaller 
tissue samples such as the ventricular wedge preparation. 
ParaView provides the ability to manipulate the data online 
and the visualization can be modified during run time. 
Moreover, one can foresee human interactions to modify the 
simulation on the fly. 

V. CONCLUSIONS  

Parallel visualization techniques enable fast manipulation 
of high resolution whole heart data sets and simulation 
results. The SPVN system has the potential to be linked 
with the simulation environment similar to the run time 
visualization described. By moving the visualization appli-
cation to the newer IBM Blue Gene/P system, it should be 
possible to simulate whole heart data sets because the mem-
ory per chip can accommodate the whole anatomical and 
result data. This study is an important proof of concept and 
demonstrates the ability to execute simulation with simulta-
neous visualization. Future efforts will be required to fully 
develop a tool with the appropriate speed and ease of use 
for clinical application.   
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A Method for Proper Choice of Hernia Meshes Based on Their Mechanical  

Behavior
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 Abstract— A method for proper choice of hernia meshes, 
based on a criterion which specifies the type of the hernia mesh 
with mechanical properties closest to those of the human ab-
dominal fascia has been proposed. Sensitivity analysis of the 
method was performed. Based on the results of three type of 
meshes it was established that the best mechanically com-
patible mesh was Surgimesh with filament diameter 0.14 
mm .

Keywords— hernia meshes, human abdominal fascia, 
mechanical behaviour.

I. INTRODUCTION 

 Synthetic meshes have become a common means to 
repair all types of abdominal hernias. The advantages of 
prosthetic meshes include a decreased operating time, 
smaller incision, better long-term durability, good handling 
properties. The use of synthetic meshes leads to reduction of 
post-operative pain, length of recovery and rate of recur-
rences [1]. During the manufacturing process however, the 
mechanical properties of tissues which they enforced or 
replaced are not accounted for. 

The mechanical compatibility between the hernia meshes 
and the abdominal wall layers plays an important role in 
avoiding postoperative complications. These complications 
are preventable and required understanding of mechanical 
properties of prosthesis. The published data on hernia mesh-
related complications after hernia operations and the dis-
crepancy between the mechanical properties of synthetic 
meshes and human fascia showed that the augmentation of 
mesh elasticity influences limitation of abdominal wall 
mobility and improve the comfort of the patients [2]. The 
textile analysis of the used hernia meshes showed that their 
mechanical stability excess several times the necessary 
theoretically evaluated physiological strength [3]. The mean 
distension of anterior abdominal wall at 16N is in range 
11% -32%, while common mesh material showed 4%-16% 
distention [4]. 

In view of the fact that the commercially available her-
nia meshes are made of relatively stiff material the hypothe-
sis of our study is that main characteristic of the mechanical 

compatibility between fascia and hernia meshes is the simi-
larity of their elastic module in the physiological range of 
deformations. The aim of this study is to propose a method 
for evaluation of synthetic hernia meshes compatibility,
based on stiffness matching.  

II. MATERIALS AND METHODS 

 Uniaxial tests on samples from fascia transversalis and 
umbilical fascia, (part of abdominal fascia) and polypropyl-
ene (PP) hernia meshes were performed. An investigation 
was done using displacement rate-controlled Instron type 
testing device - a computer-controlled machine FU1000/E 
with load cell 500 N, minimal value of the load of 20g and 
minimal value of the displacement of 0.1mm. For the pur-
poses of this study an elongation rate of 0.13 mm/sec was 
used. 
 The fascia samples were harvested from non-herniated 
subjects. The average age of the subjects was 66.5 years in 
the range of 46-87 years. The investigation included 96 
specimens taken from 16 donors - 5 females and 9 males. 
The mechanical properties of human abdominal fascia 
transversalis (FT) and umbilical fascia (UF) samples were 
tested in two orthogonal directions – parallel to collagen 
fibers (L1 direction) and perpendicular to them (L2 direc-
tion). 

Two commercially available polypropylene (PP) hernia 
mesh brands were used - knitted reinforcement monofila-
ment hernia mesh Surgimech, with two filament diameters – 
0.14 mm and 0.2 mm (Aspi Medical, France) and Tec-
nomesh, produced by TecnoMedic GmbH, Germany. For 
each brand, ten samples were studied. Five specimens were 
loaded in direction L1 (parallel to the column of loops) and 
five were loaded in direction L2 (along the rows of loops).  

A. Criterion for selection of the optimal synthetic hernia 
mesh

The proposed criterion for evaluation of compatibility 
between mesh and the abdominal wall layers in the physio-
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logical range of deformation up to 10% was based on the 
values of an objective function [5]. We accept that 
optimal synthetic hernia mesh is one, which mechanical 
parameters minimize the following objective function: 

minF
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i  ( i=1..4) are weighted coefficients, 
which satisfy the following condition: 
 

14321 WWWW                                             (3) 
 
Accepting that two investigated directions are equally im-
portant for load bearing in the abdominal wall, then the 
following values of the coefficients were used: 

 
25.0,25.0,25.0;25.0 4321 WWWW      (4) 

 
In case when longitudinal or transverse direction was ac-
cepted as more pronounced, then the values of the weighted 
coefficients were proposed as:  

 
1.04,1.03,4.02;4.01 WWWW              (5) 

or  
 

4.04,4.03,1.02;1.01 WWWW                (6)  

The function  was calculated independently for FT 
and UF. The compatibility of the hernia meshes was than 
evaluated on the basis of values of the objective function 

. 

minF

minF

III. RESULTS 

The experimental data for hernia meshes and human ab-
dominal fascia were represented as stress-stretch ratio rela-
tionships [5,6,7]. From obtained curves the mean values of 

secant elastic modulus  for hernia meshes and ab-

dominal fascia were calculated. They are presented in Table 
1,2 and 3 accordingly. The symbol SM14 denote Surgimesh 
samples with filament diameter 0.14 mm, while a symbol 
SM20 denote Surgimesh with filament diameter 0.20 mm. 

jnE ,

It was established that the mechanical properties of FT 
and UF are similar (Table 3) [5,6]. The secant elastic mod-
ule of investigated meshes are lower than those of the ab-
dominal fascia in the range of physiologic deformations in 
longitudinal direction and between 2-13 times higher in 
transverse direction [5,6,7].  

 Table 1 Mean values of elastic module for hernia mesh Surgimesh 

E [MPa]   SM14L1(i) SM14L2       SM20L1 SM20L2         

E (5)           7.62±1.09    6.58±1.34    6.24±1.02 25.56±1.5  
E(10)           5.35 ±0.84  8.33±1.44    5.67±0.71 24.15±1.28 

Table 2 Mean values of elastic module for hernia mesh Tecnomesh 

E [MPa]   TML1(i) TML2            

E (5)           7.22±0.34    12.63±2.53      
E(10)           6.31 ±0.26  11.08±2.53      

 Table 3  Mean values of elastic module for  fascia 

E [MPa]   FTL1(i)  FTL2            UFL1 UFL2         

E (5)           8.42±5.74    2.82±2.16     8.32±5.26 2.52±0.58  
E(10)           9.42 ±4.71  3.33±1.75     10.41±3.24 3.31±0.67 

    
 According to the accepted criterion in this study the 
optimal mesh is those for which the value of objective func-
tion has a minimum. The comparison between abdominal 
fascia and hernia meshes was accomplished on the bases of 
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obtained values. The type of the hernia mesh which me-
chanical properties are closest to those of the human ab-
dominal fascia was specified. The values of the objective 
function  for nine sets of weight coefficients were 
calculated. In order to understand how the coefficients  
affected the function response, the sensitivity analysis was 
performed. We specified the values of coefficients within 
the equal sized interval (0.05-0.45). It was supposed that  

 changed in stepwise manner in the interval of 
admissible values. .Results from the sensitivity analysis are 
presented on a Fig. 1. They allow the comparison of the 
impacts of weight coefficients on the values of . 

minF
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     Fig.1  The influence of weight coefficients on the values of objective 
function. , calculated for FT and investigated hernia meshes. 

, . While the values of and increase from 

0.1 to 0.45, the values of and decrease according to the relation-

ship  , j=3,4.  

minF
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    The analysis of the obtained results demonstrated that 
regardless of the choice of the weight coefficients, hernia 
mesh SM14 possessed the mechanical properties, which 
were closest to that of fascia transversalis. Tecnomesh is the 
other mesh which properties were very close to those of 
fascia. The sensitivity analysis for SM20 showed that the 
mechanical compatibility of that mesh strongly depended on 
the . The best coincidence appeared when the mechani-
cal behavior of fascia in L2 direction is neglected. This case 
is not applicable in surgery, therefore the SM20 can not be 
recommended for medical applications.   

iW

    The mechanical properties of FT and UF are similar, so 
the values of the objective function for UF is very close to 

values presented in Fig.1 (not shown) [5]. The values of 
sensitivity index (SI) proposed by Hoffman and Gardner 
were calculated for coefficients and [reviewed in 8] 
.It was obtained that SI (2.07 – 5.65) for FT and SI 

1W 2W

(5.24 – 5.89) for UF. As the SI gives information about 
the relative sensitivity of results to parameters, it can be 
summarized that objective function is more sensitive to 

and when umbilical fascia is investigated.  1W 2W

.IV. CONCLUSIONS 

    The proposed method for comparison of the mechanical 
properties of human fascia and hernia meshes can serve as a 
practical tool to make recommendations about selection of 
the optimal synthetic hernia meshes. It was established that 
the best mechanically compatible mesh was Surgimesh14.  
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Computational Simulations of Magnetic Particle Capture in Simplified and 
Realistic Arterial Flows: Towards Optimized Magnetic Drug Targeting 
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Abstract—In this paper we report on a newly developed 
method for investigations of the magnetic particles distribu-
tions carried by air or by blood inside the human body – aim-
ing for detailed insights into capturing efficiency for different 
configurations of the imposed magnetic fields. First, a newly 
developed algorithm for particle tracking in complex non-
structured numerical mesh is validated on generic configura-
tions – a simple flow in a horizontal cylinder and in a 900 bend 
cylinder – for which analytical solutions or experimental and 
numerical studies were reported in literature. This extensive 
validation proved accuracy and efficiency of the proposed 
method. Then, potentials of the proposed method are demon-
strated on the specific patient based arterial geometry (a left 
coronary artery, LCA) where the cumulative deposition effi-
ciency is calculated for different magnetic field orientations. It 
is concluded that the newly developed particle tracking algo-
rithm for magnetic particles proved to be powerful tool for 
predictions of capturing efficiencies in complex geometries. As 
such, it can be used for pre-design, testing, application and 
optimization of the magnetic drug targeting approach for spe-
cific patient conditions.    

Keywords—particle capture, magnetic field, magnetization 
force, numerical simulations, Magnetic Drug Targeting. 

I. INTRODUCTION  

One of the promising methods for precise targeting and 
delivery of medical drugs to locally affected disease sites 
inside the human body is Magnetic Drug Targeting (MDT) 
[1], [2]. The concept behind the MDT technique is to use 
the magnetic nanoparticulates as the drug carriers that are 
affected by locally distributed magnetic fields, causing a 
more efficient deposition of the medical drugs on desired 
locations. The range of applications varies from delivery of 
the powerful anticancer drugs carried by magnetic particles 
inserted into the blood circulative system to improved depo-
sition efficiency of aerosols inside the upper respiratory 
airways and lungs. There are two prerequisites for checking 
efficiency of the MDT technique.  First, it is necessary to be 
able to predict flow behavior of the main fluid (blood or air) 
through complex blood vessels or inside the respiratory 
system. The second prerequisite is to be able to predict dis-
tributions of the released magnetic particle carriers when 

subjected to externally imposed magnetic fields. In this pa-
per we focus on applications of a recently developed dis-
crete particle model for three-dimensional unstructured 
grids [3].   

II. EQUATIONS OF PARTICLE MOTION  

The equations of the particle motion under influence of 
the imposed magnetic field can be written as:  

2

2 D M
d rm F F
dt

= +                                 (1) 

where r(t) is the particle location and  FD and FM are the drag 
and magnetization forces, respectively. The drag force is de-
fined by the Stokes expression (that is valid for Rep=ρp | up – 
uf | Dp / μ  << 1) as  

                                    ( )3D p p fF D u u= πμ −                        (2) 

where up and uf are velocity of the particle and fluid, respec-
tively. The magnetization force acting on particles can be ex-
pressed as  

                                     0M pF V M H= μ ⋅∇                           (3) 

where M is the magnetization, H  is the auxiliary magnetic 
field, μo is the magnetic permeability of vacuum and Vp is 
the volume of the particle. The particle velocity (under as-
sumption that the particle inertia can be neglected) can be 
estimated as a sum of the fluid velocity uf and a ‘magnetic 
velocity’ um as 

                                 3
M

p f m f
p

Fu u u u
D

= + = +
πμ                    (4) 

The capture efficiency of magnetic particles by an imposed 
magnetic field is simply calculated as a ratio between the 
number of particles deposited along the vessels walls and the 
total number of the released particles  

                           dep in out

in in

n n n
n n

−
η = =                               (5) 

The newly developed algorithm for the particle tracing in 
complex unstructured numerical mesh is explained in [3].  
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III. RESULTS AND DISCUSSION  

The newly developed algorithm is tested first on a simple 
generic configuration for which good analytical or numeri-
cal results exist in literature. The first configuration is a 
simple laminar planar channel flow (D=7 mm, Re=100) of 
blood subjected to an imposed magnetic field. The imposed 
magnetic field originates from an electrical current carrying 
wire that is parallel to flow direction. The trajectories of the 
particles (Dp=0.2 μm) released in flow along the channel 
centerline are shown in Fig.1. It can be seen that an excel-
lent agreement between analytical solutions (lines) and 
simulations (symbols) are obtained for different values of 
the electric current.    

The second generic configuration is a flow inside a 900 
bent tube with differently imposed magnetic fields originat-
ing from a current wire, as shown in Fig.2. In contrast to the 
previous case, where practically two-dimensional situation 
is presented, here a fully three-dimensional flow with sec-
ondary motions is addressed. The characteristic parameters 
describing the geometry of the flow and the imposed mag-
netic fields are given as follows: the tube diameter, D=7 
mm, the curvature ratio R0=Rb/R=5.6, the Dean number 
De=Re/R0

1/2=84.5, the inlet velocity V=0.1 m/s, supplied 
current I=105 A, distance between the centerline of tube and  
the closest point on the wire  Dc=1 cm, the particle sus-
ceptability χ=3, range of released magnetic particles is 0.25 
μm< Dp < 2 μm. The magnetic capturing efficiencies for 
different configurations are summarized in Fig. 3. 

In parallel are also shown results obtained with a com-
mercial code Fluent (from [4]). It can be seen that a good 
agreement between the present approach and Fluent are 
obtained. It is important to mention that with the present 
approach it was possible to simulate significantly higher 
number of released particles (10000) compared with Fluent 
(only 300 particles) on an identical computational platform. 
It can be seen that the configuration 4 is the most effective 
in capturing particles. This is due to the most area-exposed 
influence of the magnetization force. None of the simulated 
configurations showed a simple linear dependency of the 
capturing efficiency for different particles, confirming im-
portance of having well validated numerical methods for the 
magnetic particle capture in three-dimensional configura-
tions. Some details of the particle depositions along the tube 
walls are shown in Figs.4 and 5.  It can be seen that the con-
figuration 4 completely captures particles with diameters in 
1-2 μm range, Fig.4-below. Detailed distributions of classes 

of the individual particles based on the particle diameters 
are shown in Fig.5. For the configuration 1, majority of the 
particles is captured between the start and the end of the 900 
bend. 

  

Fig. 1 Trajectories of the magnetic particles (different diameters) inserted 
along the centerline of the laminar blood flow (Re=100) and subjected to 
an external magnetic field of different strength (0.01<Mnp<0.06) 

 

Fig. 2 Schematic setups of the 900 bent tube with imposed magnetic fields 
(originating from a current- carrying wire) 

 

Fig. 3 The capturing efficiency in a 900 bent tube for different configura-
tions of the imposed magnetic field (pos1-pos4) shown in Fig.2 
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Fig. 4  The accumulative deposition efficiency of particles along the 900 
bent tube walls for configuration 1 (-above) and 4 (-below) shown in Fig.2 

In contrast to that, the configuration 4 shows that particle 
capturing immediately starts at the entrance of the tube and 
that particles are spread over a significantly larger area. The 
“big” particles (Dp=2 μm) (indicated with blue color) are 
fully captured by imposed magnetic field so efficiently that 
no single particle is observed to leave the curved part of the 
tube. This way of presenting particles distributions along 
the vessel walls can be used to provide important insights 
into efficiency of the magnetic capturing for different con-
figurations of the imposed magnetic fields.  

Now we move to the realistic patient-based geometries in 
order to demonstrate applicability of the magnetic capturing 
approach under realistic flow, geometry and magnetic field 
distributions – without simplifications. The case presented 
is a model of a realistic human left-coronary artery (LCA) 
[4]. This geometry was created by averaging angiograms of 
83 healthy patients in order to get a single representative data-
set of the typical LCA [5].  

 

 

 

Fig. 5 The particle depositions for configuration 1 (-above) and configura-
tion 4 (-below): Dp=2 (blue), 0.8 (green) and 0.25 (red) μm 

Characteristic heartbeat cycle was simulated by imposing 
a periodically changing (with a characteristic time period of 
t = 1s that corresponds to the real cardiac cycle) flattened 
inlet velocity. The average Reynolds number based on inlet 
parameters is estimated to be in 100<Re<500 range. The 
flow rate was forced to distribute over the several outlets 
according to Murray’s law (proportional to r3 – where r is 
the outlet radius). The initial diameter of the left coronary 
artery is ~4.5 mm while the multiple outlets reduce their 
diameters up to 0.9 mm and total length of approximately 
12 cm. In order to visualize the main flow features, the 
characteristic stream-traces (colored with velocity magni-
tude) for a particular time instant (t=0.8 s) are shown in  
Fig. 6-above.  In such developed flow, particles of different 
sizes are released homogeneously at the inlet plane.  In ad-
dition, the superconductive magnet distributions from a 
distance of approximately 5 cm are imposed (in order to  
 



Computational Simulations of Magnetic Particle Capture in Simplified and Realistic Arterial Flows 1009

 

  
 

IFMBE Proceedings Vol. 25

 

 

 

 

Fig. 6 Stream-traces colored by the velocity magnitude in a model of the 
human left coronary artery (LCA) during periodic pulsating cycle (t=0.8 
sec) – above. The contours of the magnetization force originating from a 
specific orientation of the applied super-conductive magnet (-below) [4] 

mimic realistic situation). For such conditions, the maximum 
of the magnetic field magnitude reaches value of ~ 2T.  The 
distributions of the contours of the magnetization force along 
the LCA walls are shown in Fig.6-below.  The target loca-
tion is indicated by an arrow. The magnetic capturing effi-
ciency for this configuration is shown in Fig.7. While the 
neutral situation (magnetic field-off) practically resulted in 
no magnetic particle depositions along the LCA walls, acti-
vation of the magnetic field changed this picture signifi-
cantly. The three configurations of applied magnetic fields 
differ slightly in the angle of the superconducting magnet 
with respect to the z-coordinate direction. For the particles 
with diameters Dp>2 μm, the capturing efficiency reaches 
significant levels of 20-30%. This is quite a significant re-
sult since the LCA is a very challenging case due to the 
relatively large velocities of the streaming blood and unfa-
vorable position inside the human body.  Further doubling 
of the applied magnetization force gives an impressive in-
crease of the capturing efficiency of 50% [4].  

 

Fig. 7 The magnetic capturing efficiency of particles released in the left 
coronary artery (LCA) 

IV. CONCLUIONS 

It is demonstrated that a newly developed discrete parti-
cle tracing algorithm [3] for unstructured three-dimensional 
numerical mesh proved to be an accurate and numerically 
efficient method, making it possible to be used for further 
applications and optimizations of the magnetic drug target-
ing technique.  
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Abstract— Congenital nystagmus (CN) is an ocular-motor 
disorder characterised by involuntary, conjugated ocular 
oscillations and its pathogenesis is still under investigation. 
This kind of nystagmus is termed congenital (or infantile) since 
it could be present at birth or it can arise in the first months of 
life. Most of CN patients show a considerable decrease of their 
visual acuity: image fixation on the retina is disturbed by nys-
tagmus continuous oscillations, mainly horizontal. However, 
the image of a given target can still be stable during short 
periods in which eye velocity slows down while the target im-
age is placed onto the fovea (called foveation intervals). To 
quantify the extent of nystagmus, eye movement recording are 
routinely employed, allowing physicians to extract and analyse 
nystagmus main features such as waveform shape, amplitude 
and frequency. Using eye movement recording, it is also possi-
ble to compute estimated visual acuity predictors: analytical 
functions which estimates expected visual acuity using signal 
features such as foveation time and foveation position variabil-
ity. Use of those functions extend the information from typical 
visual acuity measurement (e.g. Landolt C test) and could be a 
support for therapy planning or monitoring. This study fo-
cuses on detection of CN patients’ waveform type and on fove-
ation time measure. Specifically, it proposes a robust method 
to recognize cycles corresponding to the specific CN waveform 
in the eye movement pattern and, for those cycles, evaluate the 
exact signal tracts in which a subject foveates. About 40 eye-
movement recordings, either infrared-oculographic or electro-
oculographic, were acquired from 16 CN subjects. Results 
suggest that the use of an adaptive threshold applied to the eye 
velocity signal could improve the estimation of slow phase start 
point. This can enhance foveation time computing and reduce 
influence of repositioning saccades and data noise on the wave-
form type identification. 

Keywords— Congenital nystagmus, foveation, eye move-
ment signal processing, slow phase. 

I. INTRODUCTION  

Congenital nystagmus (CN) is an ocular motor disorder 
that consists in involuntary, conjugated, mostly horizontal 
(some torsional component is present) rhythmic movements 

of the eyes. CN oscillations can persist also closing eyes, 
even if they tend to damp in absence of visual tasks. This 
specific kind of nystagmus develops at birth or in the first 
months of life and stays all life long and can be idiopathic 
or associated to central nervous system alterations and/or 
ocular system affections such as acromathopsia, aniridia and 
congenital cataract. Both nystagmus and associated ocular 
alterations can be genetically transmitted, with different 
modalities; CN is also present in most cases of albinism. 

Pathogenesis of the congenital nystagmus is still under 
investigation; dysfunctions of at least one of the ocular 
stabilization systems have been hypothesized [1]. 

Eye movement recording are routinely used for an accu-
rate diagnosis of CN and estimation of concise parameters, 
such as waveform shape, amplitude, frequency, foveation 
periods duration and foveation direction, are a strong sup-
port for patient follow-up and for therapy evaluation.  

According to bibliography, nystagmus can be classified 
in different categories (pendular, jerk, horizontal unidirec-
tional, bidirectional) depending on the characteristics of the 
oscillations, with jerk being the prevalent waveform in 
congenital nystagmus [2]. Current therapies for CN, still 
debated, focuses on refraction defects correction, drug de-
livery and ocular muscle surgery in order to increase the 
patient’s visual acuity. In general, CN patients present a 
considerable decrease of the visual acuity (image fixation 
on the retina is obstructed by nystagmus continuous oscilla-
tions) and severe postural alterations such as the Anomalous 
Head Position, applied by patients to obtain a better fixation 
of the target image onto the retina. Indeed, often CN pre-
sents ‘neutral zones’ corresponding to particular gaze an-
gles, in which smaller nystagmus amplitude and a longer 
foveation time can be recorded; these zones correspond to 
position of maximum visual acuity. This led up to the asser-
tion that visual acuity is mainly dependent on the duration 
of the foveation periods, but cycle-to-cycle foveation re-
peatability and eye velocity also contribute [2-4]. 

Apart the usual technique to measure visual acuity, using 
Landolt C or other similar methods, a number of visual 
acuity predictor was developed by different research teams 
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[3, 5]. Such functions are considered as an objective meas-
ure of the CN patients’ foveation ability and, therefore, of 
their potential visual acuity; they could be used to evaluate 
the effects of therapies applied to a patient or across pa-
tients. 

However, a proper use of such estimators is based on the 
correct detection of the signal tract in which the subject 
foveates. In congenital nystagmus the foveation is usually 
considered to occur at the end of the fast phase which corre-
sponds to a swift repositioning of the target onto fovea, after 
the slow de-positioning of the eyes (slow-phase). More 
correctly, foveation is achieved whenever eye velocity is 
near 0°/s and the target is in a range of ± 0.5° in respect to 
eye position (roughly correspondent to visual angle covered 
by fovea); this is called “foveation window” [5]. In CN 
subjects, who show in prevalence a jerk nystagmus, the 
slow phase is an accelerating exponential [2] and the fovea-
tion windows duration and eye position variability should 
be computed only on those cycles. 

Fig.1 A waveform model of a right beating jerk nystagmus with an accel-
erating slow phase. The picture also shows fast phase and slow phase 

duration (respectively d1 and d2). 

The waveform depicted in Fig.1 is a simplifying abstrac-
tion of those eye movements and in principles it’s easy to 
identify slow phase start and end points, computing the 
local minimum and maximum of the waveform. In practical 
cases (fig.2), noise and random additional movements, such 
as re-positioning saccades, modify the simple waveform 
pattern (fig.1), altering considerably slow phase and fovea-
tion identification. Moreover, eye movements in CN sub-
jects can be altered by many factors: such as visual task 
complexity, attention drift, stress and so on. 

  

Fig. 2 Examples of real acquired data, displaying respectively a left beat-
ing and a right beating nystagmus.  

To obtain reliable waveform identification and foveation 
time measure, an additional number of features could be 
considered apart the position criterion (i.e. apart the local 
minimum-maximum detection). 

Focus of this study is to refine automatic slow and fast 
phase’s identification in CN eye movement recording, using 
an adaptive threshold applied to the velocity signal.   

II. Material and Methods

Horizontal projections of eye movements were analyzed 
from CN patients, at different gaze positions. More than 16 
CN patients, without additional sensory defects, ranging in 
age from 6 to 34 years participated in the study. They pre-
sented different types of nystagmus (pendular, jerk, dual 
jerk etc.) according to the classification proposed by 
Dell’Osso [6]. Binocular, horizontal eye movements, at 
different gaze positions, were recorded for each patient. 

A standard visual acuity measurement was performed for 
each patient using a classical Landolt Cs technique. 

The patients were sitting in a dimly lit room and fixated a 
visual target, presented using a LED bar, at fixation distance 
of 1 meter. Head movements were minimized using chin 
and head rests. Rarely, for very young children, a parent 
assisted in holding the patient’s head while the recording 
took place. 

The stimuli were sequentially presented at different gaze 
positions (sequence: 0°,5°,10°,20°,30°,0°,-5°,-10°,-20°,-30°, 
0°) for 10 seconds each. Eye movements were detected 
using either an infrared limbal reflection technique appara-
tus (Oftalmograf, Universal Initram Corporation, El Paso) 
or an electro-oculography device (Gould ES 2000, Gould 
Instrument System with bio-signal amplifiers 11-5407-58). 
Eye position signals were digitized at 200 Hz with a 16 bits 
resolution, using a PCI acquisition board (National Instru-
ments NI PCI-6251), and stored on PC for off-line analysis. 
Recorded data were filtered to reduce noise. Specific soft-
ware was developed at our Lab, to recognize nystagmus 
waveforms and compute nystagmus parameters such as 
frequency, amplitude, intensity and waveform shape.

The nystagmus cycles were detected automatically using 
a modified version of a previously utilized algorithm [7, 8]: 
output of this procedure was a sequence of local waveform 
minima and maxima. The time duration of each minimum - 
maximum sequence was compared with the subsequent one, 
to identify fast and slow phases of each cycle. Moreover, a 
start point - end point (SpEp) sequence of all the recognized 
slow phases was built. The slope of the fast phase was con-
sidered a good approximation for the foveation direction 
(positive for right direction of vice-versa). 

However, as stated above, noise or random additional
movements could generate incorrect SpEp sequences; con-
sequently waveform type could be misrecognized, i.e. pen-
dular instead of jerk, and slow phases duration considerably 
underestimated (see fig.3).  
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Fig. 3 An example of fast phases (blue) and slow phases (red) identifica-
tion with the position criterion. The stars (*) identify slow phase start 

points, only in the jerk cycles. The picture also shows computed 
velocity (black) with ± 4°/s velocity thresholds. 

In order to reduce influence of noise and re-foveating 
saccades an additional feature was taken into account: an 
adaptive threshold applied to the velocity signal. 

Use of such threshold allowed in the refine of slow phase 
start points estimation, computing new SpEp sequences. 

In the ideal waveform, the point of maximum velocity 
could be a good estimator of the fast phase centre, while the 
time instant in which the velocity crosses zero could be 
chose as an estimator of the slow phase start point. In real 
signals, due to noise and “low” sample frequency, a zero 
velocity threshold could not be applied; hence an adaptive 
threshold set to 20% of the local maximum velocity was 
used. 

To identify if each jerk slow phase was convex or con-
cave (i.e. if it had an increasing or decreasing velocity), the 
skewness of Sp-Ep sequence was evaluated  

Foveation window was defined as the time interval in 
which eye velocity was lower than 4°/s [2, 9] and eye posi-
tion was contained within 0.5°, with respect to the start 
point of each slow phase. 

To estimate visual acuity we used the following formula: 

NAEF = exp (-SDp) [1-exp (-Tf/τ)]    (1) 

where NAEF stands for Nystagmus Acuity Evaluation 
Function. In this relationship Tf is the average foveation 
time, SDp is the standard deviation of eye position during 
foveation and τ was set to 33.3 ms. 

Finally, the foveation time (i.e. foveation window dura-
tion) was estimated using a polynomial interpolation of the 
slow phase to reduce influence of noise on the few samples 
contained in each tract [10]. 

III. Results 

The analysed nystagmus waveforms resulted mainly of
jerk types, as expected in CN. However non-linearity or 

intrusions of other waveforms (some dual jerk or pseudo-
cycloid) were randomly present.  

An example of the adaptive threshold is shown in fig. 4, 
superimposed to the computed velocity signal. On the eye 
position signal, are also displayed the correspondent start 
point of each slow phase and the new fast and slow phase 
decomposition. 
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Fig.4 Identification of fast slow phases in the same tract of figure 3 using 
the adaptive threshold method. The red circles (o) represents 

the new slow phase start point sequence detected.  

Comparison between the sequence of fast and slow phase 
in figure 4 with the original decomposition obtained with 
the position criterion only (fig. 3), showed a more accurate 
identification of the foveation direction and of the wave-
form type. Moreover, use of the additional criterion im-
proved the sensitivity (Se) of the recognition algorithm to 
jerk waveforms with increasing velocity; sensitivity is 98% 
in respect to 76 %, using only one criterion. 

Table 1 Accuracy table (position criterion only). 

Exp. (incr. vel.) 
Other wave-

forms 
Number of 

cycles 

Recognized 728 7 735 

Not Recognized 261 211 472 

Total  989 218 1207 

Table 2 Accuracy table (position + velocity threshold criterion). 

Exp. (incr. vel.) 
Other wave-

forms 
Number of 

cycles 

Recognized 976 2 978 

Not Recognized 13 216 229 

Total  989 218 1207 

The updated values of the start and the end point were 
used to compute a second order polynomial interpolation of 
the eye movement signal in order to reduce influence of 
noise on foveation window estimation. 
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An example of interpolation results superimposed on
original data for five cycles of a CN eye movement re-
cording is shown in figure 5. Eye position and eye velocity 
are displayed: interpolated values are painted as red circles, 
while green circles represent the points that satisfy position 
and velocity criteria (points belonging to foveation win-
dow). 
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Fig. 5 An example of the quadratic interpolation (red) superimposed to the 
selected signal (blue). The picture also shows computed foveation window 

as green points on both eye position and eye velocity. 

Using raw eye movement, Tf resulted greatly underesti-
mated (due to unavoidable noise): these results didn’t fit 
with actual measured visual acuity. Tf estimated on interpo-
lated data provided more reliable measures. For example, 
using the data depicted above, estimation on raw signal led 
to an average foveation time of 15 ms, while polynomial fit 
scored 75 ms.  

Polynomial interpolation offered a rather good data fit: 
the averaged root mean square error (RMSE) resulted al-
ways lower than 0.16 degrees. 

IV. CONCLUSIONS  

This study presents an analysis of nystagmus foveation 
windows recorded during fixation on a fixed target, at dif-
ferent gaze positions in CN patients. 

Current algorithms to predict visual acuity (such as 
NAEF) rely on a precise estimation of foveation time and 
standard deviation of position. 

Use of an adaptive threshold applied to the velocity sig-
nal proved to improve the slow phase start point estimation, 
enhancing the sensitivity of the jerk waveforms recognition 
algorithm from 76% to 98%. 

Second order polynomial interpolation provided an accu-
rate data fitting and visual acuity estimation closer to actual 
measured values with respect to raw signal data.  

However, the duration of foveation window depends on 
gaze position, making sometimes difficult to relate visual 
acuity measures with Landolt C test, which is only per-
formed in one gaze position. 

In conclusion, the NAEF could be considered an objec-
tive measure of the foveation ability and therefore, of the 
potential visual acuity. However, accurate measurement of 
foveation time and SDp are essential to NAEF estimation in 
order to efficiently apply this function in therapy planning 
or in the measurement of surgical treatment outcome, like 
horizontal muscle recession or tenotomy. 
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Abstract—New multispline mapping systems are now avail-
able for the study of atrial fibrillation, which aim at the identi-
fication of localized arrhythmic sources. Nevertheless quantita-
tive methods for the analysis of these data are still lacking. In 
this paper a new method to identify arrhythmic sources, based 
on the quantitative characterization of the velocity vector field 
in the mapping area, is proposed and validated in a simulation 
model. The algorithm reconstructed the activation process by 
radial basis function (RBF) interpolation of the discrete activa-
tion times obtained from the PentaRay mapping system. Fol-
lowing interpolation the velocity vector field and its divergence 
were analytically determined. RBF interpolation proved to be 
flexible to reconstruct different simulated activation patterns, 
including ectopic foci and wavefront collision, and reliable 
even when part of the mapping sites was not available. Diver-
gence analysis was effective to locate and characterize the 
peculiar features of arrhythmic activation patterns, identifying 
ectopic foci as sources of the vector field and collision lines as 
sinks. Although preliminary, the presented results suggest the 
potentialities of vector field analysis as a quantitative tool to 
identify localized arrhythmic sources and clarify arrhythmia 
mechanisms, thus optimizing the ablative treatment of atrial 
fibrillation.  

Keywords—Atrial fibrillation, mapping, velocity field analy-
sis, arrhythmia mechanisms. 

I. INTRODUCTION  

Atrial fibrillation (AF) is the most widespread arrhyth-
mia, with high morbidity associated to reduced cardiac 
efficiency and high risk of embolism [1]. An effective 
treatment of AF is based on the elimination of the initiating 
triggers in the pulmonary veins and improved by additional 
modifications of the atrial substrate via catheter ablation. 
However the procedure has still an empirical character, 
since the mechanisms of the arrhythmia and the actual tar-
get of ablation are not completely understood.  

The potential role of localized sources has been sug-
gested and direct mapping for a source has been demon-
strated in experimental models [2]. More recently  ad-hoc 
multispline mapping systems (e.g., PentaRay) have been 
introduced for mapping localized sources in humans [3]. 
Nevertheless the use of these techniques is still limited, 

probably due to the lack of specific methodologies for the 
quantitative analysis of these multisite data.  

In this paper we introduce and validate in a simulation 
model a new method for the quantitative analysis of mul-
tisite activation data provided by high-density mapping 
systems. The method is based on a quantification of the 
properties of the velocity vector field in the mapping area 
and aims to an objective identification and location of ec-
topic sources and anomalous propagation patterns in AF. 

II. METHODS 

The proposed method utilized the multisite activation 
times provided by the mapping system to reconstruct via 
radial basis function (RBF) interpolation the activation 
process in the mapping area. Then the velocity vector field 
and its divergence were analytically determined from the 
interpolated map. 

A. Mapping System Description 

The multispline mapping system (PentaRay, Biosense-
Webster) under study in this paper was a 7-F steerable 
catheter (180° of unidirectional flexion) which had 20 elec-
trodes distributed over five soft radiating splines allowing 
splaying of the catheter to cover a surface diameter of 3.5 
cm. The 20 electrodes in bipolar configuration allowed the 
simultaneous recording of 15 electrograms. The system was 
schematized as shown in Fig. 1, left panel, where the splines 
were nominated alphabetically (A to E). Only the activation 
times at the mapping sites were considered in the analysis, 
so that the information of the mapping system corresponded 
to the vectors: 

[ ] 151 ≤≤= itpP iii ,   (1) 

where ip  = (xpi, ypi) were the coordinates of the ith mapping 
point in the mapping plane and ti was its activation time. 

B. Vector Field Estimation and Quantification 

Interpolation procedure. The activation process was re-
constructed from the vectors Pi by RBF interpolation in the 
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mapping plane x-y. The interpolation function T(x,y), which 
described the activation time as a function of the interpo-
lated point position x  = (x,y), was given by:  

( ) ( ) ( )∑∑
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where Rs was a sum of RBFs and φs the associated polyno-
mial. The RBFs were centered around the N mapping points 

ip  and depended on the Euclidean distance from mapping 
and interpolated points. The coefficients αi and βj were 
obtained by solving the linear equation system given by 
interpolation constraints and orthogonality conditions. In 
this study interpolation was performed by cubic RBFs, but 
the method is applicable to all RBF types. 

Vector field estimation. The velocity vector field was ob-
tained from the interpolated surface T(x,y). Sections 
through this surface at constant time corresponded to local 
isochronal contours. Thus the gradient vector: 

[ ] ],[/,/ yx TTyTxTT =∂∂∂∂=∇   (3) 

was normal to the local isochrone and defined the direction 
of propagation. 

According to [4], the velocity vectors v  was obtained 
from the gradient vector by: 
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Vector field properties. The characteristic of the velocity 
vector field were quantified by application of the divergence 
operator to the velocity vector field. The divergence (∇·) of 
a vector with components (vx,v,y) in a Cartesian coordinate 
system is given by:  

y
v

x
vv yx

∂
∂

+
∂
∂=⋅∇  (5) 

The divergence is a signed scalar, which attains positive 
values in presence of sources and negative values in pres-
ence of sinks of the vector field. 

Given the interpolated surface T(x,y) expressed in terms 
of RBFs, the velocity vector field and its divergence were 
analytically determined. 

C. Validation by Simulations 

A 2D cellular automaton model, detailed in a previous 
work [5], was used to simulate arrhythmic activation pat-
terns in order to test our methodology. Briefly, the model 
consisted of a 100x100 lattice of individual square units, 
each connected with a Moore neighborhood of radius one. 
At any discrete time step each cell assumed an excitation 
state E among rest, firing, absolute refractory and relative 
refractory. Excitation was transmitted only to excitable (at 
rest or in relative refractory state) neighbors after a time 
delay, which depended on the cell conduction coefficient 
and on the excitation state E of the neighbor. The output of 
the model was the activation map, comprising the activation 
time of each unit.  

In order to test our methodology, two types of activation 
patterns were simulated in the homogeneous lattice, i.e., 
single wave propagation from an ectopic focus and multiple 
wavelets propagation. The schematized PentaRay system 
was positioned in different areas of the simulated patterns, 
as it is shown in Fig. 1 (right panels). Specifically, the map-
ping system was located far from the focus in a region of 
single wave propagation (A), in the region of the focus (B) 
and in a region of wavefront collision (C). The ability of 
RBF interpolation to reconstruct the features of the propaga-
tion pattern from a discrete number of recording sites was 
first tested and the effect of missing sites considered. Then 
vector fields analysis and divergence estimation were per-
formed. 

 

Fig. 1 Schematization of the PentaRay mapping system (left panel) and positioning in the simulated activation patterns (right panels), specifically in the 
regions of: single wave propagation (A), ectopic focus (B) and wavefront collision (C) 
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III. RESULTS 

A. Interpolation of Activation Maps by RBFs 

The capability of RBF interpolation to reconstruct simu-
lated activation patterns from a discrete number of mapping 
sites was evaluated at changing number and position of 
missing sites. Representative examples of reconstructions 
corresponding to the simulated mapping areas displayed in 
Fig.1, are displayed in Fig. 2. RBF interpolation was per-
formed from the complete set of activation times (top row) 
or without the information of six mapping sites (indicated 
by crosses), randomly distributed (middle row) or posi-
tioned on the same spline (bottom row). RBF interpolation 
precisely reproduced the three activation processes, when 
the complete set of 15 activation times was used to recon-
struct the map. The loss of randomly distributed recording 
sites (middle row) slightly distorted the reconstruction, but 
RBF interpolation was still able to depict the main features 
of the activation processes. The loss of entire splines (bot-
tom row) had more severe effects on the reconstruction of 
activation maps. Although the propagation of a single wave-
front was still reproduced, the focus appeared distorted and 
the collision of  wavefronts was not identifiable. On the 
whole, our analysis demonstrated consistent RBF recon-
struction of all patterns for N≤8 randomly distributed miss-
ing sites, while the loss of at least two entire splines hin-
dered the recognition of complex activation patterns.  

B. Vector Field Analysis of Arrhythmic Patterns 

Following the reconstruction of the activation maps by 
RBF interpolation, the velocity vector field and its diver-
gence were analytically computed. Fig. 3 shows divergence 
values in graded colorscale with superimposed velocity 
fields, corresponding to the three activation maps displayed 
in Fig. 2 (top row). Divergence values were an effective 
indicator of the properties of the activation process. In fact 
in presence of single wavefront propagation far from the 
focus (A), the divergence displayed small values (0.011 ± 
0.016 ms-1, in green). Conversely high positive divergence 
values (3.17 ± 2.62 ms-1, in red) were observed in the region 
of the ectopic focus (B), where velocity vectors exited the 
focus. Thus the ectopic focus acted as a source of the veloc-
ity vector field. A more complex divergence pattern was 
observed in the region of wavefront collision. In fact nega-
tive divergence values (-1.83 ± 1.89 ms-1, in blue) were 
observed at the line of collision, where velocity vectors 
entered the line from the two sides. The collision line acted 
indeed as a sink of the velocity field. Behind the line of 
collision, where single wave vector fields slightly opened, 
positive values of the divergence were observed.  

These results showed that divergence analysis located 
and characterized peculiar features and  anomalies of the 
activation patterns. 

 

 

Fig. 2 RBF interpolation of the activation maps for single wave propagation far from the focus (A) and at the focus site (B) and collision of two wavefronts 
(C), corresponding to the mapping areas of Fig. 1. Interpolated maps were obtained using all the recording sites (top row) or only part of them. In the latter 
case missing sites (indicated by crosses) were randomly distributed (middle panel) or positioned on the same spline (bottom panel) 
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Fig. 3 Divergence maps and superimposed velocity vector fields corresponding to the activation maps of Fig. 2 (top row). The position of the PentaRay is 
far from the focus (A), in the focus region (B), in the collision region (C), respectively 

 

IV.   DISCUSSION AND CONCLUSIONS  

In this paper we introduced a new method to locate ec-
topic foci and anomalous activation patterns in arrhythmia, 
based on a RBF interpolation of the activation times pro-
vided by multispline systems and the analytical determina-
tion of the velocity vector field and divergence map. Diver-
gence analysis indeed identified ectopic foci as sources of 
the velocity vector field and colliding wavefronts as sinks of 
the field. 

RBF interpolation proved to be flexible to reconstruct 
complex activation patterns (i.e., wavefront collision) and 
reliable even when part of the mapping sites was not avail-
able, unless entire splines were lost. This makes it prefer-
able for integration with the PentaRay than other velocity 
field estimation methods (e.g., multiple bilinear model fit 
[4]), which require a higher number of recording sites. 

The development of the interpolated surface T(x,y) in 
terms of RBF allowed the analytical calculation of the vec-
tor field and divergence, which provided a reduction of the 
computational costs and fosters a possible development for 
online identification of localized sources. 

The algorithm was tested here only on simulations, 
where exact activation times for each sites were available. 
In the real case, good performance might be obtained using 
RBF approximation instead of interpolation (i.e., use of 
weights for each mapping site) and applying appropriate 
algorithms for reliable estimates of the activation times [5].  

In this study the analysis of the velocity vector field was 
limited to the divergence operator, since we were mainly 
interested to the identification of ectopic foci. Nevertheless 
additional information could be extracted from the velocity 
vector field. For instance the modulus of the velocity vector 
provides indication on the conductive properties of the atrial 
substrate, evidencing inhomogeneities and slow-conduction 
areas, while the application of the rotor operator to the  
velocity vector field, as proposed in [6], would allow the 
identification of reentrant activity.  

Thus, although preliminary, the results obtained here 
suggest the potentialities of vector field analysis both offline 
to clarify arrhythmia mechanisms and online to locate ar-
rhythmic sources and optimize the ablation treatment. 
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Fluid-Structure Interaction of Pre- and Post-operative Abdominal Aortic 
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Abstract— Endovascular aneurysm repair (EVAR) is a 
surgical technique for the treatment of abdominal aortic aneu-
rysms (AAA).  The aim of EVAR is to shield the aneurysm 
from the pressure of arterial blood flow.  It has been shown in 
idealised models that the stress on the aneurysm wall does not 
reduce to zero after EVAR.  A fluid solver (Fluent) and struc-
tural solver (Abaqus) were coupled via an external software 
(MpCCI) to calculate the wall stresses in a patient specific 
AAA.  CT scan data was used to reconstruct both pre- and 
post-operative models.  Simulations indicated that the peak 
wall stress on the aneurysm was reduced by 95% after EVAR.  
The highest post-operative stresses were found to exist in loca-
tions where the stent-graft was in contact with the artery walls.  
Post-operative stress patterns may explain how aneurysm 
morphology changes over time after EVAR.

Keywords— aneurysm, stent-graft, fluid-structure interaction, 
patient-specific

I. INTRODUCTION 

An aneurysm is an irreversible dilation of an artery, 
which if left untreated may rupture.  The mortality rate for 
an aneurysm rupture exceeds 50% [1].  Endovascular aneu-
rysm repair (EVAR) is the minimally invasive technique of 
inserting a stent-graft into the aneurysm in order to shield 
the aneurysm from luminal blood pressure.  EVAR has 
suffered from several problems including endoleaks, graft 
migration and endotension [2].  Endotension can result in 
the continued expansion of the aneurysm without the pres-
ence of endoleaks i.e. aneurysms do not reach a zero stress 
state after EVAR [3].  A small number of previous studies 
have looked at the effect of EVAR on aneurysm wall stress 
using Fluid-structure interaction (FSI).  These were limited 
to idealised geometries and in general neglected the effect 
of non-linearity in the wall and intraluminal thrombus (ILT)
[3, 4].  These published studies demonstrated that the aneu-
rysm wall is still under stress after EVAR and that en-
doleaks result in an increased stress on the aneurysm wall
[5].  

This study investigates the biomechanics in idealised and 
realistic EVAR models.  The realistic models were devel-
oped from post-operative patient specific data from CT 
scans.  Wall stresses are determined using non-linear mate-
rial models.  The ILT is also included.  This research may 
help to give a greater understanding into why some aneu-
rysms continue to expand or shrink after EVAR.  

II. METHODS

As stated above previous FSI models were based on ide-
alised geometries. In this study a coupling software –
MpCCI (Fraunhofer  SCAI, Germany) – was used to model 
the FSI of both our idealised and realistic models.  This 
loosely couples Abaqus (Abaqus Inc, RI, USA) and Fluent 
(Ansys Inc, PA, USA) for the structural and fluid compo-
nents respectively.  At the end of each time step deforma-
tion from the structural software and pressures from the 
fluid software are exchanged.

A. Idealised models

Initially an idealised model (figure 1) is created based on 
previous work [6].  The dimensions of this model are based 
on the EUROSTAR data registry.  An idealised stent-graft 
is then inserted into this model and the area between the 
graft and aneurysm is assumed to consist of stagnant blood.  

B. Realistic models

A CT scan dataset was obtained form the Midwestern 
Regional Hospital, Limerick.  These images in DICOM 
format were imported into Mimics (Materialise, Belgium).  
This software allows the transformation of 2D CT scans 
into realistic 3D models.  In the pre-operative scan the ILT 
and lumen are easily identifiable, but the thickness of the 
aortic wall could not be determined due to the limitations of 
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CT scan imaging.  A constant value of 1.5 mm [7] was 
assumed.  The stent-graft was identified from the post-op 
scan, but due to poor resolution the level of thrombus could 
not be seen.  The surrounding area between the stent-graft 
and aneurysm wall (AAA sac) was assumed to consist en-
tirely of ILT.  Surfaces were next smoothed and polylines 
were created on each slice, these polylines were exported to 
Pro/Engineer Wildfire 3.0 (PTC) as an iges file.  Boundary 
blends were created for each separate layer - graft, lumen, 
inner and outer aneurysm walls.  These surfaces were ex-
ported to Gambit where the fluid and solid domains are 
created.  

C. Material properties and Boundary conditions

Aneurysm and ILT tissue have been shown to be non-
linear materials.  For this reason the aneurysm and ILT were 
modelled as being hyperelastic using equations (1) and (2) 
respectively.

2
21 )3()3( BB ICICW (1)

2
21 )3()3( BB IIDIIDW (2)

The coefficients C1 = 0.174 MPa; C2 = 1.881 MPa; D1 = 
0.026 MPa and D2 = 0.026 MPa represent population mean 
values obtained by experimental testing of aneurysm [7] and 
ILT [8] tissue.  The stent-graft was modelled as a single 
body with a Young’s Modulus of 10 MPa [4].  The inlet and 
outlets of the aneurysm were constrained in all degrees of 
freedom.  The ILT was tied to the aneurysm wall while the 
stent-graft was tied to the neck of the aneurysm and the iliac 
legs.  The stent-graft was also assumed to be tied to the 
thrombus in the sac.  Blood was modelled as a Newtonian 
fluid, with a density of 1050 kg/m3 and a viscosity of 0.0035 
Pas.  It was not possible to obtain patient-specific flow rate 
or pressure figures so data from previous work was used
[9].  Specifically, a velocity pulse was applied at the inlet 
and a pressure pulse was applied at the outlet resulting in 
dynamic fluid-structure interaction.

III. RESULTS AND DISCUSSION

A. Idealised Model

The idealised model illustrates the effect of the graft in 
reducing aneurysm wall stress.  The pre-operative wall 
stress was found to be 0.16 MPa.  This was reduced to 
0.034 MPa (79% reduction) after the stent-graft is inserted 
(figure 1).  The pressure in the aneurysm sac was 21% of 

the lumen pressure.  This pressure is caused by transfer of 
the lumen pressure via stent-graft deformations to the stag-
nant blood in the sac.  High sac pressures increase wall 
stress4.  The stress is greatest on the aneurysm where the 
graft and artery wall are in contact.

Fig. 1 Pre- and Post-op Von Mises stresses for idealized model

B. Patient-Specific Model

In this model the pressure is transferred from the graft 
through the thrombus onto the aneurysm wall.  The peak 
aneurysm wall stress changes from 0.25 MPa pre-
operatively to 0.0128 MPa post-operatively (95% reduc-
tion).  It was noted a higher stress occurred at the iliac bi-
furcation.  However this is due to stress artifacts and was 
ignored.  The location of the peak aneurysm wall stress also 
changed after EVAR.  Similarly to the idealized model the 
aneurysm sac was in a state of much lower stress than the 
aneurysm neck.  This may lead to shrinkage of the aneurym 
sac.  

Figure 3 illustrates the stress on the aneurysm wall over 
the length of the pulse cycle in 2 locations.  The insertion of 
a stent-graft does not result in an alteration in the temporal 
stress pattern.  The wall stress varies by 0.085 MPa over the 
course of the pulse in the pre-op scenario, this is reduced to 
0.007 MPa in the post-op case.  This results in reduced 
pulsatility of the aneurysm after EVAR.
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Fig. 2 Pre- and Post-op Von Mises stresses for Patient-specific model

Drag force is a result of the pressure and viscous forces 
acting on the stent-graft.  The drag force in the axial direc-
tion is shown in figure 3.  Drag force in the axial direction is
associated with graft migration.  The peak drag force was 
8.05 N.  This is quite high and is most likely due to the 
curvature of the stent-graft as the neck diameter was quite 
small (24 mm).
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Fig. 3 Drag Force acting on patient-specific model

C. Study limitations

Some limitations of the study are the lack of patient-
specific flow and pressure data and the assumptions of an-
eurysm wall thickness and the stent-graft as an amalga-
mated material.  Also, material damping was needed to 
remove oscillations in the pressure field [10].

IV. CONCLUSION

The idealised model results from this study confirmed 
the findings of previous work, namely, that the aneurysm 
wall remains in a state of stress after EVAR3.  However 
results on a patient-specific EVAR model, incorporating 
non-linear material properties for aneurysm and ILT and 
importantly fluid-structure interaction have not been found 
in literature to date.  This study has shown that in such 
models the wall stress in a patient-specific model was re-
duced by 95% after EVAR.  Both idealised and patient-
specific EVAR models demonstrated higher stresses in 
regions where the graft was in contact with the artery wall.  
Stresses on the aneurysm sac are very low post-operatively.  
Future work will involve the analysis of multiple patient-
specific cases.
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 Abstract— The vector representation algorithm (VRA) has 
been employed for classifying textures of two regions of the 
proximal femur, i.e., the Ward’s triangle (WT) and the princi-
pal compressive group (PCG), in order to assess whether it is 
appropriate to discriminate changes in trabecular textures of 
healthy, osteopenic and osteoporotic patients. 

Keywords— Osteoporosis, texture analysis, computer aided 
diagnosis. 

I. INTRODUCTION  

Normal bone consists of a cortical shell enclosing trabe-
cular tissue. Osteoporosis is characterized by a loss of bone 
mass and a deterioration of the trabecular structure (loss of 
trabecular plates and of their connection). Mass loss is usu-
ally measured by means of dual energy X-ray absorptiome-
try (DXA), which gives an estimation of the bone mineral 
density (BMD). Another exam for evaluating the presence 
of osteoporosis relies on measuring the velocity and at-
tenuation of ultrasound waves in trabecular tissues. Quanti-
tative computed tomography (QCT) is another exam to 
estimate the mass loss [1]. Although BMD is an indicator of 
bone strength it alone cannot predict the risk of osteoporotic 
fracture [2]. Now it is widely accepted that characterization 
of the texture of trabeculae could be a complement to BMD 
exams in order to improve the prediction of fractures 
brought about by osteoporosis [3].  

The main imaging techniques employed for characteriz-
ing the structure of trabecular tissues are peripherical quan-
titative computed tomography (pQCT) [4], magnetic reso-
nance imaging (MRI) [1] and X-ray pictures [5]. Both 
pQCT and MRI produce 3D images of trabecular tissue, but 
their application is limited by their cost and availability. 
Veenland et al. have shown that texture analysis of radio-
graphs is suited to characterize trabecular bone architecture 
[6]. Trabecular structures have been analyzed employing 
different algorithms, such as fractals, Fourier transform, 
wavelets, Gabor filter, Laws’ masks among others [2,7-9].  

In this paper we report the results of investigations on the 
performance of the vector representation algorithm for dis-
criminating changes in texture of trabecular tissues due to 
osteoporosis. 

II. VECTOR REPRESENTATION ALGORITHM  

The vector representation algorithm has been success-
fully employed in analytical chemistry for analyzing spectra 
[10-11]. Recently Skopec et al. used the VRA for classify-
ing glow curves yielded by thermoluminescent detectors 
exposed to proton, photon and proton-photon radiation [12]. 

The VRA is quite simple. It compares two set of values 
in order to find out whether they are identical, and if they 
differ, gives a number which is a measure of the differences 
between them. The set of values are considered as being 
vectors and must have the same dimension. The inner prod-
uct of both vectors, say A and B, divided by their modulii, 
i.e.: 

cos( )
A B

A B
 

where  is the angle between both N-dimensional vectors. If 
they are identical then cos( ) = 1. 

This algorithm can be used to characterize the texture of 
an image as follows. Let us consider a region of interest 
(ROI) of an image, for example, the Ward’s triangle in the 
proximal femur. The ROI is chosen to be a square, say, of 
(N+1)  (N+1) pixels. The gray level corresponding to the 
pixel (i,j) is indicated with Ij,k. Each row can be considered 
as a vector of length (N+1). By multiplying a given row, 
say, the i-row, by the vector whose components are all 1’s 
one obtains: 
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Thus cos( i) is a measure of the non-uniformity of the in-
tensity of the pixels located in the i-row. This calculation is 
made for each row and the average value, i.e. 

0

cos( )

1
1

N

i

i f
N

is computed. This procedure is also performed for the col-
umns and the pixel vectors parallel to both diagonals, as 
shown in Fig. 1. Thus the anisotropy of a texture will be 
reflected in the four values f1, f2, f3 and f4. Note that for 
calculating f3 and f4 the length of the vectors varies with the 
index i.

The rationale behind analyzing the asymmetry of textures 
is that osteoporosis causes an increment of the texture 
asymmetry [13]. Lemineur et al. determined the anisotropy 
of the calcaneus by means of a method dubbed Directional 
Average, which relies on the Anisotropic Fractional 
Brownian Field [14]. They found that the textures of the 
osteoporotic patients were more anisotropic than the group 
of healthy patients.  

Fig.  1 Directions of the anisotropy values 

III. MATERIALS AND METHODS  

Antero-posterior femur radiographs corresponding to 120 
patients were digitized by means of a Radlink Laser Pro 16 
digitizer with a resolution of 0.26mm 0.26mm. This resolu-
tion is satisfactory since the average distance among trabe-
culae ranges from 0.3 to 0.5 mm. Later the pictures were 
filtered with a high-pass filter in order to increase the trabe-
cular contribution to the X-ray picture [9]. The employed 

filter removed low frequency components by using a gaus-
sian averaging of the neighborhood.  

A radiologist (M Pecelis) selected two ROI’s from each 
picture, i.e., a ROI in the WT and another in PCG. For each 
region f1, f2, f3 and f4 were calculated. In order to get an 
indicator of the anisotropy of each ROI texture the angles 
between vectors (f1,f2,f3,f4) and (1,1,1,1), denoted in what 
follows with ACos, were computed.  

Finally, the calculated ACos anisotropy indexes of each 
patient were plotted against the corresponding T-score val-
ues measured with a Sunlight Omnisense ultrasound equip-
ment.  

IV. RESULTS 

The scatter plots for WT and PCG are shown in Fig. 2(a) 
and Fig. 2(b) respectively. Comparison of figures 2(a) and 
2(b) shows that for healthy people (T-score > 1) the differ-
ences between the ACos values for the WT and the PCG are 
no significant, i.e., most values are located between 0 and 
0.1. Thus the texture of trabecular tissues in healthy people 
is highly symmetrical. For osteopenia the ACos values 
extend from 0 to nearly 0.2 in the PCG, while the values 
range from 0.12 to 0.22 in the WT. This result indicates that 
in osteopenic patients the trabecular texture changes first in 
the WT by losing symmetry, what is in agreement with the 
finding that the PCG is the last region of the proximal femur 
which is affected by osteoporosis [15].  

For people having osteoporosis the ACos values range 
mainly from 0 to 0.1 in the PCG, a range similar to that of 
healthy patients, again a result indicating that the PCG is the 
region less affected by osteoporosis. On the contrary, the 
ACos values in the WT are scattered between 0.05 and 0.4. 
Further, the changes in the anisotropy of textures in WT 
correlates with the degree of osteoporosis, T-score, meas-
ured with ultrasound (Pearson’s correlation coefficient  
r = 0.633). 
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Fig. 2 (a) ACos values for WT 
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Fig. 2 (b) ACos values for PCG 

V. CONCLUSIONS  

The results show that osteoporosis reduces the symmetry 
of trabecular tissues in the proximal femur, significantly in 
the WT and very little in the PCG. The index ACos, which 
is the measure of asymmetry given by the VRA, correlates 
satisfactory with T-scores obtained from ultrasound. There-
fore the analysis of trabecular textures with the VRA is an 
appropriate index to be employed with other ones, such as 
BMD, ultrasound, etc., in the analysis of the risk of frac-
tures due to osteoporosis.  
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Abstract— Bone is often modeled as an isotropic material, 

even though it presents a high degree of anisotropy, due to the 
combination of collagen and hydroxiapatite at the nanoscale 
level. These two components considerably influence the overall 
mechanical behavior. Moreover, aging as well diseases 
influencing the collagen and hydroxyapatite content in bone 
can cause severe problems in terms of structure stability and 
fracture risks. According to these assumptions, our 
investigation is aimed at elucidating the effect collagen has on 
the elastic properties of bone material at the tissue level. In this 
sense, we provide a model which, using a numerical simulation 
software, lets us describe the collagen decrease in a single 
trabecula. This approach could allow further investigation of 
the correlation between stiffness reduction and collagen 
content decrease. 

Keywords— bone, trabecula, collagen, finite element model, 
stiffness, material model 

I. INTRODUCTION  

Bone at the tissue level is an anisotropic composite 
material. The basic constituents are collagen and 
hydroxyapatite crystals. Collagen is a fibrous protein, 
characterized by high strength, which becomes mineralized 
through the ossification process and hence combines with 
hydroxyapatite crystals [3]. When bone is loaded, it is 
generally thought that hydroxyapatite sustains most of the 
compressive stress, thanks to its high strength and stiffness, 
while collagen, connecting the crystals, increases the 
strength in tension and the toughness, giving to the bone its 
typical high resistance [4,6,8,12]. The advantage of such a 
complex structure mainly consists in having a light but 
resistant structure, as well as the ability to adapt to the 
environmental conditions, like changes in loading.  

When modeling bone tissue at the micro and 
macroscopic scale, the high anisotropy caused by the 
composite structure is often simplified and the material is 
hence considered as isotropic. Under this assumption, 
constitutive models of bone tissue do not take into account 
the role that the combination of the two materials plays in 
the overall mechanical behavior.  

Lorenzetti and Stüssi [10] investigated the influence of 
collagen content on the mechanical properties of a single 
trabecula. Their experimental data demonstrated how elastic 
properties of a single trabecula degrade when subjected to 
dissolution of collagen content. The degradation of collagen 
was affected using a solution of NaOCl, which is known to 
dissolve collagen molecules at the nanoscale level. Figure 1 
represents the elastic modulus of a single trabecula as a 
function of immersion time in the NaOCl solution. It 
indicates a decrease in elastic modulus associated with 
decreasing collagen content. Nevertheless, the evolution of 
elastic module as a function of collagen content cannot be 
directly derived from the above mentioned experiments. In 
this paper, we present a novel modeling algorithm which 
allows the simulation of the experimentally observed 
collagen loss in trabecular bone. The method consists of a 
conversion of the diffusion-reaction phenomenon in a 
thermal problem, which can be easily solved with a general 
purpose finite element solver. Furthermore, we propose an 
approach which could be used to correlate the elastic 
modulus of a single trabecula with its collagen content.  

II. MATERIAL AND METHODS 

The results of three points bending tests on a single 
trabecula performed by Lorenzetti and Stüssi [10] are used 
as the input data. In that study, trabecular specimens were 
immersed in a NaOCl solution (1M concentration), which is 
known to dissolve collagen molecules. Three points bending 
tests on a single trabecula were carried out after 15, 45 and 
60 minutes of immersion. By using finite element 
simulation (Ansys Inc., Canonsburg, Pennsylvania, U.S.A) 
of a CAD model of the tested trabecula, the elastic modulus 
was indirectly calculated. In a first step, the material was 
modeled linear and isotropic. The curve of the elastic 
modulus decrease as a function of time is illustrated in 
Figure 1. 
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Figure 1: Elastic module deterioration as a function of immersion time 

in a solution of NaOCl.  
 
In order to simulate the collagen degradation as a 

function of time, we hypothesized that the diffusion process 
of the NaOCl solute and the consequent reaction with 
collagen molecules could be modeled by using a simple 
diffusion model. Doing so, we can firstly reduce the 
unknown parameters to be assessed. In fact, a diffusion - 
reaction function, based on Fick’s second law, has the 
following form [7]: 

 

 (1) 

 
where D [m2/s] is the diffusion coefficient, u [M] is the 

concentration, and f an unknown function of concentration, 
position and time. Therefore D and f are unknown and must 
be defined. In a simple diffusion model, the term on the 
right of the equation, the function f, disappears and only one 
parameter remains, the diffusion coefficient D, as can be 
seen in the following equation: 

 

 

 
(2) 

Making this simplification causes the diffusion 
coefficient D as well the concentration u to change their 
meaning. In fact the diffusion coefficient D, as a unique 
parameter, encompasses now both the diffusion and the 
reaction term; while what we here call concentration is not 
anymore the real concentration of the solute within the 
sample, but a variable relating to collagen loss. At the initial 
null concentration, the collagen loss is zero, while at the 
final concentration, the collagen can be thought to be 
completely dissolved, at least from a mechanical point of 
view. In this way, we have the advantage to describe the 
phenomenon by using a unique parameter, D, and an easy to 
handle function (2), where the main variable, the 

concentration, has the property of being directly correlated 
with collagen loss. 

A key point of the model is the possibility to describe the 
classical diffusion law (2) in terms of heat diffusion. The 
heat equation has the following form [7]: 

 

 

 
(3) 

which is exactly the same form as (2), valid for the 
molecular diffusion. The entities involved have obviously 
different dimensions. We firstly substituted the 
concentration (in [M]) with the temperature (in [K]). 
Secondly, we compared the two parameters and wrote the 
following equation: 

 

 
(4) 

where  [m2/s] is the thermal diffusivity,  the thermal 
conductivity [W/(m·K)],  the density [Kg/m3] and  the 
specific heat capacity (J/(kg·K)). Once given the density 
value, we then arbitrarily chose the value for   and  in 
order to obtain the wanted diffusion coefficient, which is 
determined as follows.  

We assumed that a concentration of 1 M equals a 
temperature of 1 K.  From Figure 1 we noticed that after a 
diffusion time of 1 hour, the apparent elastic modulus does 
not anymore decline. Accordingly, we chose a diffusion 
coefficient D in such a way that after 1 hour, the thermal 
profile is homogenous within the whole model and equal to 
the final temperature; it means that after that time, when the 
measured mechanical properties do not change anymore, the 
collagen (which plays a structural role) is completely 
dissolved. 

Aiming at applying this procedure on a single trabecula, 
we tested it first using a simple model for the trabecular 
geometry assuming a cylindrical shape with dimensions 
similar to a single trabecula. This problem could now be 
solved by the finite element software simulating a thermal 
problem. As thermal boundary condition we applied a 
constant temperature of 1 K on the outer surface of the 
model, which corresponds to the almost fixed concentration 
of the solution in which the sample was immersed during 
the earlier experimental tests [10]. The simulation was 
carried out using a mesh containing 20,000 nodes. The 
simulation was stopped as soon as the minimal value of the 
temperature in the model reached 95% of the theoretical 
value of 1 K. In such a way, we obtained a value for D 
equal to [m2/s] (see Figure 2). 
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Figure 2: The minimal temperature within the model as a function of 

time. Diffusion coefficient D= [m2/s]. 
 
As stated, in a first approach we tested the model on a 

cylindrical shape as a substitute of a single trabecula. Of 
course this represents a limitation that must be overcome in 
the future. Anyway with this approach we succeed in 
obtaining a concentration profile, which represents the 
dissolution of a collagen molecule as a consequence of the 
diffusion - reaction phenomenon. It allows intending the 
term temperature as a variable describing collagen loss.  

 
In the following, we suggest a possible method, which 

has been not implemented yet, that could be used to 
investigate the effect of collagen content on the elastic 
modulus. It combines the results obtained above with a 
simulated mechanical testing.  
A thermal analysis, as the one previously described, is 
firstly carried out on a geometrical model or on single 
trabecula geometry. It can be associated with a structural 
analysis, a three points bending test, by means of a coupled 
thermal – structural analysis in order to determine the 
elastic module as a function of temperature. Here a 
clarification must be pointed out. The elastic modulus 
reported in Figure 1 represents the elastic property of the 
sample as a whole. Nevertheless, since the diffusion - 
reaction process, the real elastic module changes if we 
consider different location having different temperatures 
within the sample, as a function of concentration. Therefore 
we call the elastic modulus reported in Figure 1 the apparent 
modulus, and the one which correlates with concentration as 
the real elastic modulus. As structural boundary condition 
no movement is allowed at the two extremities of the 
cylindrical sample.  A constant force of 0.1 N is applied at 
the center of the sample, as illustrated in Error! Reference 
source not found.. The correlation between temperature 
and elastic module is calculated via an indirect procedure, 
which makes use of the FE software. The idea is to choose 
appropriate time intervals along the thermal analysis, 

between which the temperature can be seen as almost 
constant and approximated to a unique value. For each one 
of these temperature values, a real elastic module is 
assigned. At a certain time, the displacement of the 
simulated bending test of the thermal-structural model must 
equal the displacement that one would theoretically obtain 
using the elastic modulus reported in Figure 1 at the same 
time on the same model. Therefore the displacement can be 
calculated theoretically if dealing with a simple geometry or 
via FE if the real trabecular geometry is considered.  
 

 
Figure 3: Cylindrical model. Applied force, boundary conditions and 

thermal profile after 15 minutes. Dimensions: radius 0.2 mm, length 1 mm. 
 
Since at the beginning there are as many unknown 

quantities (elastic modulus) as the number of temperature 
steps, an iterative analysis is required. It allows solving the 
problem facing only one unknown quantity at time. The first 
step consists in calculating the temperature profile within 
the sample, for each time between 0 and 1 hour. The 
temperature, which ranges between 0 and 1 K, is divided in 
10 steps (0.1 K each one). For each value of temperature, an 
elastic modulus must be assigned. Since at the end-time the 
temperature is uniformly equal to 1 K, we identify the 
minimum time at which the temperature within the model is 
comprised within the last temperature step. We can use this 
time point to calculate the expected deflection. The apparent 
elastic module for the identified time point is taken from the 
interpolation of Figure 1, applied on an equivalent 
cylindrical model and the displacement calculated, as 
described above. Later on, we assign a real elastic modulus 
to the considered temperature step, and optimize it in order 
to obtain the same displacement as the theoretical one. Once 
the real elastic modulus for the last temperature step is 
correctly assigned, we proceed further backwards doing the 
same for any of the preceding temperature step. In this way, 
we can obtain the value of the real elastic module for each 
temperature step one by one until the initial time and 
temperature is reached. 
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III. CONCLUSIONS  

The knowledge of bone material constitutive properties has 
a main relevance for a lot of studies in the biomechanical 
field. The ability to describe the composite structure of bone 
though a simple material model is an interesting aim; the 
model could be used in simulating bone mechanics. The 
effect of collagen content on the elasticity of trabecular 
bone is part of this research topic. The model that we 
propose is the first attempt to simulate the collagen content 
loss within a trabecular bone. Together with experimental 
testing, it could be the starting point for further 
investigation, like the ones we proposed, aimed at 
highlighting the correlation between elastic modulus and 
collagen content at the microscopic material tissue level.  
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Abstract— In this paper, we present a method to analyze
functional connectivity in event-related functional magnetic
resonance imaging (fMRI) data. The connectivity between the
chosen seed area and the other brain voxels is estimated
using principal components derived from a correlation matrix
of single trials. The approach is applied for two different
event-related fMRI datasets: one with functional connectivity
between visual and motor cortices and other without functional
connectivity between those areas.

I. INTRODUCTION

Functional magnetic resonance imaging (fMRI) is a
broadly used noninvasive method for studying human brain
function with relatively high spatial resolution. The most
commonly used fMRI technique, the blood oxygenation level
dependent (BOLD) technique, is based on different magnetic
properties of oxygenated and deoxygenated hemoglobin in
venous capillaries of the brain. The relationship between
stimulus, neural activation and BOLD response has been
studied since fMRI was introduced in 1992 [1], [2], but
it is still not thoroughly understood. The BOLD response
is relatively slow, the peak of the response arises about 4-
5 seconds after the neural activation and it may take 10
seconds or more for the response to return to the baseline
after that. For short interstimulus intervals this is problematic
because the summation of the consecutive responses is highly
nonlinear. However, linear deconvolution has been found to
be effective, if the stimuli are separated by at least 4 seconds
[3].

Most fMRI studies concentrate on locating the cortical ar-
eas that area activated by given stimuli. The analysis is done
on a voxel-by-voxel basis disregarding the interactions or de-
pendencies of different cortical areas. However, brain regions
do not act in isolation, but are connected and communicate
with each other. The term functional connectivity is de-
fined as the temporal correlations among neurophysiological
events between spatially remote cortical areas [4]. Functional
connectivity has been studied using several different methods
some of which are concentrated only on restricted set of
predefined areas (structural equation modeling (SEM) [5] or

*E. Niskanen is with the Department of Physics, University of Kuopio,
P.O.Box 1627, FIN-70211 Kuopio, Finland (eini.niskanen@uku.fi).

multivariate autoregressive modeling (MAR) [6]), or such
that try to find the connection in the whole brain (Granger-
causality mapping [7], psychophysiological interaction (PPI)
mapping [8]). Furthermore, some methods utilize princi-
pal component analysis (PCA) [9] or partial least squares
fitting [10]. Functional connectivity studies have, however,
been mainly concentrated on block-designs or modelling the
whole time series [11], [12], whereas temporal dependency
of event-related responses or single-trial responses has gained
less attention.

In this paper, we propose a principal component approach
for estimating the functional connectivity in event-related
fMRI studies. In this approach, BOLD responses from the
chosen seed area and other brain voxels are concatenated and
the eigenvectors are calculated from the correlation matrix
of this augmented data matrix. The temporal correlations
of BOLD responses from different cortical areas can be
determined by estimating the first and second principal
components using the eigenvectors and presenting them as
principal component maps. Furthermore, the method could
be extended for studying single-trial functional connectivity.

II. METHODS

A. fMRI measurements

Two different fMRI measurements were acquired for this
study: 1) a simple motor Go/NoGO task (button press for
green squares while ignoring red squares) where functional
connectivity between visual area and motor area was hypoth-
esized and 2) a simple auditory P300 task (button presses
for target sound) with an addition of visual stimuli that
were to be ignored. The second dataset was designed not
to have functional connectivity between visual and motor
cortices. Both measurements were performed with a Siemens
Magnetom Avanto 1.5 T MRI scanner at the Department of
Clinical Radiology in the Kuopio University Hospital. The
interscan interval in the first measurement was 1.5 seconds.
The gradient echo-echo planar (GE-EP) images comprised
of 16 slices with resolution of 3 × 3 × 3 mm. The second
dataset was measured with 0.97 second interscan interval
and the EP images comprised of 11 slices with resolution of
3× 3× 3 mm. Both datasets covered only visual and motor
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cortices as shown in Fig 2. This limited coverage of the brain
enabled keeping the interscan interval as short as possible
not sacrificing spatial resolution in the areas of interest. An
anatomical T1-image comprised of 180 sagittal slices with
resolution of 1 × 1 × 1 mm covering the whole head was
also acquired in both cases.

Both datasets were preprocessed using SPM5 (Statistical
Parametric Mapping) developed by the Wellcome institute
in London, UK (http://www.fil.ion.ucl.ac.uk/
spm/). The preprocessing involved movement correction,
correction of differences in acquisition times between slices,
and smoothing the data with a gaussian kernel (FWHM 8
mm). Furthermore, to locate the most optimal seed area
on the visual cortex and to evaluate the locations of the
functional connectivity results, the standard statistical fMRI-
analysis was performed for both datasets with SPM5 using
general linear model [13].

B. Principal component approach for functional connectivity

In this paper, a principal component approach is proposed
to locate areas that are functionally connected with a pre-
defined seed area in event-related fMRI paradigm. Using
the eigenvectors of data correlation matrix a subspace is
constructed for estimating the principal components. Quan-
titatively, the first eigenvector (corresponding to the largest
eigenvalue) is the best mean square fit of a single waveform
to the set of measurements. Thus, the first eigenvector is
often similar to the mean of the measurements. In case the
measurements are otherwise similar but there is some time
variation in response onsets, the second eigenvector tends to
cover this latency variation, and thus, is often similar to the
first derivative of the response [14].

In functional connectivity analysis each voxel’s time series
are divided into adequate BOLD responses. To improve the
poor signal-to-noise-ratio of fMRI studies, the time series of
the chosen seed area voxels are averaged. The data matrix
Z contains the averaged BOLD responses of the seed area
for each single stimulus concatenated with the corresponding
BOLD response of other voxels. Let us denote the m’th
such response from the averaged seed area with z1

m(t) =[
z1

m(1), . . . , z1

m(N)
]T

and that from other voxel with z2

m(t)
correspondingly. An augmented 2N ×M data matrix Zi for
ith voxel is then formed as

Zi =

⎡
⎣ z1

1
(t) · · · z1

M (t)

z2

1
(t) · · · z2

M (t)

⎤
⎦ (1)

where M is the number of BOLD responses and N is the
length of the responses. To calculate the principal compo-
nents of all brain voxels, these single voxel data matrices
are further combined to form a large data matrix Z

Z =
[

Z1 · · · ZK

]
(2)

where K is the number of voxels. The size of the data matrix
Z is 2N × MK . The upper part, which contains the seed
area information, is therefore similar for each voxel.

The correlation matrix of these BOLD response measure-
ments can now be estimated as

RZ =
1
M

ZZT . (3)

The eigenvectors u and the corresponding eigenvalues λ can
be solved from the eigendecomposition

RZu = λu. (4)

The significance of each eigenvector ui is described by the
corresponding eigenvalue λi.

The principal components θ̂i are estimated from the data in
Least Squares sense using few most significant eigenvectors
as basis vectors in the design matrix H

θ̂ =
(
HT H

)
−1

HT Z. (5)

Since the basis vectors in H are orthonormal, HT H is an
identity matrix reducing the eq. (5) to

θ̂ = HT Z. (6)

Since the data matrix Z is construated to have single-
trial responses for each voxel, also the principal component
matrix θ̂ contains a principal component for each single-trial
response. Therefore, it would be possible to examine the
variability in functional connectivity over time between the
voxel and the seed area. In this study, however, to improve
the signal-to-noise-ratio the absolute values of the principal
components are averaged over single-trials.

III. RESULTS AND DISCUSSION

The methodology to study functional connectivity was
evaluated with both a dataset that was known to have func-
tional connectivity between visual and motor area (dataset 1)
and with a dataset that did not have functional connectivity
between these areas (dataset 2). In both datasets the seed
area (cluster size 40 voxels in dataset 1, and 27 voxels in
dataset 2) was manually placed on the visual cortex where
the activation for the visual stimulus was strongest based on
SPM5 results (p < 0.05 FWE-corrected).

Seed area Other brain areas

0 3 6 9 12 15 18 0 3 6 9 12 15 18
−0.4

−0.2

0

0.2

0.4

0.6

time (s)

1. eigenvector
2. eigenvector

Fig. 1. The first two eigenvectors for the dataset 1.

For the analysis, SPM5-preprocessed data was used. First,
an averaged BOLD response for each single-trial stimulus
over the seed area voxels was calculated. They were then
concatenated with the respective single-trial responses of
single voxels accross the brain according to equations (1)
and (2).
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Fig. 2. Principal component maps of first and second principal component, as well as their combination (1. PCM, 2. PCM and 1. and 2. PCM combined,
respectively) are illustrated in A) for dataset 1 and in B) for dataset 2. The functional connectivity is illustrated in the combined PCM. The SPM5 results
(p < 0.05, FWE-corrected) for button pressing as well as the location of imaged functional deck help in locating the motor cortex. The arrows indicate
the location of the hand motor area.

The eigenvectors and the corresponding eigenvalues were
calculated for both datasets. The first two eigenvectors for
the first dataset are presented in Fig. 1. The ith principal
component is related to the ith eigenvector. Since the first
eigenvector is similar to the mean of the responses, the first
principal component tells whether the voxel has been active
at the same time as the seed area. The shape of the second
eigenvector, however, resembles first time derivative covering
the latency differences between single-trial responses. The
second principal component, therefore, tells whether the la-
tency differences in voxel’s single-trial responses are similar
to those in the seed area. In case of event-related responses
it can be defined that two areas or voxels are functionally
connected if i) they both are activated after the used stimulus,
and ii) the latency differences in single-trial responses are
similar in both areas or voxels. Therefore, in this study, both
the first and the second principal component are used to
determine functional connectivity between the seed area and
other brain voxels.

The first and the second principal components were av-
eraged over single-trials to form principal component maps
(PCMs). Furthermore, the sum of averaged first and second
principal components was calculated for each voxel to form
a map of functional connectivity. The higher is the sum of
the first and second principal component, the stronger is the
functional connectivity between the corresponding voxel and
the seed area. Functional connectivity results are illustrated
in Fig.2 a) for the dataset 1 and in b) for the dataset 2.

For both datasets, the first and second PCM, the functional
connectivity map and the SPM5 results showing the active
motor area are illustrated. The PCMs are thresholded to
about 80% of the maximum to show only the strongest
connectivities. As can be seen, the hand motor area (indicated
by the arrows) was found to be functionally connected with
the visual area in dataset 1, whereas in dataset 2, there is no
functional connectivity between them.

IV. CONCLUSIONS

In this paper, a principal component approach for studying
functional connectivity in event-related fMRI time series is
presented. The approach uses eigenvector subspace of aug-
mented BOLD response data to estimate principal compo-
nents. For estimating the functional connectivity a combina-
tion of the first and the second principal component is used.
The approach is showed to locate functional connectivity
between the visual seed area and the motor area when the
task required a button press after visual cue, whereas after
auditive cue such connectivity is not found.
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Abstract— The sympathetic nervous system influences impor-
tant cardiac parameters like heart rate, action potential dura-
tion (APD) and myocyte contractility. To model its effects on
ventricular electrophysiology we integrated an existing descrip-
tion of beta adrenergic signaling pathways into a recent version
of the ten Tusscher model of human cardiac electrophysiology.
We considered three main target proteins that were phosphory-
lated by protein kinase A: the slow delayed potassium channel
IKs, the L-type calcium channel ICaL and phospholamban (PLB).
Besides shortened APDs we observed a leftward shifted current-
voltage relationship of IKs and an increased channel conductiv-
ity. The L-type calcium channel open probability as well as its
availability were elevated by the adrenergic stimulation. Due to
a reduction of the inhibiting function of PLB on the calcium
ATPase, the calcium uptake Iup into the sarcoplasmic reticulum
was increased. Including intracellular signaling pathways into
models of cellular electrophysiology will open new possibilities
for the in silico evaluation of physiological and pathological pro-
cesses. Future work will therefore focus on investigating the in-
fluence of adrenergic effects on the tissue and ECG level.

Keywords— adrenergic signaling, electrophysiology, human cell
model, isoproterenol, phosphorylation

I. INTRODUCTION

Stress and physical work require adaption of heart rate and
blood pressure to maintain a sufficient nutrient supply of all
peripheral tissues. The supply of oxygen and glucose to the
brain and muscles has to be boosted while other less essen-
tial processes are suppressed. This redistribution procedure is
controlled by the sympathetic nervous system (SNS) which
is a branch of the autonomic nervous system along with the
enteric and parasympathetic nervous system. Although it is
active at all times, it is getting more active during times of
stress. SNS nerve fibers connect to the cardiac muscle where
the nerve endings release the hormone norepinephrine (NE).
The catecholamine NE and its agonists epinephrine and iso-
proterenol (ISO) bind to adrenergic receptors as ligands caus-
ing an increased heart rate [1] and increased blood pressure
via an elevated inotropy and chronotropy.

ISO specifically binds to 1- and 2-receptors. The analy-
sis of catecholamine effects on the electrophysiological prop-
erties of ventricular myocytes is of special interest as ISO can

not only lead to an elevated heart rate but may also predispose
patients with genetic mutations (e.g. long QT syndrome) to
cardiac arrhythmias [2]. This might be caused by a disruption
on various levels of the adrenergic signaling network [3, 4, 5].
Ligand 1-receptor binding catalyzes an intracellular sig-

naling cascade controlling contractility, metabolism and gene
regulation in cardiac myocytes [4, 6]. -adrenergic receptor-
ligand complexes are coupled with Gs proteins leading to
subsequent adenylyl cyclase (AC) stimulation. AC synthe-
sizes the second messenger cyclic AMP which promotes pro-
tein kinase A (PKA) activation. The dissociating catalytic
subunits of PKA phosphorylate several target proteins like
the slow delayed potassium channel IKs and the L-type cal-
cium channel ICaL [7, 8]. Due to the phosphorylation the chan-
nel proteins undergo a conformational change leading to an
increased channel availability and open probability. Further-
more the catalytic subunits of PKA type I target phospholam-
ban (PLB) where they reduce PLB’s inhibiting function on
the calcium ATPase (Iup) that pumps back calcium into the
sarcoplasmic reticulum (SR). The effects of phosphorylation
counteract and interact with each other and negative feedback
mechanisms are integrated on several levels of this complex,
intracellular network [9].

Saucerman et al. [6] introduced a model that characterizes
adrenergic regulation and integrated it into an extended Luo-
Rudy model modified for rat. While they initially considered

Fig. 1: Schematic of ten Tusscher’s human ventricular cell model: Circles
mark ion channels which are considered for the effects of 1-adrenergic
stimulation. CMDN: calmodulin, CSQN: calsequestrin, TRPN: troponin
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-adrenergic control of contractility to be dominated by PKA
phosphorylation of the L-type calcium channel and PLB, they
extended their model including formulations for IKs later [9].
The model contains a description of an entire pathway from
ligands to effectors so that neurohormonal effects on cellular
electrophysiology can be predicted.

So far, there is no model of human ventricular my-
ocytes including the intracellular network that regulates -
adrenergic effects. To contribute to a more integral under-
standing of the sympathetic impact on cardiac processes we
integrated three main components of Saucerman’s intracellu-
lar signaling pathway in a recent version of the human ven-
tricular cell model of ten Tusscher et al. [10].

II. MATERIALS AND METHODS

We used a set of 15 differential algebraic equations
(DAEs) and 14 ordinary differential equations (ODEs) for-
mulated by Saucerman [4, 6] to describe 1-adrenergic sig-
naling. The differential equations describe protein binding
and activation processes. Additionally, 19 ODEs character-
ize the model from ten Tusscher et al. and describe chan-
nel gating mechanisms, intracellular ion concentrations and
the transmembrane voltage [10]. In the original model from
ten Tusscher et al. it is sufficient to solve the ODEs using
a standard Euler or Rush-Larsen method. However, as the
modeled intracellular processes represent a more complex
interacting system with several interfering loops we had to
use an approach that solves the system of ODEs/DAEs more
efficiently. The implementation was therefore based on the
SUNDIALS suite [11] which provides variable-step multi-
step methods for the solution of the ODEs/DAEs.

The formulations of the calcium handling had to be
adapted to obtain a form that fits the requirements of the
SUNDIALS solver with the differential term dy

dt on the right
side of the equation. Where ten Tusscher et al. use an ana-
lytical solution for CaSS, CaSR and Cai and their buffering
derived by Zeng et al. [12], we reformulated ten Tusscher’s
ODEs according to the notation used by Luo and Rudy [13].
Thus, the following analytical approach used by ten Tusscher
et al.

ISR = (Iup − Ileak)
Vsr

Vc
+ Ix f er (1)

dCai,tot

dt
= − IbCa + IpCa −2 INaCa

2 ·Vc ·F C− ISR (2)

CaBu f = Bu fc · Cai,t

(Cai,t +Kbu f c)
(3)

bc = Bu fc −CaBu f −dCai,tot −Cai,t +Kbu f c (4)

cc = Kbu f c · (CaBu f +dCai,tot +Cai,t) (5)

Cai,t+1 =
√

bc ·bc+4 · cc−bc
2

(6)

had to be changed to

Bc =
1

1+ Bu fc·Kbu f c
(Kbu f c+Cai,t )2

(7)

dCai

dt
= −Bc · IbCa + IpCa −2INaCa

2 ·Vc ·F C− ISR. (8)

The interface between the intracellular, adrenergic model
and the effects on the target proteins was realized mathemat-
ically by multiplying with a factor that increased the channel
conductivity during adrenergic stimulation (IKs, ICaL, Iup) or
adding a summand that caused a leftward shift of the current-
voltage relationship (IKs). If adrenergic stimulation was ab-
sent, the factors corresponded to 1 and the summand to 0
leaving the model in its original state.

We modeled the adrenergic influence on IKs by changing
the channel conductivity gKs:

xs∞ =
1

1+ exp(−V−XS05
14 )

(9)

gKs = gKso · pIKsavail (10)

IKs = gKs · xs2 · (V −EKs) (11)

where pIKsavail was the phosphorylation factor that mod-
ified the channel availability and XS05 the PKA type II
phosphorylation dependent summand that shifted the current-
voltage relationship leftward (5 mV without ISO, 17.7 mV
with 1 Mol ISO).

PKA type II regulated the channel open probability at the
1C-subunit and had an influence on the channel availability

at the 2-subunit of the L-type calcium channel (LCC). The
mathematical description of this behavior was represented by
the two factors pLCC op and pLCC avail leading to the following
formulation of ICaL:

pLCC op = 0.04 · f racLCC ap

f racLCC apo
+0.96 (12)

pLCC avail = 0.02 · f racLCC bp

f racLCC bpo
+0.98 (13)

ICaL,new = pLCC op · pLCC avail · ICaL,old (14)

where f racX p is the ISO dependent ratio of phosphory-
lated and total concentration of protein X and f racX po the
value of the corresponding ratio when no ISO was applied.
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Fig. 2: Action potentials with (1 Mol ISO) and without adrenergic stimulation for endo- (A), midmyo- (B) and epicardial (C) cells

The constant factors responsible for the influence of phos-
phorylation are chosen smaller than in Saucerman’s model as
ten Tusscher’s ICaL is already quite large compared to Chen’s
measurements [14]. Otherwise we obtained an unphysiologi-
cal peak in CaSS at 300 ms.

Furthermore the equation for Iup was modified to consider
PLB-mediated inhibition of calcium binding to the SR cal-
cium ATPase with the factor pIup [15]:

pIup = 0.6 · f racPLBp

f racPLBpo
+0.4 (15)

Iup = Vmaxup · 1

1+
K2

up·p2
Iup

Ca2
i

(16)

We used the IDA dense direct solver to obatain the solu-
tions of our system of ODEs/DAEs. The integration method
used in IDA is the variable-order, variable-coefficient Back-
ward Differentiation Formula, in fixed-leading-coefficient
form. The solution of the resulting algebraic, nonlinear sys-
tem is accomplished with a form of Newton iteration. Rel-
ative and absolute tolerances corresponded to 1 · 10−5 and
1 · 10−6 respectively while the maximal step size of integra-
tion was limited to 1 · 10−5 s. The model was precalculated
for 60 s with a basic cycle length of 1 s to tune gating vari-
ables and ion concentrations.

III. RESULTS

Figure 2 shows APs for endo-, midmyo- and epicardial
cells with and without -adrenergic stimulation. The APD90

shortened in all cases when 1 Mol ISO was applied. For
endo- and epicardial cells we obtained an APD90 shortening
of 20% while midmyocardial cells showed a shortening of
only 9%. The APD90 of endocardial cells was 308 ms without
and 246 ms with 1 Mol ISO application (mid: 414 ms no
ISO, 378 ms ISO; epi: 308 ms no ISO, 248 ms ISO).

Adrenergic stimulation increased the maximal inward cur-
rent of ICaL significantly (endo: 67%, mid: 38%, epi: 38%) for
all cell types and induced a higher but shorter plateau current
(see figure 3 A). Hence, the maximum current was increased
up to −8.79 A/ F for endocardial cells during adrenergic
stimulation (mid: −12.45 A/ F, epi: −12.69 A/ F).

Furthermore we observed a steeper positive slope of the
outward Iks as well as an earlier decrease in amplitude (see
figure 3 C). The ISO-induced amplitude increase was 166%
for endo-, 251% for midmyocardial and 173% for epicar-
dial cells (ISO values endo: 2.49 A/ F, mid: 1.34 A/ F,
epi: 2.44 A/ F). IKs narrowed under ISO influence. The
time during which IKs was larger than 10% of its maxi-
mum, was reduced for all three cell types (endo: −24%,
mid: −11%, epi: −24%). The shortened durations corre-
sponded to 226 ms for endocardial, 343 ms for midmyocar-
dial and 224 ms for epicardial cells.

The basic work of the calcium ATPase (Iup) was elevated
in the stimulated cell and developed a plateau after each stim-
ulus (see figure 3 B). For quantitative comparison we have
determined the time per beat during which the amplitude of
Iup is larger than 90% of Iup,max. After application of ISO
this duration was increased by 230% from 81 ms to 267 ms
for endocardial cells (mid: 201% from 128 ms to 385 ms,
epi: 221% from 85 ms to 273 ms) while the maximum was
only increased by 10% (mid: 4%, epi: 9%).

IV. DISCUSSION AND CONCLUSION

We presented a model of human ventricular myocytes that
includes a description of -adrenergic regulation. We inves-
tigated the impact of interacting components in the signaling
network on cellular electrophysiology. Three main target pro-
teins that undergo phosphorylation have been considered. A
faster and increased ICaL triggers a higher influx of calcium
into the cytosol. The larger amount of free calcium in the
cytosol has to be pumped back into the SR at a higher rate

IFMBE Proceedings Vol. 25
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Fig. 3: Currents with (1 Mol ISO) and without adrenergic stimulation for endo-, midmyo-, and epicardial cells: ICaL (A), Iup (B), IKs (C)

which is enabled due to PLB phosphorylation and thus indi-
rect strengthening of Iup. For heart rate adaption to a higher
frequency the APD has to be shortened where the increase in
IKs is a major factor. The adapted ion channels lead to a modi-
fication of the transmembrane voltage and ion concentrations
in the cytosol which then influence all other ion channels. The
simulation results were comparable to the results of Saucer-
man [4] which were based on a modified Luo-Rudy model.

The original ten Tusscher model [10] showed slightly neg-
ative values for IKs. This behavior increased under ISO ap-
plication and further studies should address this probably un-
physiological effect. After a precalculation time of 3 s ICaL
started to show an unphysiological peak for endocardial cells
(see figure 3 A at 105 ms). When ISO was applied this peak
reached positive values. Therefore the parameters for ICaL
will have to be adapted in future works.

Additionally, future studies will integrate other effects like
troponin phosphorylation which is important for the calcium
buffering and the impact of ISO on RyR channel sensitivity.
Moreover, we will interconnect cells to enable wedge and tis-
sue simulations.
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Automated High Content Analysis of Multidimensional Image Data 
of Cells and Tissue 
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Abstract—Automated digital microscopy is established in 
biology, pathology, and in drug discovery and development as 
a means to screen cell assays and tissue slides in high content 
and high throughput workflows for target identification and 
validation. It is further employed for analysis of tissue slides 
from biopsies. Simulations are also used in medical and sys-
tems biology to produce alphanumeric data that represents the 
structure, morphology, behavior and interactions of biological 
objects such as cells, cell organelles and proteins. Multidimen-
sional digital image data is generated, such as multilayer con-
focal imagery or alphanumeric simulation results, so as to span 
both domains, with simulation results forming an input for 
experimentation and vice versa. In order to understand the 
structure, function and dynamics of proteins, cell organelles, 
cells, tissue, organs etc. detailed morphological quantification 
of objects within these images is needed. We present applica-
tion results of an object- and context-based image analysis 
method, which employs domain-knowledge and context infor-
mation to analyze multidimensional image data automatically.  

Keywords—context-based, object-based, confocal, domain-
knowledge, multidimensional, high content, biosimulations, 
alphanumeric, images, multilayer. 

I. INTRODUCTION  

Established image analysis approaches are characterised 
by pixel-, voxel- and region-based methods. Machine learn-
ing techniques such as Nearest-Neighbour etc. perform 
classifications of pixels and regions of pixels [1]. 

In contrast, Cognition Network Technology (CNT) is a 
data analysis technology in which objects form the atomic 
unit of processing, and image analysis is achieved through 
iterative segmentations and classifications of these objects 
and their contexts. The basis of CNT is an interacting set of 
networks: a semantic network of class objects, a hierarchi-
cal network of image objects, and a hierarchical network of 
process objects. Process objects modify elements of the 
object network through the combination of an algorithm and 
a process domain. CNT has already been successfully ap-
plied to analysis of two-dimensional multilayer digital im-
ages [2].  

A need for further development of CNT was identified in 
order to achieve analysis in three and more dimensions. The  
 

central enabling idea of this development was to represent 
multi-dimensional object relationships by creating links 
between two-dimensional objects. Consequently, the se-
mantic, object and process networks were further extended 
to perform on-demand automatic linking of either single 
image objects or groups of such objects. These can occur 
either in the same image or amongst different images. The 
generated object network enables users to synchronously 
analyse different images so that findings in one may be 
supported by findings elsewhere.  

II. MATERIALS AND METHODS 

We applied CNT to multidimensional images in the 
context of cell based assays, systems biology and also in 
digital pathology.  

Confocal image data of hepatocytes was experimentally 
acquired. The required image analysis had a number of 
goals: to segment and classify single hepatocytes, single 
nuclei and the marker representing organelles within each 
hepatocyte; to quantify the number of organelles and their 
relative positions to each other; and to quantify the relative 
positions of the organelles to the nuclei and the membrane 
of the cells. A Cognition Network Language (CNL) script 
was developed in order to perform this analysis in an auto-
matic manner. CNL is a GUI based meta language derived 
from CNT that allows fast and efficient development of rule 
bases. A particular CNL script is a rule base that addresses 
the solution to a specific image analysis task.  

Modeling and simulation are employed in systems biol-
ogy to understand and describe molecular and cellular phe-
nomena. The results of these simulations include 
alphanumeric data, which describes, for example, the 
dynamics involved in the development processes of cellular 
molecules and vesicles. Such alphanumeric results were 
converted into image data by using a CNL script and conse-
quently further analyzed as images. Analysis results were 
automatically extracted in order to be suitable for determin-
ing relevant parameters for further modeling and simula-
tions, or for fine tuning of experimentation. 
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Fig. 1 Image analysis of hepatocytes using Definiens XD. Left: object and 
reconstruction information. Middle: analysis in a single slice illustrating 
hepatcytes (cyan), nuclei (green), endosomes (brown and white) and cana-
licula (red). 3D-reconstruction of: hepatocytes (gray), nuclei (green), 
endosomes (brown, white) and canalicula (red). Right: processes, classes, 
object features, list of object features. Image courtesy of the M. Zerial 
Group, MPI-CBG Dresden 

In pathology, the analysis and quantification of morpho-
logical properties of biopsy tissue is needed: to quantify in 
detail the state of disease; to correctly define the appropriate 
treatment or drug for the appropriate patient; and to make 
prognosis for the outcome of a therapy or for the progress of 
disease. In the case of breast cancer, for example, the 
HER2/neu oncogene resides on chromosome 17q, encoding 
a transmembrane tyrosine kinase growth factor receptor. 
When breast cancers are present, amplification of the 
HER2/neu gene can be detected. HER2 gene amplification, 
assessed by fluorescent in situ hybridization (FISH), may 
improve the predictive ability of this marker for Herceptin® 
therapies. 

In the case of FISH HER2/neu, the chromosome 17 cen-
tromere is marked with a green fluorescent signal, whereas 
the HER2 gene is marked with an orange/red fluorescent 
signal. For diagnosis, at least 60 or 100 non-overlapping 
tumor nuclei must be selected and the green and orange 
signals in each nucleus counted. The overall gene to 
chromosome 17 ratio is then calculated. Tumor gene 
amplification is present when the HER2/neu-to-
chromosome 17 ratio is calculated to be greater than 2.2. In 
clinical diagnosis and prognosis pathologists calculate this 
ratio manually. 

With FISH Her2/NEU optical slices, but also with three-
dimensional confocal imagery in general, visual identifica-
tion and manual counting of single signals in each nucleus 
is a fatiguing procedure whose accuracy also suffers from 
the subjective interpretation of the individual analyst.  

 
Fig. 2 3D-image analysis of simulated vesicles. Each vesicle is assigned to 
a certain class. Classes are represented uniquely by different colors. Simu-
lation data from the J. McCaskill Group, Biomolecular Information Proc-
essing Ruhr-University-Bochum c/o BMZ 

Automated single object analysis and counting of signals 
enables a transformation of the analysis procedure into 
being routine and fast, and a transformation of the results 
from being qualitative and subjective into being quantitative 
and objective.  

III. RESULTS 

Fig. 1 illustrates the results from the analysis of confocal 
image stacks of hepatocytes. In order to analyze the mor-
phology and the relationships between single cells and cell 
organelles the developed CNL script automatically seg-
ments and classifies such objects and uses this object repre-
sentation as a basis to automatically calculate object proper-
ties and interrelationships. These results are then available 
for further statistical calculations. More than 1500 object 
features are calculated. Groups of these features include 
morphology and relationships of objects to their neighbours, 
to parent and children objects, to the scene as a whole and 
to other object classes of the image object network. Meta-
data can furthermore be used as context for analysis pur-
poses. Additional features can be custom-defined by the 
user. 

Fig. 2 represents one application of CNT to simulation 
results in systems biology. It illustrates the automatic seg-
mentation and classification of different vesicles in cells. 
Alphanumeric simulation results were converted into image 
data using a CNL script. This image data contains single 
vesicles and groups of vesicles in cells. Morphological 
properties of objects, their behaviour and their interrelation-
ships were analyzed.  
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Fig. 3 Pathology: results of automated image analysis of a Her2/neu FISH-
stained breast biopsy (optical slices from confocal microscopy). Left: 
image object network with segmented and classified nuclei (blue), 
Her2/signals (orange) and chromosome 17 signals (green).  Right: process 
(above) - and semantic class network (below). Image courtesy of Institute 
of Pathology, Cantonal Hospital Luzern 

This demonstrates the possibility of treating simulation- 
and experimental-results in a similar manner. Analysis of 
this kind enables the results of experimental image data 
(e.g. from cell based assays) to be used as input for model-
ling and simulations, and vice versa where simulation re-
sults act as input parameters for experimental design and for 
the interpretation of experimental results.   

The example in Fig. 3 shows image analysis results of a 
Her2/neu FISH stained breast biopsy, obtained by a CNL 
script. This script automatically segments and classifies 
single nuclei and the corresponding single Her2/neu and 
Chromosome 17 signals within each individual nucleus. The 
script also generates signal ratios automatically for each 
selected nucleus and then calculates the overall quotient of 
the gene to chromosome signals for all selected nuclei. 

The above results were all evaluated by biologists and 
pathologists. A qualitative high rate of agreement was found 
between the visual analysis by the domain experts and the 
corresponding automatic image analysis with CNT.   

IV. DISCUSSION 

Detailed quantification of the content of multidimen-
sional image data was obtained using image analysis with 
CNT. These results show that confocal images acquired in 
the context of biology or pathology can be analyzed in 
detail in order to automatically segment and classify single 

cells and single nuclei, along with their respective contents 
e.g. organelles and fluorescence signals. Detailed statistics 
about the morphology and the mutual relations between 
cells and cell organelles were also automatically calculated. 
Nuclei and fluorescence signals in optical slices were 
accurately detected and reliable ratios were automatically 
calculated. The application of image analysis techniques to 
the output-data of endocytosis simulations allowed tracking 
of the sub cellular dynamics of vesicles in three dimensions 
over time. Statistics on vesicle morphology, movement, and 
interaction were automatically generated in a similar 
manner to experimental image analysis. 

V. CONCLUSIONS 

Using Cognition Network Technology high content 
analysis of multidimensional image data was performed. 
This context and knowledge driven approach for the auto-
mated and detailed quantification of single objects and their 
mutual relations represents a progression in image analysis. 

Importantly, synchronous analysis of images of both ex-
perimental and simulated modality enables local analysis 
results to be used as a context for segmentation and classifi-
cation elsewhere. 
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Fig. 1 Graphical output of the SRBD detection algorithm. 
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A New Approach for Parameterizing the ECG for Sleep Stage Classification  
H. Özer and U. Heute 

Institute for Circuit and System Theory, Christian-Albrechts-University of  Kiel, Germany 

Abstract—The analysis of the electrocardiogram is an im-
portant tool for getting insight into the physiological state of a 
person. The computation of the analysis is topic of current 
research activities. In this work a method for parameterizing 
the electrocardiogram is introduced. The electrocardiogram is 
expressed as a weighted sum of Gaussian functions. The pa-
rameters describing the ECG are the amplitudes, the time 
shifts and the variances (widths) of the particular Gaussian 
functions. Because of the fitting method, the parameters of the 
Gaussian functions are comparable over time. Further on, the 
extracted parameters are used to classify the different sleep 
stages, in particular the stages 1 to 4 and the REM sleep 
(Rapid Eye Movement). For classification, the clustering 
method with the k-nearest-neighbors classifier is used. The 
result of the parameterizing is that the ECG shape is different 
at the particular sleep stages. The classification shows results 
that follow the basic characteristics of the reliability of the 
sleep stage assignment of different raters, e.g. the classification 
accuracy between sleep and wake state is 93.6% ±  2.7%.  

Keywords—electrocardiogram, parameterizing, classifica-
tion, sleep stage. 

I. INTRODUCTION   

The electrocardiogram (ECG), the recording of the elec-
trical activity of the heart, is nowadays a usual noninvasive 
method to get insight into the physiological state of a per-
son.  In the last years there have been efforts to automatize 
the analysis of the ECG. The first task before a diagnostic     
analysis is to extract meaningful parameters from the ECG. 
An approach to parameterize the ECG is to express the ECG 
as a weighted sum of elementary signals. In this work these 
elementary functions are weighted and time-shifted Gaus-
sian functions (Gaussian mixture) as proposed in [1]. So the 
extracted parameters are the positions, the weights and the 
variances of the particular Gaussian functions.  Further on 
the term “variance” is replaced by “width”, in order to clar-
ify that the Gaussian mixture does not describe a density 
function. The extracted parameters are analyzed in order to 
examine if the heart activity, recorded by the ECG, is dif-
ferent during the different sleep stages. The human sleep 
proceeds in stages, in particular the stages 1 to 4 and the 
REM-sleep (Rapid Eye Movement). Previous work, [2], 
showed that there is a difference in the ECG shape during 
the different sleep stages. In the following, the applicability 

of the parameters to classify the sleep stages with the ECG 
is examined. 

II. PARAMETRIZING THE ECG WITH GAUSSIAN FUNCTIONS 

A. The ECG as a Gaussian Mixture 

The expression of the ECG as a Gaussian mixture seems 
natural if we consider the shape of the ECG for one heart-
beat, see Fig. 1.  

 

Fig. 1 Typical ECG shape for one heart beat with its characteristic P-, Q-, 
R-, S- and T-waves 

Each part of the ECG has similarity with a Gaussian 
function. In this work we focus on the P-wave. The P-wave, 
denoted by )(tx , is expressed as a sum of weighted and 
shifted Gaussian functions with different variances. The 
Gaussian mixture model )(ˆ tx of )(tx is given as 

∑
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where nA  are the amplitudes, nτ  are the time shifts and 

nb are the widths of the particular Gaussian functions. The 
task is to find the parameter 
set ( ) ( ) ( ){ }MMM bbAA ,,,,,,,, 111 ……… ττ=p which 
leads to a best fit of the Gaussian mixture with the P-wave. 
The aim of the fitting is to minimize the mean-square error 
between the P-wave )(tx  and the Gaussian mixture )(ˆ tx  
(least squares fitting): 
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This leads to a non-linear optimization problem. The 
measure of the best fit here is the normalized mean square 
error (NRMSE). In [1] an NRMSE < 0.1 is taken as appro-
priate enough for modeling.  
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In the next chapter the method to find the best fit parame-

ter set optp  is described.  

B. Fitting the Gaussian Mixture to the ECG 

The fitting proceeds in several steps. The P-wave occurs 
monophasic and biphasic. First the P-wave is fragmented so 
that we get monophasic waves parts, see Fig 2. If only mo-
nophasic P-waves occur the fragmentation is not applied. 

   
Fig. 2 Left: Extracted biphasic P-wave; middle: Monophasic wave part in 
positive direction; right: Monophasic wave part in negative direction 

Next, each wave part, denoted by )(tpi , is treated sepa-
rately. For each wave part two Gaussian functions are ini-
tialized and fitted. The selection of two Gaussian functions 
is due to the proposal in [3] where generally two Gaussian 
functions are proposed to approximate asymmetric waves. 
The initialization parameters 

( ) ( ) ( ){ }iniiniiniiniiniiniini bbAA ,2,1,2,1,2,1 ,,,,, ττ=p
of the 

two Gaussian functions are chosen as follows: 
 max,2,1 64.0 AA ini ⋅=  where maxA is the maximum ampli-

tude of the considered wave part )(tpi . ini,2,1τ  is the time 

position where the part wave )(tpi  has the value  

max,2,1 8.0)( Ap ini ⋅=τ .  inib ,2,1   is defined with 

( )
( ))(ln2 ,2,1

2
,2,1,2,1

,2,1
b

bini
ini p

b
τ
ττ

⋅
−

−=                                           (4) 

where b,2,1τ  is the time position where 

 inibi Ap ,2,1,2,1 8.0)( ⋅=τ .  

Fig. 3 illustrates the initialization of the Gaussian  
functions.  

 

Fig. 3 Initialization of the two Gaussian functions (dashed)  

This way of initialization leads after the optimization to 
Gaussian functions that are comparable to Gaussian func-
tions of other P-waves because the positions of the Gaussian 
functions stay stable. There is no jump to another position. 
Each Gaussian function describes always the same part of 
the P-wave. 

The optimization algorithm for solving (2) is the Trust-
Region-method. The Trust-Region-method approximates 
the target function, here the P-waves, with a function 
q within a trust region. A region around a beginning point 
of q is defined as the trust region. Within this trust region 
the minimum of q is determined. If the target function is 
smaller at this minimum point compared to the value at the 
beginning point, this minimum point is taken as the center 
of the trust region in the next iteration. Else, the trust region 
is made larger and the iteration begins again. The iteration 
stops if the point does not move any more or the movement 
is below a certain limit. The parameters of this last point 
define the best fit parameter set optp . In [4] the Trust-
Region-Method is explained in detail. 

Fig. 4 shows the result of the optimization. The four 
Gaussian Functions summing up to the biphasic P-wave are 
depicted. Fig. 5 shows the P-wave )(tx and the model 

).(ˆ tx  The NRMSE of the shown example is 0.06.  

 
Fig. 4 The P-waved (solid) approximated with four Gaussian functions 
(dashed) 
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Fig. 5 The P-wave (solid) and the approximation (dashed) originating from 
the Gaussian mixture model 

In the next chapter the application of the proposed pa-
rameterizing method to sleep ECG’s is described. 

III. APPLICATION OF THE PARAMETERIZING METHOD TO 
SLEEP ECG’S 

A. Human Sleep 

 
Fig 6. Development of the sleep stages over night (hypnogram); sleep 
stages are assigned for consecutive epochs of 30 seconds 

Human sleep proceeds in stages, in particular the stages 1 
to 4 and the REM sleep. The stages are assigned with the aid 
of an electroencephalogram (EEG, recording of the brain 
activity), an electrooculogram (EOG, recording of the eye 
movements), and an electromyogram (EMG, recording of the 
muscle activity). The stages 1 and 2 are grouped to light sleep 
and the stages 3 and 4 are grouped to deep sleep. In Fig. 6 the 
sleep-stage development (hypnogram) over night is depicted. 
The stages are assigned for consecutive time epochs of 30 
seconds length. In the beginning of the night deep sleep 
dominates. Towards the end of the sleep there is a shift to-
wards stage 2 and REM sleep. Detailed information about 
human sleep and sleep stages can be found in [5]. 

B. Parameterizing the Sleep ECG 

Method and Material: The data set used consists of the 
sleep ECG’s of 21 healthy female persons. The ECG is re-
corded with bipolar electrodes on the chest. The restriction to 
female persons should avoid variations because of the gender. 

Additionally the hypnograms are available. The sleep stages 
are assigned regarding the instruction in [6]. For reasons of 
time convergence with the sleep stage assignment, the ECG 
signal (sampling rate =SF 400 Hz) is processed in consecu-
tive 30 second epochs. For each epoch each P-wave within 
this epoch is extracted and the mean P-wave is calculated. 
This mean P-wave is parameterized with the proposed 
method. For monophasic P-waves we get six parameters, and 
for biphasic P-waves we get 12 parameters per epoch.   

Results: The overall average NRMSE for the ECG data 
set is 0.058 ± 0.018. In Fig. 7 exemplarily the width of the 
first Gaussian function from the left (see Fig.4) is drawn 
versus the time. The other parameters are not listed here 
because of the limited space and the focus on classification 
in this work. 

 

Fig. 7 The width of one Gaussian function versus time (below) and the 
hypnogram (above) 

Comparing the width values with the hypnogram we see 
different behavior during REM sleep and Non-REM sleep 
(stages 1 to 4). During REM-sleep the variance of the pa-
rameter curve is higher than during Non-REM sleep. There 
occur abrupt changes in the curve. These abrupt changes 
coincide with the occurrence of epochs with wake state and 
epochs with REM sleep. The width values for the same 
stage are different for different times of the night, e.g. the 
width from the epochs 310 to 390 with stage 2 compared 
with the width from the epochs 500 to 550 with stage 2 and 
with the width from the epochs 700 to 780 with stage 2. In 
the next section the applicability of the extracted parameters 
for sleep stage classification is examined.  

C. Sleep Stage Classification 
Method: The extracted parameters are used for sleep 

stage classification by using the clustering method. The six 
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(monopahsic P-wave) respectively 12 (biphasic P-Wave) 
parameters per epoch span a six- respectively 12-
dimensional space (feature space). A part of the epochs 
from the ECG-data of one person is chosen as the training 
set, the other part for testing. The selection of the training 
epochs is a fundamental question. Different choices of the 
training epochs could lead to different classification results. 
Here the training epochs are chosen randomly over night in 
order to avoid the influence of the time of the night as ob-
served above. The ECG shape of different persons is sig-
nificantly different, and the actual shape of the ECG de-
pends on the type of the ECG leads. So the ECG parameters 
of different ECG data and of different persons should not be 
mixed. The parameter vectors of the training epochs are 
plotted epoch by epoch into the feature space. The training 
examples are labeled with the sleep stages using the given 
hypnogram. The sleep stage of a test epoch is determined 
using the k-nearest-neighbors method. The Euklidian dis-
tances of the test parameter vector to the training vectors are 
calculated. The distances of the k  nearest neighbors are 
considered for classification. The test vector is classified to 
that class of the training vectors belonging to the k nearest 
neighbors with the smallest distance to the test vector. A 
detailed explanation of the clustering with the k-nearest-
neighbors classification can be found in [7]. 

Results: The classification is realized for different classi-
fication objects. Table 1 gives an overview of the different 
classification tasks and of their accuracy. The classification 
between sleep and wake achieves an accuracy comparable 
to the standard sleep stage assignment with the aid of an 
EEG, an EOG, and an EMG. The accuracy of classification 
between Non-REM and REM is still high compared to the 
value of 76.8 % agreement in the sleep stage assignment 
between different raters as reported in the study [8]. The 
more stages have to be classified the lower is the accuracy 
of the classification.    

IV. DISCUSSION 

The main advantage of the proposed method over the 
method in [1] is that it delivers parameters that are compa-
rable over time. The position of the particular Gaussian 
functions modeling the P-wave stay stable. Each Gaussian 
function describes always the same part of the P-wave. One 
result of the application of the proposed parameterizing 
method to sleep ECGs is that the extracted parameters show 
different characteristics at the different sleep stages. This 
motivates a classification of the sleep stages with these 
parameters. The study [8] gives a value of 76.8 % agree-
ment in the sleep stage assignment between different raters. 
The greatest difference is in the assignment between stage  

Table 1Accuracy of the classification. First row: Classification objects. 
Second row: Accuracy in % 

 
All sleep stages Deep sleep, light 

sleep, REM 
Non-REM, 

REM 
Sleep, wake 

47%  ± 9.6% 66.9% ± 6.5% 74.5% ± 4% 93.6%  ± 2.7% 
 

and between stage 2 and deep sleep (21.1 % difference). 
Referring to these numbers the result of the proposed classi-
fication method is encouraging.  Here only the P-wave is 
used. Extending the proposed parameterizing method to the 
whole ECG-signal will give better classification results. 
Further approaches for upgrading the classification include 
a modification of the clustering method by analyzing the 
influence of the choice of the training epochs to the accu-
racy and using another classification algorithm. 

V. CONCLUSION 

The proposed method is an appropriate method for pa-
rameterizing ECG signals. The shape of the ECG signal is 
different at the different sleep stages. Quantifying this shape 
difference and relating this to physiological reasons is sub-
ject of further work. The ECG is appropriate to classify 
sleep stages. The accuracy of the usual sleep stage assign-
ment by the EEG, EOG and EMG is not achieved. But the 
fusion of the proposed method with other methods for ECG 
analysis can lead to more accurate classifier results. So the 
ECG can be used additionally to the usual sleep stage as-
signment.  
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Abstract—This article presents a study of the electromag-
netic compatibility (EMC) of pacemakers exposed to low-
frequency magnetic fields (50 Hz – 500 kHz). A calculation 
model based on the impedance method was used for determin-
ing the induced voltage at the entrance circuits of a pacemaker  
exposed to electromagnetic interference (EMI). This induced 
voltage, resulting from both inductive coupling and galvanic 
coupling, can cause implanted pacemakers to malfunction. On 
the one hand, this study allowed us to quantify the contribu-
tion of these two couplings causing the interactions and, on the 
other hand, to evaluate the influence of the homogeneous or 
heterogeneous nature of the simulation model on the resulting 
induced voltage. Two human torso models were studied. The 
first, validated experimentally, represents a homogeneous 
coupling medium with a constant conductivity of σ1. The sec-
ond model is closer to real implant conditions, simulating a 
heterogeneous medium composed of a reference medium with 
a conductivity of σ1 in contact with the PM-system and an-
other medium with a conductivity of σ2 in contact with the 
distal electrode making up the other extremity of the loop. 
Overall, the results show the predominant effect of inductive 
coupling, as compared to galvanic coupling, on the induced 
voltage at the terminals of the pacemaker. For the homogene-
ous model, the voltage induced by galvanic coupling repre-
sented nearly 13% of the resulting voltage. In the heterogene-
ous model, its voltage remained lower than that of the loop, but 
increased with the conductivity of the second medium. 

Keywords—Pacemaker - In vitro - Magnetic field - Hetero-
geneous medium - Impedance method. 

I.   INTRODUCTION 

The omnipresence of various sources of electromagnetic 
fields (EMF) in industrialised countries means that their 
citizens are exposed to them on a daily basis, in their homes 
as well as in their work environment. Besides the effects 
observed on their health, EMF also have an effect on elec-
tronic devices and, in particular, pacemakers. Numerous 
studies, in vivo and in vitro, have been done on this subject 

[1, 2, 3]. They clearly show the malfunctioning of certain 
pacemakers in precise exposure conditions, which can be 
critical. These interactions result in induced voltage at the 
terminals of the implanted pacemaker, causing modifica-
tions in the way it functions. This voltage is a function of 
the surface of the loop formed by the PM-lead and the cir-
culation of induced currents in the coupling medium.  We 
have developed an electromagnetic calculation model which 
can calculate, in vitro, this induced voltage at the input 
circuits of a pacemaker exposed to a variable magnetic 
field. In this article, we present our study based on this 
model which, on the one hand, aims at quantifying the volt-
age induced by inductive coupling as compared to that in-
duced by galvanic coupling and, on the other hand, studies 
the influence of the homogeneous or heterogeneous nature 
of the coupling medium on the resulting induced voltage.   

II.   MATERIAL AND METHOD 

A.   Calculation Model and Testing Methods 

The calculation model as well as the experimental device 
used a physical model of a human torso built around a tank 
measuring 306 (length) X 168 (thickness) X 198 (height) 
mm3 (see figure 1). The pacemaker model was implanted 80 
mm below the phantom surface and 24mm from the lateral 
wall. The pacemaker used in this experiment was unipolar, 
which constitutes “worst-case” in terms of immunity. Thus,  
the PM-lead formed a surface loop Sloop which was closed 
by the coupling medium it was placed in. The conductivity  
σ  of this medium was, in the first step, considered to be 
homogeneous. The applied magnetic field was perpendicu-
lar to the surface of the loop, as shown in figure 1. The 
induced voltage at the terminals of the Vpace   housing was a 
result of the superimposition of voltage Vsol  due to the 
circulation of induced currents Isol in the coupling medium 
as well as voltage Vloop due to the presence of the closed 
loop formed by the PM-lead.   
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Fig. 1 Model of human torso with pacemaker 

In the frequency domain under study, we can consider 
that the internal impedance of the pacemaker was real as 
well as the Rsol impedance of the coupling medium between 
the pacemaker housing and the lead tip. Thus, in the pres-
ence of a variable low-frequency magnetic field, the PM-
lead can be depicted by the simplified representation in 
figure 2. 

 
 
 
 
 
 
 
 
 
 
 
 

Fig. 2  Simplified electric model 

The induced voltage Vloop  in the surface loop Sloop  is gi-
ven by the Farafday law:  

Vloop  =  - 2 π f  B0 sin(2 π f t) Sloop                                      (1) 
 
The calculation of voltage Vsol is based on the impedance 

method [4], details of the calculations are presented in [5]. 
The voltage Vpace varied in phase with the voltage produced 
by the generator Vloop. Thus, the global induced voltage Vgi 
is calculated by adding the sums of  Vloop  and Vsol, thus: 
 
Vgi  = Vloop + Vsol   avec    Vsol = Rsol Isol                            (2) 

B. Homogeneous Human Torso Model 

The positioning of the different elements in our model is 
presented in figure 3. It is assumed that the insulated lead 
wire, does not significantly disturb the induced field and so 

it was omitted from the modelling. The conductivity of the 
coupling medium was fixed at σ1 = 0.2 S/m. This value is 
representative of the average electrical conductivity of the 
thorax at low frequencies.  The value of the magnetic field 
interference was 30mT RMS for a frequency of 20kHz.  For 
the experimental part, we developed an original spherical 
structure composed of 4 coaxial coils [6]. The maximum 
variation of the magnetic field in the volume occupied by 
the tank, in relation to the value of the centre, was inferior 
to ±1%. The surface loop Sloop  was  225cm².   

 
  

 
 
 
 
 
 
 
 
 
 
 

Fig. 3  Homogeneous model  of a human torso 

We validated the experimental calculation model by us-
ing a test pacemaker housing measuring 48 (height) x  36 
(width) x 6 (thickness) mm3.  This housing, which included 
a resistance Rpace (see figure 4)  was dipped into a saline 
solution with a conductivity of 0.2 S/m. The experimental 
measurement consisted of taking a reading of the voltage 
Vpace  present at the terminals of the pacemaker, then de-
ducting the global voltage Vgi.  
 
 

 
 
 

 

 

Fig. 4  Detail of the test pacemaker housing 

Thus, from the diagram in figure 2, Vgi is written: 

  
pace

solpacepace
gi R

RV
V

)R( +
=                                                    (3)                

 
 

 

Vpace 

Vloop 

Rpace 

Rsol 

Isol 

 Housing 

Vpace Rpace 

Internal 
circuit 

Connector 

66      
 

80      

H 

W = 306mm 

σ1

Housing 

E 
H = 198mm 

Electrode 
132     

Sloop 

Magnetic field

Housing 
Lead 

Electrode  σ 



1050 J.P. Andretzko, A. Hedjiedj, and L. Guendouz

 

  
 

IFMBE Proceedings Vol. 25

 

 

C. Heterogeneous Model 

In the second step, we used a model which was closer to 
the conditions of a real implant, simulating a heterogeneous 
medium. It was composed of a reference medium of  σ1 
conductivity in contact with the housing of the pacemaker, 
and a second medium of σ2 conductivity (placed 12mm 
from one of the lateral walls) in contact with the distal elec-
trode making up the other end of the loop (see figure 5). 
The dimensions of the second medium, close to that of the 
human heart, were 102 (height) x  96 (width) x 102 (thick-
ness) mm3. 

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 5  Simulation model of a heterogeneous human torso 

III.   RESULTS 

A.   Homogeneous Human Torso Model 

The experimental results obtained with the test pace-
maker housing implanted in the saline solution were close 
to the theoretical values, thus confirming their validity. 
Table 1 presents the theoretical and experimental results 
obtained for an applied magnetic field of 30mT RMS for a 
frequency of 20kHz and for a loop surface of 225cm². The 
difference between the experimental value Vgi, obtained 
from the Vpace measurement and the theoretical value was 
12.9%. 

Table1 Theorical and experimental results 

 
Calcul Mesure 

Vsol(mV) Vloop(mV) Vgi(mV) Vgi(mV) 
12.63 84.82 97.45 110 

 
 
 
 

The results obtained illustrate the predominant effect of 
inductive coupling on the circulation of induced currents. 

B.   Inhomogeneous Human Torso Model 

As for the heterogeneous model, we carried out different 
simulations for a σ2 medium whose conductivity varied 
from 0.2S/m to 0.8S/m and with the conductivity of the σ1 
reference medium equal to 0.1S/m. The 225cm² surface area 
of the loop was maintained and the efficiency value of the 
magnetic field was still 30mT RMS for a frequency of 
20kHz. Figure 6 shows the variation of the voltage Vsol in 
relation to the conductivity of the second medium. We can 
see that the increase in the voltage Vsol is directly linked to 
the increase in the conductivity of the second medium.   

 

Fig. 6  Variation of Vsol as a function of  σ2 

Figure 7 shows us the variation ratio Vsol/Vloop (%) as a 
function of the ratio between the σ2/σ1 conductivities of the 
two mediums. We carried out different simulations with 
several values of σ1 (0.1S/m, 0.2S/m and 0.3S/m) and with 
a σ2/σ1 ratio varying between 1 and 8.  The curves obtained 
can be superimposed, and this as a result of the linearity of 
the model.    

 

Fig. 7 Variation of the Vloop/Vgi ratio as a function of  σ2/σ1 
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The Vsol/Vloop ratio varies between 14.9% and 38.2% for 
a σ2/σ1varying from 1 to 8. Thus, the voltage due to the 
galvanic coupling in relation to the voltage of the loop in-
creased as the heterogeneity of the coupling medium, de-
fined by the ratio σ2/σ1, increased. As a consequence, the 
increase in the heterogeneity, defined by σ2/σ1 ratio, results 
in an increase in the resulting induced voltage. This is es-
sentially linked to a modification in the distribution of the 
induced currents in the coupling medium. Figures 8 and 9 
show the distribution of the relative current density with a 
conductivity of  σ1 = 0.1S/m for the homogeneous medium 
(see fig. 8) and σ1 = 0.1S/m and σ2 = 0.8S/m for the het-
erogeneous medium (see fig. 9).  Comparing these figures 
shows the modification in the distribution of the current 
density for the heterogeneous model, notably at the inter-
face of the two mediums. 

  

 

 

 

Fig. 8 Distribution of the relative  current density  in the  homogeneous 
coupling medium 

 

 

 

 

 

Fig. 9 Distribution of the relative  current density  in the  heterogeneous 
coupling medium  

 

 

 

IV. CONCLUSION 

The results presented in this study show the necessity to 
take into account the heterogeneities of a coupling medium 
to determine the induced voltage at the terminals of a pace-
maker exposed to an interference voltage. The increase in 
the heterogeneity of the coupling medium causes an in-
crease in the total induced voltage, which is essentially 
linked to the increase in the voltage Vsol induced by gal-
vanic coupling. This represents  13% of the total induced 
voltage, of which the homogeneous medium accounts for 
30% of the total, with a ratio for the conductivities between 
the two mediums being σ2/σ1 = 8. It is worthy to note that 
the value of Vsol also depends on the relative positions of the 
housing and the electrode in the coupling medium. A more 
detailed analysis of the distribution of the currents and the 
induced potentials would allow for a better interpretation of 
the results. Moreover, it would be interesting to improve the 
calculation model by developing a more realistic model as 
far as the geometry and the homogeneous nature of the 
simulated medium are concerned, and to study the influence 
of the geometric position of the implant and the lead. 
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Abstract— There has been increasing interest in the genera-
tion of models appropriate for computational simulations – 
Finite Element Analysis (FEA) and Computational Fluid Dy-
namics (CFD) – from biomedical imaging data. Novel methods 
of generating the required volume discretizations directly and 
robustly from the image data have been proposed however 
there are a range of issues related to image processing and 
mesh generation which still need to be addressed. The paper 
will present issues specific to image-based meshing, in particu-
lar techniques for the generation and handling of appropri-
ately anti-aliased multi-part image masks for producing accu-
rate models from surface and volume reconstruction 
techniques. Two case studies will be presented, including the 
model generation of a hip implant by merging image and CAD 
data, and the pressure response in head impacts. 

Keywords— image-based meshing, patient-specific modeling, 
finite element, hip implant, head impact. 

I. INTRODUCTION  

Although a wide range of mesh generation techniques are 
currently available these, on the whole, have not been de-
veloped with meshing from segmented 3D imaging data in 
mind. Meshing from 3D imaging data presents a number of 
challenges but also unique opportunities for presenting 
more realistic and accurate geometrical description of the 
computational domain. The majority of approaches adopted 
have involved generating a surface model (either in a discre-
tized or continuous format) from the scan data, which is 
then exported to a commercial mesher – a process which is 
time consuming, not very robust and virtually intractable for 
the complex topologies typical of image data. A more ‘di-
rect approach’ presented in this paper is to combine the 
geometric detection and mesh creation stages in one process 
which offers a more robust and accurate result than meshing 
from surface data.  

II. MESH GENERATION FROM BIOMECIAL IMAGING DATA 

Meshing from image data presents a number of chal-
lenges but also unique opportunities so that a conceptually 
different approach can provide, in many instances, better 

results than traditional approaches. Image-based mesh gen-
eration raises a number of issues which are different from 
CAD-based model generation. Some are discussed below. 

A. CAD-based versus image-based meshing 

CAD-based approaches use the scan data to define the 
surface of the domain and then create elements within this 
defined boundary [1]. Although reasonably robust algo-
rithms are now available [2], these techniques do not easily 
allow for more than one domain to be meshed, as multiple 
surfaces are often non-conforming with gaps or overlaps at 
interfaces where one or more structures meet (cf. Fig 1). 

 

Fig. 1  Original segmentation (left), non-conforming (centre) and conform-
ing multipart surface reconstruction (right). 

A more direct approach developed by the authors com-
bines the geometric detection and mesh creation stages in 
one process. The technique generates 3D hexahedral or 
tetrahedral elements throughout the volume of the domain 
[3], thus creating the mesh directly with conforming multi-
part surfaces (cf. Fig 1). This technique has been imple-
mented as a set of computer codes (ScanIP, +ScanFE and 
+ScanCAD). 

B. Robustness and accuracy 

In the case of modeling complex topologies with possi-
bly hundreds of disconnected domains (e.g. inclusions in a 
matrix), approaching the problem via a CAD-based ap-
proach is virtually intractable. By contrast treating the prob-
lem using an image-based meshing approach is remarkably 
straightforward, robust, accurate and efficient. Indeed 
meshes can be generated automatically which is of image-
based accuracy with domain boundaries of the finite ele-
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ment model lying exactly on the iso-surfaces thereby taking 
into account partial volume effects and providing sub-voxel 
accuracy (cf. Fig 2). 

 

a b ca b c
 

Fig. 2  a) Original image, unsmoothed (203,238 mm3); b) Traditionally 
smoothed (180,605 mm3, Δvolume = -11.14%); c) Smoothed with Simple-

ware’s smoothing algorithm (202,534 mm3, Δvolume = -0.35%) 

C. Anti-aliasing and smoothing 

Where anti-aliasing and smoothing is applied to the seg-
mented volumes, the presented technique is both topology 
and volume preserving. If appropriate algorithms are not 
used, the process of smoothing and anti-aliasing the data 
can introduce significant errors in the reconstructed geome-
try and topology. Most implemented smoothing algorithms 
are not volume preserving and lead to shrinkage of convex 
hulls and in many cases topological changes. Whilst this is 
not particularly problematic when the purpose is merely 
enhanced visualization, the influence can be dramatic when 
the models are used for metrology or simulation purposes.  

III. GENERATING A MODEL 

The steps involved in the generation and processing of 
finite element models based on patient-specific imaging 
data are: 

A. Scan and image processing 

An extensive range of image processing and meshing 
tools can be used to generate highly accurate models based 
on data from any 3D medical imaging modality, e.g. MRI, 
Ultrasound and CT. Features of particular interest include: 
Segmentation tools (Level Set Methods; Metal Artifact 
Reduction (MAR) Algorithms, etc.); Volume and topology 
preserving smoothing; Robust multi-part surface mesh/STL 
generation. The geometry of the structure is reproduced in 
the finite element mesh at sub-voxel accuracy. 

B. Volume or surface mesh generation 

A mesh generation technique based on a unique in-house 
developed multi-part marching cubes algorithm with spe-
cifically designed multi-part smoothing algorithms will be 
presented. Uniquely this technique allows the user to: 
straightforwardly generate meshes of excellent quality (low 
element distortions) regardless of complexity; will mesh 
any number of structures simultaneously (handles multi-part 
junctions); and allow the user to seamlessly apply signal 
strength to material property mapping functions (e.g. 
Young’s Modulus to Hounsfield Number mapping func-
tions). Important concepts in smoothing of meshes such as 
topological preservation of data (for example to ensure 
preservation of connectivity), volume neutral smoothing (to 
prevent shrinkage of convex hulls) and convergence to 
geometry will be discussed. The approach has been applied 
to a very wide range of problems for both finite element 
analysis, CFD analysis and FSI problems. 

C. Integration of CAD Design into Scan Data 

The proposed technique also offers the option of integrat-
ing CAD designs (represented by standard CAD format 
such as IGES, STEP or STL) into the image data whilst 
preserving its features and fidelity. The result is a faithful 
computational mesh for the whole problem – including the 
patient-specific scan data and additional design elements. 
The functionality opens the door to modeling a wide range 
of problems in medicine and dentistry as well as in con-
sumer product design. Utilizing such functionality in typical 
parametric studies (e.g. effects of variation in implant posi-
tioning on stresses distribution) as well as in pre-surgical 
planning has proved to be very beneficial. 

D. Export to FEA/CFD/CAE software 

Nodes, elements, material properties, contact surfaces for 
any or all meshed parts may be exported to input-format 
files for a variety of FE and CFD packages. Where appro-
priate, elements may be exported as higher-order elements 
by the insertion of mid-side nodes.  

IV. CASE STUDIES 

Different case studies demonstrate the potential of the 
proposed approach for a wide variety of applications, and 
illustrate the ability to complete such complex problems 
with a high degree of accuracy but in a fraction of the time 
taken by other approximate approaches.  
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A. Investigating the effect of hip implant procedures 

Data acquisition and image segmentation: A CT scan of 
a male patient with a hip implant (resolution 0.77 mm, slice-
to-slice separation 1 mm) was imported in ScanIP, where 
six masks were created: (1) Pelvis, (2) Cement, (3) Cup, (4) 
Stem, (5) Cement mantle, (6) Proximal Femur (cf. Fig 3). 

 

 
Fig. 3  Hip replacement model opaque (a.) and transparent (b.) 

Mesh generation: Based on the six segmented structures, 
two smooth models of different mesh densities were gener-
ated using +ScanFE taking less than 3 minutes each. Mate-
rial properties were assigned via mapping from the grey 
scale in the underlying CT data using well known Young’s 
modulus to density relationships [4]. Using ABAQUS (Das-
sault Systèmes Simulia Corp., Providence, RI, USA), 
boundary conditions and loads – including muscle forces – 
were applied. The response of the system was analyzed 
under static loading conditions with a sliding interface at 
both the cup-implant interface and at the implant-cement 
interface (cf. Fig 4). The total solution time (on a single 
processor Intel 2.8 GHz) for the low-density mesh (76,242 
nodes) was a little over 2 hours and 6 hours for the high-
density model (169,391 nodes).  

 

 
Fig. 4  Finite element analysis in ABAQUS 

Numerical convergence: With the in vivo model de-
scribed here, due to the difficulty, experimental corrobora-

tion was not carried out, however numerical convergence 
studies provided strong evidence of the robustness of the 
solutions obtained. Two models with different mesh densi-
ties were generated and good agreement was obtained be-
tween stress and strain responses in all the different con-
stituent components of the model (bone, cement, cup, and 
implant). 

 
CAD integration: A cadaveric femur was then implanted 

with an Exeter™ Hip stem by an experienced orthopedic 
surgeon, the femur was CT scanned both pre and post-
operatively. An FE model was produced from the post-
operative data by segmenting the image directly. To pro-
duce a pre-operative model the data from the scan was seg-
mented in ScanIP where the femoral head was removed to 
simulate the physical removal of the head. The model was 
then integrated with a CAD model of the implant in 
+ScanCAD where the implant was orientated by a series of 
translations and rotations using anatomical landmarks as a 
guide to align the implant correctly (cf. Fig 5). To create the 
bone cement mantle the mask of the implant was copied and 
dilated. The cement mantle thickness was set to fill the void 
within the medullary canal. The two FE models were run 
under a simulated hip contact loading and then compared. 
The results from the pre-operative and post-operative de-
rived models show an excellent agreement. 

 

     
Fig. 5  Positioning the implant in the femur 

Results: Validation of the techniques was carried out on 
cadaveric femora which were instrumented and loaded 
experimentally; strains at various locations were compared 
with those obtained from simulations run on FE models 
generated from CT scans of the same femora. The models 
were also used to explore the influence of two different 
interface conditions at the cup-head: a no friction-sliding 
interface and an interface with cup and implant nodes 
merged. It was found that only the response in the neigh-
borhood of the implant-cup interface is appreciably affected 
by the assumed interface conditions. 
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B. Pressure response analysis in head injury 

In this study, analytical, numerical and experimental 
models were used in parallel to explore the pressure re-
sponse of the human head as a result of low velocity impact. 
The aim of the study is to investigate whether it is possible 
to predict the response of the head for a particular impact 
scenario using these image-based modeling techniques. 

 

a)    b)  
Fig. 6 Segmented head model in  

a) ScanIP (Simpleware) and b) LS-DYNA (LSTC). 

Data acquisition, image segmentation and mesh genera-
tion: High resolution T1-weighted whole head MRI scans of 
a young male were obtained in vivo. Patient-specific finite 
element models were generated from the 3D data sets using 
ScanIP and +ScanFE software. 15 different structures were 
segmented and meshed simultaneously, i.e. brain (gray 
matter, white matter, brain stem, cerebellum); CSF, skull, 
mandible, cervical vertebrae, intervertebral discs eye (eye-
ball, optic nerve, fatty tissue), nasal passage, and skin. A 
number of finite element models (between 2,000,000 – 
10,000,000 elements) were generated based on the seg-
mented image data. The resultant mesh was exported to LS-
DYNA (LSTC - Livermore Software Technology, Corp., 
Livermore, CA, USA). In addition, the interface between 
the skin and exterior was used to define a contact surface. 

 

 
Fig. 7 Von Mises stress in LS-DYNA (LSTC). 

Impact analysis: The resulting models are geometrically 
very accurate (cf. Fig 6) and were used to explore the intra-
cranial response to impact. Previously developed approxi-
mate closed form analytical expressions were also used to 
provide additional comparison results. The finite element 
models generated were solved using LS Dyna. At early 
stages after contact a high pressure transient is observed 
under the site of impact which is followed by a negative 
pressure transient and then a high positive pressure transient 
as shown in Fig 7. 

V. CONCLUSIONS  

The ability to automatically convert any 3D image data-
set into high quality meshes, is becoming the new modus 
operandi for anatomical analysis. Techniques have been 
developed for the automatic generation of volumetric mesh-
es from 3D image data including image datasets of complex 
structures composed of two or more distinct domains and 
including complex interfacial mechanics. The techniques 
guarantee the generation of robust, low distortion meshes 
from 3D data sets for use in finite element analysis (FEA), 
computer aided design (CAD) and rapid prototyping (RP). 
Additional tools enable the incorporation of CAD models 
interactively within the image. 

The different case studies demonstrate the ease and accu-
racy with which models can be generated, and how image-
based meshing has opened up a wide range of previously 
difficult or intractable problems to modeling and simulation 
for different biomechanics applications. 
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Abstract—For analysis of protein-protein interaction in liv-
ing cells, microscopy methods based on Fluorescence Reso-
nance Energy Transfer (FRET) are widely used. However, 
today’s systems are either difficult to operate and require 
expert knowledge of FRET or do not account for certain er-
rors. In this paper a Nipkow Disc based FRET microscopy 
system is presented, that is easy to operate without expert 
knowledge of FRET. Furthermore potential sources for errors 
and their automated correction are discussed. 

Keywords—FRET, real time, confocal microscopy. 

I. INTRODUCTION  

Methods based on Fluorescence Resonance Energy 
Transfer (FRET) have a broad application range in life 
sciences. They have been successfully used to analyze pro-
tein-protein interaction as well as conformational changes 
of single proteins or proposed as a tool for measuring intra-
cellular oxidative stress or ion concentration. 

Despite advances in detection hardware and system soft-
ware it is still relatively complicated to obtain reliable data. 
Especially false positive FRET signals generated by random 
dimerization of the used fluorophores can easily lead to 
incorrect interpretation of the experimental data. 

To solve these problems a system was established which 
automatically corrects after proper calibration for most 
potential errors and is easy to use even by non-experts. The 
system is flexible enough for both short term acquisition 
with a high temporal resolution and time lapse data re-
cording over several hours with as little photobleaching as 
possible. 

II. METHODS 

A. FRET 

The FRET phenomenon was first described in 1946 by 
Theodor Förster [1]. If two fluorophores are in close prox-
imity (usually <10nm), energy can be transferred radia-
tionlessly from one fluorophore (referred to as donor) to the 
other (referred to as acceptor). The efficiency of this energy 

transfer E depends on intermolecular distance r between 
both fluorophores as shown in equation 1 (R0 being the so 
called Förster distance where E equals 0.5). 

6
0 )/1(

1
Rr

E
+

=                          (1) 

Unlike absolute fluorescence measurements, the FRET 
efficiency is independent of the used hardware and therefore 
yields comparable results even between different acquisition 
systems. 

This paper focuses on FRET measurements by sensitized 
emission, i.e. the nondestructive detection/calculation of 
energy which is transferred from the donor to the acceptor 
molecule during the FRET process. 

B. Fluorophores 

 For testing the system, enhanced cyan fluorescent pro-
tein (ECFP) was used as donor while enhanced yellow fluo-
rescent protein (EYFP) was used as acceptor. The combina-
tion of these fluorophores (Förster distance is 4.92nm) is 
commonly used for FRET experiments.  

C. Hardware 

Two diode pumped solid state lasers (444nm, 532nm; 
Crystalaser, USA) were coupled to the Nipkow Disc system 
QLC100 (Visitech International Ltd., UK) to excite the 
fluorophores ECFP and EYFP. The laser beams were then 
directed into an inverted microscope (Axiovert 200M, Carl 
Zeiss Microimaging GmbH, Germany) and focussed on the 
sample. Emission light was led back again through the Nip-
kow Disc unit to the CCD camera (Orca ERG, Hamamatsu, 
Japan). In front of the camera a Multispec Microimager 
DualView (Optical Insights, USA) was attached for simul-
taneous detection of two emission wavelengths on the CCD 
chip to save time during the image acquisition process. A 
cell culture unit on the microscopy stage (Luigs&Neumann 
GmbH, Germany) is used to keep the temperature and gas 
concentrations stable during experiments. The cell culture 
medium is buffered with a bicarbonate/Carbon dioxide (5% 
CO2 in air) buffer system. 
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D. Third Party Software 

The open source software “Micro-Manager” [2] was used 
for operating most of the hardware (i.e. camera, filter 
wheels, microscope and the integrated automated focus 
stage). Because this software supports various devices and 
new drivers can easily be added, the system is adaptable to 
new hardware at any time. 

The Insight Toolkit (ITK) [3] was used for image regis-
tration tasks during system calibration. 

The remaining software was written in the Java pro-
gramming language to ensure portability to various plat-
forms. 

III. RESULTS 

A. Software Design 

The user interface of the system consists of six windows 
with configurable content. In addition to the fluorescence 
channels the sensitized emission image can be displayed. It 
shows the amount of energy transferred from the donor to 
the acceptor fluorophore expressed as part of acceptor 
fluorophore fluorescence. Spectral bleedthrough in this 
image is corrected automatically by linear unmixing as 
mentioned in [4]. The FRET efficiency for each pixel is 
then calculated as shown in equation 2 where Ix corresponds 
to the pixel value of the indicated image. Finally the FRET 
efficiency mean is depicted as a function of the relative 
amount of acceptor to donor fluorescence in the interaction 
analysis graph. 

emissionsensitizeddonor

donor

II
IE

+
−= 1         (2) 

In order to evaluate time-lapse experiments the software 
maintains statistics of each image's arithmetic mean over the 
selected region of analysis and plots them as a function of 
time. As helping features for long-term observations an 
auto-focus algorithm [5] and one for readjusting the area of 
interest after cell movements along the lateral axes are im-
plemented. 

The extent of the axial chromatic aberration caused by 
using two different excitation wavelengths can be specified 
in the system configuration dialog. It is then corrected by 
shifting the focal plane prior to switching excitation 
sources. 

B. Proof of Interaction between the Two Subunits of the 
Hypoxia Inducible Transcription Factor HIF-1 

Fig. 1 shows the result of an experiment which was per-
formed to prove the interaction between the HIF-1 subunits, 
HIF-1α and HIF-1β. The lower graph is representing the 
characteristics of so-called random FRET signal. It may be 
caused by dimerization and random collision of fluoropho-
res fused to the proteins under study. This curve defines the 
lower detection limit of the FRET microscopy system and is 
essential for correct interpretation of experiments basing on 
the FRET technique. 

 

 

Fig. 1 Evaluation of 10 osteosarcoma cells (U2OS) co-expressing pECFP-
HIF-1α and pEYFP-HIF-1β. The mean FRET efficiency value of each cell 
is marked as dot. Dots above the random FRET graph are the evidence for 
observation of interaction between the subunits of HIF-1 in cells live on the 
screen 

C. Long-Term Experiments with Intracellular Fluorescent 
Probes 

Several algorithms have been implemented in the soft-
ware to allow longer lasting experiments under diverse 
conditions like exposure of cells to different gas concentra-
tions or addition of reagents during live monitoring of cells. 
We tested the reaction of a cell to the addition of hydrogen 
peroxide and recorded changes in EYFP fluorescence over 
time. The results are partly visualized in Fig. 2. We ob-
served that the fluorescence signal of the EYFP fluorophore 
was quenched by hydrogen peroxide. This fluorophore 
might therefore provide information about H2O2 concentra-
tion as previously reported from in-vitro experiments [6]. 
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Fig. 2 EYFP fluorophore might function as a probe for the cellular redox 
state. Fluorescence from HEK 293T cells expressing EYFP protein was 
recorded over more than 90 minutes. Cells were exposed to hydrogen 
peroxide (lower graph) or left untreated (control, upper graph). The arrow 
indicates the addition of medium containing high concentrated hydrogen 
peroxide (final H2O2 concentration was 1mmol/l) or an equal amount 
standard cell culture medium 
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Abstract— Various applications for capacitive ECG measure-

ment are currently topic of research, several systems to demon-

strate the feasibility of contactless measurement have been im-

plemented by different research groups. One problem common

to all approaches is the sensitivity to motion artefacts due to rel-

ative movement between the body and the measurement system.

This paper presents an analysis of motion artefacts in capac-

itively coupled ECG measurement. A capacitive electrode has

been modeled in order to investigate and simulate the time do-

main behavior and the influence of movements on the output

signal. The analysis offers different approaches to reduce these

artefacts and a model is presented that allows for artefact cor-

rection and reconstruction of the original ECG signal even for

artefacts within the ECG spectrum.

Keywords— capacitive ECG (CCECG), contactless ECG, insu-

lated electrode, motion artefacts, artefact correction

I. INTRODUCTION

In comparison to the traditional ECG-lead technique with
silver chloride (Ag/AgCl) electrodes, contactless capacitively
coupled ECG (CCECG) measurement is still a relatively new
lead technique. Although already described by Richardson in
1967 [1], no commercial implementation is yet available as to
the authors’ knowledge. As more and more integrated ampli-
fiers with very high input impedance have become available
over the last years that easily allow integration directly into
the electrodes, capacitive electrodes have received more fo-
cus again. Offering miscellaneous options for integration into
objects of everyday life, capacitive electrodes allow for new
applications [2, 3], even automotive applications are currently
under investigation [4, 5]. Previous investigations mainly deal
with the construction and characterization of electrodes [6]
and contactless measurement systems [7]. The artefact be-
havior of CCECG electrodes has been analyzed concerning
capacitive coupling into the body and a suitable "driven seat
concept" has been presented [8]. Only little information con-
cerning motion artefacts is available [9].

The standard configuration for bipolar capacitive measure-
ments is shown in Fig. (1); two separate electrodes acquire
the electric field emitted by the body and their output is fed
into a difference amplifier stage. A combination of analog

and/or digital filtering is used to process the output signal.
A common problem to all measurement modes is the occur-
rence of motion artefacts. The origin of these artefacts will be
discussed below.

Fig. 1: Standard capacitive electrode setup for bipolar measurements

II. CAPACITIVE ELECTRODE MODEL

In conjunction with the body surface a capacitive electrode
forms a time variant capacitor Cel(t), that can be considered
a plate capacitor with the area A and the distance x. In most
applications a voltage follower circuit with a very high input
impedance is used to form a capacitive electrode. The equiv-
alent circuit of a capacitive electrode is shown in Fig. (1).
The total input impedance of the buffer together with other
impedances e.g. bias resistors, tracks or housing form the re-
sistor Rp and the capacitor Cp. The voltage Ui is a biosignal
source, in this case the ECG. It forms a potential difference
to a virtual ground, that creates an electric field on the body
surface. Ucm is the common mode voltage that is created be-
tween virtual body ground and the measurement system ref-
erence because of static charge on the body versus the mea-
surement system and by coupling of electric fields into the
body, the latter will not be regarded here. At the output of the
buffer, the voltage Ua can be measured. The real part of the
impedance Zel is considered negligible. With this circuit, the
properties of CCECG electrodes will be analyzed.
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Fig. 2: Equivalent circuit for capacitive electrodes

According to Kirchhoff’s first law, the current I(t) through
the capacitor Cel is

I(t) = ICp(t)+ IRp(t) (1)

Current and charge can be written as

I(t) =
dQ
dt

and Q = CU (2)

Their substitution in Eq. (1) results in

d(Cel(t)Uel(t))
dt

=
d(CpUa(t))

dt
+

Ua(t)
Rp

(3)

With Kirchhoff’s voltage law, Uel(t) can be expressed as

Uel(t) = Ui(t)+Ucm(t)−Ua(t) (4)

Substitution of Eq. (3) in Eq. (3) and isolation of Ua(t) yields
the output signal

Ua(t) = Rp

(
d(Cel(t)(Ui(t)+Ucm(t)−Ua(t)))

dt
− d(CpUa(t))

dt

)

(5)
This differential equation commonly describes the time do-
main behavior of a capacitive electrode and can be employed
for simulations.

III. ORIGIN OF ARTEFACTS

The most substantial source of artefacts in capacitive elec-
trodes is the variation of the coupling capacitance Cel(t) by
movement induced distance change between electrode and
body surface. This can be caused by moving the electrode
relatively to the body, as e.g. for electrodes integrated in a
chest belt, as well as by moving the body relatively to the
electrode, as in any chair-like configuration.

In order to be able to simulate the movement artefacts
caused by the changing electrode-body distance, the system

equation Eq. (5) can be extended by

Cel(t) =
ε0εrA

x0 + x(t)
(6)

Here, x0 represents the initial distance and x(t) represents the
distance change from the original state.

From these equations a Simulink model was implemented.
As input signal, a previously recorded ECG signal has been
used.

Fig. (3) shows a simulation with different static common-
mode voltages Ucm. The parameters have been chosen to rep-
resent an electrode that measures through clothing. Thus, the
initial distance has been set to x0 = 1 mm. The area was
A = 32 cm2 with εr = 1. The input impedance was chosen
to be Zp = Cp‖Rp = 2 pF‖1000 GΩ. The distance change
caused by the movement was assumed to be 1mm distance
increase.
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Fig. 3: Simulated artefacts using the simulink model.(a) shows the
simulated distance change of the electrode, (b) is the resulting coupling

capacitance. (c) is the EKG input signal whereas (d), (e) and (f) show the
output signal of the simulated electrode with 0 mV, 10 mV and 50 mV

respectively.

The simulation without common-mode voltage shows that
only a minimal artefact is created during the distance change,
see Fig. (3d). This can be attributed to the ECG signal itself,
causing charge on Cel . Identical simulation conditions and a
small common-mode voltage of Ucm = 10 mV already cause
high artefacts that render an ECG analysis impossible, see
Fig. (3e). With Ucm = 50 mV, Fig. (3f), the amplitude of the
artefact is almost 20 times the height of the R-peak. In real-
ity however, even higher static common-mode voltages can
occur.

The distance change Δx causes an artefact potential that
depends on the current charge QCel of the coupling capaci-
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tance.
UArte f akt =

QCel

Cel
= Δx

QCel

ε0εrA
(7)

The charge QCel can on the one hand be caused by the wave-
form of the biosignal Ui itself but can also originate from a
static voltage Ucm between the system and the body. Espe-
cially if there is no galvanic connection between the system
and the body (e.g. by applying an additional galvanic elec-
trode), high common-mode voltages can occur due to static
charging, the magnitude of which can be essentially higher
than the ECG signal. They can be considered the main source
of motion artefacts in CCECG measurement.

As the charge on the capacitor depends on the initial dis-
tance x0, it can be estimated that the artefact voltage is pro-
portional to the relative distance change (assuming the time
constant of the distance change is considerably shorter than
that of the measurement system).

UArte f act ∼ Δx
x0

(8)

For lower frequencies the artefact voltage decreases with de-
creasing movement frequency. The simulation in Fig. (4) il-
lustrates this. It shows the relation between the frequency of
the distance change x(t) = Asin(ωt) at constant movement
amplitude and the produced artefact voltage, which has a
high-pass characteristic.

IV. ARTEFACT REDUCTION AND CORRECTION
METHODS

As the motion artefact can occur in the whole ECG spec-
trum, linear filtering is not possible to separate the artefact
noise from the desired signal. Yet, with the analysis presented
above, different possibilities can be considered in order to re-
move artefacts in capacitive ECG measurements.

A. Reduction of Ucm:

In order to reduce the static common-mode voltage Ucm, a
reference electrode can be galvanically attached to the body.
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Fig. 4: Simulation: Movement frequency vs. artefact voltage

This may be inconvenient for some applications. Due to the
electrode and skin potential, Ucm will in most cases be dif-
ferent from zero and is subject to changes due to movements
and potential drifts of this galvanic electrode.

B. Distance Increase:

In order to reduce the relative error, the initial distance
from the electrode to the body can be increased. This in-
crease however implies a larger coupling impedance which
has a negative effect on the signal-to-noise ratio. To compen-
sate this, the electrode area can be enlarged. Additionally, the
maximum initial distance can be limited depending on the
application.

C. Series Capacitor:

A small series capacitor Cs can be introduced in series with
the capacitive electrode to reduce the influence of changes of
Cel . The total coupling capacitance is then

Ctot =
(

1
Cs

+
1

Cel

)−1

=
(

1
Cs

+
x0 + x(t)

ε0εrA

)−1

. (9)

Artifacts are decreased by a factor of

1
1+Cel,0/Cs

with Cel,0 = Cel |x=x0
. (10)

As the attenuation of the system above the cut-off frequency
is determined by the ratio

Ctot/(Ctot +Cp), (11)

the input capacitance Cp must then also be decreased respec-
tively. Additional circuitry as e.g. a capacitance neutralization
circuit [10] become necessary.

D. Reconstruction of the ECG Signal:

With the differential system equation presented above (see
Eq. (5)), the complete reconstruction of the ECG signal Ui(t)
is possible if information about the common-mode voltage
Ucm and the distance change x(t) is available. Besides that,
the system parameters Cp and Rp must be known.

Integration of Eq. (5) yields

1
Rp

∫
Ua(t) = Cel(t)(Ui(t)+Ucm(t)−Ua(t))−CpUa(t)+C1

(12)
with the integration constant C1. Solving for Ui(t) we obtain
the reconstruction equation for the input signal

Ui(t) =
1

Cel(t)Rp

∫
Ua(t)+Ua +

Cp

Cel(t)
Ua(t)−Ucm(t)+

C1

Cel(t)
(13)
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It is assumed that changes of Ucm are slower than the time
constant of the system. With the absence of the biosignal
Ui(t) and without distance change x(t) = 0 the output volt-
age Ua(t) becomes zero. This allows the determination of C1:

C1 = Ucm ·Cel |x=x0
= Ucm ·Cel,0 (14)

This results in the complete reconstruction equation

Ui(t)=
1

Cel(t)Rp

∫
Ua(t)+

(
1+

Cp

Cel(t)

)
Ua(t)−Ucm(t)+

Ucm Cel,0

Cel(t)
(15)
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Fig. 5: Simulated artefact reconstruction using the simulink model. (a)
shows the simulated distance change of the electrode, (b) is the resulting

coupling capacitance. The EKG input signal (c) becomes distorted as in (d)
at the output of the buffer. The reconstruction of the input signal with exact

parameters is shown in (e). Inaccurate parameters yield a suboptimal yet
considerable reconstruction (f).

Fig. (5) shows a simulation, where this reconstruction
method has been applied. The simulated motion was a sine
wave with superposed square waves at t = 1,75 s and t = 4 s
respectively. In the output signal the R-peaks of the ECG-
signal are barely visible, see Fig. (5d).

The reconstruction of the input signal with exact parame-
ters restores the original input signal exactly as shown in Fig.
(5e). A more realistic reconstruction is shown in Fig. (5f);
here the circuit parameters (Rp,Cp) and the measured signals
(Ua,Ucm,Cel) have 2% tolerance, the integration constant C1
has been determined with an accuracy of 5%. As can be seen,
considerable reconstruction is achieved. In a real application
Ucm can be estimated by minimizing the energy of the recon-
structed signal for varying values of Ucm in Eq. (15).

V. DISCUSSION

Resulting from relative movement of the body versus the
electrodes, motion artefacts in capacitive ECG measurement

can not be avoided. In this paper we have discussed a model
that describes the dynamic behavior and the origin of motion
artefacts of a capacitive electrodes. Simulations show that the
main source of artefacts is the variation of the coupling ca-
pacitance in combination with static common-mode voltage
between the body and the measurement system.

Different strategies to reduce or correct the artefacts ex-
ist. Further investigations are necessary in order to determine
which of the discussed concepts or combinations thereof are
most suitable for a specific application. In case the compensa-
tion method is used, the distance variations can be measured
indirectly via an additional capacitance measurement setup.
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Spatial setting of visual attention and its appearance in head-movement 
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Abstract— One’s “attention” is said to appear in the visual 
behavior, i.e. eye and head movements and human brain is 
thought to set visual attention area in the sight to get visual 
information efficiently.  In head-eye coordination head move-
ments are thought to be controlled to fit the sight to visual 
attention area.  Hence, setting of the attention area can appear 
in head movements.  In this study head and eye movements 
were measured using a wearable head and eye tracker system 
newly developed in this study, and were studied whether the 
visual attention could be known from head movements or not.  
Results show that, head-movements toward new attended area 
occur when human wants to switch the visual attention. 

Keywords— Visual attention, head movement, eye movement, 
visual task, attention area, wearable tracker. 

I. INTRODUCTION  

These days, service robots working at home, e.g. nursing 
or care robot are expected to solve problems increasing in 
aged society and produce more comfortable life1,2.  Machin-
ery including robots will serve their masters, i.e. human 
users certainly as ordered, and also they will be required to 
serve at their own judgment.  In such situations machinery 
has to understand master’s intention to avoid crash or misin-
formation. 

One’s “attention” is said to be shown in his/her visual 
behavior because visual information is most important for 
human3.  Human brain is thought to set visual attention area 
in the visual field to get visual information efficiently4.  The 
roll of head movements in visual behavior is thought to fit 
the visual field to visual attention area.  Because head 
movement patterns depend on the subject of visual task and 
individual differences, setting of the visual attention area 
may appear in head-movements, i.e. it may be easier to 
measure the visual attention in head movements than eye-
movements in visual behavior5-11. 

II. METHOD 

A. Eye and head tracking system 

Eye and head movements were recorded to observe the 
appearance of visual attention.  Seven male subjects with 

normal visual function (age 22.3±1.6 y.o.) participated.  All 
experimental protocols were in accordance with Ritsumei-
kan University ethics requirements and all subjects game 
informed consent. 

We used three displacement sensors (Wire Impulse 
Coder, WP40-100, LEVEX Co.) shown in Fig. 1a) to meas-
ure 3D head motion.  This sensor consists of a pipe of 1.4 
mm  aperture with magnetic coil inside and senses the dis-
placement x of stainless wire of 0.36 mm  inserting into 
this pipe as the change in inductance.  As shown in the plot 
of Fig. 1a), voltage output of the sensor is linear to x.  As 
shown in Fig. 1b), one displacement sensor was set on the 
temporal head, one on the back head and one on the neck 
and free ends of wires were set on the fitting points on the 
neck carefully not to disturb the subject’s head motion.  As 
shown in pictures of Fig. 1a), Eye movement was measured 
by an IR corneal reflection type eye tracker (T.K.K.2930a, 
Takei Scientific Instruments Co. Ltd.) 
 

 
Fig. 1 Eye and Head movement measurement system. a) System con-

figuration, b) Wire impulse coder for head movement tracker. 
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Anterior/posterior bending, right/left rotation and 
right/left bending angle of the head were calculated from 
outputs of these three sensors using three-order multiple 
regressive equation 1).  Here x is the output of the sensor set 
temporal head, y at neck and z at back head, and aij, bi (i = 
1, 2, 3; head motion type, j = 1-9) is constant coefficient 
decided by multiple regression. 

2

3

1 2 3

2 2
4 5 6

3 3
7 8 9

i i i i i

i i i

i i i

H b a x a y a z

a x a y a z

a x a y a z

  1) 

The accuracy of head motion measurement is 2.6±0.5 
deg (visual angle) in horizontal direction and 2.4±0.6 deg in 
vertical direction for the screen of ±26 deg in horizontal 
direction and ±16 deg in vertical direction.  The regression 
coefficient between real angle and estimated angle was 
more than 0.99. 

Fig. 2 shows schematic illustration of experimental sys-
tem; 27 inch wide PC screen was used to show visual target.  
Subjects were asked to sit still on a chair with back during 
experiments. Two type visual tasks were tested, i.e. “tap-
ping” and “reading” tasks. 
 

 
Fig 2 Experimental setup. 

B. Tapping” task 

White square frame and white filled small square were 
shown on the screen as shown in Fig. 3.  One small square 
was shown at one of four sides of the frame at random and 
the subject was required to click this square with mouse, 
and this square disappeared and next one appeared in an-
other place.  Subjects’ task was to click small square as 
many as possible in 10 sec. 

In this “tapping” task not only frame position but also its 
size.  Seven frame position and five frame size were pre-
pared as shown in Fig. 4. Head movement were recorded 
and checked to observe the appearance of visual attention 
set according to the frame position and size. 

 
Fig 3 Tapping target shown on the screen. 

 
Fig 4 Visual stimulus when frame position changes (upper) and frame 

size changes in “Tapping” experiment. 

All subjects showed similar head movement pattern. 
Typical head movements one’s experimental results are 
shown in Fig. 5 and 6.  In each figure left plot shows the 
gaze movement which is the combination of eye and head 
movement, right plot shows head movement, and horizontal 
and vertical axis means the same axis of screen plotted in 
visual angle (deg).  Dashed lines in each plot show the 
frame shown in experiments. 

As shown in these plots, gaze movement pattern was dif-
ferent from that of head movement.  When a target appeared 
on a PC screen head moved toward the frame but stopped 
during tapping.  On the other hand point of gaze moved 
around the target.  When frame position changed head 
moved toward the next frame position.  However head 
showed almost no movement when the frame size changed; 
head kept stopping at the center of frames. 
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Fig 5 Typical result of gaze movement (upper plot) and head movement 

(lower plot) for stimulus changing in frame position. 

 

 
Fig 6 Typical result of gaze movement (upper plot) and head movement 

(lower plot) for stimulus changing in frame size. 

C. Reading” task 

Similar to “tapping” task white square frame were dis-
played on a screen and Japanese sentences written in white 
characters were shown inside this frame, as shown in Fig. 7.  
Three pages of Japanese sentences were prepared and when 
the subject clicked on any point of screen using mouse, this 
page disappeared and next page appeared on the same frame.  
Subjects were required to read and click to renewal pages at 
their voluntary speed.  Head movement were recorded and 
checked to observe the appearance of visual attention set 
according to the frame.  Head & eye movement pattern were 
hecked while reading. c

 

 
Fig 7 Japanese sentences shown on the screen of “Reading” experiment. 

  

 
Fig 8 Typical result of gaze and head movements (upper plot) and the 

time course of both movements (lower plot) in “Reading” Ex-
periment. 
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All subjects showed similar head movement pattern in 
this experiment.  Fig 8 shows typical gaze and head move-
ments; left plot shows gaze movement, right plot shows 
head movement and dashed lines show the frames.  Right 
plot of Fig. 8 is the time course of gaze movement in hori-
zontal direction and head movement in vertical direction. 

As shown in this figure, head moves vertically when gaze 
point changed to next line.  This results show that head does 
not move if the gaze point moves at a long distance. 

III. DISCUSSION AND CONCLUSION 

As shown in Fig. 5 and 6 head movement patterns were 
quite different from gaze movement patterns in visual tasks, 
i.e. target frame size didn’t influence on the head-movement 
and head movement occurred when the frame position 
changed as far as in these experimental situations.  On the 
other hand task type influenced on pattern of head-
movement as shown in Fig. 8.  In this “Reading” task head 
moves vertically according to the subject’s gaze change to 
next line.  These results show that human brain may set 
visual attention area in the visual field to fit the visual task 
situation.  Therefore, head movement may reflect the spatial 
setting of visual attention as follows; The brain 

1) checks purpose and situation of visual task. 
2) decides where is the attention area to manage, refer-

ring to experience. 
3) divides the attention area into some pieces to watch in 

detail, if necessary. 
4) sets the center of visual field on the center of the atten-

tion area. -> head moves toward center of this area. 
5) Eyes move around in the attention area. ->point of 

gaze is on visual targets in the attention area with eye 
movement. 

6) finishes visual task in attention area. 
7) turns to next divided attention area or ends achieving 

purpose. 
Head keeps still toward the attention area while visual 

task continuing in the attention area.  Switching the visual 
attention, head-movement toward new attended area occurs.  
In conclusion head movement is controlled according to 
one’s visual attention area. 

For attention measurement in daily life, more experi-
ments in various situations are necessary.  Potential of task 
estimation, understanding what is the user doing, from 

head-movement pattern was shown.  Role of setting of at-
tention area in human information handling should be re-
searched. 
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Abstract— One major problem in using magnetic resonance 
imaging (MRI) is that its intensities are not standardized. 
This hinders different steps of quantitative image analysis such 
as segmentation or registration. More specifically, there is a 
lack of research done on the standardization of diffusion-
weighted images (DWI). In this paper, we present a novel 
application of a whole body MRI intensity standardization 
method to DWI images. The approach uses the joint properties 
of DWI and T2-weighted with fat saturation (T2WI) images 
through their combined histogram. It is based on acquiring the 
deformation model between a reference and a current joint 
histogram through non-rigid registration. Since groups of 
histograms are used together, it is independent from the spa-
tial information of the images. The evaluation of the method 
was accomplished by getting the distances between the refer-
ence and current histogram before and after registration. The 
registration resulted into a 60% reduction of the SSD distance 
between reference and current histogram. 

Keywords— intensity standardization, joint histogram, body 
diffusion-weighted MRI, image analysis. 

I. INTRODUCTION  

Magnetic resonance imaging offers some major advan-
tages compared to other modalities. One of this is its ability 
to discriminate between tissues using their physical and 
biochemical properties. However, it suffers from suscepti-
bility effects and magnetic inhomogeneities that could lead 
to differences in intensities for the same tissue class. This 
variation hampers different steps of quantitative image 
analysis such as segmentation and registration.  

Whole body diffusion-weighted imaging (DWI) is an 
emerging type of MRI which has potential to better diagno-
sis especially in cancer examination. It can probe the tissue 
structure at a microscopic scale through the movement of 
water molecules. Studies have shown that it can help deter-
mine the malignancy of tumors [1], [2]. Unfortunately, it 
suffers from severe magnetic inhomogeneities that result to 
images with low signal-to-noise-ratio. This makes the image 
intensity corrections even more difficult. 

Many studies have been done to address the problem of 
tissue class gray level variations and most of them were 

intended for intensity inhomogeneities, which is the varying 
intensities within a single scan. A review of these methods 
are presented in [3]. Most models treat the inhomogeniety 
as a smooth varying function that is either additive or multi-
plicative to the image intensities. Recent approaches include 
merging inhomogeneity correction with segmentation and 
nonrigid registration [4]. Another is based on image recon-
struction from high-frequency spectra by singularity func-
tion analysis [5]. 

The main focus of this paper however, is to solve the tis-
sue variations between scans, which most of the methods 
above do not explicitly tackle. Solving this problem is re-
ferred to as intensity standardization. Even after the inho-
mogeneities have been removed, the tissues still cannot be 
assigned a standard gray level value due to the global inter-
scan intensity discrepancies. This makes it hard for visuali-
zation systems because it cannot use standard presets like 
transfer functions to distinguish organs or tissue classes. 
The settings have to be adjusted for every scan including the 
ones for the same patient. The tissue intensity variation is 
illustrated in Figure 1. 

Some published intensity standardization methods made 
use of 1D histograms [6], [7]. First, they detected landmarks 
based on percentiles on the current and reference histo-
grams. Then a continuous intensity mapping is created by 
doing linear interpolation between respective landmark 
points. Another histogram-based method is proposed in [8], 
which estimates a mixture of Gaussians to get the histo-
gram. The fitting is done by aligning the mean intensities of 
the tissues. This approach however is only applicable to the 
head region and highly dependent on the Gaussian fit. 

The use of joint histograms for intensity standardization 
has been first proposed by Jager in [9] and in [10]. The 
standardization was about finding the mapping between the 
intensities of a set of images. This was done by minimizing 
the distance between the joint histograms of two image 
sequences. The method treated this as similar to a non-rigid 
image registration, where the joint histograms being the 
images. However, this approach was only done on T1/FL2D 
and T2/TIRM sequences, which almost has the same spatial 
features. The study has not also been conducted on se-
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quences with a large difference in the number of gray values 
that is apparent between DWI and T2 images.  

The contribution of this paper is the standardization 
method using joint histograms of DWI and T2 images. The 
method is the only approach that deals with whole body 
DWI scans. In addition, the introduced method is independ-
ent of the region of interest and protocol to be used together 
with DWI.  

II. INTENSITY STANDARDIZATION 

A. Method 

The intensity standardization involves the mapping of the 
intensities of a set of paired current images T = (T1, T2), 
where one of the paired images is acquired using a diffu-
sion-weighted imaging. This set of current images is 
mapped into a reference pair R = (R1, R2) so that a same 
tissue class in both sets will have the same intensity value. 
The mapping can be achieved by the minimization of the 
distance between the joint histogram pdfs of the two pairs of 
images [8]. Since DWI images suffer from low signal-to-
noise ratio and covers a fewer number of gray values com-
pared to other MR protocols (e.g. T2), no complete registra-
tion of the joint histogram pdfs is possible (i.e. the differ-
ence can not be zero). This is also true because the volume 
and anatomical information of tissues differ for interpatient 
as well as intrapatient measurements. When the joint histo-
grams are treated as images, the process can be treated as a 
non-rigid image registration. Ideally, we are looking for a 
transformation u: Rd → Rd such that the reference image R 

and current image are similar regarding a certain distance 
measure D.  

Prior to registration, pre-processing of the images and 
joint histograms was done to improve the results of stan-
dardization. The image intensities were scaled due to the 
large difference in the number of gray values between T2 
and DWI images. Combinations of background pixels were 
also removed by applying a threshold to the joint histogram 
range. Finally, outliers were removed that resulted to about 
98% of histogram points being used.  

To make the method independent from anatomical and 
histogram shape differences, the whole joint histogram 
volume was divided into partitions. Each partition has equal 
number of joint histograms, which were added together to 
form one histogram. The sum was then divided by the total 
number of histogram points to get the joint histogram pdf of 
each partition. Figure 2 illustrates the partitioning done on 
the joint histogram data. 

 

Fig. 2  Partitioning of histogram data. 

Fig. 1 The intersubject intensity variations as illustrated for the T2 fat sat (a, b) and DWI (c, d) scans. The bottom row shows respective the binary images 
(e)-(h) with arbitrary threshold = 30. The same threshold resulted to different areas as clearly shown between the binary images of DWI scans (g) and (h). 
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For the distance measure, sum of squared distances 
(SSD) is sufficient enough to be used in this paper since the 
function values of both pdfs have equal meaning. The regis-
tration problem can be solved using the approach introduced 
by J. Modersitzki [11] and is formulated as Equation (1). 

].[];,[)( uSuTRDu α+=ℑ   (1) 

where S represents the smoother and the factor α defines the 
influence of the smoother on the objective function. The 
smoother used in this paper is a curvature-based regularizer, 
also introduced in [11].  The distance measure based on 
SSD can be computed by Equation (2). 
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The curvature-based smoother is defined by Neumann 
boundary conditions and can be expressed Equation (3) 
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with Δ as the Laplacian operator and Ω = [0, 1]n represent-
ing the image domain. A Gateaux derivative has to be ap-
plied to the objective function T, which is a first-order 
variational problem. The optimization problem can then be 
solved using Euler-Lagrange resulting to Equation (4).  

0))(,(][ =− iuifudS SSDcurve   for all i Є Ω. (4) 

The desired result of the optimization problem is the de-
formation function u: Rd → Rd. Likewise, the technique 
used is multi-level, matrix-free image registration. 

B. Experiments and Results 

To validate the proposed method Coronal T2-weighted 
with fat saturation and diffusion-weighted images were 
used. Six subjects were scanned having 66 images for each 
T2 and DWI scan. The data was acquired using a 1.5T Ex-
celart Vantage™ MRI scanner (Toshiba Medical Systems, 
Tochigi, Japan). The scans have a FOV of 500x340 mm and 
matrix size of 144x96 for DWI and 192x320 for T2WI, 
which were interpolated into 144x98 (3.5x3.5 mm)  and 
472x320(1.1x1.1 mm), respectively. The DWI images were 
acquired using DSE-EPI sequence with TR/TE/TI = 
5000/75/170 while the T2 images with FSE sequence and 
TR/TE = 4200/90. 

All experiments were conducted on the Matlab 7.4 envi-
ronment on a Dell Precision T3400 workstation. For the 
curvature-based registration, the Matlab classes from Flexi-
ble Algorithms for Image Registration (FAIR) were used.   

Fig. 3  The reference and current total joint histogram using 6 partitions. 

 The experiment was evaluated using partitions in the PI 
direction of the histogram dataset. All the joint histograms 
in the partition were added together and the pdf of the total 
was computed. Each reference and its corresponding current 
partition were registered independently. Different number 
of partitions was used in the evaluation. Based from the 
results, the ideal number of partitions was determined. In 
Figure 3 the joint histogram total using 6 partitions was 
shown. 

The large anatomical differences and large deformations 
in the DWI images make voxel-wise evaluation not ideal. 
Instead, the quality measure used was the relative distance 
between the reference and the current histogram before and 
after standardization. The measure q, is expressed as 

Before

After

d

d
xq 100=

  (5) 

 

Fig. 4  Difference between the reference and current histogram before and 
after registration. 

 SSD was also used for the distance measure between 
the joint histograms. The assumption is that if the histo-
grams of two images are close as possible, the intensity 
range in both volumes corresponds to the same tissue class 
[11]. Figure 4 illustrates the difference image of the refer-
ence and current joint histogram pdf before and after regis-
tration. 

C. Discussion 

The results of the experiment show that it is best to use 
between three to six partitions to get the optimal intensity 
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standardization.  Increasing the number of partitions will 
make the estimation of pdfs unreliable. On the other hand, 
fewer partitions means the standardization is affected by 
inhomogeneities and small structures are bypassed in the 
registration. 

The use of SSD as distance measure made it possible to 
reach a relative distance of q = 0.4122 as shown in Figure 5. 
This means an almost 60% reduction in the distance be-
tween the joint histograms. Achieving higher results, on the 
other hand is not possible due to the anatomical differences 
between datasets and the deformations present in the DWI 
images.  
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Fig. 5 Shows the relative distance between the reference and current 
histograms with respect to the number of standardization partitions. 

III. CONCLUSIONS 

This study quantitatively showed a method of intensity 
standardization and its novel application to body DW MRI 
images. Despite some distortions in the DWI images, sig-
nificant reductions in the distance of joint histograms were 
achieved. This can improve subsequent image analysis 
algorithms by making the intensity levels uniform for each 
tissue class.  

This method is the only approach for body diffusion-
weighted MRI image intensity standardization. Body DW 
MRI will be more prominent in the future as it allows the 
imaging of tissue micro-structures and greatly enhances 
diagnostics when used together with other MRI protocols or 
other modalities such as PET and CT.  
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Abstract—Patients suffering from olfaction impairment are 
incapable of judging the smell of delicious food and fragrance. 
Their lack of smell vigilance might also make them unaware of 
danger environments, e.g., the leakage of carbon-oxide (CO). 
Traditional examination in clinics uses Sniffin sticks, which 
store odorants in sticks, and requests subjects to subjectively 
report what smell they have sensed. Nevertheless, subject’s 
subjective feeling may inevitably bias the examination results. 
Accordingly, a objective method for olfactory examinations in 
otolaryngology clinics is needed. In this study, we tried to 
develop an objective method on magnetoencephalography 
(MEG) for olfaction examination by extraction olfactory 
evoked fields (OEF). Owing to the high noise level in MEG 
data, independent component analysis (ICA) was adopted to 
removal OEF-unrelated noises. ICA can decompose the meas-
ured EEG data into different independent components (IC). 
ICs were clustered into different groups based on their spatial 
weight over MEG channels, and only those ICs with spatial 
mapping closed to second somatosensory area (SII) were util-
ized for signal reconstruction. The source locations of ex-
tracted OEF signals were superimposed on individual ana-
tomical MRI for display purpose. The proposed method may 
provide an efficacious way to enhance the SNR of OEFs.  

Keywords— Magnetoencephalogrpahy (MEG), Independent 
Component analysis (ICA), Olfactory Evoked 
Field (OEF). 

I. INTRODUCTION  

Olfaction is an important sensation. Patients who lose 
smell of sensation have daily life inconveniences. For ex-
ample, they can not sense the smell of food, perfume, and 
might even expose themselves in dangers, since they can 
not feel the leakage of carbon-oxide (CO). Common exami-
nation in clinics uses Sniffin sticks for smell tests. However, 
Sniffin sticks ask participants to subjectively report the 
smell they sensed. The test procedure is extremely relied on 
subjects’ collaboration. Such subjective procedure may 
sometimes bias physicians’ judgments and lead to mislead-
ing results. Accordingly, a reliable and objective procedure 
for olfaction examination is needed. Accordingly, several 

research groups have engaged themselves in developing 
objective approaches for olfactory examinations. One prom-
ising way is the utilization of olfactometer to generate odor-
ants with precisely controlled timing for olfactory stimula-
tion. For instance, Kobal and Hummel [1-3] developed an 
olfactometer with very rapid rise times and utilized EEG to 
measure the induced olfactory evoked potentials (OEP). A 
computer-controlled olfactometer can provide humidified 
odorant with rapid rise time and fast switching time. In the 
active state, control airstream is added to odorant stream 
and conducted by Teflon tube into rhinal cavities to induce 
chemosensory responses. The olfactory epithelium located 
in the roof of the nasal cavity receive the olfactory percep-
tion by the simulation of olfactory receptor neurons (ORN), 
embedded within the nasal mucosa. Olfactory induced re-
sponses are sent through cribriform plate to human brain.  
  The present study presents a method based on independent 
component analysis (ICA) to extract olfactory evoked fields 
(OEF) in MEG data. Data of MEG epoch recorded based on 
the timing of olfactory stimulus was decomposed into a set 
of temporal independent components (IC) and correspond-
ing spatial maps using ICA. Unsupervised classifier, K-
means, was then adopted to categorize ICs into different 
categories based on their spatial distributions. Only those 
independent components (ICs) which presented clear spot in 
the vicinity of secondary somatosensory area (SII) were 
used for reconstructing OEFs. The ICA decomposition and 
reconstruction procedure extracted olfactory related signals 
in high SNR, and phase, spatial and temporal information 
were all preserved. This method promises the possibility of 
a window into the intricate brain dynamics of olfactory 
processing mechanisms. The proposed method also pro-
vides a possibility to detect OEF in a single-trial. It is espe-
cially beneficial for patients who can not endure lengthy 
procedures or are incapable of sustaining long experiments.  
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II. MATERIALS AND METHODS 

A. Tasks and Data Segmentaion 

Olfactory stimulation was accomplished by means of an 
olfactometer (Burghart OM4-B olfactometer, Wedel, Ger-
many) that incorporates features used by Kobal andcol-
leagues (e.g., Kobal & Hummel, 1988) [1-3]. Forty-percent 
(40%) pheynlethanol alcohol was prepared to generate 
odorant with duration of 300 ms for olfactory stimulation in 
each trial. The inter-trial stimulus duration was 10 seconds 
and fifty trials were recorded in each subject. Two healthy 
subjects were recruited in this study. The recorded MEG 
data were then segmented into epochs, from -300 ms to 
1500ms, anchored to the timings of stimulus onsets.  

B. Data recordings and Independent Component Analysis 
(ICA) 

Cortical magnetic signals were recorded with a 306-
channel (102 sensor unit) whole-head neuromagnetometer 
(band-pass, 0.05-250 Hz; digitized at 1kHz; Vectorview; 
Neuromag Ltd., Helsinki, Finland) with subjects in sitting 
position. Each sensor unit was composed of a pair of planar 
gradiometers and a magnetometer. The magnetometer 
measured magnetic flux ( zB ), normal to the sensor unit, 
while the gradiometers measured two tangential derivatives 
of zB  ( xBz / and yBz / , mutually orthogonal). 
Only magnetic signals measured by the gradiometers were 
used in this study. Bipolar horizontal and vertical electro-
oculograms (EOG) were recorded using electrodes placed 
below and above the left eye and at the bilateral outer canthi 
to monitor eye movement and blinks. 

We take the advantages of sensitivity and localizing 
power of superficial sources by planar gradiometers. Each 
single-trial MEG epoch contains m channels (m = 204, 102 
pairs of gradiometers) and n time points (usually m < n). 
The paired gradiometer signals ( xBz / and yBz / ) 

are arranged into two nm
2

 sub-matrices B1 and B2 and 

concatenated into an nm  matrix B. The ith rows (i 102) 
of B1 and B2 contain the measured gradiometer signals from 
the ith sensor location, and the jth column in B contains the 
measured data at the jth time point across all gradiometer 
channels. Mathematically, we can consider each row of B as 
samples generated from one random variable bi, i = 1, 2, …, 
m. In other words, matrix B is a realization of a random 
vector b T

mbbb ][ 21 . 

The ICA techniques [4-6] seek to find a mp  
( mp ) matrix, W, which converts the random vector b 
into another vector variable, s, consisting of p mutually 
independent random variables, thus: 

 
 

 
                                                          (1) 
 
 
 
 
The mutual independence of si, for i = 1,…, p, implies 

that if P(si) represents the probability distribution of the ith 
component, the joint probability distribution for all compo-
nents can be factorized as: 

 

                                                                                      (2) 
The ICA techniques use this assumption of mutual inde-

pendence to find the un-mixing matrix W.  
All calculations in the present study were carried out 

using the FastICA algorithm which features high speed 
calculation (cubic convergence) and does not require selec-
tion of step size parameters or learning rate, unlike the gra-
dient-based algorithm [4]. The FastICA technique first re-
moves means of row vectors in the B sample matrix such 
that each random variable bi has a zero mean, and then 
employs a whitening process using principal component 
analysis. After whitening, the covariance matrix of the 
whitened data becomes an identity matrix, and only the first 
p (p m ) most significant principal components are pre-
served in the FastICA calculation. 

The next step is to look for a matrix that transforms the 
whitened data into a set of components as mutually inde-
pendent as possible. Mutual information, as a measure of 
the independence of random variables, is used as the crite-
rion for finding such a transformation. Mutual information 
can be expressed in terms of negentropy, an important 
measure of non-Gaussianity [4]. Therefore, the problem of 
finding the independent components (s) and the transform 
matrix (W) can be translated into a search for linear combi-
nations of the whitened data that maximize the negentropy 
of the distributions of si, for i = 1,…, p. 

After applying FastICA to the pre-processed single-trial 
MEG epochs, matrix B can be factored into a (mixing) 
matrix U and an (independent source) matrix S as follows: 
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in which each row is  of matrix np  represents sam-
ples of an independent component (IC) si,, for i = 1,…, p and 

pm  is the pseudo-inverse of matrix W whose col-
umn vectors represent the weight distribution values of the 
corresponding ICs in S across all MEG gradiometer chan-
nels. In fact, matrix U is the “mixing matrix” that combines 
the p ICs to reconstruct signal B. These temporal ICs can be 
categorized into task-related ICs and task-unrelated ICs. 
Since the elicited brain activities or artifacts can be distrib-
uted over multiple ICs, no one-to-one correspondence be-
tween IC and source information is projected [6]. To facili-
tate the selection of task-related ICs, a temporal and spatial 
template pair was constructed prior to selection (see below). 
Spatial map jx  of the jth IC was defined as the topographic 
display of all vector norms for weights of 102 gradiometer 
pairs in the jth column vector of U,  

2
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in which jiu ,  is the entry in the ith row and jth column 
of U in Eq. (3). The spatial map is intended for component 
selection (see below). 

 

C. Data reconstruction by selection of pertinent ICs using 
K-means 

After MEG data are decomposed into ICs, the spatial 
map and temporal waveform (IC) can be obtained (see Fig. 
1). Since subject’s cognitive and physiological states may 
vary dynamically [5], the spatial distribution, rather than the 
temporal waveform, is utilized for selecting task-related ICs.  

Figure 2 shows an example of IC grouping after apply-
ing K-means classifier to categorize the decomposed ICs. 
Sixteen ICs were separated into six groups, according to 
their spatial similarity. With the provision of spatial infor-
mation, the IC group which had spatial distribution in the 

vicinity of SII (secondary somatosensory cortex) was inden-
tified by visual inspection, and those ICs in the selected 
groups were used for reconstructing task-related data. Unse-
lected columns, i.e., task-unrelated ICs, of mixing matrix U 
(Eq. (3)) are zeroed to produce a matrix Û  such that task-
related signals were reconstructed by multiplying Û  and S, 
i.e.,   

SUB ˆˆ                                   (4), 

where B̂  is the reconstructed MEG signals.  

 
Figure 1. Each trial of data matrix of recorded MEG signals, 
B, was decomposed into sixteen ICs using ICA. The math-
ematic representation can be written as B = U S, where B is 
the recorded one-trial MEG data matrix, U stores the spatial 
weights of each IC over whole MEG channels, and S con-
tains the temporal waveform of all ICs.  

 

 
Figure. 2. One example of IC grouping after applying K-
means classifier to categorize the decomposed ICs. Sixteen 
ICs were separated into six groups, according to their spatial 
similarity. With the provision of spatial information, the IC 
group which had spatial distribution in the vicinity of SII 
(group S3) was indentified by visual inspection, and those 
ICs in the selected groups (S3) were used for reconstructing 
task-related data. 

III. RESULTS  

Figure 3 presents the OEF waveform, magnetic fields 
and source localization results of the MEG signals recon-
structed from third IC group (S3 group) shown in Fig. 2. 
After applying the proposed ICA-based approach, task-
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unrelated noise can be removed. The first panel shows the 
OEF waveform of one channel located close to SII area. 
With the benefit of ICA, clear odorant - induced magnetic 
fields were obtained shown in second panel. Single dipole 
model was applied to find the source locations of the peaks 
at 309 ms and 604 ms. The localized results were imposed 
on subject’s MRI anatomy. Both the source locations ob-
tained from the two peaks were located near insula.  
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Figure. 3. A single-trial OEF after the proposed ICA recon-
struction process. The reconstructed OEF waveform, mag-
netic fields and source localization results of the MEG sig-
nals are shown in the first, second, and third panels.  

 

IV. CONCLUSIONS  

This study presents an ICA-based approach for single-
trial analysis of OEFs. With the benefit of ICA, the meas-
ured MEG data can be decomposed into several ICs. It 
enables task-related ICs can be examined based on their 
spatial, temporal and frequency characteristics, so that task-
related ICs can be identified for data reconstruction. The 
proposed method recognizes OEF-related ICs based on their 
spatial weights over all MEG channels. Efficacies of high 
SNR have been demonstrated in the reconstructed data due 

to their clear magnetic fields and plausible source locations. 
This ICA-based method may permit a single-trial approach 
for studying OEF which could be an effective alternative in 
cases where lengthy procedures cannot be endured by the 
participants or in clinical settings.  
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Abstract— The present study was aimed to examine the 
availability of the envelope waveforms of blood velocity and its 
indices in common carotid artery (CCA) as the parameter 
influenced by gender difference, aging and regular exercise. 
Evaluation of CCA blood velocity waveforms was performed 
in 202 healthy volunteers. Multivariate analysis was used to 
determine the relationship between the fixed factor and the 
outcome hemodynamic variables after adjustment for the 
related factors. Results showed a gender difference in velocity 
indices, except for peak systolic blood velocity. There was a 
general age-related decrease in flow velocities and change in 
the velocity waveform. The findings suggest that envelope 
waveform indices provide a more reliable evaluation by taken 
into account the impact of aging, gender, and regular exercise 
on CCA flow velocity. In conclusion, the normal blood velocity 
parameters in CCA are determined from a total of 202 healthy 
volunteers between the third and seventh age decade after 
adjustment for gender and exercise effects. Findings may 
contribute to improved means of healthcare monitoring and 
clinical evaluation. 

Keywords— Envelope waveforms, flow velocity, common ca-
rotid artery 

I. INTRODUCTION  

Arterial hemodynamic function is changed with aging 
and gender. Age-related decreases in cardiovascular func-
tion are evident. The hallmarks of cardiovascular aging are 
decreased for maximum heart rate, ejection fraction, maxi-
mal oxygen intake, maximum cardiac output and artery 
compliance [1-2]. On the other hand, we have found that 
regular exercise could improve the age-related deterioration 
in common carotid blood velocity [3].  

There are gender differences in arterial hemodynamic 
function as found consistently in some studies. Gender-
related differences in systolic blood pressure (SBP) are 
demonstrated in previous study [4, 5]. It is suggested that 
younger women have lower brachial and ankle SBP and a 

lower ankle-arm pressure index than age-matched men [5]. 
It has been reported that the incidence of cardiovascular 
complications increases with SBP [6] and that an increases 
in the pulsatile components of blood pressure is associated 
with higher cardiovascular risk in postmenopausal women 
[7]. However, there are a few studies in blood flow and 
velocity. Studies of pressure preceded those of flow, since 
reliable tools were available for pressure measurement al-
most 100 years ago but for flow only 50 years ago [9]. We 
have investigated the impact of gender on blood velocity 
waveform in CCA in young subjects, and found that there is 
significant gender difference in the envelope waveforms of 
velocity in CCA [8]. 

We have developed the wireless portable measurement 
device in our laboratory which is capable to measure blood 
flow velocity with synchronization of electrocardiogram 
(ECG) and BP [10]. The device has enough performance for 
the measurement during physical exercise stress as well as 
at rest posture. 

With the wireless measurement system of arterial blood 
flow velocity measurement, it is probably to contribute to 
the extent of understandings in exercise physiology as well 
as further knowledge of arterial hemodynamic functions. In 
the study, we aimed to examine the usefulness of envelope 
waveform of CCA flow velocities at resting posture as pa-
rameters related to aging, regular exercise and gender ef-
fects.  

II. MATERIALS AND MEHTODS 

A. Participants 

In the study, a total of 286 putatively healthy subjects 
were participated. We studied the selected 202 subjects  
from a cohort which normotensive (systolic blood pressure

140mmHg), normal body mass index (below 30 kg/cm2), 
without any drug intake, and free of overt chronic diseases 
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(including hyperlipidemia, diabetes, arrythmia) as assessed 
by medical history. Subjects were classified as exercised 
who performed regular aerobic exercise training more than 
3 times per week. 

Subjects were recruited through various forms of adver-
tisement. All subjects gave their written informed consent to 
participate. This study was reviewed and approved by the 
Ethics Committee of Tokushima University Hospital. 

B. Data collections and measurement system 

Anthropometric data: The following anthropometric va-
riables were evaluated in all subjects: weight, height, body 
mass index (BMI), body fat, visceral fat rating and waist 
circumferences. Body weight (kg), body fat (%) and vis-
ceral fat rating were measured using InnerScan body com-
position monitors (BC-610, Tanita, JAPAN). The monitors 
use bioelectric impedance analysis to monitor multiple 
components of overall health. A unit of visceral fat rating is 
corresponding to 10cm2 of visceral fat dimension as meas-
ured by abdominal CT scanner. Height was measured by 
using to the nearest 0.5 cm using a stadiometer (THP-DA, 
Ogawa Iriki, JAPAN). The BMI, an indicator of body fat-
ness, was calculated as body weight adjusted for stature 
(kg/m2). Waist circumference was measured to the nearest 
0.5 cm using a 1 cm-wide measuring tape. The circumfer-
ence was measured in standing subjects as the minimal 
waist circumference between the umbilicus and the xyphoid 
process.  

Hemodynamic data: In the study, blood velocity data 
from CCA was collected using the developed wireless mea-
surement system [3]. The system was developed for meas-
urement of blood velocity spectra with synchronized meas-
urement of ECG and BP [3, 10]. Measurements of blood 
velocity signals from CCA were noninvasively detected by 
using Doppler ultrasound method. Blood velocity measure-
ment system was consists of a probe, a Doppler signal dis-
criminator, a transceiver, an analog-digital converter board 
and a laptop personal computer [3, 10]. Data are transmitted 
using 315 MHz FM/FSK transmitter which has 28.8 kbps 
and ~0.5 mV/m (feeble wave) for transmission speed and 
output, respectively. In the previous studies, we presented 
that synchronized measurement of blood flow velocity in 
carotid, brachial and femoral arteries, and ECG had good 
performance to get accurate data for estimation of blood 
circulation during physical exercise stress [10]. 

For our purpose use, a small designed probe was con-
structed using two piezoelectric transducers with a diameter 
of 15 mm, where one was for transmitting ultrasound and 
the other was for receiving the Doppler echoes using con-
tinuous-wave ultrasound [4]. In this study, the ultrasonic 
probe was attached to the left side of neck with 50 degrees 

of insonation angle and was fixed it with band wound 
around the next [3, 8, 10].  

C. Data analysis 

Estimation of flow velocity spectra (Vd) was performed 
from the Doppler shifted frequency (fd) that was given by 
the classic equation: Vd=cfd/2f0cos , where, c=1540 m/s, 
sound speed in human tissue; f0, an irradiated ultrasound 
frequency and =50 degrees, the insonation angle. 

Using a threshold method, envelope waveform of flow 
velocity was extracted from it spectra as shown in Fig. 1. 
The velocity envelope was computed using assemble-
average method for the selected 30 consecutive cardiac 
cycle. The assembled velocity waveforms (Vp) were used to 
characterize blood velocity feature points and to calculate 
its indices. As represented in Fig.1, blood flow velocities in 
CCA were characterize to 5 feature points of waveform; 
peak systolic (S1), second systolic (S2), insicura between 
systole and diastole (I), peak diastolic (D) and end-diastolic 
minimum (d) velocities. From these, velocity indices were 
calculated from 1-d/S, S2/S1-1 and 1-I/D as resistive (RI), 
reflected velocity (RVI) and vascular elastic recoil (VEI), 
respectively [3]. The indices were dimension-less and inde-
pendent of the angle of insonation. 

Systolic (SBP) and diastolic blood pressure (DBP) was 
collected at the left brachial artery by using the automatic 
blood pressure monitor (Tango, SunTech Medical, USA). 
Mean (MBP) and pulse blood pressure (PP) were calculated 
from DBP+ (SBP-DBP)/3 and SBP-DBP, respectively.  

D. Statistical analysis 

Data were expressed as mean ± standard deviation (SD). 
For overall view, Pearson’s correlation analysis was per-
formed to confirm the relationship between all outcome 
variables and factors. Significant difference of outcome 
variables between men and women were determined by 
Student’s t-test analysis, and as a categorical variable gen-
der was coded as 1 for men and 2 for women (Table 2). 
After controlled for the effects of exercise and gender, cor-
relation coefficient, r of all variables with age was deter-
mined (Table 3). The significance level, p was set at 0.05. 
Statistical analysis was performed using statistical package 
for the social sciences (SPSS). 

III. RESULTS 

Table 1 shows the characteristics of selected 202 subjects. 
Anthropometric data for height, weight, body mass index, 
waist circumference, body fat, visceral fat, heart rate, and 
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blood pressures of systolic, diastolic, mean and pulse were 
represented in mean, standard deviation, minimum and 
maximum values. Generally men had larger body stature 
and mass. As shown in the result, height, weight and BMI 
were significantly higher in men (p<0.001). The BMI is 
usually used for indicator of body fatness. It was found 
positively correlated to body fat, visceral fat and waist in 
the study. Consequently, the increased BMI is due to in-
crease systolic, diastolic and mean blood pressures (r=0.31, 
0.30 and 0.32, respectively).  

Table 1 Anthropometric data of the selected subjects 

 Mean SD Min Max 
Height  165 8.4 148 184 
Weight 59 11.1 39 93 
Body mass index (kg/m2) 22 2.9 16 29 
Blood pressure (mmHg)     
Systolic 119 11.8 83 140 
Diastolic 74 9.5 50 96 
Mean 89 11.7 62 110 
Pulse 45 8.8 17 70 
Heart rate (bpm) 73 10.8 48 100 
Waist circumference (cm) 22 7.2 7 39 
Body fat (%) 5 3.9 1 15 
Visceral fat rate (level) 76 8.7 61 99 

Data are mean, standard deviation (SD), minimum (Min) and maximum 
(Max).  

Table 2 represents the hemodynamic data for flow veloc-
ity and pressure in the selected young subjects.  

Table 2  Gender-related differences in flow velocity and blood pressure 
data for young age-matched subjects 

Hemodynamics Men Women 

Velocity waveforms (cm/s)   
d 19±4.3 22±4.4* 
S1 111±22.1 104±17.0 
S2 48±12.7 60±10.5** 
I 27±7.4 33±8.4* 
D 43±6.9 45±8.8 
Waveform indices   
Resistive  0.95±0.064 0.91±0.085* 
Reflected velocity  -0.88±0.139 -0.78±0.209* 
Vascular elasticity 0.37±0.113 0.28±0.078** 
Blood pressure (mm/Hg)   
Diastolic  74±10.4 72±8.5 
Systolic 123±13.5 113±12.6* 
Mean 90±10.6 86±9.2* 
Pulse 50±9.8 42±8.7** 

Significant level *p<0.05, **p<0.001 

The velocities in d, S2 and I waves were changed signifi-
cantly with gender (p<0.05), except for S1 and D waves 
(p=NS).  As d velocity in women was relatively larger men, 
resistive index became smaller in women (p<0.05). Women 
also had significant smaller vascular elasticity (p<0.001). 
However, women had larger reflected velocity waves com-
pared with men (p<0.05). From the data, it clearly shown 
that there were gender difference in velocity envelope in 
CCA. Men had larger systolic, mean and pulse pressures 
compared to women, but not significant for diastolic pres-
sure. 

Table 3 represents the reference data for normal CCA ve-
locities and the indices between the young and older, corre-
lation coefficients of all variables with age was determined 
after controlling for the effects of exercise and gender.  

Table 3 Age-related changes in flow velocity and blood pressure data for 
young and older subjects 

 r, p Young 
(20~45) 

Older 
(46~69) 

Velocity wave-
forms (cm/s) 

   

d NS 21±5.3 21±4.8 
S1 -0.61, p<0.001 105±20.8 78±14.4** 
S2 0.27, p<0.001 55±14.0 59±12.1* 
I NS 30.4±7.8 31±8.1 
D -0.27, p<0.001 43±7.2 39±8.8** 
Waveform indices    
Resistive  -0.57, p<0.001 0.79±0.060 0.73±0.050** 
Reflected velocity 0.78, p<0.001 -0.46±0.144 0.23±0.109** 
Vascular elasticity -0.51, p<0.001 0.30±0.112 0.21±0.096** 
Blood pressure 
(mm/Hg) 

   

Diastolic  0.57, p<0.001 73±9.3 78±9.3* 
Systolic 0.45, p<0.001 118±11.6 124±10.7* 
Mean 0.58, p<0.001 88±9.3 93±9.4* 
Pulse NS 45±8.5 47±5.8 
Heart rate (bpm) NS 73±11.2 73±10.1 

The values indicated mean and standard deviation. The values of r indicate 
partial correlation coefficient between variables and age after controlling 
for the effects of gender and exercise. p<0.05 indicated significant level. 
NS, not significant. () indicates age range of years. *p<0.05 and **p<0.001 
indicate significant difference of variables between young and older 
subjects. 

The velocities in d and I waves were not changed with age 
(P=NS). There were significant negative correlations in S1 
and D velocities with age (r=-0.61 and -0.27, respectively). 
However, S2 velocity significantly positively correlated 
with age (r=0.27). For velocity indices of resistive and vas-
cular elasticity, there were significant negative relation with 
age (r=-0.57 and -0.51, respectively), whereas there were 
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significant positive relation with age for reflection index 
(r=0.78). From the data, it clearly showed that velocity in 
CCA continuously changed and decreased with age. 

IV. DISCUSSIONS AND CONCLUSION 

The findings of the present study were, first to confirm 
the effects of gender on the envelope waveforms of blood 
velocity in CCA in the selected healthy normal subjects (Fig. 
1), and second to demonstrate velocity in CCA was changed 
by multiple effects of aging and regular exercise, the rough 
reference value of the velocities and its indices may be 
taken into account the adjustment for the effects of gender, 
aging and exercise. 

The gender difference in velocity waveforms in CCA 
found in this population was not depended on blood pres-
sure. To our knowledge, there was a first paper demon-
strated that the gender difference in blood velocity wave-
forms of CCA are not directly linked to it pressure 
waveforms. As represented in Fig. 2, there are difference 
functions in envelope waveforms of flow velocity in CCA 
between men and women. In previous studies, we have 
reported that the envelope waveform of blood velocity in 
CCA had also influenced by aging and regular exercise [3].  
We also found that the ability of regular aerobic exercise to 
improve flow velocity waveform in particularly older popu-
lation was not related on blood pressure. 

 
Fig.2 Comparison of typical flow velocity waveforms in CCA for gender 
difference of man (dashed line) and woman (solid line). Subject’s details 
are 171 cm, 65 kg, BMI: 22 kg/m2, age: 23 years old for man and 154 cm, 

48 kg, BMI: 20 kg/m2, age: 25 years old for woman. 

Changes in the shape of velocity envelope waveforms 
may be quantified using RI as the most popular index. The 
index was originally used by Pourcelot on waveforms from 
CCA, as an indicator of peripheral vascular resistance be-
yond the measurement point, where the smaller the RI the 
lower its resistance and vice versa [11, 12]. In the study, we 

have evaluated the proposed dimension-less indices of re-
flected velocity and vascular elasticity as a better indicator 
of hemodynamics, to be superior to the RI because of its 
high significances in age, exercise and gender factors which 
influence the local vessel properties. 

In conclusion, it is confirmed blood velocity envelope 
waveform has significant different between age-matched 
men and women. The normal CCA blood velocity parame-
ters are determined in a total of 202 healthy young and older 
volunteers in age range of 20 to 69 years old. The findings 
may contribute to clinical implications and healthcare moni-
tor.   
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Analysis of Rotational Vertigo using Video and Image Processing 
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Abstract— Vertigo is a common disease, whereas the cause 
is very complex and wide-ranged. This indicates that high 
knowledge and skills are indispensable in diagnosis of vertigo. 
Regular doctor diagnoses vertigo in many cases, however they 
have little knowledge and skills about vertigo. In addition, the 
number of vertigo patient is increasing. From these reasons, 
the demand for supporting diagnosis of vertigo is growing.  

 The purpose of this study is to develop an automated com-
puter-aided diagnostic system of vertigo by video and image 
processing. One of the most important indicators in diagnosing 
vertigo is nystagmus, namely involuntary abnormal eye 
movement. For supporting regular doctor’s diagnosis, the 
system must be easy to use and has high accuracy. Therefore, 
this paper focuses on analyzing nystagmus by video-
oculography(VOG) technique which is a video-based method 
of measuring eye movements using external infrared CCD 
camera.   

Previous study using VOG technique has mainly two prob-
lems, the noise from blink and the slow performance. This 
paper resolves these problems by proposal method for analyz-
ing nystagmus. The proposal method can be divided into four 
stages: 1. detect blink, 2. estimate pupil position, 3. detect pupil 
position and radius, and 4. calculate rotation angle of torsional 
nystagmus. A total of 1000 images for each patient were used 
for evaluating the validity of proposed algorithm. 

 As a result, noise from blink is completely removed in all 
patients. The proposed algorithm detects pupil in 100% accu-
racy in each patient, and detects the occurrence of torsional 
nystagmus. In conclusion, the results indicate that the pro-
posed algorithm meets the requirements for supporting regu-
lar doctor. 

  
Keywords— Vertigo, Dizziness, Nystagmus, Image Processing, 

Eye tracking. 

I. INTRODUCTION  

Vertigo is a common disease and the number of vertigo 
patient is increasing now. Regular doctor diagnoses vertigo 
in many cases, however they don’t have sufficient knowl-
edge and skills about vertigo. Since the cause of vertigo is 
very complex and wide-ranged, the demand for supporting 
diagnosis of vertigo is increasing. 

Nystagmus, namely involuntary eye movement is one of 
the most important factors in diagnosis of vertigo. Accurate 
analysis of nystagmus leads to detect the cause of vertigo. 
Recently, video-oculography(VOG) technique is taken  

much notice as the method for analyzing eye movement [3, 
4]. Previous studies using VOG technique have mainly two 
problems: noise by blink and slow performance of analysis. 
Therefore, the purpose of this study is to develop the high-
accuracy and high-speed diagnostic system of vertigo by 
VOG technique. The present report describes the process of 
analyzing nystagmus using video and image processing.  

II. VIDEO AND IMAGE ANALYSIS 

A. Detect blink 

Vertigo analysis begins with the method for blink detec-
tion. In previous study, blink is detected by eclipse ap-
proximation[4], optical flow [5], or Kalman filter [6]. How-
ever, these method are too complex to use in clinical 
practice. In this paper, occurrence of blink is detected in 
simple approach: the decrease of the area of pupil.  

Pupil region has the lowest intensity in image because 
most of the light entering the pupil is absorbed by the inner 
tissue. From this fact, the peak exists in low value of inten-
sity histogram as shown in Fig. 3, and disappear when blink 
happens as shown in Fig. 4. Input image is converted to 
binary image by determining the threshold. It is unnecessary 
to change threshold for different patients because the inten-
sity of pupil is almost constant in infrared area. Second step 
is labeling. Labeling works by scanning the image in order 
to identify 8-neighbor connected pixel regions. By extract-
ing the largest labeled regions, the area of visible pupil can 
be calculated.  

The total pupil area can be calculated by 

,                                                                         (1) 

where rp is the radius of pupil. Since eye movement is re-
corded in infrared domain, rp is considered to be constant. 
The proportion of blink p can be calculated by  

,                                                                            (2) 

where Sv is the area of visible pupil. If the pupil is not hid-
den by eyelid, the value of p is equal to one. Once the 
threshold of p is determined, occurrence of blink is detected 
automatically in all time series. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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Fig. 1 Pupil visible image                    Fig. 2 Blink image 

      
Fig. 3 Intensity histogram                          Fig. 4 Intensity histogram 

                  of pupil visible image                                 of blink image  

B. Estimate pupil position 

Processing time is a highly important factor for clinical 
practice. It can be reduced by estimation of pupil position. 
Pupil moves continuously in time series, therefore the posi-
tion of pupil can be estimated by searching the neighbor 
position of one frame before. However, this method has 
critical problem; searching area is so large that it takes 
much time because the velocity of eye movement reaches 
up to 500°/sec.   

Based on these backgrounds, we propose the method for 
estimating eye movement. First, the coordinate of the pixel 
in visible pupil region is extracted by labeling. Let the ex-
tracted coordinates (u1, v1), (u2, v2), …, (un, vn), then esti-
mated x-coordinate of pupil position xe is calculated by 

                                                 (3) 

That is, xe is the x-coordinate of the centroid of labeled 
region. This method is applicable even if the pupil region 
has a partly deficit from blink because eyelid cover pupil 
horizontally.  

Vertical movement cannot be estimated like horizontal 
movement due to the direction of blink. Instead of calculat-
ing the centroid of labeled region, circle geometry is em-
ployed for estimation. Through this estimation, pupil is 
regarded as true circle. As shown in Fig. 5, y-coordinate of 
pupil yp can be determined by the width of labeled region w
and radius of pupil r using Pythagorean theorem. This rela-
tionship is shown as below: 

.                                            (4) 

 
 
 

 
 
 
 
 
 
 

                   
Fig. 5 Circle geometry for estimation of pupil position 

Upper side of pupil is often hidden by eyelid. Our algorithm 
uses only lower side of labeled region. From this condition, 
yp can be calculated as 

                                            (5) 

In practice, the value of w often includes some errors. So, 
estimated y-coordinate of pupil ye is determined by getting 
the average of yp in varying the value of u.  

Notable point of these methods is time-independency. No 
mater how fast pupil moves, it doesn’t affect the amount of 
required time for tracking pupil.  

C. Detect pupil position and radius 

Eye movement has three components; horizontal, vertical 
and torsional. Horizontal and vertical movement can be 
detected by tracking pupil in image. Daugman.J.G. [2] de-
veloped the algorithm of iris recognition by extracting iris 
region. This algorithm can be applied to pupil detection. 
There is a significant difference of intensity between pupil 
and iris as shown in Fig. 1. In addition, the shape of pupil is 
nearly circle. Therefore, pupil detection is accomplished by 
searching circular edge between pupil and iris. The circular 
edge is detected by Daugman’s integro-differential operator 
(Daugman’s IDO) [2],  

,                                        (6) 

where I(x, y) is input image, r is the distance from center 
coordinates (x0, y0). Daugman’s IDO searches over image 
domain (x, y) for the maximum partial derivative of normal-
ized contour integral along circular arc ds with respect to 
increasing radius r. Since image domain (x, y) is discrete

y 

yp 
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xp 

r 
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The center 
 of pupil 
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,                                                                        (7)

value, Eq.6 must be discretized. First, the average of inten-
sity along the circular arc can be expressed in polar coordi-
nate (see Eq. (7) at the top of the page) where r indicates 
the interval of radius,  indicates the interval of angle. 
Second, the difference of A(x0, y0, k) is calculated with the 
increasing value of k. Finally, center position (xp, yp) and 
radius k r are determined by the below equation:

.                          (8) 

It takes too much time to apply Daugman’s IDO to all 
image domain. In practice, applicable domain is only the 
neighbor of estimated pupil position (xe, ye). In addition, the 
arc of contour integration ds is restricted to lower half part 
because upper half part is often hidden by eyelid. 

D. Calculate rotaion angle of torsional nystagmus 

Pupil doesn’t move apparently in purely torsional nys-
tagmus because the intensity of pupil is almost fixed in 
pupil region. That is, Daugman’s IDO is useless in tracking 
torsional eye movement. As shown in Fig. 6, the eye has 
three components; pupil, iris, and sclera. The intensity of 
sclera is almost constant like pupil. Unlike pupil and sclera, 
high degree of randomness exists in iris structure [2]. There-
fore, torsional nystagmus can be detected by tracking iris 
pattern. There are two methods for tracking torsional eye 
movement using iris pattern. One is the polar cross-
correlation method [1], and the other is template-matching 
method. In former method, the difficulty is the determina-
tion of the effective angle range of cross-correlation. The 
latter method is used in this paper.  

Iris template is manually extracted from the initial image 
frame as shown in Fig. 6. From next frame, the position of 
iris template is determined by the peak position of the nor-
malized 2-D cross-correlation function between iris tem-
plate and frame image. Then, rotation angle of torsional 
nystagmus can be calculated as below: 

,                             (7)  

where (u, v) is the position of iris template, (x, y) is the 
center position of pupil, and subscripts indicate the frame 
number (1 frame is equal to 30 seconds). Torsional nystag-
mus is tracked by calculating Eq.7 for all frame images.

                          
Fig. 6 Three components of human eye, and iris template

III. RESULT AND DISCUSSION  

A. Pupil detection 

The proposed algorithm is applied to 3 patients. They are 
called as PA1~PA3 in this paper. The algorithm detects 
pupil position and radius as shown in Fig. 7 and Fig. 8. The 
cross indicates the center of pupil, and circle indicates the 
boundary between pupil and iris. These figures show that 
the algorithm is valid for pupil detection. In addition, Fig. 
11 shows the value of Daugman’s IDO, with increasing 
radius. The value of Daugman’s IDO increases sharply 
when the radius is equal to the radius of pupil. This indi-
cates that the algorithm detects pupil in high accuracy.  

 

   
    Fig. 7 Pupil detection for PA1           Fig. 8 Pupil detection for PA2 

Fig. 9 Value of Daugman’s IDO with increasing radius 

Pupil 

Iris 

Sclera

Iris template 
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Table 1 Estimation of pupil position 

Patient 
No. 

Average error in 
horizontal direction (pixel) 

Average error in 
vertical direction (pixel) 

1 2.2 2.1 

2 0.75 2.2 

3 4.2 1.8

 
B. Pupil tracking 

Pupil tracking is accomplished by building blink detec-
tion and estimation of pupil position into continuous pupil 
detection. A total of 1000 images for each patient were used 
for evaluating the validity of proposed algorithm. First, 
accuracy of blink detection is evaluated by the success rate 
of pupil detection. As the proposed algorithm detects pupil 
with 100% accuracy, it succeeded to detect blink accurately. 
Second, Table 1 shows the average error of estimation in 
horizontal and vertical directions. This result indicates that 
the proposed algorithm can estimate pupil position with 
high accuracy compared to estimating by searching the 
neighbor position of one frame before. Finally, these esti-
mation enable to narrow the searching area of Daugman’s 
IDO within a surrounding 5 5 pixel areas from estimated 
position (xe, ye). As a result, required time for pupil detec-
tion is an average 0.36 sec per frame.  

C. Analysis of torsional nystagmus 

Nystagmus is composed of two phases; rapid phase and 
slow phase. Repeat of these phases indicates the occurrence 
of nystagmus. As shown in Fig. 10, rotation angle of iris 
template in PA1 indicates the repeat of two phases. That is, 
the result agrees with the nature of nystagmus. In addition, 
the value of rotation angle stays within 5 degrees in almost 
all frames. This agrees with the quantative nature of tor-
sional nystagmus. These results indicate that the proposed 
algorithm tracks torsional nystagmus with high accuracy. 

 

 
Fig. 10 Rotation angle of torsional nystagmus 

IV. CONCLUSION  

This paper develops a method for analyzing nystagmus. 
Horizontal and vertical eye movements are tracked by pupil 
detection. Torsional eye movement is tracked by template 
matching of iris pattern. Results have indicated that the 
accuracy of tracking eye movement is high enough for 
clinical practice, and estimation of pupil position speeds up 
the analysis time of nysyagmus. Present work is not a fully 
automated system due to the manual extraction of iris pat-
tern. Nonetheless, it is notable that the proposed method 
enables us to track horizontal, vertical and torsional eye 
movement with high accuracy and high speed.  
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Abstract—In the field of histopathologic diagnosis, 
differential diagnosis of borderline lesions is a serious problem. 
Especially, differential diagnosis between early well-
differentiated hepatocellular carcinoma (ewHCC) and non-
cancer is difficult because the cellular atypism of ewHCC is 
very low. Nuclear density (number of nuclei per unit area) is 
one of features effective to diagnose ewHCC.  

In this paper, we propose new feature, degree of nuclear 
concentration, which represents the degree how densely nuclei 
are locally distributed. Two methods, counting method and 
density method, are proposed to quantify this feature. 
Counting method detects the dense regions, the regions where 
nuclei are densely distributed, by counting the number of 
nuclei in a circle. Density method converts each nuclear 
position to density distribution, and detects the dense regions 
as the regions having high density value.  

About 90% of correct ratio was obtained for both methods 
by the experiment, which shows effectiveness of this new 
feature. The feature was effective even if the nuclear density 
was normalized. Relative index, the ratio of features between 
ewHCC and non-cancer, was also shown to become another 
effective feature.  

Keywords— Histopathology, Nucleus, Density, Nuclear 
concentration, Hepatocellular carcinoma 

I. INTRODUCTION  

Histopathologic diagnosis is a technique for observing a 
histopathologic section with a microscope. Histopathologic 
diagnosis is done by pathologists at their discretion, so the 
differential diagnosis of borderline lesions is a serious 
problem. It is therefore important to develop a support 
system that analyzes histopathologic images and provides 
important quantitative information for diagnosis. 

In diagnosing hepatocellular carcinoma, differential 
diagnosis between early well-differentiated hepatocellular 
carcinoma (ewHCC) and non-cancer is especially difficult 
because the cellular atypism of ewHCC is very low. One of 
important features to diagnose ewHCC is nuclear density 
(number of nuclei per unit area) because the nuclear density 
of ewHCC is usually higher than that of non-cancerous 
parts [1],[2]. We developed a support system for ewHCC 
[2],[3] which enables users to easily estimate the nuclear 
density.  

Some pathologists point out that the distribution of nuclei 
is different between ewHCC and non-cancer. They feel the 
non-uniformity of nuclear distribution in ewHCC is higher 
than that in non-cancer. So, we tried to quantify this 
difference of non-uniformity, and found that there are more 
dense regions, the regions where nuclei are densely 
distributed, in ewHCC.  

We evaluated two methods to quantify this feature, 
which we call degree of nuclear concentration. Counting 
method detects the dense regions by counting the number of 
nuclei in a circle. Density method converts each nuclear 
position to density distribution, and detects the dense 
regions as the regions having high density value. 
Experimental results showed that this new feature, degree of 
nuclear concentration, is effective in diagnosing ewHCC. 

II. METHODS 

A. Extraction of Nuclear positions 

First, positions of nuclei must be extracted in order to 
calculate the degree of nuclear concentration. Nuclear 
positions are extracted using a diagnosis support system 
[2],[3]. 

Fig. 1 shows an image of hepatic histopathologic section, 
and Fig. 2 shows its nuclear areas extracted using the 
system. Among all the nuclear areas, small nuclear areas are 
removed because the small fragments of nuclei cut near the 
end make it difficult to judge whether they are actually 
nuclei or not [4]. Then, the positions of nuclei are calculated 
as the centers of gravity as shown in Fig. 3. 

 
 
 
 
 
 
 
 
 

Fig. 1 Microscopic image of hepatic histopathologic section 
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Fig. 2 Extracted nuclear areas 

 
 
 
 
 
 
 

Fig. 3 Nuclear positions 

B. Counting method 

Counting method is a method to judge the dense regions 
by counting the number of nuclei in a circle. If the number 
of dense regions is more than a threshold value, the image is 
diagnosed as ewHCC. Following three parameters are used 
in the method. 

R : Radius of a circle. 
M : Threshold value for the number of nuclei in a circle 

to judge the circle is dense region or not. 
Nth : Threshold value for the number of dense regions in 

a unit area to judge if the image is ewHCC or non-cancer. 
(a) A circle of radius R is set at upper left in the nuclear 

position image as shown in Fig. 4. 
(b) If the number of nuclei in the circle is more than or 

equals to the threshold value M, the number of dense 
regions N is incremented, and the nuclear positions in 
the circle are erased. 

(c) Step (b) is repeated with raster-scanning the position of 
the circle until the circle reaches the lower right of the 
image. 

(d) If the number of dense regions N is more than the 
threshold value Nth, the image is diagnosed as ewHCC. 

 

 

Fig. 4 Counting method 

C. Density method 

In the density method, each nuclear position in the 
nuclear position image is converted to density distribution 
to make a density distribution image. 

Following three equations are used as density 
distributions, where D is the density, r is the distance from 
the nuclear position, K is a constant, and  is a parameter to 
decide broadening of the distribution. Fig. 5 shows an 
example of density distribution image where Eq. (1) is used 
as the density distribution. In Fig. 5, the density is shown 
using pseudo color method. Red, green and blue means high, 
middle and low density, respectively. 

 
 (1) 

 
(2) 

 
(3) 
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Fig. 5 Density distribution 
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Next, a histogram of the density is calculated. Fig. 6 
shows example histogram of non-cancer and ewHCC. 
Vertical axis shows occurrence ratio of density value. As 
shown in Fig.6, the occurrence ratio of ewHCC is higher 
than that of non-cancer where the density is larger than a 
certain value L. Then, P (%) is calculated as a sum of 
occurrence ratios over the density threshold L. If P is larger 
than a threshold value Pth, the image is judged as ewHCC. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

P(%) : Sum of occurrence ratios
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L : Density threshold 

Fig. 6 Histogram of densities 
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III. EXPERIMENTS 

A. Counting method 

23 hepatic histopathological sections (hematoxylin-eosin 
stained) were used in the experiment. Two microscopic 
images, one from non-cancerous part and another from 
ewHCC part, were captured for each section using a CCD 
camera with a ×20 objective lens. The number of pixels was 
1600 × 1200, which was converted to 2400 × 1800 pixels in 
the diagnosis support system so that one pixel corresponds 
to 0.24 m on the section.  

True positive rate (TP) and true negative rate (TN) were 
used to evaluate the method. 

 

imagesewHCCofNumber
imagesewHCCdiagnosedcorrrectlyofNumberTP          (4) 

imagescancernonofNumber
imagescancernondiagnosedcorrrectlyofNumberTN   (5) 

 
Three parameters, R, M and Nth were optimized so that 

the average of TP and TN was maximized. Table 1 shows 
the result. 89% of average correct ratio was obtained where 
R, M and Nth were set to 50 pixels (12 m), 3 and 178/mm2, 
respectively. 

It was also confirmed that the correct ratio did not change 
if the position of the circle was moved differently in step (c), 
for example, in the reverse direction. 
 

Table 1 Correct ratio of counting method 

Average (%) TP (%) TN (%) 
89 91 87 

B. Density method 

The same images used in counting method were also 
used in the experiment. Four parameters, K, , L and Pth 
were optimized so that the average of TP and TN was 
maximized. Results for three different density distributions 
(Eq. (1), Eq. (2), Eq. (3)) are shown in Table 2. 

91% of best average correct ratio was obtained when Eq. 
(1) (Gaussian like function) was used as density distribution. 
The parameters K, , L and Pth were set to 86, 40 pixels (9.6 

m), 245 and 0 %, respectively for this case. Fig. 7 shows 
the ROC curve for this case where only the parameter  was 
changed. 

In both counting and density methods, average correct 
ratio as high as about 90% was obtained, which shows the 
effectiveness of this new feature, the degree of nuclear 
concentration. 

 

Table 2 Correct ratio of density method 

Distribution Average (%) TP (%) TN (%) 
Equation (1) 91 91 91 
Equation (2) 89 87 91 
Equation (3) 87 83 91 
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Fig. 7 ROC curve 

C. Normalization of nuclear density 

In order to remove the effect of difference in nuclear 
density, correct ratio was evaluated after normalizing 
nuclear density. The nuclear densities of all the images were 
normalized so that the density became 1407/mm2 by scaling 
the images. Then, the best correct ratio was calculated by 
optimizing the parameters. Table 3 shows the results for 
counting and density methods. In the counting method, the 
parameters R, M and Nth were set to 110 pixels (26.4 m), 7 
and 202/mm2, respectively. In the density method, Eq. (1) 
was used as the density distribution, and the parameters K, , 
L and Pth were set to 50, 50 pixels (12 m), 55 and 45 %, 
respectively. 

In the density method, 72% of average correct ratio was 
obtained, which also shows effectiveness of the feature even 
if nuclear density is normalized. 
 

Table 3 Correct ratio when nuclear densities are normalized 

Method Average (%) TP (%) TN (%) 
Counting method 57 96 17 
Density method 72 83 61 

D. Relative index 

In both counting and density methods, calculated features, 
N and P are compared to their threshold values Nth and Pth, 
respectively. If the feature is larger than its threshold value, 
the image is diagnosed as ewHCC. For example, Fig. 8 
shows the number of dense regions for each section 
calculated by counting method in the case of Table 1. In this 
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case, the image is diagnosed as ewHCC if the number of 
dense regions is larger than 178/mm2. As shown in Table 1, 
this kind of absolute index works well. We also evaluated 
relative index between ewHCC and non-cancer. 

As an example of relative index, the ratio of features 
between ewHCC and non-cancer was evaluated. Fig. 9 
shows the ratio of number of dense regions (ewHCC / non-
cancer) for each section. The ratios were larger than 1.0 for 
all the ewHCC images. Large ratio means the possibility of 
ewHCC is high. For example, the image captured from 
ewHCC part of the section 20 was wrongly diagnosed as 
non-cancer because its number of dense regions (115/mm2)
was less than the threshold value (178/mm2) as shown in 
Fig. 8. However, the ratio of section 20 is very large (13.0) 
as shown in Fig. 9, which means the ewHCC image of 
section 20 might be correctly diagnosed as ewHCC by 
combining relative index (the ratio of number of dense 
regions). In order to obtain an appropriate threshold value 
for the ratio to diagnose ewHCC, it will be necessary to 
evaluate the variation of the number of dense regions using 
more non-cancerous images because the number of dense 
regions would fluctuate depending on the position on the 
section due to the fluctuation of nuclear density [4],[5].

Fig. 8 Number of dense regions for each section 
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Fig. 9 Ratio of number of dense regions for each section 

IV. CONCLUSIONS 

New feature, the degree of nuclear concentration, for 
diagnosing early hepatocellular carcinoma is proposed. Two 
methods, counting method and density method, are 
proposed to quantify the feature. About 90% of correct ratio 
was obtained for both methods by the experiment, showing 
the effectiveness of this new feature. The feature was 
effective even if the nuclear density was normalized. 
Relative index, the ratio of features between ewHCC and 
non-cancer, were also calculated, and shown to become 
another effective feature. Future works will include 
obtaining an appropriate threshold value for the relative 
index, the ratio of features. 
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Abstract—  Change point detection and estimation of change 

times are important signal processing aspects in patient moni-
toring, rehabilitation supervision and biomedical research. In 
this paper, a sequential algorithm is presented for computer-
ized detection of multiple changes in human motor responses 
based on the Maximum Likelihood principle. Unlike tradi-
tional threshold-based approaches which usually assume a 
step-like change profile the algorithm uses  a ramp-step model 
instead. This allows to consider gradual changes as well which 
are typical for the dynamics of energy-limited signals like, e.g., 
force and position recordings. The algorithm is successfully 
applied to position signals measured in tapping experiments. 

Keywords— change detection, change-time estimation, tapping 

I. INTRODUCTION  

Analysis of kinetic signals like force, position, or accel-
eration recordings is a common approach when investigat-
ing the human motor system. A classical example is the 
tapping experiment [1] where the subject is sitting in front 
of a table tapping rhythmically with the index finger on a 
switch resulting in a periodic binary signal. In more sophis-
ticated setups the movement of the index finger is moni-
tored by an optical position sensor providing a continuous 
signal of the finger position. Thus, the information coded in 
the shape of the signal is preserved. 

Figure 1 displays a section of a position signal com-
prising two subsequent tapping movements. The first tap 
reaches the table (indicated by the steady epoch from 100ms 
to 300ms). During the second tap the finger moves up again 
before the table is reached. Such extra taps sometimes occur 
in coordination experiments when the subject is asked to 
simultaneously perform concurrent motor tasks with both 
hands. These extra taps provide valuable information about 
the coordination strategies used by the human motor system 
but they would be masked when using a switch based tap-
ping setup. On the other hand, analysis of the continuous 
signal demands a more sophisticated signal processing to 
locate the tapping movements. 

Usually, change detection methods assume a step-like 
change profile [2, 3, 4, 5]. This condition is not fulfilled in 
the present context which would result in biased change-

point estimates. The signal is rather a series of changes with 
finite slope where a single action is defined as a rapid 
movement of the finger either in upward (extension) or 
downward direction (flexion). 

In order to consider the gradual change profile, in this 
paper a single action is modelled by a ramp-step function 
[6] as shown in Figure 2. The ramp-step represents the sim-
plest approximation to a signal comprising a change with 
finite slope. It is a model for a single action (i.e., either a 
flexion or an extension movement). In order to locate multi-
ple actions, a sequential algorithm will be employed succes-
sively processing the signal from the beginning to the end. 
For an efficient implementation, determination of a single 
action is achieved in two separate stages. The first stage is 
responsible to detect the next action. It is followed by a 
subsequent stage where the location (change-time) of the 
detected action is precisely estimated.  

II. METHOD 

The digitized kinetic signal is modelled by a discrete ran-
dom process 

Nnnenuny ,2,1][][][  (1) 

Fig. 1 Kinetic signal (position of finger tip above table surface) obtained in 
a tapping experiment. Note that the second flexion movement is interrupted 
before the finger has reached the table 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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with a time varying mean profile ][nu  (comprising the 
changes to be detected) corrupted by additive white Gaus-
sian noise ][ne . The number of change-points in ][nu  and 
their position is unknown. Therefore, a regression model is 
considered composed of several adjacent ramp-step func-
tions. A single ramp-step function is depicted in Figure 2. 
The function is defined on the interval ],[ ba . The change-
time k  and the rise-time  define the location and speed of 
a single movement. Moreover the offset d and the magni-
tude h  are introduced since neither the level before nor the 
level after the movement is known a priori. The same pro-
file is used for modelling flexion ( 0h ) and extension 
movements ( 0h ). Finally, a mean profile comprising 
multiple movements is represented by  a sequence of K ad-
jacent intervals ],[ )()( ii ba  with Ki ,2,1 , on which the 

ramp-step functions with parameters )()()( ,, iii hk , and 

)(id are defined. 
 In order to fit the model to the measured signal, an 
approximated Generalized Likelihood Ratio (AGLR) test 
[7] is repeatedly applied to the data. Essentially, the algo-
rithm scans the signal sample by sample performing a se-
quential Likelihood Ratio (LR) test to search for the first 
change in the sequence (stage I). As soon as a change has 
been indicated, the precise change-time is determined by 
computing Maximum Likelihood (ML) estimates of the 
ramp-step parameters (stage II). These two steps are re-
peated until the end of the signal is reached. The aims of the 
two processing steps are different. Of great importance is a 
reliable detection of a movement in stage I that forms the 
basis of an accurate estimation of the change-time in stage 
II. 

Stage I: Detection of an action 
 
 Stage I employs a pure step model assuming that an 
abrupt change in mean has occurred a fixed number of 
L samples prior to the current observation ][ny which al-
lows for an efficient implementation of the detection proce-
dure. Possible systematic delays caused by the assumption 
of a pure fixed-distance step change will be compensated by 
the subsequent stage II, where the full ramp-step model is 
used to determine a more precise estimate of the change-
time expected. The AGLR test applies a two-window 
scheme to the signal consisting of a growing window (cov-
ering all samples from the lower bound )(ia of the search 
interval up to the current observation ][ny ) and a sliding 
window with fixed length L , respectively. The ratio of the 
probability that a change in mean has happened at time 

Ln  (different mean values in the growing and the sliding 
window) to the no-change hypothesis (same mean in both 
windows) is calculated. A change is detected, as soon as the 
logarithm of this probability ratio exceeds a threshold . 
An appropriate test statistic gn for the Gaussian case is de-
rived in [7] as 

2

0][
2

1 n

Lnj
jy

L
gn  (2) 

where 0 is the (constant) mean before change. Since in the 
present context this value is not known a priori, it is re-
placed by its maximum likelihood estimate 

1
][

1
ˆ

)(0

Ln

aj
jy

aLn ii
  (3) 

The first time instant n at which ng  serves as the upper 

bound of the interval ],[ )()( ii ba  that is used in the follow-
ing estimation step in stage II. 
 
Stage II: Estimation of the ramp-step parameters 
 
 Once a change has been detected, the ML method is 
used to fit a ramp-step to the signal on the interval 

],[ )()( ii ba . Introduce the vectors 

Tiii byayay ][],1[],[ )()()(y  (4) 

and 
Tiii buauau )(),1(),( )()()(u  (5) 

Fig. 2 Ramp-step template serving as a model for a single gradual 
change in the recorded signal. The main objective is to precisely 
estimate the change-time k indicating the onset of the movement 
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with ),,,;()( dhknunu  denoting the ramp-step func-
tion shown in Figure 2. Moreover, assume that the parame-
ters are collected in the vector Tdhk ],,,[ and the size 

of the interval ],[ )()( ii ba  is denoted by 1)()( ii abc . 

Then, the logarithm of the likelihood for y  given  is 

c

j
jujycL

1
2][][22

1
exp

2

1
ln),(ln y  (6) 

or, equivalently, using vector notation 

uyuyy T
cL 22

1
2ln),(ln  (7) 

The ML estimate of the unknown parameter vector  is the 
argument which maximizes the likelihood function, i.e., 

uyuyy T
L maxarg,lnmaxargˆ  (8) 

Maximisation with respect to parameters d and h  is explic-
itly possible by setting the respective partial derivatives to 
zero. Thus, by replacing d and h  by their ML estimates, 
Eq. (8) can be finally condensed to 

**

),(
maxargˆ,ˆ py T

k
k   (9) 

where 

yyy*   (10) 

is the signal vector y  corrected by its mean value  y and 

pppp

pp
p

T

*   (11) 

is the normalized template. The latter is computed from a 
unit ramp step ),(kpp  at location k  with unit magni-
tude 1, zero mean, and rise time . With Eq. (9), the ML 
estimates k̂  and ˆ of the unknown change-time and rise 
time can be found by performing a grid search across all 
possible values within the search interval ],[ )()( ii ba . 
 
Iterative estimates 
 
 Depending on the change magnitude, the detection 
algorithm usually will signal a change while it is still ongo-
ing, i.e., the search interval will not always cover the whole 
action. Therefore, the upper bound 

 )(ib  of the interval is 

iteratively increased until it covers a whole movement. The 
difference )( )()()( iii kbs indicating the duration of 
the plateau at the end of the movement serves as a decision 
criterion for this condition. The recursion is performed by 
increasing )(ib

 

and fitting the ramp-step on ],[ )()( ii ba  until 

s exceeds an appropriately chosen positive integer mins .  
 
Sequential detection of multiple changes 
   

To be able to detect and locate multiple changes, detec-
tion (stage I) and estimation (stage II) are repeatedly per-
formed with the detection of the subsequent change being 
initialized by setting )()()1( ˆˆ iii ka . 

III. RESULTS 

 
 The algorithm has three design parameters. The sliding 

window width L  and the threshold  for detection (stage 
I), and the minimal duration after change mins  for estima-
tion (stage II). Figure 3 depicts the result of the analysis of 
the tapping signal segment of Figure 1. Four actions were 
found and the corresponding ramp-steps are depicted 
(flexions with dashed lines and extensions with dashed-dot 
lines). The design parameters 50L , 001.0 and 

50mins were used. The latter was set to the minimal 
expected constant epoch between the movements, which is 

Fig. 3 Processed tapping signal of Fig. 1. The detected movement 
epochs are shaded. In addition, the estimated ramp-step profiles are 
indicated by dashed (flexion) and dashed-dot (extension) lines.. 
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in general a good advice for selection of this parameter. 
In order to assess the robustness of the method with re-

spect to the design parameters, the dependency of the esti-
mated change-times on the parameters L  and was inves-
tigated. A 30 seconds segment of real tapping data (1 kHz 
sampling rate) with a total number of 100 movements was 
used for this analysis. Computations were performed by 
varying L in the range ]400,10[  and  in the range 

]06.0,0001.0[ . From these intervals, 1500 pairs ),(L  
were randomly chosen with the constraint that for each pair 
the algorithm detected the 100 changes correctly.  

Since in real data the true change-times are unknown, for 
each of the 100 movements, the mean value across all pa-
rameter combinations tested served as a reference. Histo-
grams of the deviation of the individual detections from 
their mean are shown in Figure 4. While the histogram of 
the alarm time (i.e., the time at which a change is signalled 
by the detection stage I) is highly scattered (Figure 4a), the 
histogram of the resulting change-time estimates shows a 
very narrow distribution (Figure 4b). This is also reflected 
by the standard deviation which reduces from 40.47 for the 
alarm time to 6.36 for the final change- time estimates.  

Results show that, although the parameters L  and  
have a strong effect on the alarm time, the effect on the final 
change-time estimate is very small. The presented algorithm 
is therefore robust against changes of L  and . 

 
VI. CONCLUSIONS  

The method was successfully applied to position signals 
recorded in tapping experiments and it is shown that the 
presented sequential algorithm based on a model of adjacent 
ramp-step functions is suitable for this task. In future work, 
the model will be improved so that it better represents the 
smooth nature of finger position data. This involves higher 
computational effort. A comparison of reliability, accuracy 
and computational costs of algorithms based on these two 
models will follow.  
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Fig. 4 Histograms of the deviations of alarm times (upper graph) and 
change-times (lower graph) from their respective mean values for a 
sequence of tapping data with 100 movements. A total number of 
1500 pairs of design parameters (L, ) were tested. 
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Abstract— Due to the non-phaselocked nature and variability 
from trial to trial, the extraction of event-related oscillatory 
neuromagnetic activities from single-trial measurement is 
challenging. The present study proposes a method based on 
empirical mode decomposition (EMD) and uses a template-
based correlation approach to extract Rolandic beta rhythm 
from magnetoencephalographic (MEG) during right finger 
lifting movements. The longitudinal gradiometer of the sensor 
unit which presented most prominent SEF was selected as 
channel of interest (CI) on which each single-trial recording 
was decomposed by EMD into a set of intrinsic mode functions 
(IMFs). Correlation coefficients were calculated between each 
IMF and data recorded in other MEG channels. These correla-
tion values can be viewed as the spatial weights of the IMF 
over all MEG channels, which can then be arranged as a spa-
tial map. One spatial template with a focal spatial distribution 
over left sensorimotor area was used to facilitate a sernsorimo-
tor-related IMF selection process, by matching the spatial map 
of each IMF with the spatial template. Only those IMFs sur-
vived high correlation values with the spatial template were 
chosen as sensorimotor-related IMFs, which were then sub-
jected to a following data reconstruction process. Results dem-
onstrated that amplitudes and phases with high SNR were 
retained in the extracted oscillatory activities. The preserva-
tion of spatial-temporal features in oscillatory activities allows 
various methods of source estimation can be applied to study 
the intricate brain dynamics of motor control mechanisms. 
The present study enables the possibility of investigating corti-
cal pathophysiology of movement disorder on a trial-by-trial 
basis which also permits an effective alternative for partici-
pants or patients who can not endure lengthy procedures or 
are incapable of sustaining long experiments. 

Keywords— Empirical Mode Decomposition (EMD), Mu 
Rhythm, Magnetoencephalography (MEG), 
Event-Related Synchornization (ERS). 

I. INTRODUCTION  

The power changes in electroencephalography / magne-
toencephalography (EEG / MEG) recorded neuroelectro-
magnetic activities can be either decrease or increase in 
accordance with the synchrony of the underlying neural 
networks. Studies on event-related oscillatory activities, 

which are usually non-phaselocked relative to external or 
internal stimulus, have been studied to probe many neural 
processing issues, such as cognitive performance [1-3], 
neural processing in movement tasks [4-6], and clinical 
diagnoses [5,7-8]. Several techniques have been developed 
to quantify the power changes of event-related oscillatory 
activities. Pfurtscheller and Aranibar developed event-
related desynchronization (ERD) and synchronization (ERS) 
technique by simply averaging the filtered epochs within 
selected reactive frequency bands [4]. Florian and 
Pfurtscheller applied autoregressive (AR) approach to 
model the significant frequency components in oscillatory 
signals. Salmelin et al. proposed the temporal-spectral evo-
lution (TSE) method to filter the MEG signals in equi-
bandwidth frequency bands. Nevertheless, these conven-
tional methods require dozens to hundreds of trials for aver-
aging and stereotypical frequency bands across trials, which 
discount the inter-variation, depending on subject’s per-
formance and cognitive states.  

In this study, we adopted empirical mode decomposition 
(EMD) as a tool for extracting movement –related oscilla-
tory activities during right hand finger lifting task. One 
MEG channel in the vicinity of left primary sensorimotor 
area (SMI) was chosen as channel of interest (CI), and each 
epoch obtained from CI was decomposed into a number of 
intrinsic mode functions (IMF) by iteratively conducting the 
sifting process, which has been demonstrated as an power-
ful data-driven approach for extracting meaningful stochas-
tically modulated signals, such as blood pressure signals, 
heart-rate variability in electrocardiogram (ECG), pulmo-
nary hypertension, and etc. A spatial map matching process 
was given to each IMF by calculating the correlation coeffi-
cients between each IMF and all other MEG channels. The 
created spatial maps were then matched with a pre-defined 
spatial template in order to select sensorimtor-related IMFs. 
The sensorimotor-related IMFs were then reconstructed, so 
that sensorimotor-unrelated noise can be suppressed. Activi-
ties of beta rebounds can thereof be examined in each single 
trial. The proposed method enables sensorimotor-related 
oscillatory activities be examined in a single-trial which 
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might shed light on studying intricate working mechanism 
in human brain.  

II. MATERIALS AND METHODS 

A. Subjects and Tasks 

Three participants were recruited (two males and one fe-
male), aged 24-30 years. None had a history of neurological 
illness. Each subject gave informed consent. Subjects were 
requested to perform brisk right index-finger lifting task for 
a duration of 200 to 300 ms. At least one-hundred trials 
were acquired in each subject. 

 
B. Data Recording 

Cortical magnetic signals were recorded with a 306-
channel (102 sensor unit) whole-head neuromagnetometer 
(band-pass, 0.05-250 Hz; digitized at 1kHz; Vectorview; 
Neuromag Ltd., Helsinki, Finland) with subjects in sitting 
position. Each sensor unit was composed of a pair of planar 
gradiometers and a magnetometer. The magnetometer 
measured magnetic flux (Bz), normal to the sensor unit, 
while the gradiometers measured two tangential derivatives 

of Bz ( xBB zx /  and yBB zy / , mutually or-

thogonal) along the longitudinal and latitudinal directions, 
respectively. 

Bipolar horizontal and vertical electro-oculograms (EOG) 
were recorded using electrodes placed below and above the 
left eye and at the bilateral outer canthi to monitor eye 
movement and blinks. Data were segmented from -4s to 3s 
anchored to the timing of movement onsets into epochs, 
which were then subjected to the following EMD process.  

 
C. Empirical Mode Decomposition (EMD) 

We took the power of gradiometer in this study, only sig-
nals acquired from longitudinal and latitudinal gradiometers 
were arranged into a matrix B. For M gradiometers with N 
time points, the data matrix B can be represented as: 
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in which Bx(i,j) and By(i,j) represent the data point at ith 
sensor unit and jth time point in longitudinal and latitudinal 
MEG gradiometers, respectively. 

Each epoch, x , acquired from CI was decomposed by 
the following EMD steps:  

(1) identifying all the local extrema in x , including lo-
cal maxima and local minima; 

(2) connecting all the local maxima/minima by a cubic 
spline to generate the upper/lower envelope; 

(3) generating a local mean curve, m , by averaging the 
upper and lower envelopes; 

(4) calculating the pre-IMF, )1(h , by subtracting the 

local mean, m , from x , i.e., mxh )1()1( ; 
(5) continuing steps from (1) to (4) for k iterations until 

the difference of two continuing pre-IMFs, SDk, 
reaching a user-defined stoppage criterion, , i.e., 
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where || . || denotes the Euclidean distance; 
(6) setting 

khc1
 as the first IMF; 

(7) calculating 
1cxr ; 

(8) replaced x  in step (1) by r  and repeating steps 
from (1) to (7) (sifting process), to find other IMFs, 

Jc and cc ,,, 32
; 

(9) stopping the sifting process until the residue func-
tion J

j
jcxr

1

 becomes a monotonic function 

which no more IMFs can be extracted. 
After applying the EMD process to a single MEG epoch , 

the signals, x(t), can be represented by a monotonic residue 
function, r(t), plus a set of posteriori-defined IMF basis, 

Jccc  and ,,, 21
, where J is the number of IMFs extracted 

from x  and each kc , Jk1 , is a n1  vector. 
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D. Creation of Spatial Map for Each IMF Mode  

A spatial map is created for each IMF in order to facili-
tate the subsequent IMF selection process. The correlation 
coefficients between each IMF and the measured signals in 
all MEG gradiometers are computed. All the correlation 
coefficient values are then used for spatial map creation. 
The correlation coefficients can be done by multiplying the 
data matrix B with CT as 
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where ),( jimx
 represents the correlation value between the 

jth IMF and the data of longitudinal gradiometer at ith MEG 
sensor unit and ),( jimy

 represents the correlation value 

between jth IMF and the data of latitudinal gradiometer at ith 
sensor unit, respectively. The correlation coefficient values 
obtained from all longitudinal and latitudinal gradiometers 
are arranged into two submatrices Mx and My.  

Spatial map for jth IMF can then be created by  
2

2
2

2
2222 ),(),(),2(),2(),1(),1( jmjmjmjmjmjmS M

y
M

xyxyxj
, (4) 

where 
jS  contains the vector sums of the correlation values 

in the jth column vector of M, which presents the topog-
raphic distribution of jth IMF over all MEG sensors. 
 
E. Spatial Template Matching and Selection of Pertinent 
IMFs for Data Reconstruction  

In order to identify sensorimotor-related IMFs, a spatial 
template, with a focal spatial distribution over left sensori-
motor area, was created [11], and used to match with the 
spatial map of each IMF by calculating their correlation 
values. The correlation values between the spatial template 
and all IMFs were then further categorized into high-, mid-
dle and low-correlation groups. Only those IMFs with high 
correlation values with the spatial template were chosen as 
sensorimtor-related IMFs for data reconstruction.  

The sensorimotor-related oscillatory activities can then 
be reconstructed by summating the chosen IMF portions in 
all MEG data matrix B as 
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III. RESULTS  

Figure 1 shows a demonstration to illustrate signal proc-
essing of the proposed single-trial EMD-based method in 
one single epoch. No pre-filtering process was applied be-
forehand, so that information in the original recording was 
well-preserved. The temporal waveforms and spatial maps 
of tweleve IMFs are shown. The correlation coefficients 
between the spatial template and the spatial maps are 0.72, 
0.08, 0.11, 0.96, 0.87, 0.78, 0.43, 0.16, 0.05, 0.10, 0.04, and 
0.13 for IMF1 to IMF12, respectively. Only the IMF4 (cor-

relation coefficient= 0.96), IMF5 correlation coefficient= 
0.87) and IMF6 (correlation coefficient= 0.78) which pre-
sented high correlation with the pre-defined spatial template 
were chosen as sensorimotor-related IMFs for further data 
reconstruction. Other IMFs, which are middlely- or lowly-
correlated with spatial template, are considered as sensori-
motor-unrelated IMFs and should be excluded from the data 
reconstruction process in order to avoid deteriorating the 
signal-to-noise ratio in the reconstructed MEG data. The 
proposed spatial map correlation process provides an effi-
cient way for identification of sensorimotor-unrelated IMFs.  

 
Figure 1. With the use of EMD, one single-epoch MEG 
signal can be decomposed into several IMFs. The correla-
tion coefficients between the spatial template and the spatial 
maps are 0.72, 0.08, 0.11, 0.96, 0.87, 0.78, 0.43, 0.16, 0.05, 
0.10, 0.04, and 0.13 for IMF1 to IMF12, respectively. Only 
the IMF4 (correlation coefficient= 0.96), IMF5 correlation 
coefficient= 0.87) and IMF6 (correlation coefficient= 0.78) 
which presented high correlation with the spatial template 
were chosen for data construction.  

 
Figure 2. The magnetic fields and localized sources of beta 
rebound activities after data reconstruction. (a-b). The top 
and left views of whole-head magnetic fields of the recon-
structed MEG data obtained in a single-trial in subject I.(c-
d). The source locations of beta rebound activities obtained 
from twenty single-trials. 
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Equivalent current dipole (ECD) technique was applied 
to localize neural sources of reconstructed oscillatory activi-
ties (see Fig. 2). With the selection of pertinent IMFs for 
data reconstruction, clear magnetic fields can be obtained 
(see Fig. 2(a) and 2(b)). Figure 2(c) and 2(d) show the sagit-
tal and coronal views of one individual MRI. The source 
locations of beta rebound activities (500ms ~ 1500ms) ob-
tained from twenty trials obtained from ECD are superim-
posed on the anatomy MRI for display purpose. The source 
positions of EMD-processed post-movement beta resounds 
were (x, y, z) = (-45 4.45, -3.9 6.33, 80.7 3.63 mm; good-
ness-of-fit =97.5 3.7%) in subject I. 

IV. CONCLUSIONS  

The proposed EMD-based spatiotemporal approach en-
ables sensorimtor-related neuro-magnetic activities can be 
extracted in a single-trial. One salient feature of the present 
study is the use of a spatial map matching for selection of 
sensorimotor-related IMFs. The validity of the proposed 
method in extracting sensorimotor-related activities has 
been examined and its efficacy on single-trial extraction has 
been demonstrated. Our method provides an efficient way 
to study the subtle trial-by-trial dynamics, such as single-
trial latency, amplitude, phase, and trial-specific frequency. 
Various source modeling methods commanding high SNR 
can also be applied to study the intricate dynamics of signal 
processing in human brain. 
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Abstract— In this paper, Empirical mode decomposition 
(EMD) algorithm is implemented on a digital signal processor 
(DSP) to eliminate artifacts from the electrocardiogram (ECG) 
signal. By extracting specified IMF components, power-line 
interference and baseline wander can be reduced. EMD algo-
rithm is a novel technique which can decompose a signal into a 
series of intrinsic mode functions (IMFs), and use to eliminate 
the noise from biomedical signals. However, most of the publi-
cations are aimed at the off-line EMD-based signal processing 
through a personal computer. Therefore, it is valuable to im-
plement the EMD algorithm on the DSP for the biomedical 
signal processing. In order to verify the features of the pro-
posed system, emulations are firstly performed, and then the 
experimental results are presented using the fabricated plat-
form. 

Keywords— Electrocardiogram (ECG), Empirical Mode De-
composition (EMD), Digital Signal Processor 
(DSP). 

I. INTRODUCTION 

Electrocardiogram (ECG) is one of the important signals 
for diagnosis of heart diseases. However, ECG recordings 
are often corrupted by power line interference and baseline 
wander [1]. The power line interference which comes from 
power lines of measurement equipments also corrupt ECG 
signals significantly. And the baseline wander is mainly 
caused by subjects breathing and body movement. These 
artifacts may cause ECG distortion and lead to wrong diag-
noses. Therefore, removing artifacts becomes a very impor-
tant preprocessing step in the ECG signal analysis. The 
problem about ECG de-noise can be solved by the empirical 
mode decomposition (EMD) algorithm [2]. Recently, the 
EMD algorithm has been used extensively to the analysis of 
the biomedical signal [3], [4]. Nimunkar and Tompkins [5] 
proposed 60-Hz noise filtering of the ECG based on the 
EMD method. Na et al. [6] proposed baseline wander re-
moving from the ECG signal by the EMD algorithm. EMD 
decomposes signals into a sum of intrinsic mode functions 
(IMFs) by the sifting process. And artifacts/disturbances 
will be eliminated from the noisy ECG signal. IMFs contain 
different characteristics of signals and can express the 
physical characteristics in signals. However, most of the 

publications focused on the off-line signal processing using 
EMD algorithm through a personal computer, it cannot be 
applied on stand along applications. In this paper, the EMD 
algorithm is implemented on a digital signal processor 
(DSP), and eventually, a complete system without the com-
puter is proposed for the ECG signal processing. This paper 
is organized as follows: Section II describes the background 
of the EMD algorithm. Section III presents the implementa-
tion of the EMD algorithm and a portable (free of computer) 
ECG noise reduction system. Emulations and experimental 
results are given in Section IV. Finally, conclusions are 
drawn in Section V. 

II. BACKGROUND OF THE EMD ALGORITHM 

The empirical mode decomposition (EMD) was intro-
duced by Huang et al. [2]. And used for processing nonlin-
ear and non-stationary signal. The EMD method can expand 
a signal x(t) into intrinsic mode functions (IMFs), and a 
final residue through the sifting process. An IMF has to 
satisfy the following two conditions: 

1. In the whole time-series, the number of extrema and 
number of zero crossings must either equal or differ at 
most by one. 

2. At any point, the mean value of the envelope defined by 
the local maxima and local minima is zero. 

The sifting process used to estimate IMFs is listed in the 
following: 

1. Identify the extreme (local maxima and minima) of the 
whole time-series x(t). 

2. Generate the upper and lower envelopes using cubic 
spline method to connect the maxima and minima re-
spectively. 

3. Calculate the mean of the upper and lower envelopes, 
and generate the mean envelope, m(t). 

4. Find an IMF candidate, h(t), through the following 
equation: 

h(t) = x(t) - m(t)  (1) 
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5. Check if h(t) is an IMF using the conditions defining. 

(1).If h(t) is not an IMF, repeat the process steps 1-5. 
(2).If h(t) is an IMF, designate as c1(t) = h(t). c1 denotes 

the first IMF of x(t). 

6. Get the residue signal r(t) using the following equation: 

r(t) = x(t) - ck(t)  (2) 

       where k = 1, 2, …, n. 

7. Treat r(t) as a new time-series signal x(t), and repeat the 
procedure from step 1 to step 6 to get more other IMFs. 
Until r(t) becomes a monotonic function. 

Eventually, the original signal x(t) is decomposed into a 
finite IMFs (c1(t), c2(t),…, cn(t)) and a residue r(t) as follow-
ing: 

( ) ( ) ( )∑
=

+=

n

k
k trtctx

1

  (3) 

where n is the number of IMFs of x(t). 

III. ECG NOISE REDUCTION SYSTEM IMPLEMENTATION 

A. ECG measurement board 

A prototyped ECG measurement module board has been 
constructed using analog electronics for obtaining, amplify-
ing and filtering the captured ECG signal. Generally, the 
ECG signal is a bioelectrical phenomena occurring in the 
human body, and it is measurable at the skin surface. In this 
research, an instrumentation amplifier (INA 128) is used to 
amplify and convert the differential signal from two elec-
trodes. An active band-pass filter was also designed onto the 
ECG measurement board. Eventually, a voltage level ad-
justing circuit is adopted to make the preprocessed ECG 
signal suitable for digitizing by the analog-digital converter 
(ADC). 

B. EMD algorithm implement on DSP 

In this paper, a digital signal processor (DSP) TMS320 
C6713 [7] is used to implement the EMD algorithm. How-
ever, most of functions such as cubic spline method are 
implemented in the MATLAB software; these have to be 
implemented in the C language by hand coding. After de-
composing the original signal (noisy ECG), normally, the 
power-line interference and the baseline wander are ap-
peared at the first IMF and final residue respectively. There-
fore, the clean ECG will be reconstructed by removing c1(t) 
and r(t) from IMFs. 

C. ADC and DAC boards 

In order to convert the measured ECG signal from analog 
to digital, and the EMD processed signal (clean ECG) from 
digital to analog, both ADC (MCP 3201) [8] and DAC 
(MCP 4921) [9] module boards are also designed. ADC and 
DAC chips select the 8-pin dual inline package (DIP) with 
the serial control interface (serial peripheral interface, SPI), 
with both chips having 12-bit resolution. Consequently, the 
DSP’s used I/O can be reduced by using SPI ADC and 
DAC. 

D. Portable ECG noise reduction system 

The proposed portable (free of computer) ECG noise re-
duction system can be separated into four main blocks as 
shown in Figure 1: 

1. ECG measurement board. 
2. ADC board. 
3. EMD implemented in the DSP. 
4. DAC board. 

The ECG signal is measured through the ECG measure-
ment board firstly, and then the measured signal is con-
verted from analog to digital using the ADC board. Next, 
the digitized ECG data is processed by the implemented 
EMD algorithm. Finally, the EMD processed signal goes 
out of the DAC board. Photograph shown in Figure 2 is the 
prototype system of the proposed portable ECG noise re-
duction system. 

IV. EMULATION AND EXPERIMENTAL RESULTS 

The emulation using Code Composer Studio (CCS) [10] 
is presented to verify the proposed EMD implementation. In 
the emulation, the original ECG signal shown in Figure 3(a) 
is a real ECG signal recorded from a subject through the 
ECG measurement board. The sample length of the ECG 

IM
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Fig. 1 Portable ECG noise reduction system 
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signal is 1000 in this emulation. After EMD processing, 
eight IMFs and a final residue were extracted from the noisy 
ECG and shown in Figure 3(b) and Figure 3(c) respectively. 
And the EMD processed signal through the implementation 
of EMD is illustrated in Figure 3(d). It is clear that the im-
plementation is successful removing the power line interfer-
ence and baseline wander from the noisy ECG. The experi-
mental result shown in Figure 4 is also demonstrated that 
the signal processing of the proposed portable ECG noise 
reduction system is successful. 
 
 

 

Fig. 3(a) Noisy ECG 

 

Fig. 3(b) IMFs obtained from the noisy ECG 

 

Fig. 3(c) Final residue obtained from the noisy ECG 

 

Fig. 3(d) EMD processed signal (Clean ECG) 

 

Fig. 2 Prototype of portable ECG noise reduction system 
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Fig. 4 Experimental result 

V. CONCLUSIONS 

This paper has implemented the EMD algorithm on a 
DSP and accompanied with related ADC and DAC periph-
erals for real world ECG signal processing. The realized 
prototype system, shown in Figure 2, could work without 
the need of personal computer. Finally, both emulation and 
experimental results demonstrate that the proposed system 
is capable of ECG signals processing. 
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Visualization of thrombus formation and CFD based prediction on shear flows 
M. Tamagawa1 and R. Toyao1  

1 Graduate School of Life Science and Systems Engineering, Kyushu Institute of Technology, Kitakyushu, Japan  

Abstract— This paper describes development of the predic-
tion method of thrombus formation by Computational Fluid 
Dynamics (CFD) on pipe orifice shear flows. These shear flows 
are typical models of the flow in the rotary blood pump. In this 
investigation, the thrombus formation in blood plasma flow is 
visualized, and normal FDM (Finite Difference Method) and 
modified lattice Boltzmann method are used to predict the 
backward forwarding step flow, that is simple model of the 
orifice flow. 

Keywords— Thrombus formation, Visualization, CFD, Adhe-
sion force, Shear stress 

I. INTRODUCTION  

Recently artificial organs, especially rotary blood pumps, 
have been developed in the worldwide, but in this develop-
ment, hemolysis (red blood cell damage by shear stress) and 
thrombus occur in the pumps. To suppress the hemolysis 
and avoid the thrombus is very important and serious prob-
lem in developing the rotary blood pumps. In case of devel-
oping the artificial heart valve and stent, there are also same 
problems. As for thrombus formation, it is very important to 
predict it for designing the medical fluidics with blood 
flows. Compared with hemolysis, the mechanism of throm-
bus formation is much complicated because it includes 
biochemical factors. In spite of this complicated process, it 
is preferable for mechanical designer to design simply using 
the some thresholds of physical factors. The main physical 
factors of thrombus formation are shear stress (shear rate), 
wall properties for blood’s adhesion (adhesion force) and 
transport process of aggregation factor in the flow.  

In this study, the thrombus formation on pipe orifice 
plasma flow is visualized, and CFD (FDM and the modified 
lattice boltzmann method ) are used to predict the backward 
forwarding step flow. 

II. EXPERIMENTAL OBJECTS AND CONFIGURATIONS  

Figure 1 shows the typical configurations of orifices to 
observe Using the transparent orifice configuration made of 
acryl resin, the flow is visualized by laser sheet in the 
thrombus circuit shown in the bottom of Fig. 1. In this case, 
the flow rate is 5 l/min and flow type is pulsatile, the pres-
sure loss at the orifice is 300 mmHg for every configuration 

by using additional smoothing resistance. The temperature 
in the plasma is 36.8  C in this paper. In this experiment, we 
focus on the process of thrombus formation on the surface. 
Then we have coating and no-coating on the acryl resin, so 
that there is difference of adhesion force on the wall be-
tween them. It should be noticed that the coating is only 
applied to the inner cylinder, not to orifice edge itself. 

III.  OBSERVATION OF THROMBUS FORMATION IN PIPE ORIFICE 
FLOW 

    Once accelerating the thrombus formation of blood 
plasma by using the aggregation drug, the polymerized 
protein in the flow can be visualized by laser sheet refrac-
tion. By image processing of the raw movie, the sequential 
image of the thrombus formation in the flow can be ob-
tained as Fig.2 and Fig.3.  
  Figure 2 and 3 show sequential image of the brightness 
distribution  for coating and no coating on the surface. In 
these figure, the configuration is AB, and contour bar shows 
the brightness level for CCD image. This brightness corre-
sponds to the scattering intensity of plasma. In this experi-

BBBBBBBBBBBB

Fig.1 Configurations of orifice for thrombus formation 
and typical circuits for tests  
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Fig.5 Phase-averaged distribution of thrombus probability   
(tad=0.001 0.01) 

(c) tad=0.02 (f)  tad=0.05 

(a) tad=0.001 (d)  tad=0.03 

 (b)  tad=0.01                                 (e) 
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Fig.4 Schematic geometry for the backward facing step flow 
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ment, the adhesion force in Fig.2 is smaller than one in 
Fig.3, then it is found that the thrombus formation is local-
ized in case of high adhesion force. It is also found that the 
thrombus formation begins at the center of the recirculation 
area because reattachment point (x/D) is about 3.5 in this 
case. 
     If the CFD is applied to the prediction method of throm-
bus formations, it is important that the transport process of 
protein and adhesion force as pointed out above. In this 
investigation, there are two approaches of the transport 
phenomena, one is FDM, the other is lattice Boltzmann 
method (LBM). Here, the later is discussed. 

IV. MODIFIED LATTICE BOLTZMANN METHOD  

The lattice Boltzmann method(1) is modified by consid-
eration of difference of surface tension in this investigation. 
Using this method, the transport process of the concentra-
tion can be simulated without any transport equations. The 
computational object is simple backward facing step flow as 
shown in Fig.5. The important factors for the thrombus 
formation in the flow are considered to be shear rate (shear 
stress) and adhesion force (2), Assuming that the thrombus 

occurs under the threshold of shear rate and the distance 
from the wall (adhesion force) and over the proper concen-
tration, the thrombus formation can be expressed. Figure 6 
shows the distribution of thrombus formation in the pulsa-
tile flow. In this figure, the thrombus is expressed as prob-
ability. From this figure, the thrombus can be seen at the 
back of the step and around the reattachment point. This 
process corresponds  to experimental results in the previous 
part.  

V. CONCLUSIONS  

In this investigation, the thrombus formation in the blood 
plasma flow was visualized, and the modified lattice Boltz-
mann method was used to predict the backward forwarding 
step flow.  
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A Bayesian methodology to estimate single-trial ERPs with application   

to the study of the P300 variability in cirrhosis 

C. D’Avanzo1, S. Schiff2, E. Pasqualotto1, P. Amodio2 and G. Sparacino1 

1 Department of Information Engineering, University of Padova, Padova, Italy 
2  Department of Clinical and Experimental Medicine, University of Padova, Padova, Italy

Abstract— Several approaches, based on different assump-
tions and with various degree of theoretical sophistication and 
implementation complexity, have been developed for extract-
ing the single-trial response of event related potentials (ERPs). 
In many of these methods, one of the major challenges is the 
exploitation of a priori knowledge. In this paper, we present a 
new method where the 2nd order statistical information on the 
background EEG and on the unknown ERP, necessary for the 
optimal filtering of each sweep in a Bayesian estimation 
framework, is, respectively, estimated from pre-stimulus data 
and obtained through a multiple integration of a white noise 
process model. The latter model is flexible and simple enough 
to be easily identifiable from the post-stimulus data thanks to a 
smoothing criterion. A mean ERP is determined as the 
weighted average of the filtered sweeps, where each weight is 
inversely proportional to the expected value of the norm of the 
correspondent filter error, a quantity determinable thanks to 
the employment of the Bayesian approach. Then, single-sweep 
estimation is dealt with within the same framework. The 
method is tested on simulated data and compared with a re-
cently proposed estimation method based on radial-basis func-
tion (RBF) neural networks. Then, the method is also em-
ployed on real data with the aim of investigating the variability 
of the P300 component in cirrhotic vs normal subjects under-
taken to a cognitive visual task. 

Keywords— Evoked response, bayes estimation, single-trial, 
optimal filtering. 

I. INTRODUCTION  

Event related potentials (ERPs) are electrophysiologic 
potentials generated by the nervous system in response to 
sensory stimuli and are crucial in the diagnosis of various 
neurological diseases and in the comprehension of many 
aspects of neurophysiology. Direct measurement of single 
ERPs is impossible because they are embedded in a back-
ground spontaneous electroencephalographic activity (EEG) 
with a much larger amplitude (e.g. mV vs tenths of mV). 
The so-called conventional averaging (CA) is the standard 
method for ERPs estimation: briefly, the ERP estimate is 
determined by averaging the recordings (sweeps) collected 
after N identical stimuli (with N ranging from some tens to 
some thousands, depending on the kind of ERP and on the 

single-sweep SNR). The reduction of the noise is a conse-
quence of the independence of the background EEG from 
the sensory stimulus. CA is very simple to implement and is 
still the most used in clinical practice, also thanks to the 
possibility of using it in on-line applications, e.g. intraop-
erative monitoring. However, CA presents some drawbacks: 
i) it assumes that the EEG noise is stationary during the 
recording of the N sweeps, while it is not; ii) it does not 
exploit any information a priori available on ERP and EEG; 
iii) especially in the late potentials case, it cannot evi-
dence/handle possible ERP changes occurring during the 
stimulus repetitions. These limitations have encouraged, 
during the past decades, the development of more sophisti-
cated methodologies to estimate the single-sweep response. 
Here we present a bayesian method to perform ERP estima-
tion on a sweep-by-sweep basis. The method is a sophistica-
tion of the Bayesian approach already presented in [1]. 
After assessing the method in simulated studies, the method 
is applied to the study of the P300 component in cirrhotic 
patients undertaken to a cognitive task. In both the simu-
lated and real data case, results are compared with those 
provided by a recently presented method based on a radial-
basis function (RBF) neural network [2].  

II. MATERIALS AND METHODS 

A. Simulated database 

In order to simulate ERP variability, N=50 profiles were 
obtained perturbing the latency and the amplitudes of the 5 
additive gaussian components of an “average” ERP re-
sponse (previously fitted against a real cognitive potential). 
To create artificial sweeps, additive synthetic EEG realiza-
tions were obtained by using different AR models, with 
coefficients previously obtained by fitting real EEG re-
cordings as in Section II.B.   

 
B. Real database 

The quantification of the variability of the P300 ampli-
tude and latency in normal and cirrhotic patients is insight-
ful from the clinical point of view [3]. Here, in 13 cirrhotic 
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patients with minimal hepatic encephalopathy (MHE), 10 
cirrhotic patients without MHE, 10 healthy control subjects, 
and 9 young normals, real EEG signals were continuously 
recorded with Ag/AgCl electrodes from 29 standard loca-
tions according to the international 10/20 system using a 
pre-cabled elastic cup, with Fpz as ground and the two ear-
lobes as reference. All subjects were studied, in the same 
laboratory, during a given visual “two choice” reaction time 
task (the Simon task) [4]. Before the analysis, real data were 
filtered with a 50 Hz notch filter and a band-pass filter 
(0.03-70 Hz). 

C. Bayesian estimation methodology 

Step 1: Estimation of an average ERP. Each raw sweep, 
whose samples are placed within vector y, is filtered within 
a Bayesian embedding by exploiting a priori 2nd order 
statistical information on both the signal u and the additive 
noise v (see previous drawback ii), different from one 
sweep to another (see previous drawbacks i and iii). The 
major component of v is given by the EEG. The EEG is far 
from being comparable to a stationary process, but in inter-
vals of brief duration, stationary AR models can be em-
ployed for its description. Hence, the covariance matrix of v 
is  Σv=σ

2 (ATA)-1, where A is the square n-dimensional 
Toeplitz matrix the first column of which is [1, a1 , ..., ap, 0, 
...,0]T, {ak} k=1, ..., p being the coefficients of the AR 
model, and σ

2 is the variance of the white noise process 
which drives the AR model. This model also applies to the 
samples of the noise before the stimulus and can thus be 
identified from data suitably measured in pre-stimulus. The 
2nd order statistical information on the unknown ERP is 
obtained by modeling the a priori known smoothness of the 
unknown ERP. A simple but versatile way to give an a 
priori probabilistic description of a smooth signal is to as-
sume that it is the realization of a stochastic process ob-
tained by the cascade of d integrators driven by a zero-mean 
white noise process {ηk} with variance λ

2. Therefore, the 
covariance matrix of u is  Συ= λ

2 (FTF)-1, where F=Δ
d, with 

Δ being the square n-dimension lower-triangular Toeplitz 
matrix the first column of which is [1, -1, 0, …, 0]T. For 
instance, for d=1 the unknown signal is described by a ran-
dom-walk model, which, in a gaussian setting, tells us that, 
given uk-1, then uk will be with probability 99.7% in the 
range uk-1±3λ, i.e., the lower λ, the smoother {uk}. The 
optimally filtered sweep is thus  
 

AyA)FFAA( û T1TT −

γ+=            (1) 

  
where γ=σ

2/λ2 is estimated, independently sweep-by-sweep, 
by the discrepancy smoothing criterion. Once the filtered 

sweeps have been obtained, the estimate of the mean ERP is 
obtained from their weighted averaging 
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where each weight wi is inversely proportional to the ex-
pected value of the squared norm of the filter error. This 
quantity equals the trace of the covariance matrix of the 
estimation error 
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−

σ γ
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determinable thanks to the Bayesian embedding.   
A comprehensive assessment of the reliability of the method 
in providing an average ERP estimate was presented in [1] 
on both real and simulated data. 

Step 2: Single Trial Estimation. In order to perform sin-
gle-sweep estimation, the bayesian averaging obtained in 
the previous section is used as reference vector μ. Then, on 
a single-sweep basis, bayesian estimation is performed 
again similarly to the previous section, where vector μ plays 
the role of a priori expected ERP. As far as the model of 
2nd order description of ERP is concerned, the ERP evoked 
from any stimulus can deviate for a quantity modelable as a 
multi-integrated white noise. For instance, the simplest 
model is with d=1 (random-walk), for which     
 

k1k1kkk uu η+μ−=μ−
−−

          (4) 

 
and the estimate of the single trial ERP is   

 

( ) ( )μ−γ++μ=
−

yAAFFAAû T1TT         (5). 

III. RESULTS AND DISCUSSION 

A. Simulated data 
On simulated data, the performance of the proposed ap-

proach (with d=1) is compared with that of a method based 
on RBF neural networks recently proposed in [2]. As far as 
the latter method is concerned, the number of neurons, the 
spread factor and the convergence rate were previously 
selected by a preliminary study (not shown). The weights of 
the network and the centers of the gaussian functions are, 
instead, learnt by a supervised algorithm, as described in 
[2]. Fig.1 shows two representative simulated sweeps (red 
line), the true ERPs (blue), the ERPs estimated via the pro-
posed method (cyan) and the ERPs estimated via the RBF-
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based methodology (green). In the top panel case, both 
methods return a rather good estimation of the single-sweep 
response. In the bottom panel case, instead, the Bayesian 
single-trial estimate is closer to the actual ERP profile than 
the RBF estimate. In all likelihood, since in this case the 
noise is quite large, the Bayesian approach takes advantage 
from the possibility of using a reference signal μ, see eq. 
(5), as a priori expected value of the unknown ERP. On 

average, in the N=50 sweeps, the MSE (mean square error) 
index obtained by the Bayesian approach is lower than with 
RBF (18.01 vs 28.73). 

As far as the possibility of quantitatively studying the 
P300 component and its variability is concerned, both 
methods seem to give good results. The histograms of the 
estimated latencies for the two methods, compared with the 
true histogram, are shown in Fig.2. In particular, for a SNR 
of the order of that in Fig.1, the Bayesian approach gives a 
slightly better description of the variability of latencies. The 
coefficients of correlation between true and estimated laten-
cies for the Bayesian approach and for the RBF-based 
methodology are, respectively, 0.60 and 0.58. Remarkably, 
while the Bayesian approach is completely nonparametric, 
results obtained by RBF in this simulation could be some-
what positively biased from the fact that the true ERPs are 
generated as sum of gaussian functions. 
 
B. Real data 

After having assessed the method on simulated data, we 
have applied it to real signals. Fig.3 shows two representa-
tive sweeps for a healthy control subject (top panel) and for 
a cirrhotic patient without MHE (bottom panel) (d=1). The 
new method resulted to estimate single sweep profiles (cyan 
lines) which seem to perform a suitable compromise be-
tween adherence to the a priori expected value, i.e the aver-
age EP (black line), and the a posteriori information given 
by the raw epochs (red line). Again, the profiles obtained by 

Figure 2. Single-trial simulated study. Histograms of P300
latencies estimated via the Bayesian approach (cyan line) and via
the RBF-based methodology (magenta) compared with the
histogram of true P300 latencies (blue line).  
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Figure 1. Single-trial simulated study. True ERP (blue line), raw
sweep (red), ERP estimated via the Bayesian approach  (cyan), ERP
estimated via the RBF-based methodology (green). 
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Figure 3.  Real single-sweep study. Top panel: a representa-
tive sweep for a healthy control subject. Bottom panel: a
representative sweep for a cirrhotic patient (without MHE).
Raw sweep (red line), ERP estimated via the Bayesian
method (cyan), ERP estimated via the RBF-based method
(green), CA (black). 
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the two methods are quite similar. The RBF method seems 
to provide smoother profiles which, in some cases, seem to 
result more sensitive to the slow oscillations due to the 
correlation of the noise that corrupts the data.  

IV.  CONCLUSIONS 

We have proposed and assessed a new Bayesian non-
parametric approach for ERP single-trial estimation.  Re-
sults are preliminary but encouraging. Simulated studies 
showed that the new methodology is able to estimate single-
trial profiles with a good accuracy. In particular, in a simu-
lated study with realistic noise, the MSE is on average bet-
ter than that obtained with the recently proposed RBF 
method of [2]. As far as the possibility of estimating  the 
variability of the P300 latency, a coefficient of correlation 
of 0.60 was obtained between the estimated vs true laten-
cies, a value slightly better than that obtained by the RBF 
method of [2]. In studying the P300 component in normal 
and cirrhotic patients, the new method resulted to estimate 
single sweep profiles which seem to perform a suitable 
compromise between adherence to the a priori expected 
value and the a posteriori information given by the raw 
epochs.  

Further methodological development of the present study 
will start from the extension of the simulated data base and 
a comprehensive assessment of the new method against 
other single-trial estimation methods e.g. [5]. In addition, a 
Z-transform implementation of the algorithm should be 
devised in order to reduce the computational effort and to 
possibly allow on line single-sweep extraction.  
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MatchPoint: On Bridging the Innovation Gap between Algorithmic Research and 
Clinical Use in Image Registration 

Ralf Floca 

German Cancer Research Center, Software Development for Integrated Diagnostics and Therapy, Heidelberg, Germany 

Abstract—Registration is a basic and crucial step in many 
clinical image processing tasks. Despite its importance, the 
evaluation of registration algorithms and transfer into clinical 
practice are still serious problems. In order to develop an 
integrated application platform for diagnostics and 
radiotherapy at the German Cancer Research Center this 
problems have to be tackled. In this context several problems 
were identified that are not handled by existing registration 
libraries (e.g. ITK). These problems unnecessarily handicap 
the evaluation and transfer into clinical routine. A set of design 
paradigms were derived in order to handle the problems. This 
article presents these paradigms and introduces their concrete 
implementation: MatchPoint. It is a conceptual framework 
programmed in C++. It aims to amend existing registration 
libraries by offering an easy integration and access to its 
design features. Ultimately it aims to ease the handling for non 
experts, to reduce nonconforming use or resource wastage and 
to foster efficient integration of registration techniques. 

Keywords—Registration, Framework, Integration, Service 
provider, Method transparency, Mapping transparency. 

I. INTRODUCTION  

According to Maintz et al. [1] image registration is a 
basic and crucial step for any image or information 
integration process. In correlation with the increasing 
amount of acquired medical image data the research on 
registration algorithms has also been intensified [2]. Despite 
all research efforts the transfer of results into clinical 
practice is lacking, as stated by Jannin et al. [3] or Lehmann 
[4]. There are several reasons for this problem (like lack of 
standards or insufficient evaluation) and also a variety of 
approaches to solve this problem. These approaches range 
from method classifications (e.g. [1, 5]) and software 
libraries like ITK [6] to evaluation projects [7] and 
evaluation design proposals [8]. In order to realize an 
integrated application platform for diagnostics and 
radiotherapy (DIROlab) [9] in our institute we also have to 
bridge the innovation gap between research and clinical 
routine. Therefore, along with other efforts, we identified 
the need of a registration framework. This framework 
(called MatchPoint) tackles problems which are not, or only 
insufficiently, handled by other known registration projects. 
MatchPoint in contrast to others is a framework in its 

original meaning. It focuses on concepts and paradigms that 
form a frame that eases the evaluation of registration 
algorithms (own and external work) and their integration in 
arbitrary applications. The concrete implementation of 
algorithmic components is not a main focus of MatchPoint. 
Topics addressed by MatchPoint are inter alia support of 
algorithm evaluation, registration algorithms as service 
provider, support of parallel data processing, encapsulation 
of registration domain complexity and intuitive, less error 
prone handling for none domain experts. Further 
registrations established with MatchPoint algorithms can 
handle arbitrary data, because the supported data types can 
be extended at runtime. 

II. MOTIVATION AND BACKGROUND 

Looking at the vast number of registration 
implementations, libraries and frameworks, it seems 
important to define the classification of MatchPoint and the 
problem statements clearly, in order to clarify the need for 
concepts like MatchPoint. 

Looking at available projects we can find registration 
tool collections like AIR [10] or specialized library subsets 
like the FLIRT tool [11] of FMRIB. Those “prefabricated” 
solutions may be perfectly suited for their intended use but 
as trade off are hard to benefit from in new applications. For 
the development of own applications there are options such 
as the homonymous FLIRT toolbox [12] offering 
sophisticated non-parametric non-rigid registration 
algorithms or the Insight Segmentation and Registration 
Toolkit ITK [6]. Albeit their mature end effective 
implementation even comprehensive projects like ITK 
neglect aspects that are important for the mentioned transfer 
into clinical routine. For instance design of registration 
algorithms and work flow for non experts (see below) is an 
aspect, as well as the intrinsic support of unique IDs for 
algorithms, to track their usage and allow controlling in 
terms of quality assurance. 

As an example that illustrates the problem of erroneous 
use take a transformation that is determined by an image 
registration algorithm (e.g. ITK ImageRegistrationMethod). 
If this transformation is naively directly used to also map 
reference points from the moving into the target space of the 
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registration the resulting points will most certainly be 
wrong. The reason is clear for domain experts but not 
obvious for others that just need registration as a 
preprocessing step. Registration algorithms working on 
discrete data (e.g. images) use inverse mapping, but for data 
like points you need to use forward mapping. The outlined 
problem arises from a semantic discrepancy of the term 
registration in the different domains. MatchPoint aims to 
handle such discrepancies by incorporating expert 
knowledge of the registration domain and encapsulating it 
with an interface fitting the needs of non experts. 

The consideration of non registration experts is 
important, because registration algorithms are only in the 
minority of cases stand alone clinical routine applications 
maintained by the experts. In large integrative and inter 
disciplinary projects like DIROlab it becomes inevitable to 
have seamless integration and fail save handling of pre-
processing components like registration algorithms for all 
involved. 

III. DESIGN PARADIGMS 

In the following chapter main design paradigms that 
guided the development of MatchPoint will be introduced 
and explained. 

A. Registrations are Unidirectional “Mapping 
Transparent” Links between Information Spaces 

Following this paradigm, a registration represents a 
directional correlation between two information spaces (e.g. 
containing images or point sets). The user of a registration 
should not need to be aware of the type of the data which he 
wants to transform or the mapping technique needed to 
perform the transformation. Thus the registration is 
“mapping transparent” and an abstraction of concrete 
transformations. This is realized by the fact that a 
registration has two mapping kernels (direct and inverse). 

The type of the kernel is not determined. It ranges from 
null kernels (indicating an invalid mapping direction) and 
discrete vector fields to transformation models. Furthermore 
the array of kernel types can be dynamically extended. The 
concrete kernels of a registration will be determined by the 
used algorithms. 

The scheme of registration in terms of this paradigm and 
the meaning of “mapping transparency” are visualized in 
figure 1. 

 

Fig. 1 A registration realizes the transformation of data between two 
information spaces (moving and target). Internally different data types 
(continuous: e.g. points; discrete: e.g. pixel images) need different mapping 
kernels. The registration encapsulates this domain knowledge. Thus it 
becomes mapping transparent, because any data seems to be handled 
equally by the registration 

B. Registration Algorithms Determine Registrations 

This definition may seem simple but is occasionally not 
regarded in the process of algorithm development. It is 
important for several features that MatchPoint offers. 

For instance; you can find registration algorithms that 
have the registered image as their results but therefore are 
not able to handle other data like contours that may be 
associated with the images. This is an unnecessary 
limitation of their applicability. An algorithm may use 
special data types to determine a registration, but his 
intrinsic result is the registration and not a particular data 
type. This paradigm is for example important to unify the 
handling of registration algorithms and in conjunction with 
paradigm A to realize “method transparency”. Thus the 
applications must not be aware of the origin and nature of 
an algorithm in order to use its results. Own as well as 
integrated algorithms blend seamlessly in to the same 
application. 

C. Registrations are Immutable Results 

A registration is an immutable result determined by an 
algorithm. Thus the registration cannot be changed after it 
was determined. Changes can only be conducted by an 
algorithm. The algorithm creates a new registration that 
includes these changes. This paradigm is motivated by 
concepts of functional programming. One of the benefits is 
the fact that the usage of registrations, even in the context of 
parallel processing, is easy and safe. 
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D. Separation of Registration Algorithm and Mapping 
Task 

As a consequence of paradigm B, determining 
registrations and mapping data are different tasks and 
therefore should be separated, albeit registration algorithms 
and mapping tasks normally interact closely through the 
registration. This paradigm implies an abstraction of the 
mapping process and has several positive features: 

• Extensibility of supported data types 
• Arbitrary, problem specific interpolation for the 

mapping of discrete data types 
• Parallel mapping of any data 
• Integration of optimized mapping strategies for specific 

data type and mapping kernel combinations 

The realization of these features doesn’t require any 
adaption or reprogramming of registration algorithms 
because of the “method transparency” introduced by 
paradigm B. Figure 2 illustrates the interaction between 
registration algorithms and mapping tasks. 

E. Intrinsic Unique Identification of Algorithms 

Each algorithm should have a unique ID that is part of 
the algorithm and can be queried by a standardized interface 
in any application that uses the algorithm. The ID must not 
only identify the algorithm but also make any version or 
development stage of this algorithm distinguishable. So any 
application using MatchPoint can reflect about the 
particular algorithms it is currently using. 

Without a sufficient ID infrastructure it is hard to verify 
the qualification of an algorithm for an intended use in 
clinical routine. This comes especially true if the algorithm 
is integrated in a larger application (like DIROlab) or is 
subject to ongoing development. Without this verification, 
even a thorough scientific algorithmic evaluation is 
worthless for bridging the innovation gap, because the 
evaluation cannot be soundly transferred into clinical 
practice. Thus not only evaluation standards and techniques 
are needed in order to realize effective evaluation systems, 
but also infrastructure that ensures controlling and tracking 
of the evaluation results in terms of quality assurance. 

 

Fig. 2 Interaction between registration algorithms and mapping tasks: the 
algorithm determines a registration. It is used by any number of tasks to 
map data from moving into target registration space. Because of the 
method transparency the registration can be determined by any algorithm 

IV. RESULTS 

The MatchPoint framework was designed as a result of 
the consideration and implementation of the discussed 
paradigms. It consists of several layers, each addressing 
particular topics (e.g. core features, composing of 
algorithms, algorithmic optimization and evaluation). In the 
following some features will be outlined. 

MatchPoint is implemented in ISO C++ and is therefore 
highly platform independent. It builds on ITK by using 
several of its core implementations (e.g. Smart pointer, 
image classes). Thus the integration of ITK registration 
algorithms into the MatchPoint framework is extremely 
easy and was done with the first implementation. 

MatchPoint was implemented by using sophisticated 
techniques like generic programming, policies based design 
and partial template specialization [13]. Further it adapts 
aspects of functional programming and utilizes component 
based development (CBD) by modeling facets of algorithm 
by distinct abstract interfaces. In terms of CBD registration 
algorithms and registrations are regarded as service 
providers. 

MatchPoint is designed to support parallel processing in 
multiple respects: e.g. parallel processing when determining 
the registration, distributed mapping of huge data sets (like 
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large images) or parallel mapping of multiple data sets (e.g. 
images and correlated segmented structures).  

Another aspect is the easy tailoring of algorithm 
interfaces from open and modular adaptable algorithms 
(comparable to ITK registration methods) to boxed 
algorithmic solutions with a fixed configuration. 

New data types and associated mapping strategies can be 
integrated dynamically in an application and then used with 
existing and future algorithms. 

MatchPoint also offers an interface to f.r.e.e [14] and 
therefore can use its registration algorithm evaluation and 
optimization features [15] for all MatchPoint algorithms 
natively. In conjunction with the UID interface established 
by MatchPoint, algorithms can be easily evaluated and 
tracked in their further application. 

V. CONCLUSION 

The paradigms presented in this article are realized by 
our first implementation of MatchPoint. 

The achievement of some stated long term goals could 
not yet been ultimately assessed. Further research along 
with retrospective analysis of the impact of MatchPoint 
paradigms on our ongoing projects is planned. It will be 
published with the completion of the DIROlab project. 
Furthermore it is planned to make MatchPoint available for 
interested researchers by the end of 2009. 

First experiences in using MatchPoint for our in-house 
projects are promising. Features like mapping transparency 
and method transparency as well as intuitive algorithmic 
interface and internally handled domain complexity assist 
effectively. It becomes therefore easier for other researchers 
to utilize registration as preprocessing in their applications. 

Because of its support of evaluation and optimization 
tasks, MatchPoint became a vital element of our test and 
quality assurance protocol. Offering UIDs for algorithms 
permits a sound evaluation of algorithms and allows for 
more transparency when comparing and benchmarking 
algorithms. Furthermore it enables the tracking of 
algorithms when they are transferred from “bench to 
bedside”. The support of the f.r.e.e. optimization facility 
[15] eases the problem specific adaptation of algorithms 
before they are migrated into clinical routine. 

MatchPoint sets up a technological fundament and 
standardization for topics that have not been handled by 
other toolkits and registration projects so far. These topics 
and paradigms are important or helpful to realize an 
efficient usage of registration in software development and 

research and therefore ultimately help to transfer research 
into practice in a proper way. 
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Abstract—The purpose of this study was to visualise and 

evaluate glomerular filtration quantitatively under physiologi-

cal conditions in a rat. 

We used normal Wistar rats. Various sizes of dextran (3k, 

10k, 40k and 70kDa) conjugated with Texas Red in 0.5 ml were 

administered intravenously by bolus shot and for the next 80 

seconds glomerular filtration was observed by two-photon 

microscopy (Leica TCS SP2). In this way, glomerular filtration 

was visualised. FITC conjugated 500kDa dextran was adminis-

tered to dye intravascular area prior to experiment. The time 

course of Texas Red intensity in Bowman’s space was meas-

ured off-line later. Intensity peak values were normalised for 

comparison by the peak value of 3kDa as sieving coefficients.  

Filtration of the smaller dextrans (MW 3k and 10kDa) was 

clearly visualized by two-photon microscopy in rats. Filtration 

of the larger dextrans (MW 40k and 70kDa) was also found 

indicating leakage of the size of albumin molecule even in a 

normal rat. 

Glomerular filtration in a rat was clearly visualised by two-

photon microscopy and leakage of larger particles of 70kDa 

dextran was found even in a normal rat. Two-photon laser 

microscopy is a powerful tool to investigate renal glomerular 

functions quantitatively. 

Keywords—filtration, kidney, microcirculation, two-photon 

microscopy, visualisation 

I. INTRODUCTION  

The renal microcirculation has been examined in several 

visualisation studies that have measured the microvascular 

diameters in juxtamedullary nephrons, hamster cheek pouch 

allografts of renal tissue, and the hydronehrotic kidney 

model. These studies were based on either isolated prepara-

tion or pathological animal models, and thus their results 

may differ from those of a study under normal physiological 

conditions. Although it has been difficult to gain access to 

the renal microcirculation under physiological conditions, 

we have recently developed a CCD intravital videomicro-

scope to overcome such technical difficulties. But, this 

intravital videomicroscopy is not sufficient to investigate 

the renal functions. We have adopted a novel two-photon 

confocal laser microscopy to visualise one of the basic func-

tions of the kidney, filtration [1, 2]. The purpose of this 

study was to visualise and evaluate glomerular filtration 

quantitatively under physiological conditions in a rat. 

II. METHODS 

Animals and surgical procedures:A Wistar rat (n=8) was 

put under Sevoflurane inhalation anaesthesia after measur-

ing its body weight,. A cannula was inserted into a tail vein 

for drug administration. After exposing the left kidney from 

the left flank incision, surface of the kidney was peeled with 

a sharp razor as an observation window (3 by 3 mm square) 

of renal microcirculation. Bleeding from this tiny window 

stopped spontaneously in a few minutes. 

Staining: Prior to experiment, to dye plasma or intravas-

cular area, FITC conjugated 500kDa dextran (Sigma, 0.5 ml 

(1 mg/ml)) was administered and to dye cell nuclei, 

Hoechast 33342 (Molecular Probe, 0.05 ml (10 mg/ml)) was 

administered from the tail vein [3].  

Two-photon microscopy and protocol: We used a two-

photon confocal laser microscope (Leica TCS SP2). A 

wavelenth of 780 nm was used to excite the fluorescent 

probes. After visualising the renal glomerular microcircula-

tion under physiological conditions, various sizes of dex-

trans conjugated with Texas Red (3k, 10k, 40k and 70kDa) 

were administered and for the next 80 seconds glomerular 

microcirculation was observed while being recorded as a 

video file.  

Normalisation of Intensity Transition: The time course of 

Texas Red intensity in Bowman’s space was measured from 

the recorded images [4, 5]. Intensity peak values were nor-

malised for comparison by the peak value of 3kDa as siev-

ing coefficients since the intensity rapidly reached its peak 

within 6 seconds and reverted to the base line within 10 

seconds after administration of Texas Red conjugated dex-

trans. 

Animal care: The experimental protocols were approved 

by the Committee on Animal Research of Kawasaki Medi-

cal School, and the care of all animals used in these experi-

ments complied with the guidelines of the National Institut-

es of Health. The experimental procedures were in 

accordance with the guidelines of our institution and those 

of the National Research Council. 
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Fig. 1 Visualisation of glomerular filtration 

a) image at the moment of dye (dextran conjugated with Texas Red) so-

lution administration b) image of  4 seconds after dye solution administra-

tion showing the filtrated particles out of the glomerular capillaries within 

the Bowman’s capsule c) time course of intensity change of fluorescent 

probes and the way of normalisation of peak values after administration of 

various sizes of dextrans conjugated with Texas Red 

III. RESULTS 

 

 By two-photon microscopy, glomerular filtration was 

clearly visualised 4 to 6 seconds after dye solution 

administration from the tail vein by bolus shot (Fig.1 a and 

b) in a rat. Filtration of the smaller dextrans (3k and 10kDa) 

was to the same degree. Filtration of the larger dextrans 

(40k and 70kDa) was also found (Fig. 1 c) in far lesser 

degree. After normalising the peak values by the peak value 

of 3kDa dextran, the filtration sieving coefficients were, 1.0, 

0.98, 0.25 and 0.15 (Fig.1 c). 

 

IV. DISCUSSION & CONCLUSION 

We were able to visualise glomerular filtration under 

physiological conditions by two-photon microscopy. 

Smaller particles of 3kDa and 10kDa were filtrated to the 

same degree. Almost all of them were filtrated considering 

the size of the particles. Larger particles of 40kDa and 

70kDa were also found filtrated. The size of 70kDa dextran 

is about 7 nm in diameter, the same as albumin. Data indi-

cate leakage of the size of albumin molecule even in a nor-

mal rat. This two-photon laser microscopy is considered to 

be a powerful tool to investigate renal glomerular functions 

molecularly and quantitatively. 
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Abstract—The quantification of the degree of organization 
of the electrical activity during atrial fibrillation and the spa-
tial localization of organization levels in a highly-resolved 
anatomical context may support the investigation of the elec-
trophysiological mechanisms underlying the arrhythmia and 
the refinement of therapeutic approaches.  

A multi-technique methodology for the integration of or-
ganization maps with CT anatomical images is presented, 
which takes advantage of innovative signal and image process-
ing techniques, recently developed by our group. Specifically, 
organization maps were constructed by quantifying the degree 
of morphological similarity of endocardial activation waves 
acquired by an electroanatomic mapping system. Accurate 3D-
CT reconstructions of the atrial anatomy were obtained by a 
semiautomatic segmentation process based on marker con-
trolled watershed segmentation. Sparse-point wave-similarity 
maps were fused on CT atrial reconstructions by a fully-
automated registration and fusion procedure. In particular 
registration was accomplished by a parameterized geometric 
transformation of the organization points and a stochastic 
search of the best parameter set which minimized the mis-
alignment between transformed points and atrial reconstruc-
tions. Finally the actual fusion of similarity values on the regis-
tered CT atrium was obtained through radial basis function 
interpolation.  

The resulting integrated wave-similarity maps offer the 
unique opportunity to systematically correlate the spatial 
distribution of organization with cardiac anatomy and may 
provide mechanistic insight into the AF process, where both 
the anatomy and the electrophysiological properties of the 
atria play a crucial role in the initiation and maintenance of 
the arrhythmia. 

Keywords—Atrial fibrillation, biosignal analysis, organiza-
tion maps, image segmentation and integration. 

I. INTRODUCTION  

Atrial fibrillation (AF) is the most widespread arrhyth-
mia, with high morbidity associated to reduced cardiac 
efficiency and high risk of embolism [1]. An effective 
treatment of AF is based on the elimination of the initiating 
triggers in the pulmonary veins and improved by additional 

lesions performed on the atrial body. The precise location of 
the ablation lines is still a matter of debate, mostly due to 
the still incomplete understanding of the mechanisms under-
lying the arrhythmia. 

Nevertheless several studies have suggested that the 
morphology of atrial electrograms could provide significant 
indications about the location of critical sites involved in 
AF maintenance. In particular the presence of complex 
fractionated atrial electrograms has been correlated to a 
defined electrophysiological substrate and thus suggested as 
a marker of additional target sites for ablations [2-3]. 

Quantitative methods have thus been proposed to quan-
tify the complexity/organization of atrial endocardial sig-
nals, in order to characterize the underlying atrial substrate 
[4-6]. In particular, a morphological approach has been 
proposed in [7], which quantified the regularity of single 
electrograms as the presence of activation waveforms with 
stable morphology (wave-similarity analysis). The applica-
tion of this approach to endocardial signals recorded by 
catheter mapping consented to show the existence of com-
mon spatio-temporal patterns in the complexity of atrial 
fibrillation, characterized by organization levels correlated 
to anatomic locations [8] and progressively deteriorating 
with time [9]. 

Up to now, the limit in the construction of organization 
maps is the scarce anatomical information they provide, 
since the electrophysiological information is integrated with 
coarse reconstructions of the atrial chambers obtained from 
electroanatomical mapping systems. Conversely, highly-
resolved anatomical reconstruction would be required to 
effectively correlate the electrophysiological substrate with 
precise anatomical landmarks.  

Highly-detailed pre-procedural imaging techniques are 
now available, which, completed with specific segmentation 
techniques [10], provide highly-resolved three-dimensional 
(3D) anatomical reconstructions of the atrial chambers. 
Moreover the actual possibility to automatically integrate 
these anatomic reconstructions with other modality data 
(e.g., electrophysiological parameters provided by CARTO 
mapping), as proposed in a recent study [11], has drawn the 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1111–1114, 2009. 



1112 F. Ravelli et al.

 

  
 

IFMBE Proceedings Vol. 25

 

 

attention to the importance and advantage of multimodal 
approaches in the study of atrial arrhythmias mechanisms 
[12]. 

Based on this presupposition, in this paper we propose a 
multi-technique approach for the construction of highly-
resolved wave-similarity maps, aiming at the objective 
identification of atrial sites characterized by highly organ-
ized/disorganized electrical activity and the localization of 
these key-sites in a highly-resolved  atrial anatomy. The 
method took advantage of recently introduced signal analy-
sis (wave-similarity [7]) and image segmentation [10], reg-
istration and fusion [11] techniques, which will be detailed 
hereafter together with a representative application in a 
patient with permanent AF. 

II. MULTI-TECHNIQUE APPROACH 

The construction of highly-resolved wave-similarity 
maps involved three different steps: A. the reconstruction of 
an accurate left atrial anatomy, which was obtained by seg-
mentation of 3D-CT cardiac images, B. the quantitative 
assessment of the spatial distribution of atrial activity or-
ganization by application of wave-similarity analysis to 
atrial electrograms recorded by CARTO system, C. the 
registration and fusion of left atrial anatomy and wave-
similarity map by a stochastic approach followed by radial 
basis function interpolation.  

A. Anatomical Reconstruction 

CT data. Cardiac MDCT images were acquired before 
radiofrequency catheter ablation in AF patients. Scans were 
performed using a 16-slice helical scanner (MX 8000 IDT 
Philips Medical System, 16x1.5 mm collimation, 0.42 rota-
tion time, 120 kV tube voltage, 285 mA tube current), fol-
lowing an appropriate cardiac protocol based on synchro-
nized contrast enhancing by injection of non-ionic iodinated 
bolus (125 ml, Iomeron 400, Bracco, Italy) and, whenever 
possible, motion artifacts minimization by retrospective 
ECG gating reconstruction at the end diastolic phase (75% 
of the heart period). MDCT data were available as three 
dimensional isotropic matrices characterized by a voxel 
dimension of 0.8 mm. 

Segmentation of the atrial chambers. The atrial chambers 
were isolated from the cardiac MDCT images by a semiau-
tomatic procedure, which consisted in a three dimensional 
marker controlled watershed segmentation applied to the 
external morphological gradient, followed by variable 
threshold surface extraction from the original intensity im-
age [10]. First, punctiform markers were selected and 

placed inside cardiac chambers and vases, scanning  
transverse slices of the original CT image, in order to iden-
tify seed points for seven different classes  (right atrium, left 
atrium, right ventricle, left ventricle, aortic arch, pulmonary 
arteries and background). In order to reduce noise and grant 
more robustness to the following watershed step, an adap-
tive anisotropic nonlinear filter, based on partial differential 
equations, was applied to the original CT images. The wa-
tershed transform was applied to the gradient magnitude of 
the filtered image, which was computed as external mor-
phological gradient. To limit the number of the output wa-
tershed regions to the seven predefined classes, the gradient 
magnitude image was subjected to a homotopic transforma-
tion which imposed the markers as the sole regional minima 
of the gradient image. The watershed transform was per-
formed according to the immersion definition. Specifically, 
regions were grown starting from the local minima of the 
modified gradient, adding voxels in increasing order of 
intensity using 26-neighbourhood connectivity. Borders of 
watershed labeled voxels were built where two expanding 
regions came in contact, to keep the regions disjointed. The 
classification ended when the highest intensity voxels were 
processed, yielding a partition of the image into regions 
delimited by closed watershed surfaces. The complete voxel 
classification of the CT data into object classes was thus 
obtained assigning all the voxels of the watershed borders to 
one of the predefined classes. Finally subvoxel accuracy in 
classification was obtained by applying to the filtered inten-
sity image a variable threshold, which was automatically 
determined for each class and reflected inhomogeneities in 
opacification. The left atrial surface was then extracted from 
the filtered intensity image utilizing a conventional march-
ing cube algorithm in combination with the variable thresh-
old previously defined.  

B. Wave-Similarity Map 

CARTO mapping. Prior to ablation procedure, a mapping 
study was performed by CARTO® system. Before radiofre-
quency erogation, Np catheter tip locations (50 ≤ Np ≤ 80 in 
each atrial chamber) were sequentially acquired, synchro-
nously with the end-diastolic phase, probing the atrial sur-
face. The spatial location of the mapped points allowed the 
definition of a coarse, real-time, 3D anatomic reconstruction 
of the atrial chambers. Endocardial electrograms of 10 s in 
length were acquired at 1 kHz and recorded together with 
the corresponding catheter spatial coordinates.  

 
Wave-similarity analysis. In order to provide a local in-

dex of organization of the electrical activity at each mapped 
location, wave-similarity analysis was applied to the  
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recorded electrograms [6-7]. According to this morphologi-
cal approach, the regularity index represented an estimate of 
the probability of finding similar local activation waves 
(LAWs) in the signal under analysis. LAWs were extracted 
at each recording site as portions of the endocardial signal 
containing consecutive atrial depolarizations. Atrial depo-
larizations were recognized by a filtering procedure based 
on band-pass filtering (40-250 Hz), rectification, and further 
low-pass filtering (20 Hz), followed by wave detection 
through threshold crossing  [13]. LAWs were thus identified 
as 90 ms windows of the endocardial signal, centred on the 
barycentre of each detected atrial depolarization and nor-
malized to exclude amplitude effects on wave-similarity. 
Following these steps, the normalized LAWs corresponded 
to points on the 90-dimensional unitary sphere, so that the 
morphological similarity between two normalized LAWs 
|yi| and |yj| could be simply evaluated by calculating their 
distance d(|yi|,|yj|) through the standard metric of the sphere. 
The two LAWs were defined as similar if their distance was 
lower than a predefined threshold ε. The regularity index 
was thus defined as the relative number of similar pairs of 
LAWs in the analyzed signal: 
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where N was the number of LAWs detected, Θ was the 
Heaviside function (Θ(z)=0 for z≤0 and Θ(z)=1 for z>1), 
and |⋅| indicated normalization applied to the LAWs.  

The application of wave-similarity analysis to each elec-
trogram recorded during CARTO mapping yielded the con-
struction of a sparse wave-similarity map, with each 
CARTO point associated to the corresponding organization 
value. Sparse maps were integrated with 3D-CT left atrial 
anatomical reconstructions (obtained in A) by step C. 

C. Integrated Wave-Similarity Maps  

Map registration. CARTO points were automatically 
registered on the segmented left atrial surface by application 
of a stochastic approach [11]. Specifically the procedure 
involved an iterative displacement of the CARTO points xi 
according to a six-parameter (p) geometric transformation 
T, composed of translation and rotation. This was repeated 
in order to minimize the alignment error between the points 
and the CT left atrial surface, which was quantified by the 
root mean square of point-to-surface distances (TF): 

{ } ( ) { }( )2

1

1( , ) , ,
pN

i i k
ip

TF d T
N =

= ∑p x p x n           (2) 

where the distance d of each transformed CARTO point 
T(p,xi) to the set of node vectors { }kn composing the CT left 
atrial surface was expressed as the distance from the closest 
surface node. The minimization of TF was accomplished by 
a stochastic parallel search process, which enabled both a 
local exploration nearby the current configuration and long 
range transitions to escape local minima. New configura-
tions in the parameter space were iteratively tested and 
accepted if leading to a reduction of TF, otherwise the cur-
rent configuration was maintained. The process was stopped 
after 1000 iterations and the best of the final parallel con-
figurations was taken as the optimal parameter set for 
CARTO point transformation.  

 
Map fusion. Following the registration procedure, wave-

similarity indexes associated to CARTO points were fused 
on registered CT atrial surfaces by linear radial basis func-
tion (RBF) interpolation, which led to the final integrated 
wave-similarity map. 

 

 

Fig. 1 An example of  integrated wave-similarity map obtained in a patient 
with permanent AF. The left atrium is shown in the posterior view. Wave-
similarity values are color coded with dark red indicating low similarity 
and yellow high similarity values 

Integrated wave-similarity map during AF. A represen-
tative example of integrated wave-similarity map, obtained 
in a patient with permanent AF, is displayed in Fig.1. The 
fusion of the electrophysiological information provided by 
wave-similarity analysis with the CT anatomy of the left 
atrium consented to identify different levels of complexity 
in the electrical activity of the fibrillating atrium and to 
associate these features with well-defined anatomical land-
marks. Specifically the posterior view of the left atrium 
evidenced the presence of highly regular activity (yellow) in 
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the region of the right pulmonary veins, which is consistent 
with the presence of  ectopic foci and/or microreentries in 
the vein area. Differently, the posterior wall displayed 
highly-disorganized electrical activity (dark red), which 
could indicate the presence of a crucial electrophysiological 
substrate (e.g., slow conduction zone, pivot point, collision 
area [14]) involved in the maintenance of AF.   

III. CONCLUSIONS  

In this paper we presented a multi-technique approach for 
the study of atrial fibrillation, which used innovative 
biosignal and bioimage processing methods to construct 
integrated wave-similarity maps. These maps completed 
quantitative electrophysiological information with detailed 
atrial anatomy, offering the unique opportunity to system-
atically correlate the spatial distribution of organization 
with specific anatomic landmarks. The detailed electro-
anatomic portrait of AF depicted by integrated maps would 
favor mechanistic insight into the AF process, where both 
the anatomy and the electrophysiological properties of the 
atria play a crucial role in the initiation and maintenance of 
the arrhythmia.  
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RECONSTRUCTION AND APPLICATION OF DIGITAL BRAIN MODEL ON CHINESE VISIBLE 
HUMAN (CVH)
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ABSTRACT

A three-dimensional digitized visible model of human 
brain built to provide anatomical structure for making plans 
of surgical operation and realizing accurate simulation of 
brain on computer. Choose one female transverse sectional 
anatomy data of the head from Chinese visible human. 
Semi-automated segmentation and Photoshop software were 
selected to segment. With Dextrobeam virtual system and 
Amira software, the segmented structures were 
reconstructed in three-dimensions with volume rendering 
reconstruction and surface rendering reconstruction. 
Acquired the transverse, coronal and sagittal sections of the 
same specimen based on the digital resampling technique. It 
provides an accurate model for the automated segmentation 
algorithmic study and provides a digitized anatomical mode 
of brain. 

Key words: anatomy, digitized human, three-
dimensional reconstruction, human brain

1. INTRODUCTION 

The key technology of visualization on the digitized 
human brain data sets is segmentation. Due to the complex 
of the brain, and lack of distinct region of anatomical 
structures, it is difficult to perform automated color 
segmentation of anatomical tissue [1]. Manual segmenting 
are often used in clinic. But it takes much time of many 
people and it is difficult to repeat. And automated 
segmentation lacks the standard to appraise the result [2]. So 
in our experiment, improved visible human technique was 
used to collect complete and high quality human brain data. 
After semi-automated segmentation on the serial cross-
sectional image data with Photoshop software, the main 
structures of brain were reconstructed and visualized The 
brain visualization model provided an accurate detail of 
anatomical basis for surgical planning of brain and realizing 
cerebral simulation on computer. And it can be used as a 
standard for cerebral medical image processing and be used 
for model driven segmentation [3].

2. MATERIALS AND METHODS 

2.1Segmentation on 2D sections 

Selecting one female brain thin serial transverse section 
images from Chinese Visible Human data sets[4]; altogether 
535 images, of which the slice thickness is 0.25mm. After 
registration of the images through reserved fiducial rods, the 
semi-automated segmentation was used to outline the brain 
structures on the 2D sections with Photoshop software. 
During segmentation, each image was amplified to 200%, 
and gray matter, white matter, basal nucleus and ventricle of 
cerebrum,brain stem and some of its necleus, sinus of 
cerebral dura mater, cerebellum, some vessles and nerves of 
brain et al, altogether 41 structures were outlined on 2D 
sections with magnetic lasso tool. Then each structure was 
established a layer and was filled with different RGB color. 
The region of the main brain structures was defined by 
tracking the serial sections and the axial, coronal and 
sagittal sections of brain displayed at the same time with 
visualization method. Each pixel of the image was assigned 
an anatomical name and the color was filled with different 
RGB color. 
2.2 Building of three-dimensional visible model 

RadioDexter software of Dextrobeam MK3 virtual 
simulation system, which exploited by Singapor Volume 
Interactions company,was used for 3D reconstruction. By 
combining human brain model reconstructed by surface 
rendering with human cranial bone reconstructed by volume 
rendering, the 3D visible human brain model was obtained. 
2.3 Acquirement of coronal and sagittal human brain images 
of the same speciman  

   535 images were converted png format and were input 
Amira software,which was exploited on Open Inventer 
platform by TGS company in France. Voxel value of X
Y Z is 0.167mm 0.167 mm 0.25 mm respectively. 
After resampled by 1 1 1 on reconstruction human brain 
with volume rendering,the coronal and sagittal serial images 
were obtained. 

3. RESULTS 

3.1 One accurately segmented images of the main  
structures of brain were completed. 
The RGB color value of the segmented brain structures: 
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3.2 ESTABLISHMENT OF DIGITAL ANATOMICAL 
MODEL OF HUMAN BRAIN

The cerebrum and its internal nucleus, ventricles, brain 
stem and its nucleus, cerebellum and part of its nucleus, 
sinus of cerebral dura mater, and some cranial nerves
vessles, ventricle, etc. were reconstructed on PC and 3D 
model of brain was obtained Fig.1 Fig.4 . The 
reconstructed structures can be displayed singly, in small 
groups or as a whole and can be continuously rotated in 3D 
space at different velocities. The structures can also be 
zoomed and be transparently displayed. Since, the data sets 
were of high quality and reliability, in addition to accurately 
semi-automated segmentation, the reconstructed structures 
were real and verisimilar. The 3D brain model through 
volume rendering reconstruction can be sectioned in any 
orientation and coronal, sagittal, and other directional 
sections of brain can be also displayed. The spatial location 
and the adjacent relationship of the main structures of brain 
in cranial cavity can be displayed in true color with volume 
rendering reconstruction.

Fig.1. posterior view of 3D human brain model

 

 

 

 

 

Fig.2. inferior view of 3D human brain model

 
 
 
 
 
 
Fig. 3. digital model of human brain matching with MRI 
reconstructed image 

Color 
Structure Name 

R G B 
superior sagittal sinus 000 170 028

inferior sagittal sinus 113 028 255
left transverse sinus 028 085 000
right transverse sinus  028 255 255
straight sinus 255 255 056
confluens sinus 255 085 000

left sigmoid sinus 141 028 226
right sigmoid sinus 255 000 000

Sinus of 
cerebral 
dura 
mater 

occipital sinus 141 198 028

gray matter 181 100 1 
white matter 181 1 1 
hippocampus 181 200 250

dentate gyrus 181 200 50 
caudate nucleus 181 50 200
putamen  181 50 10 
globus pallidus 181 50 50 
amygdaloid body 181 50 150

cerebrum 

claustrum 181 50 100

lateral ventricle 200 250 1 

third ventricle 200 250 200

fourth ventricle 170 170 255

cavity of septum pellucidum 200 100 50 

ventricul
ar system 

mesencephalic aqueduct  170 198 056

dienceph
alon 

dorsal thalamus 191 100 100

brain stem 000 170 255

left nigra  000 226 226

right nigra  000 198 056

red nucleus (R) 170 000 028

Brain 
stem 

red nucleus(L) 255 255 028

cerebellum 255 056 000

left dentate nucleus 141 141 0 cerebellu
m 

right dentate nucleus 141 255 255

optical nerve(L) 198 255 000cranial 
nerve optical nerve(R) 198 255 226

hypophys
is 

hypophysis 113 000 141
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Fig. 4. digital model of human brain matching with 
reconstructed CT image 

3.3 coronal and sagittal human brain images of the same 
specimen were obtained  

The coronal and sagittal images were clear Fig.5
Fig.6 ,and the small structures were clear too. In contrast 
and definition,the resampling images haven’t significant 
deviation with the original transverse images. The 
resolution of 2D and 3D was enough to demand of clinical 
sectional image.

Fig. 5. resampling sagittal image 

Fig. 6. resampling coronal image 

3.4 interactive atlas of digital human brain 
Interactive atlas of digital human brain divided three 

parts Fig7 :2D sections of human brain, 3D 
reconstruction model and video of human brain. The main 
function including:  

1 The anatomical structures of human brain were 
noted on 2D sections with Chinese and English 
language.The atlas can view either 2D images or 3D 
images,which can help doctor to know brain from 
different direction and different angle.  

2 On 2D sections, When the mouse point one 
structure,the anatomical term can display; When the 

mouse point one anatomical term, the structure can display 
too. The atlas has good interactivity,which can help user 
to self-check and self-appraise the structures of the human 
brain.  

3 The reconstruction 3D human brain model can 
display singly or multi-structures. Furthermore the 
anatomical structures of the 3D model are noted Fig.8 .

4 The atlas has video Fig.9 , which provide 
directly vivid material for new digital human anatomy.

Fig.7. interface of interactive atlas of digital human 
brain

Fig. 8.noting of 3D human brain model

Fig. 9. video display of human brain model

4. DISCUSSION 

4.1 Significance of 3D reconstruction of human brain 
Most of the radiological and anatomical images widely 

used in clinic were 2D image. Although they could be 
sectioned and scanned in different directions, it is difficult 
to show their 3D solid in space. With the developing of the 
3D reconstruction technology used in medical radiology, 3D 
CT, 3D MRI and DSA technology have been used in 

IFMBE Proceedings Vol. 25

Reconstruction and Application of Digital Brain Model on Chinese Visible Human (CVH) 1121
 



neurosurgery and stereotactic neurosurgery. And 
highresolution 3D MRI and PET were used in clinic and 
research. As a result, it is necessary to obtain the anatomical 
knowledge of 3D structures and their adjacent relationship 
in space, so that we can identify the structure by comparing 
radiological image with the anatomical image. Because of 
the complexion of the human brain structures and the 
resolution limitation of the 2D CT and MRI images, the 
problem of reconstructing the whole brain was not resolved, 
especially the reconstruction of the depth nucleus was not 
satisfied, which affected the guidance for clinical operation. 
It becomes the focus of the study on the reconstruction of 
internal brain structures.

We reconstructed the basal nucleus[5], which can be 
sectioned in any orientation; their shape and adjacent 
relationship can be viewed in any directions. It provides a 
digitized anatomical model for planning operation path and 
operation simulation. 

4.2 Significance of building interactive atlas of digital 

human brain
Human brain is one of the most complicated organs 

of structure and function[6],which is the emphysis and 
difficulties in teaching of neural anatomy and sectional 
anatomy.In traditional anatomy teaching, there is lack of 
direct-viewing and steric model, which made adjacent and 
spatial relation such as hippocampus is difficult to 
understand. In teaching of sectional anatomy, the transverse 
section coronal section and sagittal section of human brain 
come from different specimen, which hasn’t comparablity. 
In our study, transverse sections of human brain were 
chosen from the Chinese Visible Human datasets, and then 
the coronal section sagittal section of the same specimen 
were obtained in personal computer by resampling. The 
main structures of the brain were segmented and 
reconstructed. Meanwhile the names of these structures 
were noted. In the interactive atlas of digital human 
brain,the data of transverse coronal sagittal sections of 
human brain and 3D reconstruction model is helpful for 
students to carefully observe the interested structures of 
human brain in 3D space and know clearly the complicated 
spatial relation of internal human brain.Furthermore,the 
name of the main structures of human brain was noted and 
can be displayed in mouse controlling. The distinct 
interactive of the digital human brain atlas provided a new 
directly method for neuroanatomy teaching. 
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N-Methyl-D-Aspartate Receptor Channels Influence Dendritic Calcium Signaling 
in Nucleus Accumbens Medium Spiny Neurons – A Computational Study 
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Abstract—Nucleus accumbens (NAc) is an integrating struc-
ture of the mesocorticolimbic system of the brain controlling 
goal directed behaviors. It receives excitatory inputs from 
cortex, amygdala and hippocampus and modulatory input 
from ventral tegmental area, with the output being sent back 
to cortex via ventral pallidum and medial thalamus. Studies 
have shown that these inputs converge onto the medium spiny 
(MS) neurons of NAc where limbic cues are processed. Synap-
tic plasticity has been found to occur in the cortex-NAc as well 
as the hippocampus-NAc pathways. It has been suggested that 
similar to other central neurons, N-Methyl-D-aspartate 
(NMDA) receptor mediated plasticity could form the basis of 
the learning process in NAc. Because of the tiny structure of 
MS neurons, experimental studies on the dendritic properties 
of these neurons are very sparse. Here we use a computational 
model to investigate the role of NMDA receptors in influencing 
dendritic calcium signaling in NAc MS neurons.  

Keywords—Nucleus accumbens, medium spiny neuron, 
model, NMDA, calcium influx. 

I. INTRODUCTION  

Nucleus accumbens (ventral striatum) is considered to be 
the limbic-motor interface in the brain. It integrates limbic 
and cortical information to regulate goal directed behavior 
that is believed to happen in individual MS neurons of NAc 
[1]. It has been suggested that in the brain, synaptic plastic-
ity mediates the cellular mechanisms of learning and mem-
ory. At excitatory synapses it is shown that the precise tim-
ing of the presynaptic and postsynaptic events determines 
the sign and magnitude of synaptic modifications. If a pre-
synaptic spike precedes the postsynaptic spike backpropa-
gated at the dendrite (pre→post), long term potentiation 
(LTP) is induced whereas if the backpropagated spike pre-
cedes the presynaptic spike (post→pre), long term depres-
sion (LTD) is induced [2]. The synaptic modifications are 
triggered by calcium entry in the post synaptic cell. This 
calcium influx is regarded as an intracellular signal that 
encodes the timing of the two spiking events. A moderate 
elevation of intracellular calcium correlates with the induc-
tion of LTD and a large elevation correlates with the induc-
tion of LTP [2]. NMDA receptors are believed to play a 
major role in the calcium influx. Pre→post spiking provides 
a depolarization sufficient to remove the Mg2+ block in 

NMDA receptors leading to their opening and thereby high 
calcium influx. However, during post→pre spiking, the rise 
in calcium results from the opening of voltage dependent 
calcium channels and/or limited NMDA receptor activation. 
Thus, the temporal order of the pre- and postsynaptic spikes 
and their timing in the order of tens of milliseconds, deter-
mines spike timing dependent plasticity (STDP) [3, 4]. 
NMDA receptor mediated plasticity has been suggested to 
underlie learning process in NAc MS neurons also [5].   

Dendrites of MS neurons are so tiny that patch clamp 
techniques used to record electrical activity directly from 
the dendrites of pyramidal neurons of cortex or hippocam-
pus are difficult to use [6]. Therefore experimental studies 
on biophysical characteristics of striatal MS neuron den-
drites are very sparse. In dorsal striatal MS neurons, using a 
novel approach of combining 2-photon laser-scanning mi-
croscopy and 2-photon laser uncaging of glutamate, it is 
suggested that boosting of post synaptic calcium influx 
during pairing synaptic activity and backpropagating action 
potential (BAP) is mediated through NMDA receptors [7]. 
Such studies have not been conducted for NAc MS neurons.  
Moreover, the electrophysiological and morphological 
properties of MS neurons in NAc processing the limbic and 
cognitive aspects of motivated behavior differ from MS 
neurons of dorsal striatum processing sensorimotor aspects 
of the behavior. For example, NMDA decay time constants 
are significantly higher for the ventromedial striatum com-
pared to those for dorsolateral striatum (320 ms vs. 231 ms 
at 22ºC) [8]. Since NMDARs are found to be of crucial 
importance for calcium signaling in other central neurons 
the difference in NMDA decay time constants might indi-
cate differences in calcium signaling in same type of neu-
rons of the two different areas of striatum. Additionally low 
threshold Ca2+ spikes generated by low threshold Ca2+ cur-
rents have been found in NAc but not in dorsal striatum [9]. 

Here, using a computational model, we investigate the 
possible role NMDA receptors in the induction of synaptic 
plasticity in NAc MS neuron. We have found that when 
NMDA receptors are present pre→post pairing results in 
high calcium influx and post→pre pairing results in moder-
ate increase of Ca2+ ions in the cell. However, when the 
NMDA receptors are blocked the non-linear influx of Ca2+ 
ions is abolished. NMDA dependence of calcium influx is 
observed in normal and burst modes of cell firing. 
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II. METHODS 

A 189-compartment stylized model of NAc MS neuron is 
built as described in Wolf et al., 2005 [10] using NEURON 
simulation platform (fig. 1). The model has a soma, four 
proximal dendrites each bifurcating to form eight middle 
dendrites. Each of these middle dendrites bifurcates in turn 
to give a total of 16 distal dendrites. The d Lamda rule is 
used for spatial discretization with a d-lambda value of 0.15 
[11]. This results in a single compartment for the soma and 
each of the proximal and middle dendrites. The distal den-
drites which are long compared to the other dendrites are 
divided into 11 compartments to improve spatial accuracy 
as per the rule.  

All the fourteen channels known to be present in these 
neurons are incorporated into the model cell. Channel pa-
rameters are directly taken from the published model. 
Spines are not explicitly modeled but taken into account 
electrically by modifying the membrane area using pub-
lished results. Standard values of membrane capacitance (1 
μF/cm2) and axial resistance (100 Ω-cm) are used. Tempera-
ture is taken as 35ºC. Leak conductance is modeled using 
the passive channel from NEURON’s library with a maxi-
mum conductance, ĝz = 11.5e-6 S/cm2 and reversal poten-
tial, Erev = -70 mV.  

Sodium and potassium currents are modeled using the 
Hodgkin-Huxley formalism:   

            IZ = ĝz  mx (ah + (1 - a))(Vm  -Ez)                       (1) 

where Iz stands for the current due to ionic conductance z, ĝz 
 

 
 

Fig. 1 The MS neuron model 
(A) Detailed view of the cell model developed in NEURON showing the 
soma and different dendrites. (B) Diagram showing compartmentalization 
of soma and the dendrites. Soma and each of the proximal (pd) and middle 
(md) dendrites have only one compartment whereas each distal dendrite 
has 11 compartments (d0, d1…. d10). 

is the maximum conductance for the channel, m is the acti-
vation parameter, h is  the inactivation parameter (m, h  both 
dimensionless; 0 ≤ m, h ≤1), Vm is the membrane potential 
and Ez is the reversal potential for the ion species. x denotes 
the power for m and a is a variable denoting the amount of 
inactivation that can vary between 0 (no inactivation) and 1 
(fully inactivated) to decrease or increase the amount of 
inactivation according to the channel and can be set to 
match published data. Both x and a have values depending 
on the type of the channel. The reversal potentials of so-
dium and potassium are taken as +50 mV and -90 mV re-
spectively.  

Because of the extremely low intracellular calcium con-
centrations resulting in a nonlinear driving force [12] the 
Goldman-Hodgkin-Katz (GHK) current equation (2) is used 
to model Ca2+ currents.  

        
      (2) 

 
where z is the valence of the Ca2+  ions, (z = 2), F is Fara-
day’s constant (F = 96,489 C/mol), T is the temperature (T 
= 35°C), R is the gas constant (R = 8.31 J/mol-K), Vm is 
membrane potential and, [Ca]i and [Ca]o refer to intracellu-
lar and extracellular concentrations of Ca2+ ions respectively 
([Ca2+]i = 0.001 mM and [Ca2+]o = 5 mM). The membrane 
permeability to calcium (PCa) is approximated using a 
Hodgkin-Huxley-like formulation:   

      
        (3) 

 
where        is the maximum Ca2+ channel permeability and m 
and h are the activation and inactivation variables. The 
different types of Ca2+ currents in MS neurons include N-, 
Q-, R-, T- and L- type Cav1.2 and Cav1.3.  

Colocalized NMDA-AMPA synapses are used to gener-
ate EPSPs at the middle of distal dendrite (d5). The syn-
apses are modeled after Wolf et al., 2005 using equation (4) 

 

                           IZ = ĝz  (h – m)(Vm  -Ez)                     (4) 
 

where IZ is the synaptic current, ĝz is the maximum synaptic 
conductance, Vm is the membrane potential and EZ is the 
reversal potential of the synapse. The other two terms h and 
m stand for 2 rising exponentials with different rise times 
such that when they are subtracted we get EPSC shaped 
currents. 10% of the NMDA and 0.5% of the AMPA cur-
rents contributes to calcium influx.  

The model is validated using published results such as 
membrane potential and dendritic calcium concentration. 
BAPs at a frequency of 10 Hz (normal mode of firing) are 
generated using somatic current injection of 0.3 nA for 100 
ms. For bursts, spikes of frequencies of 20, 30, 40 and 50 
Hz per burst are generated using somatic current injection 
of 0.28 - 0.48 nA for 100ms.  
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III. RESULTS 

Current injection into the soma to generate BAPs is initi-
ated after   a delay of 300 ms so that the membrane potential 
as well as the calcium signal stabilizes to a resting value 
from which the measurements are made. Spike timing is 
defined as the time between excitatory postsynaptic poten-
tial (EPSP) onset and the BAP peak. Fig. 2A shows the 
calcium signal from the cell due to EPSP alone (open trian-
gles), AP alone (open squares), linear sum of AP and EPSP 
(filled triangles), pre→post pairing (filled squares) and 
post→pre pairing (filled circles) in the presence of NMDA 
receptors. In both the pairing protocols spike timing is 27 
ms. The Ca2+ signal during BAP is found to be considerably 
lower in amplitude and faster in kinetics when compared to 
that due to the EPSP. This is because, during BAP voltage 
gated calcium channels  contributes to the Ca2+ signal 
whereas during synaptic activity in addition to these chan-
nels NMDA and AMPA receptor channels also participated 
in the influx of calcium ions. It is observed that for the same 
spike timing the pre→post pairing results in a high non-
linear Ca2+ influx which is 119% greater than the linear sum 
of the calcium signals due to EPSP and AP alone. However, 
the post→pre pairing results in only a 25% increase in Ca2+ 
signal than the linear sum.  

Fig. 2B shows the peak intracellular Ca2+ signal for dif-
ferent spike timings. Negative spike timing indicates that 
the EPSP precedes the AP and positive spike timing indi-
cates the converse. It is observed that the spike timing win-
dow is broader for pre→post pairing than post→pre pairing. 

 

 
Fig. 2 Pre→post pairing results in high Ca2+ influx and post→pre pairing 
results in moderate Ca2+ influx 
(A) Ca2+ influx due to EPSP (open triangles), AP (open squares), linear 
sum of AP and EPSP (filled triangles), pre→post pairing (filled squares) 
and post→pre pairing (filled circles). Pre→post pairing causes 119% 
increase in Ca2+ signal than the linear sum of the Ca2+ signals due to EPSP 
and AP whereas the post→pre pairing results in only 25% increase in Ca2+ 
signal than the linear sum. (B) The peak intracellular Ca2+ signal for differ-
ent spike timings showing a larger spike timing window for pre→post 
pairing than post→pre pairing.  

 
 

Fig. 3 The high calcium influx during pairing of EPSP and BAP is medi-
ated through NMDA receptors 
(A) Ca2+ influx due to EPSP (open triangles), AP (open squares), pre→post 
pairing (filled squares) and post→pre pairing (filled circles). In the absence 
of NMDA receptors both pre→post pairing as well as post→pre pairing 
generate Ca2+ signals similar to the linear sum of the Ca2+ signals due to 
EPSP and AP alone. (B) Shows the intracellular Ca2+ signal for different 
spike timings. In the absence of NMDA receptors the calcium influx is 
highly reduced (open diamonds) when compared to that in their presence 
(filled diamonds).  

Fig. 3A  shows the calcium  signal from  the model  cell 
due  to  EPSP alone  (open triangles), AP  alone (open 
squares), pre→post pairing (filled squares) and post→pre 
pairing (filled circles) in the absence  of NMDA  receptors. 
It  is observed that the calcium influx during pre→post and 
post→pre pairing generate  approximately  the  same  
amount  of Ca2+  influx which in turn is similar to the linear 
sum of the Ca2+ signals in the EPSP and AP alone cases in 
the absence of NMDA receptors. Fig. 3B compares the 
calcium influx during pairing for different spike timings in 
the presence and absence of NMDA receptors. In the ab-
sence of NMDA receptors the influx is significantly reduced 
(open diamonds) compared to that in their presence (closed 
diamonds). 

 

 

 
 

Fig. 4 In the presence of NMDA receptors peak Ca2+ signal increases with 
number of BAPs in a burst during pairing with EPSP (filled diamonds) 

In the absence of NMDA receptors (open diamonds) in-
crease in peak Ca2+ signal is abolished during the pairing 
and the influx is constant irrespective of the number of 
BAPs in the burst.  
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Normally NAc MS neurons exhibit a low firing rate of 
action potentials (10 Hz or below) [10]. But during cocaine 
self administration they become more excitable and exhibit 
burst  mode of  firing  with  an average  spike  frequency  of 
30 Hz per burst [13].  We investigated the Ca2+ influx dur-
ing burst AP firing in the model in the presence and absence 
of NMDA receptors. The first AP in the burst is paired with 
a single EPSP. Figure 4 shows the peak intracellular Ca2+ 

signal when synaptic activity is paired with a burst of BAPs. 
It is observed that the nonlinear calcium influx is increased 
as the number of BAPs in the burst increases. This high 
influx gets abolished in the absence of NMDA receptors 
and the influx is approximately constant irrespective of the 
number of BAPs in the burst.  

IV. DISCUSSION AND CONCLUSION 

In central neurons like the pyramidal neurons of the hip-
pocampus and cortex, the precise timing of the presynapitc 
and postsynaptic events determines the sign and magnitude 
of synaptic modifications. NMDA channels act as coinci-
dence detector for the two events, opening in large numbers 
when the synaptic activity precedes the BAP. This allows 
enhanced Ca2+ influx into the cell, triggering cellular proc-
esses for induction of synaptic plasticity. Thus the postsy-
naptic intracellular Ca2+ acts an important messenger in 
most forms of LTP and LTD [2, 3].  In the present study, 
using a computational model, we investigate the role of 
NMDA receptor channels in regulating calcium influx at the 
excitatory synapses in the dendrites of NAc MS neurons.  

Our results show that if synaptic activity precedes the 
BAP there is a high Ca2+ influx. BAPs might provide the 
depolarization to remove the voltage dependent Mg2+ block 
in NMDA receptor channels thereby increasing the calcium 
influx. This high influx gets abolished when the NMDA 
receptors are blocked. This indicates that NMDA receptors 
acts as a coincidence detector in NAc MS neurons also, 
influencing the Ca2+ influx that might trigger the cellular 
processes for induction of synaptic plasticity.  

Based on the orientation, initiation of movement and 
presentation of expected reward, NAc MS neurons exhibit 
phasic bursting activity. It is believed that bursting might 
enhance dendritic depolarization thereby increasing synaptic 
potentiation [14].  Earlier studies in dorsal striatal MS neu-
rons have shown that the delay between up state onset and 
AP generation is a critical variable that controls the peak 
[Ca]i [15]. The increase in dendritic peak [Ca]i observed 
during burst mode of firing in our study might be due to a 
reduction in the delay of spiking in the upstate during burst 
mode of firing. This increase in Ca2+ was abolished in the 
absence of NMDA receptors. 

To conclude, our results suggest that as in other central 
neurons, NMDA dependent STDP might underlie learning 
processes in NAc MS neurons also. NMDA dependence of 
calcium influx might provide a mechanism of selecting 
synapses for induction of plasticity. Moreover, the increase 
in nonlinear calcium influx during burst firing might play an 
important role in synaptic modifications during addiction.   
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Abstract—In recent decades, bone fracture healing methods 
have been the subject of many researches. According to many 
clinical studies, it is proved that bone healing can be promoted 
by application of electric and electromagnetic field in specific 
amplitudes, wave shapes and frequencies.  

In addition to clinical experiments, many mechanical mod-
els have been proposed to simulate effects of mechanical load-
ings on bone healing. But only a few of these models consi-
dered the electric properties of bone. In this paper, a model of 
piezoelectromagnetic bone has been simulated and modified 
based on electromagnetoelastic theory. The effects of pulsed 
and sine waveforms, and different constant electric and mag-
netic loadings on bone are investigated. It is demonstrated that 
electric and magnetic loadings affect bone surface remodelling. 
Besides, the effects of pulse width of electric and magnetic 
fields on bone remodelling were evaluated. 

Although this model can describe the process of bone sur-
face remodelling under electric and magnetic loadings, it can-
not explain some events in bone surface remodelling such as 
importance of rest durations after each physiotherapeutic 
procedure. 

Keywords—simulation, bone healing, bone surface remode-
ling, electric loading. 

I. INTRODUCTION  

In recent decades, it has been proved through many stu-
dies that electricity has significant effects on skeleton. 
Bones like any other tissues have electric potentials which 
are consequences of the activities of living tissue. It is 
shown that when a bone is broken, the fracture site becomes 
electronegative, which begins the healing process. The bone 
surface has two parts, endosteal and periosteal. The bone 
surface facing the marrow cavity is known as endosteal 
envelope, the outer surface is the periosteal envelope [1]. 
Living bone continually undergoes the processes of growth, 
reinforcement and resorption (which all together are called 
bone remodeling) [2]. Surface remodeling occurs on perios-
teal and endosteal surfaces and is responsible for the size 
and growth of the bones. The normal dynamics of bone 
remodeling is characterized by well-balanced processes of 
bone formation and bone resorption. The remodeling 
process in living bone is the mechanism by which the bone 
adapts its histological structure to long term loading [2-6]. 
When a bone fractures, the endosteum envelope of bone 

becomes negative with respect to the periosteum. The frac-
ture site becomes electronegative, which by this stage the 
healing process begins. Periosteum plays a significant role 
in the healing process [7-9]. 

In response to mechanical loading, bone strength im-
proves by increasing bone formation on periosteal surface, 
and bone turnover is reduced that decreases bone porosity. 
Consequently, mechanical loading may improve both bone 
size and shape and strengthen the bone tissue by improving 
tissue density [10-11]. Scientists have found that mechani-
cal strain causes electric potentials in bone which are called 
“strain related potentials”. The concave side under strain 
shows electropositive charge, and the convex side has elec-
tronegative charge. Consequent studies showed that bone 
consists of piezoelectric crystals. Therefore, when mechani-
cal loading is applied to bone, electric potentials are pro-
duced in bone. In piezoelectric materials, when the stress is 
removed, a positive pulse equal to the previous one is gen-
erated in the same place [12]. 

Due to these findings, electric devices have been devised 
and developed in recent years, which have been approved to 
be effective in healing bone diseases. In these studies, wide 
ranges of frequencies and wave shapes have been used 
many of which have been used many of which have been 
reported to be advantageous [13]. But there is no exact 
recommended electromagnetic dosage for application of 
these devices to defected sites. Accordingly, investigating 
the appropriate types of signals seems to be crucial for fur-
ther uses of these devices. To achieve this purpose, enquir-
ing an appropriate bone model for simulating the behavior 
of bone in response to electrical signals could be beneficial. 
Many mechanical models have been proposed to show the 
effects of mechanical loadings on bones. But there have 
been few researches on finding a model including the ef-
fects of electric fields. In this paper, a model proposed by 
Qin [14] is used and modified to simulate bone surface 
remodeling. 

II. SURFACE REMODELING IN  
THERMOELECTROELASTIC BONE 

As it has been noted previously, bone is continually sub-
jected to mechanical strains, which may cause micro dam-
ages in bone. If these micro damages are not removed, bone 
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would break. To avoid fracture, bone retains the strains in 
an appropriate level by remodeling. This can be achieved by 
the addition of new bone tissue to reduce the porosity of the 
bone structure and consequently to increase the elastic 
modulus of bone material, which can decrease the strains on 
bone structure. However, the porosity of bone is limited and 
if it could not help, bone will increase its cross sectional 
area to balance the strain applied [15]. Regarding the fact 
that temperature and electric fields affect the applied strain, 
in this paper the thermo-piezoelectroelastic theory is used. 

As it is fully stated in references [15-18], on the basis of 
thermo-electroelastic model, by using the equation for ve-
locity of surface remodeling in a particular point and by 
considering the piezoelectric equations, the rate of change 
of the inner radius (a) and the outer radius (b) are given by 
equations (1),(2): 

    (1) 

    (2) 

In the equation, the superscript “e” stands for endosteal 
(inner) surface and “p” for periosteal (outer) surface of 
bone. 

To introduce the growth or absorption, two non-
dimensional parameters (ε, η) are adopted: 

                                                      (3) 

Where  and are respectively the initial inner and 

outer radii of bone.  

III. THE SIMULATION RESULTS OF ELECTRIC  
LOADING ON SURFACE REMODELING 

Based on thermoelectroelastic theory, in response to ex-
ternal temperature changes ( ), semi-static axial load ( ), 

external pressure ( ), electric potential ( ), and magnetic 

field ( ), bone undergoes the remodeling process. The 

threshold values for , ,  and ψ are 30⁰C, 1500N, 

1MPa, and 0 Ampere respectively. The initial values of 
inner and outer radii ( , ) are assumed to be 25mm and 

35 mm, respectively. In this paper, the effects of various 
electric fields are analyzed. The effects of various mechanic 
and temperature loadings on surface remodeling are fully 
studied in papers [14, 17]. 

A. The Effects of Static Electric Fields on Bone Surface 
Remodeling 

The model is simulated by “MATLAB (Simulink)”, in 
“Normal Simulation” mode, and the solver “ode45 (Dor-
mand-Prince)” is used. The simulation time is 2000 days. 
The results are as follow. The variations of parameters ε and η are shown in figures. 

The static electric fields Φ = -60,-30, 0, 30, 60 Volts are 
applied to the model and the results of their effects on bone 
surface remodeling are obtained and shown in figures (1) 
and (2). 

 

Fig. 1 The effects of various static electric fields on parameter ε 

 

Fig. 2 The effects of various static electric fields on parameter η 

The variation of cross sectional area of bone by different 
electric fields is shown in figure (3): 
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Fig. 3 The effects of different static electric fields on cross sectional area 
of bone 

B. The Effects of Pulsed Electric Fields on Bone Surface 
Remodeling 

In this part, the effects of pulsed fields with different du-
ty cycles are investigated. In the following figures, pulse (a) 
has pulse width equal to 10%, the width of pulse (b) is 20%, 
the width of pulse (c) is 50%, and pulse (d) has 100% width 
(a constant value). All of the pulses have amplitudes equal 
to 30 Volts and period equal to 24 hours (one day). 

 

Fig. 4 The effects of various pulsed electric fields on parameter ε 

 

Fig. 5 The effects of various pulsed electric fields on parameter η 

  

C. The Effects of Sine Electric Fields on Bone Surface 
Remodeling 

In this part, the effect of sine fields on surface remodel-
ling is discussed. It is advised in MATLAB(Simulink) to 
use the sample-based sine type if numerical problems due to 
running for large times (e.g. overflow in absolute time) 
occur and as in this simulation the running time is 2000 
days, the sample-based type of sine wave is used to simulate 
the model and the samples per period of each signal have 
been changed. The relation between samples per period of 
sine wave and frequency is: Samples per pe-
riod=2*pi/(Frequency*Sample time). Samples per period of 
signals are 10, 100, 1000 which are respectively shown by 
curves a, b and c in figures. Line (d) in the figures, is a 
constant value. The lower the sample number, the higher is 
the vibration of the sine wave. In addition, for simulation of 
this section, the solver ode23 [Bogacki-Shampine] in 
MATLAB(Simulink) is used. For this simulation, all of the 
electric fields are 30 volts and the bias value for sine waves 
is 30 volts. 

 

Fig. 6 The effects of different sine electric fields on parameter ε 

 

Fig. 7 The effects of different sine electric fields on parameter η 

IV. CONCLUSIONS  

In this simulation, the effects of electric fields on surface 
remodeling of bone are investigated. In figures (1) and (2) it 
is illustrated that negative electric fields increase the surface 
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remodeling parameters (ε, η) and therefore the inner and 
outer bone surface radii, whereas positive electric fields 
reduce the inner and outer radii of bone. Due to Wolff’s 
Law, revised by Bassett, when bone is subjected to a me-
chanical stress, one section is under tension and the other 
section is under compression. Regarding Frost’s Law, on 
the compressive side which is convex, osteoblasts deposit 
new bone, and on the other side under tension which be-
comes concave, osteoclasts resorb bone. So this simulation 
of bone remodeling is in accordance with Wolff's and 
Frost's Laws [2,5,6,19]. 

As stated before, the positive electric field decreases the 
surface remodeling parameters (ε, η). From figs. 4 and 5, it 
can be observed that the more the pulse width, the more 
decrease of parameters are observed and the effect on sur-
face remodeling is more significant. As it is apparent from 
the figures, the static field (pulse field with complete pulse 
width) has the most significant effect. Brighton (1981) 
showed that constant DCES (Direct Current Electrical Sti-
mulation) is more effective in its osteogenic effect than 
pulsed DCES [20]. Therefore, this model is compatible with 
the clinical findings. Besides, the effects of sine fields are 
evaluated on the model. The results (Figures (6) and (7)) 
show that the sine waves do not change the final values of 
radii, and non-dimensional radii parameters (ε, η) oscillate 
around the constant value in different frequencies. But the 
results of this simulation do not conform to the clinical 
findings reported by Brighton and Pollack in 1985. They 
reported on the use of a 60 KHz sine electric wave with a 
continuous current of between 7-10 mA at a voltage of 5V 
peak to peak being applied via skin electrodes placed either 
side of the fracture [21].  Abeed et al showed a healing rate 
of 11 out of 16 in patients treated with this method for es-
tablished non-unions [22].  

Furthermore, one of the rules that govern bone adaptation 
is “a case of diminishing returns” which yields that as load-
ing duration is increased, the bone formation response tends 
to fade as if the cells become desensitized. There are several 
different timescales, ranging from seconds to hours, re-
quired for re-sensitization (sensitizing the cells again) to 
occur. For example, rats given 14 seconds between each 
load cycle formed 67% more bone than rats administered 
back-to-back cycles [2]. But this model cannot indicate the 
importance of the rest times required for re-sensitization of 
bone that is crucial in physiotherapeutic procedures for 
healing bone fractures. 
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ABSTRACT

Automatic optic disc (OD) detection is a key processing step
in algorithms aiming for automatic extraction of retinal vascu-
lar abnormalities for diagnosing cardiovascular diseases and
cup-to-disc ratio assessment for diagnosing glaucoma. In this
paper, we propose a new method for automatic OD segmenta-
tion and center computation. The proposed method automati-
cally determines the threshold intensity value by utilizing OD
area information in each image. The Region Growing Tech-
nique is applied in the thresholded image to find the poten-
tial OD regions. Following this, we produce the image gradi-
ent and apply the Hough circle detection algorithm in each of
the potential OD regions to identify the OD and compute its
center. For evaluation, we apply our method on STARE and
DRIVE dataset and Singapore Malay Eye Study dataset, and
demonstrate that our method is highly accurate and efficient.

Index Terms— Retinal Anatomical Structure, Optic Disc,
Image Calibration, Gradient Operator, Region Growing Tech-
nique, Hough Transformation.

1. INTRODUCTION

The optic disc is the entrance of the vessels and optic nerve
into the retina. It appears in color fundus images as a bright
yellowish or white region or disk. Its shape is more or less
circular, interrupted by outgoing vessels. OD is the origin of
all retinal vessels and one of the most prominent objects in
human retina. It is a vertical oval, with average dimensions of
1.79±0.27mm horizontally by 1.97±0.29mm vertically [1].
The usual size of OD may vary from person to person [2].

OD is one of the most important entities in retinal image
and can be used in many purposes. For example, OD can
be used in automatic extraction of retinal anatomical struc-
tures and lesions, such as diabetic retinopathy, retinal vascular
abnormalities and cup-to-disc ratio assessment for glaucoma.
In addition, it can be used as a landmark for image registra-
tion or can be used as an initial point for blood vessel detec-
tion. Based on the fixed position relationship between OD and
macula center, OD position can also be used as a reference to

locate macular area. It can be used a marker or ruler to esti-
mate the actual caliber of retinal vessels or image calibration
[3]. Due to similar color tones to some other lesions, such
as hard exudates and cotton wool, accurate OD identification
can be valuable to reduce the false positive rate of algorithms
designed to detect those lesions [2],[4].

A number research schemes [2],[5],[6],[7] have been pro-
posed for the detection of OD. All these techniques mainly
focus on OD segmentation and need further improvement.
None of the techniques is capable of accurately computing
OD center and radius. Considering this issues, we propose
a new method which is very accurate as well as efficient in
detecting OD and computing its radius and center. Our pro-
posed method uses OD geometrical features such as size and
shape, and analyzes the image to identify OD and its center.

The rest of the paper is organized as follows: Section 2 de-
scribes the proposed method. Experimental Results and Dis-
cussions are provided in Section 3. Finally, Section 4 draws
the conclusions.

2. THE PROPOSED METHOD

We propose a method for OD detection which is based on im-
age global intensity levels, OD size and shape analysis. The
reasons for considering these features are as follows. Firstly,
the OD is the brightest part on the image and we can approx-
imate its pixel intensity values by analyzing the histogram.
Secondly, OD is more or less circular shaped and we can spec-
ify its size within a particular range for any person. Therefore,
incorporating size and shape information along with the pixel
intensity would provide the highest accuracy in OD detection.
Figure 1 shows the overall method of OD detection.

2.1. Preprocessing

In the preprocessing step we find the potential OD region(s)
from which we will identify the OD. For this, at first we ex-
tract the red color channel which provides the highest contrast
between OD and background. Moreover, in this color chan-
nel, OD has a better texture and the vessels are not obvious
in its center. Therefore, for potential OD region selection we

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1131–1134, 2009. 



Fig. 1. The overall method for OD detection.

use red channel which provides the best intensity profile for
OD among all the color channels.

2.1.1. Image Calibration

We perform image calibration to compute microns-per-pixel.
The reasons for performing the calibration task are as follows.
Firstly, we use the actual radius of OD and the microns-per-
pixel are unknown in the image data sets we use. Secondly, it
requires a confirmation of microns-per-pixel as different cam-
era is being used to capture the retinal images (as a standard
procedure). For this, we calibrate the image based on the OD
diameter. We use the average OD diameter value as 1800 mi-
crons and compute the microns-per-pixel value for an image
by drawing a circle on the OD. The ratio of 1800 microns and
the circle radius is the desired microns-per-pixel value. For
calibration, we randomly select 10 to 15 images from a par-
ticular dataset and average the calibrated value, and use it as
a final microns-per-pixel value for this dataset. This is done
automatically by using software developed by Center for Eye
Research Australia (CERA).

2.1.2. OD Area Computation

After computing the microns-per-pixel value, we compute the
OD diameter in pixel. As the OD is a circular shaped object
we use formula for circle area (πr2 where r is the radius of the
circle) to compute the OD area. This is done to approximate
the number of pixels in an OD. We use this number to find the
threshold intensity value from the histogram.

2.1.3. Histogram Analysis

Image histogram provides the intensity levels and the number
of pixels for each intensity level. We analyze the histogram
of each image to find the threshold intensity for segment-
ing potential OD regions. After computing the histogram,
we determine the pixel number from highest intensity level
and compare this if it is equal to or greater than the value of
1.5 × area of OD. If not, we add the highest level pixel
number to the next lower level pixel number and compare the
added value (let’s say total value). We continue this adding
to the total value as long as the total value is not reaching at
1.5×area of OD or higher. Once the total value reaches this

value or higher, we select this intensity level as the threshold
intensity value to segment the image. In this way, we automat-
ically compute the threshold intensity value. Figure 2 shows
the histogram of two images with varying contrasts, on which
our method equally capable of determining the threshold in-
tensity value.

(a) (b)

(c) (d)
Fig. 2. The red channel images (left) and their Histogram
(right).

2.1.4. Image Thresholding

After selecting the particular pixel intensity value we thresh-
old the image in the following way. If f(x, y) is the image
and T is the intensity value above or equal which we want to
select the pixel then we can create the output image g(x, y):

g(x, y) =

{
1 if f(x, y) ≥ T

0 otherwise

(a) (b)

(c) (d)
Fig. 3. Thresholded image taken from DRIVE database (top)
and STARE database (bottom).

Figure 3 shows two thresholded images. After threshold-
ing the image, we select the potential OD regions by comput-
ing the area. This is done to remove the redundant objects
such as exudates, lesions, etc.

2.2. Potential Optic Disc Region Selection

For potential OD region selection, we determine the number
of pixels for each of the regions. For this, we apply region
growing technique to find the number of pixels in each region.
We select the potential OD region(s) which has the pixel num-
ber of approximately 50% to 150% of the OD area (pixels).
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2.2.1. Region Growing Technique

The region growing technique categorizes pixels into region
based on a seed point. The basic approach is to start with a
pixel which is the seed point for a region to grow. We select
it from the raster scanning of the thresholded image. From
this seed point the region grows by appending to each seed’s
neighboring pixels that have the same intensity (or predefined
properties) as to the seed [8]. Here we set the property of
seed’s gray level intensity value as 255. We apply the stop-
ping rule: growing a region should stop when no more pixels
satisfy the criteria for inclusion in that region. In the region
growing process each region is labeled with a unique number.
The image is scanned in a row-wise manner until its end, and
each pixel that satisfies our criteria is taken into account with
its 8-neighborhood connectivity. Figure 4 shows the potential
OD regions in two images in Fig. 3.

(a) (b)

(c) (d)
Fig. 4. The thresholded image (left) Potential regions for OD.

2.3. Optic Disc Center Computation

For each potential region, we compute its center from the
mean of all of its points’ x-y coordinates. We use it to de-
termine a square shaped region around this potential OD re-
gion to apply the Hough transformation. We use this cen-
troid value as the center of square shape region to determine
an area for applying the Hough transformation. The square
shaped region is selected from the edge image based on 1.5×
diameter of OD as its sides. Therefore, we can apply
Hough transformation in a smaller region which provides more
efficiency in OD identification. We obtained the edge image
after applying first order partial differential operator in the
retinal green channel image. The gradient of an image f(x, y)
at location (x, y) is defined as the two dimensional vector [8]

G[f(x, y)] = [Gx, Gy] =
[
∂f

∂x
,
∂f

∂y

]
(1)

It is well known from vector analysis that the vector G
points in the direction of maximum rate of change of f at
location (x, y). For edge detection, we are interested in the
magnitude G[f(x, y)] which we normalize based on highest
and lowest gradient magnitude for all pixels.

Fig. 5. A retinal gray scale image (top left), thresholded optic
disc pixels (top right), selected square shaped region (bottom
left) and detected center of the optic disc indicated by an ar-
row sign (bottom right).

2.3.1. Find the center of OD based on Hough transformation

We apply Hough transformation for circle detection [9] on
the selected region of the edge image to find the optic disc
center. Hough transformation is implemented in the following
way. To detect a circle, a three dimensional parameter matrix
P (r, a, b) is used where r is the radius and (a, b) are the center
coordinates. Let (xi, yi) be a candidate binary edge image
pixel. The center coordinates (a, b) of a circle having radius
r = R and passing through (xi, yi) lie on a circle of the form:

xi = a + R cos(θ)
yi = b + R sin(θ) (2)

For any radius r, 0 < r < rmax (we assigned the lower
boundary as 30 pixels and the upper boundary 80 pixels for
DRIVE database [10] and STARE database [11] images and
300 to 400 for Singapore Malay Study database, based on our
observation of optic disc radius in the images) the coordinates
(a, b) given by equation (1) are calculated and the correspond-
ing elements of matrix P (r, a, b) are increased by one. This
process is repeated for every eligible pixel of the binary edge
detector output. The elements of the matrix P (r, a, b) hav-
ing a final value larger than a certain threshold value denotes
the circle present in the edge image selected region. There-
fore, we are able to compute the OD radius and center from
this method. Figure 5 shows the OD center obtained by this
process.

3. EXPERIMENTAL RESULTS AND DISCUSSIONS

We first apply our technique on all forty images in the DRIVE
database (both train and test set) and forty images from STARE
database. Then, we demonstrate the accuracy and the effi-
ciency in processing time of this technique on the color retinal
images obtained in the epidemiologic study of the Singapore
Malay Eye Study [12]. The performance of the proposed al-
gorithm is evaluated on the basis of two measures, namely,
true positive fraction (TPF) and true negative fraction (TNF).
This measure is also known as sensitivity. TNF (i.e., speci-
ficity) represents the fraction of pixels erroneously classified
as OD. We use the following formulas [4]:
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Sensitivity (TPF ) = TP
TP+FN

Specificity (TNF ) = TN
TN+FP

where TP, FN, TN, and FP represent true positive, false neg-
ative, true negative, and false positive values. The TPF and
TNF values are determined by comparing with human graded
images.

We achieved an overall 97.93% sensitivity and 100% speci-
ficity for STARE and DRIVE database. Reza et al. [4] achieved
96.7% sensitivity and 100% specificity for the same datasets.
We considered one hundred images randomly taken from the
Singapore Malay Eye Study database (each image size of
3072×2048 and either disc or macula centered). We achieved
an overall 98.34% sensitivity and 100% specificity. It took ap-
proximately 0.212 seconds (avg.) in MATLAB 7.5.0 to pro-
duce each output image of size 565×584 (DRIVE database)
on a Intel(R) Core(TM)2 Duo CPU E6750 2.66GHz with
3.25 GB of RAM. For STARE images (700×605) the method
takes 0.216 seconds (avg.) for each image. For Singapore
Malay Eye Study database the method takes 0.394 seconds
(avg.) for each image.

4. CONCLUSIONS

In this paper we proposed a new and efficient technique for
OD detection and segmentation. Our approach is a robust es-
timator of OD detection in the presence of exudates, drusen
and hemorrhages. The method automatically selects thresh-
old intensity value based on approximated OD area. The
method searches for the OD center in the potential OD region
(small area) by using Hough transformation which makes the
method very accurate as well as efficient. Our contributions
in this paper can be summarized as follows:

• We provided a fully automatic method for detecting OD
which is highly accurate and efficient.

• We facilitated the OD radius and center by applying
Hough transformation in the image local area with high
efficiency.
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Abstract— We studied the influence of the refractive index 
contrast, the incident plane wave wavelength and the microcy-
linder diameter on the position of the maximum of photonic 
nanojet electric field for microscopy and spectroscopy biomed-
ical applications. The photonic nanojet is a propagative optical 
feature originating behind micro-sized dielectric sphere or 
cylinder when it is illuminated by a plane wave. This pheno-
menon can potentially break the diffraction limit of microscop-
ic methods. Broad range of scientific area could profit from 
photonic nanojets, especially material sciences, analytical 
chemistry and biomedical sciences.  

We can summarize that the distance increases nearly linear-
ly with decreasing refractive index and increasing diameter of 
the cylinder and increases with the wavelength of the illumina-
tion. The results can potentially be used for the design of pho-
tonic nanojet experiments. 

 
Keywords— Photonic nanojet, FDTD method. 

I. INTRODUCTION  

 There is an evident need for new methods of the optical 
microscopy and spectroscopy. The diffraction of light which 
limits the spatial resolution of imagined object is one of the 
issues in the conventional optical microscopy. The maxi-
mum spatial resolution for visible light is comparable to 
one-half wavelength, i.e., about 200 nm. However, there are 
many applications which require resolution below this limit. 
For example, nanoparticle detection is one of these applica-
tions. A number of scientific groups around the world are 
working on the developing of new optical microscopy me-
thods. 
 The photonic nanojet microscopy could by one of the 
methods which provide the resolution below the diffraction 
limit [1]. The photonic nanojet (PNJ) is a propagative opti-
cal feature originating behind micro-sized dielectric sphere 
or cylinder illuminated by plane wave. It is independent of 
the resonant condition of the microsphere. A high intensity 
and narrow distribution of photonic nanojet depends upon 
the size parameter of the sphere and the refractive index 
contrast (RIC) between the sphere and its surrounding me-
dium [2]. The intensity and RIC determines the point of 
focus that can be both inside and outside the sphere. When 
the point of focus is just at the surface of the sphere, the 

photonic nanojet full width at half maximum (FWHM) is 
smaller than one-half wavelength of the incident light.  
 Broad range of scientific areas could profit from pho-
tonic nanojets, e.g., material sciences, analytical chemistry 
as well as biomedical science. There are several possibilities 
how to exploit nanojets. Great potential is the enhancement 
of visible light backscattering by dielectric or metal nano-
particles located within the nanojets. The enhancement is by 
several orders of magnitude. Nanoparticles of a size below 
the diffraction limit and substances adsorbed on them may 
be detected [3, 4, 5, 6, and 7]. Periodically produced nano-
jets along a chain of dielectric microspheres can be used in 
a variety of biomedical applications as optical microprobes 
with subwavelength spatial resolution [8].  An interesting 
option is to utilize this phenomenon as a new high-density 
data storage method [9]. 
 In biomedical applications, the photonic nanojet micro-
scopy is a powerful tool suitable for tissue imaging focused 
on single cell imaging and simultaneous acquisition of spec-
troscopic data especially in Raman spectroscopy. Images of 
tissue and its chemical composition can be obtained in a 
single experiment. 
 In this paper, we report the results of numerical model-
ing of the photonic nanojet by finite-difference time-domain 
method. Numerical modeling is a powerful method, which 
gives us information about studied problem that cannot be 
inspected directly or respective experiments are difficult and 
expensive. We studied the dependence of the photonic na-
nojet position behind microcylinder. The diameter of infi-
nitely long cylinder, the wavelength of the incident light and 
the refractive index contrast are parameters that determine 
the photonic nanojet features and we inspected their influ-
ence. 

II. MODELING OF DIELECTRIC MICROPARTICLES 

 Finite-difference time-domain method (FDTD) is one 
of the most widely used methods for solving Maxwell's 
equations [10]. A great advantage of this method is its time-
dependence. Thus, a wide range of frequencies can by simu-
lated in single run and its software implementation is easy. 
Also, it can handle complex geometries with 
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inhomogeneous materials like tissues, conductors or lossy 
dielectrics. 
 The FDTD method is a grid-based differential time-
domain numerical modeling method. The time-dependent 
Maxwells’ equations in partial differential form are 
discretized using central-difference approximations to the 
space and time partial derivatives. The resulting finite-
difference equations are solved in a leapfrog manner. It 
means that the electric field vector components in a spatial 
volume are solved at a given instant in time and then the 
magnetic field vector components in the same spatial 
volume are solved at the next instant in time. This process is 
repeated until the desired transient or steady-state 
electromagnetic field behavior is fully evolved. 
 This method divides rectangular volume of space into 
unit cells (Yee cells) that form the computational domain. 
The six components of electromagnetic field vectors are 
arranged in each unit cell.  
 The FDTD method was chosen for its easy implementa-
tion in Matlab. However its disadvantage is great computa-
tional requirements on hardware configuration. The algo-
rithm for simulation was written in Matlab ver. 7.1.0.246 
(R14) SP 3. The computer for the simulation had this main 
parameters: Intel(R) Core(TM)2 Quad CPU, 2.50 GHz, 3.25 
GB RAM, OS Windows XP Professional SP3. Such para-
meters limited the dimension of a modeled problem to 2D 
and the maximum size of computational space domain to 
21*106 of unit cubes. The modeling of such large space took 
207 minutes. Therefore, smaller computational space of 
6*106 was chosen and its run took about 60 minutes. 
 We considered two-dimensional (2D) transverse 
magnetic (TM) mode of FDTD algorithm. The 2D mode 
was sufficient for our purposes. The TM mode consists of 
three equations for solving electromagnetic field, one 
component of electric field Ez and two components of 
magnetic field Hx and Hy. 
 Four diameters of infinitely long dielectric microcy-
linder were modeled (4, 5, 6, and 7 μm). Vacuum was con-
sidered as a surrounding medium with refractive index n1 = 
1. Refractive indexes of the microcylinder were within the 
interval from 1.55 to 1.80 with increment 0.01. The length 
of the plane wave was 450, 550 and 650 nm. The computa-
tional space domain was composed of 3000 x 2000 unit 
cubes with the sizes shorter than the cylinder diameter by a 
factor of thousand (4, 5, 6, and 7 nm).  

III. RESULTS OF NUMERICAL MODELING 

 The goal of the modeling was to find out the influence of 
the PNJ position behind the microcylinder on the RIC, the 
incident plane wave wavelength and the microcylinder 

diameter. The maximum absolute values of electric field 
intensity during all iteration steps were stored for each unit 
cube. The outcome of modeling was matrix of the maxi-
mum absolute values divided by the electric field intensity 
of the incident wave.  

Figure 1 shows the image of the enhancement values of 
electric field intensity. Black circle represents the cross 
section of the microcylinder. The PNJ is dark red oval be-
hind the microcylinder. 

 

 

Fig. 1 Image of photonic nanojet for wavelength 550 nm, cylinder diame-
ter 5 μm and refractive index contrast 1.59. The cylinder is bordered with 

black circle. 

 

Fig. 2 Full width at half maximum of photonic nanojet maximum for 
wavelength 550 nm, cylinder diameter 5 μm and refractive index contrast 

1.74. 
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Figure 2 shows vertical cross section of the PNJ maxi-
mum and its FWHM which is 230 nm. This FWHM is 
smaller than one-half wavelength of the incident light that is 
275 nm.  

 

Fig. 3 Dependence of photonic nanojet distance on refractive index con-
trast for wavelength 450 nm.  

Legend: Dx represents diameter of x μm. 

 

Fig. 4 Dependence of photonic nanojet distance on refractive index con-
trast for wavelength 550 nm.  

Legend: Dx represents diameter of x μm. 

Figures 3, 4 and 5 show the distance influence of the PNJ 
maximum on the RIC between the microcylinder and the 
surrounding medium for three wavelengths of the incident 
light (450 nm, 550 nm, 650 nm)  and four diameters of the 
microcylinder (4 μm, 5 μm, 6 μm, 7μm).  

 

 

Fig. 5 Dependence of photonic nanojet distance on refractive index con-
trast for wavelength 650 nm. 

Legend: Dx represents diameter of x μm. 

IV. CONCLUSIONS  

It can be concluded that for all wavelengths the distance 
between the PNJ and a focusing microcylinder decreases 
from 900 to 0 nm with increasing RIC. Similar effect on the 
distance has the diameter of the microcylinder, while the 
synergetic effect of wavelength and cylinder diameter has 
been observed.  

As one can see in Figures 3, 4 and 5, the rising of RIC 
causes decrease of the distance between PNJ electric field 
maxima and the microcylinder surface. The PNJ maxima 
touch the microcylinder surface when the RIC values are in 
the interval from 0.71 to 0.78. There is a slight shift to larg-
er values from the interval with larger microcylinder diame-
ter. Another rising of the RIC causes merging of the focus 
point into the microcylinder and disappearance of the PNJ. 

The diameter of the microcylinder has distinct influence 
on the PNJ position. The bigger diameter causes the larger 
distance. It is related to incurvation of the microcylinder 
surface because the microcylinder works like converging 
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lens. The greatest difference between two diameters of the 
microcylinder is at low RIC values. The difference declines 
with larger RIC values. 

The wavelength of the incident light has minor influence. 
The longer wavelength draws the PNJ maximum position 
near the micorcylinder surface but the difference between 
wavelength of 450 nm and 650 nm is in tens of nanometers. 

In conclusion, the RIC between the surrounding medium 
and the microcylinder material as well as the diameter of the 
microcylinder are the most important parameters determin-
ing the position of PNJ maxima. 

It has been said that the photonic nanojet microscopy 
could provide resolution below the diffraction limit due to 
its small FWHM. Our modeling showed that all FWHM of 
the models are near or below the diffraction limit. Possible 
configuration of photonic nanojet microscope could contain: 
visible light laser source and optics (focusing lens, beam 
splitter, etc.), optical fiber with diameter in range of micro-
meters as PNJ source and suitable CCD camera.  
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Abstract— Compartmental Modeling is used in Positron 
Emission Tomography (PET) and it is an important tool for 
analysis and kinetic studies of living systems. Its application 
allows doctors and radiologists to provide diagnosis and 
treatment for several diseases (e.g. heart ischemia) by image 
processing, representing a non invasive way to quantify bio-
chemical and physiological processes.  

Because of a large number of compartment models availa-
ble, the task to choose the most suitable in a statistical sense 
may be difficult sometimes. The current work presents an 
assessment method for compartmental models for cardiology 
studies using Information Criterion approach for simulated 
experiments, being helpful to start a model development. 

The methodology consists of statistical assessment of one, 
two and three compartments models using features obtained 
from experimental data. It enables to analyze and make a 
decision about the most suitable number of compartments to 
be applied in a particular clinical exam or study. 

Synthetic curves were created to test estimation task and 
model choice was made using Akaike's metric. Fitting curve 
procedure employs Levenberg-Marquardt and Nelder-Mead 
optimizations techniques with sensitivities equations approach. 
Signal-noise ratio of tracer concentrations curves were esti-
mated from experimental data (5 patients from Heart Institute 
of Medicine School of University of São Paulo, Brazil) and 
considered to be Gaussian in all simulated cases. 

The next step consists of applying the proposed approach 
on real exams. 

Keywords— Positron Emission Tomography, Compartmental 
Modeling, Nonlinear Estimation, System Identifi-
cation. 

I. INTRODUCTION  

The Positron Emission Tomography (PET) technique is 
mainly used to extract quantitative information of some 
living systems. Concept of emission and transmission to-
mography was presented circa 1950 decade, providing tri-
dimensional images of functional processes in human body 
today. 

In cardiologic studies, this category of tomography can 
help doctors in some heart diseases detection (e.g. ischemia) 
and bypass surgery planning. Some of other PET study mod-
alities available offer ways to investigate tumors and metas-
tases (oncology application) and brain disturbances, like 
Alzheimer’s disease, becoming an important tool for clinical 

practices. Dynamical behavior about metabolism rates can be 
investigated by estimation of kinetic parameters of compart-
mental models. 

These models structures use radioactive counts measures 
from specific tracers like 18-FDG (18-fluordeoxyglucose) 
and Rubidium-82 injected into a patient and allow quantify-
ing physiological parameters like perfusion, oxygen and 
glucose consumption. 

The goal of this paper is to assess 3 Compartmental mod-
els in Akaike’s Information Criterion sense. 

II. MATERIAL AND METHODS 

A. Collecting data 

We are interested in radioactive tracer isotope concentra-
tions along the time and it can be collected as follows: after 
receiving a bolus, patients start a PET session entering a 
tomography machine in the lying position. The radioactive 
counts are detected by the PET scanner and computer 
processed using specific image reconstruction algorithms. 
These resulting images provide a data set used to build tracer 
concentration curves to be applied to compartmental models. 
Tissue and plasma tracer concentrations are used to estimate 
rate constants employed to a particular study. Fig. 1 illu-
strates how this procedure works. 

 
B. Compartmental modeling 

Compartment models are characterized by a system of dif-
ferential equations with input functions and rate constants. 
Using a state space representation for m compartments, one 
has the following system: 
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)()()(
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⋅+⋅=&
          (1) 

 
Where: 

• )(tC  and )(tC&  are the tracer concentration vector and 

its derivative with respect to time, respectively. 
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Fig. 1: PET procedure for data acquisition 

• )(tC p  is the tracer concentration measured in plasma.  

• )(tCtac  is the tracer concentration measured in tissue.  

• K  is a m× m  kinetic rate constants matrix.  
• B  is a m× 1 plasma rate constant vector. 
• D  is a 1× m output tissue tracer weight vector. 
 

For simplicity, one may assume the initial conditions 

)0(C  as a null vector and D  as unit vector. 

Given the tracer concentration in plasma and tracer con-
centration in tissue, the goal is to estimate all kinetic rate 
constants of matrix K . This can be done using nonlinear least 
squares techniques. 

 
C. Methods 

Parameter estimation is about calculation of rate constants 
using measured data. This job deals with 3 important subjects 
to fit models: Modeling, Statistics and Optimization. 

Fitting curves consists of estimate parameters minimizing 
some cost function like the summed squares of residuals (the 
difference between the measured data and the model curve at 
the same sampling time). Weights associate to each datum are 
put in a manner to give more credibility according to its preci-
sion. The following cost function is used in this article: 

 

∑
=

−⋅=
n

i
iTACiTACi tCtCwF

1

2)](ˆ)([            (2) 

 
This function is convenient because least squares corres-

pond to the maximum likelihood criterion when the residuals 
have normal distribution. It is a reasonable assumption for 

PET data [1]. The weights iw are assumed to be the inverse of 

)( iTAC tC  measure [2]. 

D. Generating Plasma and Tissue tracer concentration curves 
and model fitting 

To select what compartment model is the most suitable from 
a statistical point of view, some simulated studies were done. 
Remembering the need of the input function (tracer concentra-
tion in plasma) and the tissue tracer concentration (time activi-
ty curve), we may generate 2 curves to the model fitting. 

For this purpose, consider the following steps: 

1. Start building an input function with characteristic mor-
phology. Add Gaussian noise to that. 

2. Using the curve obtained in step 1, generate a time activity 
curve using a fixed compartmental model with its rate con-
stants. 

3. Add Gaussian noise to the curve obtained in step 2. 
4. Using the curves obtained in step 1 and step 3 fit some 

compartment models and asses their performance using In-
formation Criterion. 

E. Computation of the Estimates 

Because of nonlinear solutions for the system (1), a nonli-
near least squares estimation scheme is applied. The Nelder-
Mead and Levenberg-Marquardt algorithms are used. Basical-
ly, an initial guess for parameters values is chosen. Then, the 
cost function (equation 2) is minimized iteratively until 
changes to the parameters become exceedingly small. Thus, 
they are often found in optimization subjects. 

Nelder-Mead algorithm was employed because it has a good 
performance when a poor initial guess is chosen. On other 
hand, this method does not have the expected behavior when 
close to the minimum. It converges very slowly or simply does 
not find a reasonable value for the parameters. 

That is why one may use the Levenberg-Marquardt ap-
proach after some iterations of Nelder-Mead simplex method. 
Using an approximation to derivatives of weighted least 
squares sum (equation 2), Levenberg-Marquardt method has 
strong convergence towards the parameters values estimation. 
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Nelder-Mead implementation is available in Matlab 7.0 in-
stallation as a feature of fminsearch routine. 

Levenberg-Marquardt algorithm [3] was written in Matlab 
code also. 

To compute derivatives required by algorithm, sensitivities 
equations are calculated with a fifth order Runge-Kutta algo-
rithm. Here, sensitivity approach is an interesting way to 
estimate dynamical system parameters since it can be deter-
mined differentiating system (equation 1) with respect to the 
desired constant rates [4], [5]. 

Then, they are integrated together with the original system 
(equation 1) to compound an approximation for Hessian ma-
trix required by the algorithm. 

Nonlinear estimation can be applied to estimate delays of 
system equations given by equation (1). It is an interesting 
resource that is being investigated to be applied in a future 
work. 

One may use spectral analysis to do this job also. In this 
case, we can analyze a phase chart obtained when the plasma 
tracer concentration is used as input of differential equations 
(1), being an Input-Output black box system approach. Phase 
information reveals details about the delay features. 

 
F. Akaike Information Criterion 

The Akaike Information Criterion (AIC) allows the model 
comparison among models with one, two or more compart-
ments. 

Given a measured data, it is known that the cost function 
(2) presents lower values when a more complicated model 
(i.e., a model with more compartments) is fitted. One cannot 
consider only the minimal residual squared sum to select the 
more appropriate model because one would be fitting the 
noise, also. 

That is the reason to apply another criterion like AIC. This 
one is given by: 
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⎡
+⎟
⎠
⎞

⎜
⎝
⎛ ⋅⋅⋅+⋅= 1

2
ln2 min

n

F
npAIC

π
  (3) 

Where: 

• p  is the number of model parameters. 

• n  is the number of measured points. 

• minF  is the minimal weighted least squares sum reached 

with computation of estimates. 

G. Obtaining Signal-Noise ratios for tracer concentration 
curves 

The Signal-Noise ratios were estimated using data from 5 
patients of Heart Institute of Medicine School of University of 
São Paulo, Brazil. The tracer used was 18-FDG to offer im-

ages from their hearts. Plasma and tissue concentration curves 
were got using commercial software named PMOD 
(www.pmod.com) [6]. 

Plasma tracer concentration Signal-Noise ratio was 
achieved fitting the input function to a 3 exponential curve. 
The data noise was assumed to be independent with zero 
mean. After subtraction, we obtained approximate-

ly
22 %1 SignalNoise of σσ = . A Signal-Noise ratio was 

calculated as dBSNR tCP
20)( ≅ . 

Tissue tracer concentration Signal-Noise ratio was esti-

mated fitting the measure data to the )(tCTAC presented in 

system (1). Noise was considered independent with zero 
mean. After subtraction, we obtained approximate-

ly
22 %4 SignalNoise of σσ = . Thus, 

dBSNR tCTAC
14)( ≅ were obtained. 

III. RESULTS 

A. Simulation 

To simulate and decide among 3 Compartmental Models, 
the following flow was applied: 

1. Known rate constants were fixed for 1, 2 and 3 Compart-
ment Models. Thus, one has 2 rate constants, 4 rate con-
stants and 6 rate constants, respectively, to generate Tis-
sue concentration curves. 

2. The curves were used to identify what system was re-
sponsible for that information generation applying 
weighted least squares sense and calculating AIC metrics. 

3. The smallest AIC metric results were compared to the 
respective known model used in the first step here.  

The aim of the 3 steps above were to certificate if a specif-
ic model structure is able to fit data correctly (at least, in 
Akaike’s metric sense). In other words, if we have measures 
from a PET session, a modeler can know how many com-
partments must be considered in desired study. It is an impor-
tant tip to help a model development for certain process if we 
don’t know, a priori, many details about the physiological 
dynamic system.   

3 levels for Signal-Noise ratios were tested (table 1): 

Table 1 – Signal-Noise ratio levels 

Signal-Noise ratio Level Plasma SNR Tissue SNR 

Low 17dB 11Db 

Medium 20dB 14Db 

High 23dB 17Db 
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Results are presented in table 2 for medium Signal-Noise 
ratio level simulations. Here, 200 points were considered and 
right model using Akaike’s metric is marked in bold. Similar 
results are obtained using high and low Signal-Noise ratio 
levels. 

Standard deviations values calculated are inferior limits 
once the fit function is complex [7].  
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Table 2 – Constant rates calculated using the identification procedure. The models on the left were used to build Plasma and Tissue tracer concentration curves 
using the fixed constants. 

Fixed rate constants values 
1 compartment 

Model identified 
standard 
deviation 

2 compartments 
Model identified 

standard 
deviation 

3 compartments 
Model identified 

standard 
deviation 

1 
co

m
pa

rt
m

en
t 

K1 
0.200 

mL/min/mL 
0.1998 0.7239e-3 0.2003 0.0013 0.2006 0.0013 

k2 0.020 min-1 0.0201 0.1442e-3 0.0198 0.0010 0.0200 0.00099 
k3 - - - 0.0000 0.0034 0.0000 0.0034 
k4 - - - 0.0000 105.8305 0.0000 1.1053 
k5 - - - - - 0.0000 0.0033 
k6 - - - - - 0.0000 0.55e-7 

Weighted Least Squares Sum 522.6 491.5 506.1 
Akaike’s Metric 308.1 308.4 314.2 

2 
co

m
pa

rt
m

en
ts

 

K1 
0.200 

mL/min/mL 
0.2089 0.7303e-3 0.2002 0.0014 0.2025 0.0017 

k2 0.020 min-1 0.0187 0.1418e-3 0.0200 0.0012 0.0200 0.0022 
k3 0.010 min-1 - - 0.0100 0.0041 0.0100 0.0141 
k4 0.000 min-1 - - 0.0001 0.0121 0.0010 0.0997 
k5 - - - - - 0.0001 3.2946 
k6 - - - - - 0.0000 0.0100 

Weighted Least Squares Sum 1411.2 818.6 818.4 
Akaike’s Metric 368.7 339.5 343.5 

3 
co

m
pa

rt
m

en
ts

 

K1 
0.200 

mL/min/mL 
0.2138 0.3703e-3 0.1981 0.0007 0.2000 0.0013 

k2 0.020 min-1 0.0196 0.0694e-3 0.0201 0.0006 0.0200 0.0034 
k3 0.010 min-1 - - 0.0101 0.0020 0.0100 0.0572 
k4 0.001 min-1 - - 0.0010 0.0058 0.0010 1.7250 
k5 0.300 min-1 - - - - 0.2996 0.9724 
k6 0.010 min-1 - - - - 0.0100 20.0012 

Weighted Least Squares Sum 4164.9 1607.8 1555.3 
Akaike’s Metric 1183.7 996.4 993.6 

IV. CONCLUSIONS 

The results presented in table 2 show that nonlinear esti-
mation works well once the models were identified correctly 
according to Akaike’s Information Criterion. However, more 
complicated models (like a 3 compartment model) must be 
employed carefully. 

Relative simpler structures, like models with 1 or 2 com-
partments, have a good performance for a 60 measures set. 
Since a cardiac PET exam takes about an hour to be done, a 
sampling of one measure per minute satisfies our method. 

On other hand, a 3 compartments model must use a larger 
data set; 200 points were necessary to fit this kind of struc-
ture. It makes sense once if we want to estimate more rate 
constants, more experimental information is necessary.  
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Abstract— In this work we present a novel method to re-
move the gradient artifact in co-registered EEG/fMRI, of 
wide applicability and able to preserve EEG integrity. It is 
based on an iterative subtraction, but it improves upon exiting 
methods since for each slice the amplitude of the gradient 
templates to be subtracted is optimally adjusted by linear 
regression. This avoids the need of adaptive noise cancella-
tion, or principal component analysis. Performance of this 
algorithm was first evaluated on both in silico and real data. 
Results indicate that few iterations are needed for a successful 
gradient removal, without compromising frequency content of 
EEG.   

Keywords— Gradient artifact, EEG, fMRI, real data. 

I. INTRODUCTION  

The co-registration of electroencephalogram (EEG) and 
functional magnetic resonance imaging (fMRI) is a power-
ful tool to investigate no-invasively brain activities, be-
cause it combines the high temporal resolution of EEG 
(ms) with the high spatial resolution of fMRI (mm). Unfor-
tunately, interactions between the patient, EEG system, and 
the magnetic fields in the scanner may result in artifacts 
which obscure the EEG. Two main disturbances contami-
nate the EEG signal: gradient and ballistocardiographic 
artifacts. Several methods were developed to remove these 
artifacts. As regard gradient correction, they can be classi-
fied in two main categories: frequency domain filtering [1] 
and average subtraction in the temporal domain [2]. Fre-
quency domain filtering consists in determining the spec-
trum of the artifact template and subsequently correcting 
the signal power spectrum by setting artifact frequencies to 
zero. However, this approach can affect EEG, since its 
band may overlap. In the average-subtraction method, a 
gradient artifact template, computed by averaging N gradi-
ent artifact occurrences, is subtracted from each individual 
artifact, followed by adaptive noise cancellation in order to 
remove residual artefact components, [1]. In recent work, 
principal component analysis (PCA) is introduced to sup-
port this algorithm in order to capture temporal variations 
in the artifact. In [3], PCA is applied to generate an optimal 
set of basis functions that best describes the temporal varia-
tions of the artifacts. These basis functions are then fitted 
and subtracted from the EEG to reduce the artifacts. 

More recently, an interesting method based only on av-
erage subtraction was developed [4]. The algorithm pre-
liminarily estimates the MR sequence timing parameters in 
order to correct misalignments between EEG and fMRI 
data, and then removes gradient artifact by subtracting an 
artifact template calculated both on slice and on volume 
acquisitions.  

In our laboratory we used the software package System-
Plus (Micromed, Treviso, Italy) and the EEGLAB Toolbox 
plug-in FASTR [3, 5] for gradient artifact removal. Both of 
them are based on the average subtraction method, and the 
second one uses PCA to remove residual artifact. Their 
applicability in our data was not satisfactory, since FASTR 
was too long to go through PCA and adaptive noise cancel-
lation, and SystemPlus manual triggered signal was not 
completely filtered. 

Therefore we developed a novel method, based on the 
average-subtraction approach, to remove gradient artifact, 
able to preserve EEG integrity and adapt to any dataset 
avoiding MRI trigger, using complexity-free mathematical 
procedures. Results obtained both in silico and real data 
indicate that the method is successful in removing the gra-
dient artifact. 

II. MATERIALS AND METHODS 

A. In silico experiment 

Data were acquired from a water phantom inside the 
scanner during fMRI scanning. The average spectrum, 
computed for phantom data recorded during fMRI session 
shows that the artifact contaminates the volume acquisition 
frequency as well as its harmonics by producing large 
power peaks at these frequencies. Phantom artifact fre-
quency is:  

Hz
ns

TRt
f 25.11

1

≅⎟
⎠
⎞

⎜
⎝
⎛=

−
          (1) 

where TRt, volume time repetition, is 3.7 s and ns, number 
of slices, is 36. 

 A signal inside the scanner was generated in silico by 
adding the artifact acquired from the phantom to an EEG 
recorded outside the scanner in an healthy subject (original 
EEG). 
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B. Real experiment 

Subjects: Data were recorded in 9 healthy subjects (4 
men and 5 women), whose age ranged from 19 to 46 years 
(mean 34.11, SD 7.94). 

Experimental paradigm: While lying inside the MRI 
chamber the subjects did a right-hand thumb adduction. 
During fMRI acquisition, 100 volumes of 3700 ms were 
acquired, alternating 5 activations and 5 control cycles 
(rest), resulting in 6 minutes of echo planar imaging (EPI) 
recording.  

 
C. EEG data acquisition 

The EEG was acquired outside and inside the scanner 
using a MR compatible EEG amplifier (SD MRI 32, Mi-
cromed, Treviso, Italy) and a cap providing 32 Ag/AgCl 
electrodes positioned according to a 10/20 system (imped-
ance was kept below 10 kΩ). The reference was placed 
anterior to Fz, and the ground posterior to Fz. EEG data 
were acquired at the rate of 1024 Hz using the software 
package SystemPlus (Micromed, Treviso, Italy). To avoid 
saturation, the EEG amplifier had a resolution of 22 bits 
with a range of ±25,6 mV. An anti-aliasing hardware band-
pass filter was applied with a bandwidth between 0.15-
269.5 Hz. 

 
D. fMRI data acquisition 

 Functional images were acquired on a 1.5 T MR 
scanner (Symphony, Siemens, Erlangen, Germany) 
equipped with EPI capability and a standard 
transient/receive (TR) head coil. fMRI data were acquired 
with a T2* weighted EPI sequence (36 slices, TR=3700ms, 
TE=50ms, 64×64 matrix, FOV=256×256, slice thickness 3 
mm; voxel size=3×3×3mm, axial slice orientation). A T1-
weighted anatomical scan (192 slices, TR=1990ms, 
TE=3ms; scanning matrix 512×512, FOV=256×256; slice 
thickness 1mm; sagittal slice orientation) was also acquired 
for each subject. 

E. The novel gradient artifact removal method 

After a realignment process of EEG data depending on 
slice repetition time, the algorithm performs an iterative 
subtraction of the estimated slice artifact, according to the 
following steps: artifact waveform analysis, computation of 
signal average waveform affected by gradient artifact, 
artifact estimate by least squares minimization, subtraction 
of estimated artifact. 
 Realignment: The operations to remove the artifact 
need to be executed within every channel, one volume at a 

time. Channel division in nv volumes is performed by in-
serting automatic triggers in recorded EEG data for every 
scan interval, after a preliminary visual inspection in which 
first scan beginning is identified. Subsequently, volume 
subdivision in ns slices is obtained by segmenting it in the 
same way.  

Algorithm: The algorithm is based on the hypothesis that 
the recorded EEG signal y(t) is the sum of a true underlying 
EEG signal eeg(t) and a signal u(t) containing artifact com-
ponents: 
y (t)=u (t)+eeg (t)         (2) 
and consists in three fundamental steps that are repeated 
iteratively: 
• Signal affected by gradient artifact average. 
A template for artifact waveform, f(t), is computed by av-
eraging all volume’s slices. 
• Artifact estimate by least squares minimization.  
Since artifact does not repeat identically at every slice, it 
was described by the following parametric expression: 
û i (t)=ai f(t),  i=1…ns,          (3) 
where ai is a proportional coefficient to be estimated for 
each slice by linear regression.  
• Subtraction of estimated artifact.  
The estimated artifact is subtracted from the raw data, one 
slice at a time.  

The algorithm terminates when the spectrum of the es-
timate artifact ûi (t) is similar to that of an artifact-free 
EEG, thus indicating that gradient artifact has been suc-
cessfully removed. Finally, the output is smoothed by a 
Butterworth low pass filter (LPF) with a cut-off frequency 
of 40 Hz applied in forward and reverse directions to give 
zero phase distortion in order to isolate EEG components in 
the range of interest (1-30Hz). 

 

IFMBE Proceedings Vol. 25

1144 E. Sartori et al.



F. Validation 

In order to test the effectiveness of the algorithm, the 
spectra of EEG signals recorded inside the scanner during 
fMRI scanning were calculated after any subtraction using 
discrete Fourier Transform (DFT) spectral analysis, after 
down sampling to 256 Hz. Average spectra were computed 
from 2s non overlapped epochs of EEG and the activity in 
four frequency bands (δ 1-4 Hz, θ 4-8 Hz, α 8-13 Hz and β 
13-30 Hz) were calculated for each EEG channel.  

III. RESULTS 

A. In silico 

The raw EEG signal with gradient artifact during fMRI 
scanning is shown in Fig. 1, whereas Fig. 2 shows the abil-
ity of our method to remove artifact gradient. 

The best end subtraction must be evaluated by compari-
son of spectral components and by visual inspection of 
frequency-domain spectra, computed after each iteration. 
The first one seems to be sufficient to remove gradient 
artifact in [1-30 Hz] range (Fig. 3), but in comparison with 
its frequency-domain spectrum, as shown in Fig. 4, it dem-
onstrates that some residual artifact still remains, producing 
a nasty time-domain data. From further subtractions, we 
can see that the third and the fourth ones remove signal 
components in delta range, therefore in this case the second 
iteration is the best end condition for the algorithm in order 
to preserve the signal integrity.  

The component at 50 Hz is due to an amplification of 
power line interference in the scanner, while the BGC 
artifact is low because the real EEG used to create the 
simulated signal was recorded outside the scanner. 

 

B. Real 

Spectral analysis is executed for each artifact subtracted 
considering the range [1-30 Hz]. The end condition of the 
algorithm requires that the artifact spectrum has the same 
shape of EEG artifact-free one, because it means that all 
gradient artifact has been removed. As shown for a repre-
sentative channel in Fig. 5, we can see that the first subtrac-
tion removes most part of gradient artifact in particular for 
alpha and beta bands, while the others adjust frequency 
contents in delta and theta ranges. Since after the second 
iteration there are not evident variations in alpha and beta 
bands, in this case only two iterations are needed in order 
to best preserve the integrity of the signal. 

 
Fig. 1. Raw EEG signal during fMRI scanning (original EEG plus gradi-
ent artifact). 

 
 

 
Fig. 2. EEG signal corrected for gradient artifact after LPF (40 Hz). 

 
 
 

 
Fig. 3. In silico experiment: (Fp1 channel) absolute power in δ, θ, α  e β 
bands for original EEG plus gradient artifact after all subtractions 
compared to those of  the original EEG. 
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Fig.4. In silico experiment: (Fp1 channel) EEG spectra before (a) and 
after (b,c,d,e) the iterative steps of the novel method. Green line indicates 
the original EEG, blue line the filtered EEG.  
 

 
Fig. 5. Real experiment: (Fp1 channel) absolute power in δ, θ, α  and β 
bands after all subtractions compared to those of the raw EEG. 

IV. DISCUSSION 

In this study we developed a method to remove gradient 
artifact in co-registration EEG/fMRI. The novelties of this 
method are the iteratively average subtraction and the tun-
ing of the artifact to be subtracted, for each slice, by linear 
regression. Analysis of in silico data validates the method, 
since the filtered EEG is similar to the artifact-free one, as 
evident from visual inspection of time-domain data (Fig. 1 

and Fig. 2) and of frequency-domain spectra (Fig. 4) and 
from comparison of spectral components (Fig. 3). Analysis 
of real data by exploring spectral components from first to 
fourth iteration (Fig. 5) shows that two subtractions are 
sufficient for a gradient successfully removal, without 
compromising signal contents in δ range.   

Moreover, this method offers a practical solution as it 
does not require hardware solutions such as synchronizing 
the EEG and MRI systems or altering imaging sequence 
and collecting data at very high sampling rate[3].  

V. CONCLUSIONS  

In conclusion we have developed an algorithm for an ef-
ficient gradient removal from EEG data. Compared to other 
commercial and free software, our method is computation-
ally faster and it improves the quality of filtered EEG.  

The algorithm will be additionally validated in patho-
logical EEG data. Analysis on patients with partial epilepsy 
are in progress, to check the ability of the method to pre-
serve the characteristic waveform of epileptic EEG activity 
during EEG/fMRI co-registration. Preliminary results are 
very promising. 

REFERENCES  

1. Hoffmann A et al. (2000). Electroencephalography during functional 
echo-planar imaging: detection of epileptic spikes using post-
processing methods. Magn Res Med 44:791–8. 

2. Niazy RK et al. (2005) Removal of FMRI environment artifacts from 
EEG data using optimal basis sets. Neuroimage 15; 28(3):720-37. 

3. Allen PJ et al. (2000) A Method for Removing Imaging Artifact 
from Continuous EEG Recorded during Functional MRI. Neuroi-
mage 12: 230-239. 

4. Gonçalves SI et al. (2007). Artifact removal in co-registered 
EEG/fMRI by selective average subtraction. Clin Neurophysiol 
118:2437–2450. 

5. Delorme A, Makeig S, 2004. EEGLAB: an open source toolbox for 
analysis of single-trial EEG dynamics including independent com-
ponent analysis.  J  Neurosci  Methods 134 (1), 9 –21. 

Corresponding author: 

Author: Elisa Sartori 
Institute: University of Padova 
Street: Via Gradenigo 6/B 
City: Padova 
Country: Italy 
Email: elisasartori84@libero.it 

 

IFMBE Proceedings Vol. 25

1146 E. Sartori et al.



Registration of Ultrasound Contrast Images for Perfusion Analysis 
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Abstract— Registration of ultrasound images is challenging 
task in many applications, particularly in myocard perfusion 
analysis, because of heart and probe movement and because of 
high changes in image intensities due to contrast agents. This 
paper describes image registration approach based on parame-
tric images. The properties of the similarity metric are investi-
gated and tested on real perfusion sequence. 

Keywords— image registration, ultrasound imaging, contrast 
agent, myocardium, echocardiography 

I. INTRODUCTION  

The image registration methods are widely used in many 
medical applications and many algorithms have been devel-
oped for each of these applications. However, the registra-
tion of ultrasound images is still developing due to speckle 
noise, spatial invariant resolution and variable contrast 
caused by scene and frequency dependent attenuation. Most 
of these ultrasound registration methods assume that charac-
ter of the registered images doesn’t change [1]; i.e. the con-
trasts of the images to be registered are very close to each 
other. Hence, these monomodal methods cannot be used in 
dynamic contrast- enhanced ultrasound imaging (DCE-US), 
where contrast agent dramatically changes the scene proper-
ties. In these applications the contrast of the images varies 
in time and the signal to noise ratio is, of course, changing 
too, which relates to the passage of the contrast agent trough 
the tissue.  

Analysis of perfusion curves (time curves expressing the 
changes of contrast agent concentration within the small 
region of myocardium) estimates several tissue parameters 
(e.g. capillary flow) [2]. These perfusion parameters are 
evaluated in standardized segments of myocardium [3]. To 
get proper time-curves for perfusion analysis no misalign-
ments between images in sequence are allowed and there-
fore registration process must be employed. 

II. DATA ACQUISITION 

Myocardial infarction (MI) is one of the leading causes 
of death for man and women all over the world [4]. MI 
occurs when the blood supply to a part of myocardium is 

interrupted. This commonly starts by occlusion of coronary 
artery. In this phase patient have no significant problems 
(chest pain, dyspnoe, etc.), but myocardium is not suffi-
ciently perfused. Using DCE-US techniques, the perfusion 
analysis of myocardium can be performed for angina pecto-
ris diagnosis. 

The SonoVue contrast agents have been used for DCE-
US echocardiography (2-chambers view) in our experi-
ments. SonoVue is an aqueous suspension of stabilized SF6 
micro-bubbles. The size of these microbubbles is between 1 
and 10 µm [5].  

A bolus of 2.5ml of SonoVue in 2.5ml of saline solution 
was injected to the patient bloodstream. Ultrasound image 
acquisition was gated by electrocardiogram. The sequence 
of images during the contrast agent distributing was record-
ed using VingMed System FiVe scanner with radiofrequen-
cy (RF) option, which enables first and second harmonic RF 
acquisition (FPA 3.5MHz). Only the second harmonic was 
used for further processing. The image sequence has 80 
images, which corresponds to approximately 60 s.  

III. METHOD 

A. Property of images 

Registration of ultrasound contrast images sequences is a 
difficult task. Specific noise (speckle) is present and con-
trast of images is usually very low and depending on the 
position and time.  
Each image sequence starts with the first, pre-contrast, 
phase (the myocardium is lighter than blood in chambers), 
see Fig. 1. In the second phase (post-contrast), contrast 
agent is present in blood and myocardium is darker than 
blood in chambers, see Fig. 2. This indicates that multimod-
al registration approach (independent of image intensity) 
must be employed. 
 

B. Attribute vector 

Our registration method is based on modified Hierarchic-
al Attribute Matching Mechanism for Elastic Registration 
(HAMMER) [6] method and it is based on similarity be-
tween attribute vectors of registered images. 
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Fig. 1 Pre-contrast image of heart chamber. 

 

 
Fig. 2 Post-contrast image of heart chamber. 

 
In pre-processing phase, the images were filtered using 

simple estimation of Wiener function [7] to suppress the 
speckle noise. The size of the neighborhoods for local mean 
and standard deviation estimation was 15-by-15 pixels. 
After pre-processing, six parameteric images were com-
puted: 

1. Simple intensity image. 
2. Absolute value of the first derivative in direc-

tion of x-coordinate Xδ . 

3. Absolute value of first derivative in direction 

of y-coordinate Yδ . 

4. Absolute value of the second derivative (Lap-
lacian of Gaussian). 

5. Value of: 22
YX δδ + . 

6. Difference: YX δδ − . 

  
Absolute values of derivatives must be used for valid 

registration of pre-contrast images with post-contrast im-
ages. During the pre-contrast phase, the edges between 
myocardium and blood in a chamber are inversed in com-
parison to post-contrast phase. These parameters constitute 
the attributes vector for each pixel in the image, which is 
used for similarity metric. 

C. Criteria function and image registration 

For estimating of the geometrical transformation between 
fixed and moving image, the similarity measure is com-
puted, based on attributes vectors. If attribute vector of 

point 1p is ( )1pAV and ( )pavi  is i-th attribute of this 

vector, the similarity measure of two attribute vectors is 
defined as: 

( ) ( ) ( )( )( )∏ −−=
i

w
ii

ipavpavppsim 2121 1, ,  (1) 

where vector iw contains the weights for each element in 

attribute vector [6]. Weights can be used for emphasizing or 
suppression some of the structures or image properties. 

These weights were set empirically to suppress the inten-
sity attribute of an image and emphasize derivatives 
(edges). In our case the weight vector has been set 
as: [ ]1;1;1;2.0;1;2.0=w . 

Similarity of two images 1I and 2I  is computed as 

( )∑
∈

=
ROIM

MM
ppsimIISIM 2121 ,),( , (2) 

where M represents set of pixels in region of interest (ROI). 
The above defined similarity measure SIM has been em-

ployed as criteria function for registration using only trans-
lation transformation.  
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IV. RESULTS AND DISCUSSION 

The ROI for registration was selected to contain the 
chamber and myocardium-chamber boundary. The SIM 
value has been evaluated for all combinations of translations 
in direction of x-coordinate and y-coordinate from -20 to 20 
pixels. Fig. 3 shows the value of similarity measure between 
pre-contrast and post-contrast image. The position of maxi-
mum value of similarity represents the best shift between 
the fixed and moving image for SIM metric. Fig. 4 shows 
the same similarity plane for two post-contrast images. 

 
Fig. 3 Similarity function of pre-contrast and post-contrast images for 

translating (-20 to 20 pixels in direction of x- and y-coordinates). 
 

 
Fig. 4 Similarity function of two post-contrast images for translating (-20 

to 20 pixels in direction of x- and y-coordinates). 

 
To compare these two figures, the single global maxi-

mum can be observed in both cases. Similarity image in Fig. 
4 is smoother, but still showing wavy behaviour. Similar 
behaviour can be obtained also fro two pre-contrast images. 

Maximum value of similarity can be found using an ap-
propriate optimization. These two examples tells us, what 
kind of this optimization should be use. While the optimiza-
tion method for two pre-contrast images can be simply 
based, for example, on steepest descent gradient, the opti-
mization method for pre- and post- contrast images should 
use a population-based approach (e.g. controlled random 
search or genetic algorithms). 

 

 
Fig. 5 Registered pre- and post-contrast image as checkerboard. 

 
The similarity measure was tested on the sequence of 80 

frames acquired during DCE-US experiment. All images in 
this sequence were aligned with respect to the first image 
(pre-contrast image). The optimal transformation was found 
by searching through whole 2-parametric space, using the 
position of global maxima. This parametric space was con-
strained to -40 to +40 pixels in each direction and the step 
was 1 pixel, which are reasonable values for our sequence. 
Fig. 5 shows one result of registration as checkerboard im-
age of pre- and post-contrast image. For better demonstra-
tion, the white line represents the boundary-line between 
myocardium and chamber. The registered images were 
evaluated only subjectively and it was observed that in 
some cases the global maxima was not found (see Fig. 6). 
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Fig. 6 Similarity function of two post-contrast images with no significant 

global maximum. 
 
To test the standard optimization method, Nelder-Mead 

Simplex Method has been applied.  Analysis of these regis-
tered images showed that 47 images have been properly 
registered (from the same sequence of 80 images). Remain-
ing images showed visible misalignments which correspond 
to the results in previous case.  

V. CONCLUSION 

This paper presents results of an ongoing research aimed 
to perfusion analysis on ultrasound sequences. The proper 
analysis cannot be performed without image registration. 
We showed that the ultrasound contrast agent causes high 
local extremes in defined SIM function and, in some cases, 
the global maxima doesn’t corresponds to the optimal 
alignment.   

There are many optional parameters in each step of regis-
tration framework including preprocessing (speckle reduc-
tion), similarity metric estimation (choice of weights) and 
optimization method.  
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Abstract—A new trunk subdivision BIA model is proposed 
to distinguish abdomen fat from the chest fat to improve the 
five-segmental BIA effectively. The measurement system in-
cluding hardware and software is designed based on four-
electrode method to verify the model. The MSCT was supplied 
as a criterion to develop regression equations for predicting fat 
free volume. The BIA and MSCT experiment for abdomen fat 
measurement was conducted involving 65 adult subjects. The 
correlation coefficient between the prediction value with the 
trunk subdivision mode and the percent fat free volume with 
MSCT is r=0.853, p=2.057e-9 for male and r=0.816, p=2.369e-9 
for female. The trunk subdivision model can be adapted to 
estimate abdomen fat effectively with acceptable accuracy. 

Keywords—Body composition, bioelectrical impedance 
analysis, trunk subdivision model, MSCT. 

I. INTRODUCTION  

Body composition is one of the fundamental variables in 
assessing the nutritional and clinical status of people. Meas-
urement of body composition has greater importance for 
both health and disease. Information of many aspects can be 
obtained adopting body composition analysis, such as dis-
eases influences on human body, the efficiency of treatment 
and nutritional status [1]. The application of classic two-
compartment (2-C) model of body composition has acceler-
ated in recent years because of association of excess body 
fat with increased risk for cardiovascular diseases [2]. In the 
2-C model, the body is divided into body fat and fat free 
mass (FFM), and the fat compartment is considered non-
conductive.  

Bioelectric impedance analysis (BIA), developing in re-
cent thirty years, has the advantage of security, reliability, 
convenience and easy operating [3][4][5]. It has been 
widely used in health screening, nutritional status investiga-
tion, obesity control, clinical monitoring and so on. BIA 
assumes a 2-C model consisting of a single body cylinder in 
which the fat compartment is nonconductive, and the fat-
free compartment is homogeneous and uniformly conduc-
tive [6]. The human body is assimilated to five conducting 
cylinders (two for the arms, two for the legs, and one for the 
trunk) in five-segmental BIA. The resistance path is more 
realistically through the five cylinders. 

The trunk segment can be divided into two parts: chest 
and abdomen in anatomy. There are two types of trunk 

obesity in clinic: subcutaneous fat accumulation and vis-
ceral fat accumulation. In the chest, including heart, lung 
and other organs, for the female breast included, the subcu-
taneous fat is in the majority. But in the abdomen, including 
digestive system and urogenital system, the visceral fat is 
mainly contained. People with abdomen fat face greater 
health risks than others who are only overweight. A new 
trunk subdivision model is suggested in this paper for the 
purpose of distinguishing the abdomen fat from the chest fat 
to improve the five-segmental BIA method. 

MSCT can produce multi-compartment models of the hu-
man body [7]. The total volume of adipose tissue of the scan 
regions and its’ percentage can be computed. It can be sup-
plied as a criterion to develop regression equations for pre-
dicting fat free volume and calculating body composition. 

II. METHOD 

A. Trunk Subdivision Model 

A new trunk subdivision model was proposed based on 
the five-segmental BIA dividing the human body into eight 
parts to distinguish the impedance of abdomen from chest. 
In this modified model, the application of resistance net-
work makes the subdivision of the impedance in trunk. As 
is shown in Fig. 1, R1 and R3 represent the impedance of 
left and right upper limbs respectively. R2 represents the 
impedance of chest. R6 represents the impedance of ab-
dominal cavity. R4 and R5 represent the virtual impedance 
connecting the chest impedance and the abdomen imped-
ance assumed in the model which can be understood as 
tissues on the left and right side of the diaphragm in anat-
omy. R7 and R8 represent the impedance of left and right 
lower limbs. R6 is correlated to the abdomen fat free mass 
which is the critical problem of obesity in clinic. 

 

Fig. 1 Trunk subdivision model 
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When the body’s bioelectrical impedance is measured, 
the human body is assimilated to an electrical conductive 
cylinder where the organism’s biological tissues play the 
role of more or less perfect conductors or of insulators [8]. 
In the new trunk subdivision model shown in Fig. 1, the 
chest and the abdomen impedance will be calculated using 
resistive network analysis by means of measuring the volt-
age difference by the proximal electrodes when the current 
has been injected through the distal electrodes on the hand 
and foot.  

Human’s trunk has an elliptic or oblong-shaped cross 
section. The upper limbs connect with the trunk through 
shoulder, and the cross-sectional areas of connections are 
relatively small. The hypothesis of the cylinder volume 
conductor can be supported in this condition. But the lower 
limbs connect with the abdomen through buttocks. For the 
cross-sectional areas connections are comparatively large, 
the hypothesis of the cylinder volume conductor is invalid 
in calculation according to the current density analysis in 
the process of measuring the abdomen impedance through 
the lower limbs. The abdomen and the lower limbs can be 
approximated to a semi-cylinder volume conductor connect-
ing to two cylinder volume conductors with the diameter of 
D according the current distribution shown in Fig. 2. The 
cross section is approximated to a rectangle which is L in 
width and 2L in length.  

In right circular cylinder coordinate system, for a point in 
the volume conductor, the current can be described as 

DL
LhUhdr

r
UdSI

L

DC −
=−•−=•∫= ∫ ln)( 0000

θ
ραα

θ
ρδ .  

Let πθ = , Lh = , the impedance can be calculated as 

)DLln(Lln
LR

−−
= πρ

                           
(1) 

It can be concluded from equation (1) that the abdomen 
impedance by measuring lower limbs would be influenced 
by the size of body’s abdomen and buttocks. Simultane-
ously it is difficult to simulate this area with simple geomet-
rics, it is necessary to simplify the model in practical  
application. 

 

Fig. 2 Abdomen conductive volume model 

The model in Fig. 1 is equivalent to a four port resistance 
network. Only six numbers measurement is independent for 
a determined 4-port based on the reciprocal theorem. The 
solution will have two unknown numbers in solving the 
eight unknown resistances from six independent equations. 
It is an indeterminate system of equations. The Newton 
iteration method is used to solve the above-mentioned inde-
terminate equations by predetermining the range of the 
resistance of upper limbs or lower limbs. The equivalent of 
the resistance of the two upper limbs or the two lower limbs 
can be selected as the convergence condition. This criterion 
is acceptable in most cases except physical disabilities or 
visible asymmetry of limbs. 

B.  BIA Measurement System Design 

A body composition measurement system is designed 
based on four-electrode method. It consists of measuring 
electrodes, hardware circuit, MCU control system and mas-
ter computer with related software. The current (about 1 mA 
at 50 kHz) is injected through the distal electrodes one the 
hand and foot and the voltage difference are measured by 
the proximal electrodes.  

The hardware circuit includes Constant Current Source, 
switch array for detection electrodes, two sigma-delta ADCs 
on the same silicon, signal amplification and processing 
circuit, ADuC834 main control circuit and communication 
circuit. Sine wave generator and voltage controlled current 
source (VCCS) constitute the Constant Current Source. 
Considering the skin-electrode contact impedance and the 
future expandability, the VCCS should have high dynamic 
range and high V-I conversion rate. The wideband opera-
tional transconductance amplifier OPA660 of the Burr-
Brown Company is adopted in this system. Two sets of 
switch array is applied to gate the corresponding electrodes 
of all the eight connected with limbs which is under the 
control of the MCU complied with the communication pro-
tocol with upper computer. In signal amplification and 
processing part, impedance signal is sent to the A/D input 
port of ADuC834 after buffering, differential amplification, 
gain adjustment, carrier demodulation by AC-DC convert 
circuit. In order to communicate with the master computer, 
ADuC834 of ADI acts as the slave computer with the sam-
ple rate of 100Hz and baud rate of 19200.  

The master computer completes the functions of control-
ling parameter, receiving and saving data, analysis and 
display data. After the measurement process, the impedance 
of the eight segments in the new trunk subdivision model is 
calculated and illustrated under the VC complied software 
for master computer. 
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C. Subject and Procedures 

The BIA and MSCT experiment for abdomen fat meas-
urement was conducted at Tianjin union hospital involving 
65 volunteers, 30 male and 35 female dividing into two 
groups, ranged in age from 21 to 88 yr (mean 50.8 yr). 
Some anthropometric data involving weight, high, age and 
sex are recorded in advance. 

In the process of BIA measurement, the subjects held a 
pair of handgrips in hands tightly and stand on a foot pad 
with stainless steel electrodes keeping arms outspread and 
no contact between the legs. Two ring electrodes, one for 
injecting and the other for measuring, embed in each hand-
grip. The resistance of the whole body model, the five-
segmental model and the trunk subdivision mode are calcu-
lated by software on the PC offline for following statistical 
analysis.  

Fig. 3 shows the fat volume and distribution of a subject 
obtained with MSCT scan. The green area represents the 
adipose tissue. The fat distribution curve is illustrated in 
Fig. 4. 

 

Fig. 3 Cross-sectional images of the abdomen obtained by MSCT 

 

Fig. 4 Fat distribution curve of MSCT 

D. Statistical Analysis 

Linear regression using MSCT measured variables was 
performed to identify the accurate equations for predicting 
fat free volume from impedance. According to equation (1), 
the electric resistivity ρ can be described as follows: 

)]ln([ln DLLRL −−= πρ                   (2) 

where R is the abdomen impedance, exactly the R6 in fig. 1. 
L is proportional to the hip circumference and was con-
verted by S, the cross-sectional area of abdomen measured 
by MSCT, in this study. Assuming D=0.9L, for a figurate 
volume conductor, the reciprocal of resistivity 1/ρ is propor-
tional to the conductive content in the volume conductor. So 
the following model can be applied for the regression.  

Percent fat free volume =
ρ
1

10 bb +
               

(3) 

where RL ⋅⋅⋅= 10lnπρ . Use R as independent variables 
and measured value by MSCT as dependent variable in 
regression. 

III. RESULTS 

All statistical analyses were performed under MATLAB 
platform. Statistical significance was set at the 0.05 prob-
ability level. Percent abdomen fat free volume obtained 
with MSCT was 39.3-89.3% for male (mean 58.9%) and 
37.5-58.9% (mean 47.3%) for female. The female had sig-
nificantly greater abdomen fat than male. The mean abdo-
men resistance R6 measured by BIA was 37.9 for male and 
40.7 for female. 

 

Fig. 5 Percent fat free volume in abdomen predicted with trunk subdivision 
BIA contrast with MSCT measured for male 

 



1154 S. Zhao, H. Sha, and J. Deng

 

  
 

IFMBE Proceedings Vol. 25

 

 

 

Fig. 6 Percent fat free volume in abdomen predicted with trunk subdivision 
BIA contrast with MSCT measured for female 

The Percent fat free volume in abdomen predicted with 
trunk subdivision BIA contrast with MSCT measured is 
shown in Fig. 5 and Fig. 6. The correlation coefficient be-
tween the prediction value with the trunk subdivision mode 
and the percent fat free volume with MSCT is r=0.853, 
p=2.057e-9 for male and r=0.816, p=2.369e-9 for female. 
The correlations are statistically significant. 

IV. CONCLUSIONS  

The conductive volume model is considered as the basis 
for BIA. A new trunk subdivision model was introduced in 
this paper to distinguish between chest fat and abdomen fat. 
A corresponding measurement system including hardware 
and software was designed using four-electrode method and 
in good working order. The MSCT was supplied as a crite-
rion for predicting fat free volume using linear regression. 

The result of this study confirmed that the resistance of 
the abdomen on the new trunk subdivision model has cer-
tain relationship with the fat content and distribution. The 
correlation between the abdomen FFV prediction value of 
BIA and measured value of MSCT is statistically signifi-
cant. This new model can be adapted to estimate abdomen 
composition effectively with acceptable accuracy. 

Some additional anthropometric variables were not used 
to improve predictions in this study, including age, weight 

and height. The additional of these variables might have 
reduced the errors of prediction. Although somewhat less 
accurate, the regression model we applied was more funda-
mental and more correspond to actual current distribution in 
human body. 
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Abstract— To understand the significance of cardiac 

autonomic function in patients with schizophrenia, we 
extended these studies to relatives of patients. In this 
study, we assessed cardiac and gastric autonomic modu-
lation in healthy first-degree relatives, patients and con-
trols.  

First-degree relatives showed decreased vagal modu-
lation of heart rate, decreased baroreflex sensitivity and 
altered myolelectrical activity in the stomach. The pat-
tern of autonomic dysfunction seen in patients and rela-
tives might indicate underlying disease-inherent genetic 
vulnerability, especially since autonomic parameters are 
heritable and findings suggest that autonomic dysfunc-
tion may affect different divisions of the autonomic 
nervous system. 
 
Keywords— autonomic nervous system; schizophrenia; va-

gal; offspring; heart rate variability; baroreflex 
sensitivity; genetic 

I. INTRODUCTION  

Autonomic dysfunction associated with decreased vagal 
and increased sympathetic modulation occurs in various 
psychiatric conditions.1,2 The previously described pattern 
of autonomic dysfunction in schizophrenia with decreased 
heart rate variability (HRV) and baroreflex sensitivity 
(BRS), but unaltered blood pressure variability, has not 
been investigated in the context of disease specificity to 
date.3-5 We hypothesized that similar to patients suffering 
from schizophrenia, measures of HRV, BRS, QT variability 
and electrogastrography (EGG) differ from healthy controls, 
whereas parameters of blood pressure variability remain 
unaffected. For this purpose, we investigated 30 siblings 
and offspring of patients suffering from schizophrenia. All 
measures were compared to those of 30 age- and sex-

matched healthy controls. In addition, all parameters were 
obtained from related patients to delineate previously ob-
served changes in the disease. 

II. METHODS 

Thirty patients suffering from paranoid schizophrenia, 
their healthy first-degree relatives and controls matched to 
relatives for age, sex, weight, smoking habits and education 
were included in this study. None of the participants suf-
fered from any medical or additional psychiatric disease. 
Participants were asked to refrain from smoking, drinking 
coffee, heavy eating or exercising two hours prior to the 
investigation. Subjects suffering from nicotine withdrawal 
were not included in the study. 

Patients suffering from schizophrenia were diagnosed by 
a staff psychiatrist. Psychotic symptoms were quantified 
using the scale for the assessment of positive symptoms 
(SAPS) and negative symptoms (SANS). This study was 
carried out in accordance with the Declaration of Helsinki.  

Examinations were performed in a quiet room which was kept 
comfortably warm (22–24 °C) between 3 and 6 p.m.. Subjects 
were asked to relax, breathe regularly and move as little as 
possible. Respiratory rate was obtained for all participants. 

The electrocardiogram (high resolution, 1000 Hz; Task Force 
Monitor®, CNSystems, Medizintechnik GmbH, Austria) was 
recorded for 30 minutes. From this, the device automatically 
extracted the RR-intervals (beat to beat interval). RR-intervals 
were filtered afterwards and interpolated for ectopic beats and 
artifacts. Continuous blood pressure was simultaneously re-
corded non-invasively from the third and fourth finger using 
the vascular unloading technique. The EGG was recorded for 
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30 minutes in fasting state and thereafter for further 30 min-
utes during standard meal digestion. 

In accordance with the suggestions of the recommendations 
for autonomic testing as suggested by the Task force of the 
European Society of Cardiology and the North American 
Society of Pacing and Electrophysiology we computed the 
square root of the mean squared differences of successive NN 
intervals (RMSSD) and the ratios of low frequency (LF; 0.04–
0.15 Hz) and high-frequency (HF; 0.15– 0.4 Hz) components.6 
The non-linear parameter compression entropy (Hc) was ap-
plied in this study, since previous studies indicated a high 
sensitivity in patients with schizophrenia.7 

From the continuously recorded blood pressure values, similar 
parameters were calculated for blood pressure variability.  

The BRS was assessed using the sequence method as de-
scribed previously. The QT variability algorithm has been 
described by Berger et al. in detail and was applied to data.8 

III. RESULTS 

The MANCOVA comparing first-degree relatives, controls 
and patients in respect to HRV, BRS, EGG, QT variability 
and blood pressure variability parameters revealed a signifi-
cant overall difference between groups [F(186,22) = 4.1, p < 
0.001].  

 

Figure 1 

Comparison of heart rate (A), RMSSD (B), Hc (C) and baroreflex sen-
sitivity (D) between relatives, patients and controls. 

ANCOVAs for single parameters revealed a highly sig-
nificant group difference for heart rate, RMSSD and Hc. 
Similarly, baroreflex sensitivity was also different between 
groups. Furthermore, QTvi showed significant group differ-
ences. In contrast to significant difference between relatives, 
controls and patients for LF/HF-ratio, no difference was 
observed for RMSSD, LF/HF-ratio as well as Hc of blood 
pressure variability. Systolic blood pressure and diastolic 
blood pressure were also significantly different. Further-
more, a significant difference was observed for tachygatsria 
and slow wave of the EGG. 

The MANCOVA performed to compare autonomic pa-
rameters between siblings and offspring revealed a signifi-
cant overall effect for the parameters heart rate, RMSSD, 
Hc, QTvi and b-slope. Follow-up ANOVAs revealed a 
significant difference for heart rate and a trend for RMSSD 
and for Hc. No difference was observed for the other pa-
rameters. Indicating that autonomic dysfunction was more 
pronounced in offspring of patients. 

IV. DISCUSSION 

We present substantial evidence for reduced HRV and BRS 
as well as augmented QT variability in relatives of patients 
suffering from schizophrenia. Similar to patients,5 blood 
pressure variability was not significantly different in 
relatives included in this study. In accordance to our 
hypothesis the described pattern is comparable to changes 
seen in patients. The observed finding in our study suggests 
a genetic contribution to the autonomic pattern observed in 
relatives in our study. In addition to our results, an enhanced 
sensitivity to metabolic stress was found in unaffected 
siblings previously.9 Thus, future studies need to evaluate a 
possible association between changes of autonomic function 
and disturbed stress response in first degree relatives, since 
it is highly likely that subcortical circuits regulating 
dopaminergic response to stress might also be involved in 
autonomic cardiac regulation.  Furthermore, our findings 
suggest that sympathetic modulation in the enteric nervous 
system is significantly increased in untreated patients 
suffering from acute schizophrenia and their relatives. 

Our results are limited by the uncertainty as to the possi-
bility whether the investigated relatives might develop the 
disease in the future. Yet, no participant suffered from a 
personality disorder or a prevailing trait according to per-
formed tests. 
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V. CONCLUSIONS 

We demonstrated substantial autonomic dysfunction in 
healthy first degree relatives of patients suffering from 
schizophrenia. Thus, a genetic background for these altera-
tions is highly likely and should be investigated. Further, 
the possible specificity of the described pattern for the risk 
of cardiac disease in relatives should be evaluated in future 
studies in more detail. 
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Abstract— A robust method to determine the relative orien-
tations of vectorcardiographic loop structures is presented. 

First, the signal is resampled with respect to arc length. 
Then, a total least squares plane fit is used to form local coor-
dinate systems of the loop structures. The time behavior of the 
signal is used to identify the fitted axes. Finally, an optimal 
rotation matrix between the two loop structures is estimated. 
The Euler angle decomposition of the rotation matrix provides 
a complete description of the relative orientations of the loop 
structures as a whole. 

The proposed method is compared with traditional 'total 
cosine R-to-T' (TCRT) based approach using a k-nearest 
neighbors (kNN) classifier. According to the results, the me-
thod performs about 20 percent units better on inferior myo-
cardial infarction patients than the TCRT. 

Keywords— Electrocardiography, Least squares methods, 
Multidimensional signal processing, Numerical 
analysis, Singular value decomposition. 

I. INTRODUCTION  

The spatial orientation of vectorcardiographic (VCG) 
loop structures has been found useful in electrocardiogram 
(ECG) diagnostics. Especially, the 'total cosine R-to-T' 
(TCRT) has been used with success to predict the outcomes 
of the coronary artery disease and the postmyocardial in-
farction patients [1]-[5]. 

Accordingly, a negative value of the TCRT has been as-
sociated with a statistically significant increase in the prob-
ability of a cardiac death. The location of the infarction, 
however, has been found to affect the TCRT parameter 
significantly. In [6], it is shown that an inferior myocardial 
infarction (MI) yields TCRT values in the range overlap-
ping with that of the healthy people. 

In this paper, we introduce a new and more robust way of 
determining the relative orientation of the VCG loop struc-
tures, i.e. the VCG representations of the QRS complex and 
the T-wave. We take a holistic view of the VCG loop struc-
tures, not focusing on minor local variations in the signal. 
This should improve the performance with inferior MI, and 
make the method more robust against the effects of noise 
and other external influences such as movement artifacts. 

Fig. 1 shows the top level structure of the proposed me-
thod. First, the VCG data are resampled equidistantly with 

respect to the arc length for both the QRS and T loop struc-
tures. This is discussed in Chapter II. Second, a local coor-
dinate system of the loop structure is formed, which is ela-
borated on in Chapter III. Third, an optimal rotation matrix 
relating the two local coordinate systems is estimated. Fi-
nally, the optimal rotation matrix is decomposed into Euler 
angles. These two last steps are represented in Chapter IV. 

  

Fig. 1 An overview of the proposed method. 

II. RESAMPLING WITH RESPECT TO ARC LENGTH 

A. Arc length of a space curve 

A space curve is a smooth mapping r I 3 t r t
T , where I t0 t1  is an interval. 

By smoothness, we mean that  has a continuous derivative. 
We allow for a finite number of discontinuities in the deriv-
ative, hence, the curve may consist of a fin e number of 
jo d ooth arcs. Such a curve is piecewise mooth. 

it
ine  sm s
The arc-length L of the space curve  on interval 

0 s fiI u  i  de ned as 

 (1) 

The length of a piecewise smooth curve is calculated sum-
ming up the lengths (1) of each of the constituting arcs.  

B. Spline interpolation 

Let us consider an equidistantly sampled signal . 
Without loss of generality, we assume that the samples are 
aken at unit intervals. The signal can be approximated 

g erali  li  interpolation as 
t
using en zed sp ne

f t ck t k   (2) 
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where  is a suitable basis function, and  is 
coefficient chosen so that f k f k for all  [7]. 

For sampled space curves (VCG), we consider the coor-
int lat oximation, i.e.   dinate-wise erpo ed appr

.  (3) 

C. Arc-length parametrization 

In order to sample the interpolated space curve equidis-
tantly with respect to the arc length, we construct  1 , 
the inverse mapping of (1). If 0  for all t , L is 
strictly increas g, and hence, rse exists. in the inve

We proceed as follows: for a given arc length , we find 
the parameter  such that  a . First, we find  
such that k k 1 . In this way, the arc length 
can be expressed as 

 (4) 

Let us denote c a k . Consequently, the problem 
is to find  such that c. This can be solved using 
Newton’s method in which starting with k

L k
 we 

iterate 
k

k
  (5) 

D. Gaussian quadrature 

The integrals in (4)–(5) can be solved with good accura-
cy numerically using Gaussian quadrature [8]. The trans-

t Gau sian quad elated N poin s ratur  is 

f tt1
t0

1t t0
2

wN kf xN k
N
k 1 (6)  

where 1 1  are evaluation points and  are 
wei ts. gh

The rule (6) is accurate for polynomials up to degree 
2N 1. For , the evaluation points are  

 , and  The corresponding weights are 
,  , and . 

III. LOCAL COORDINATE SYSTEM 

A. Total least square lane fit s p

Suppose we have  equidistantly sampled data points in 
 representing VCG loop structures. The total least 

squares (TLS) algorithm can robustly find a plane passing 

through 0 and having a unit normal vector  such that the 
sum of the squared orthogonal distances from the data 
points to the plane is minimized. The points  on the plane 
sat f , and the TLS fit minimizes is y x

D xi 0 n 2M
i   (7) 

The solution to the TLS problem is found by first calcu-
lating the centroid of the data, i.e. . Then, the 
data is centered by removing this mean. Finally, the normal 
vector of the hyper plane is found using Singular Value 
Decomposition (SVD) on i 's as the right singular vector 
(RSV) corresponding to the smallest singular value. 

The plane fit approximates the shape of the loop struc-
tures as a whole. Furthermore, the TLS is directly related to 
the principal component (PC) representation, which can be 
determined using the same SVD. The right singular vectors 
form also the PC basis and can be regarded as the natural 
coordinate system of the data. If all the singular values are 
different and none of them is zero, this coordinate system is 
unique up to sign changes of the RSVs. In practice, this is 
most often the case, because the data contains noise that 
makes equal and zero singular values improbable. 

B. Natural time-based orientation 

Since the VCG loop structure can be seen to be formed 
by the tip of the moving vector that represents the totality of 
heart’s activity, a natural orientation among the data points 
is established. We nam  the initial part of the VCG loop 
‘the left part’, and the la er part ‘the right part’. 

e
tt

First, a unit vector u1  pointing at the direction in 'the 
middle of the loop' is calculated. If the magnitude signal of 
the loop is concave, we choose the unit vector at the maxi-
mum of the magnitude. Otherwise, the loop is convex, and 
we choose the unit vector at the minimum of the magnitude. 

Second, a unit vector u2 1 pointing to the left part of the 
loop is calculated as the average vector from the beginning 
to the middle of the loop. Similarly, a unit vector u2 2  is 
calculated as the average vector from the middle to the end 
of the loop. For robustness, these are combined as a unit 
vector 

u2 u2 1 u2 2 u2 1 u2 2   (8) 

Finally, a unit vector ort

   (9) 

hogonal to u1 and u2 is 

C. Axis reordering based on time behavior 

SVD is not guaranteed to yield axes in the order of the 
time behavior. Therefore, we reorder the PCA axes accord-
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ing to the signal’s behavior in time. Let V v1 v2 v3  
be the RSV basis from the SVD, and U u1 u2 u3  be 
the asis of spatial orientation vectors. Furthermore, let   b

C UTV   (10) 

Each element ci j of the matrix (10) presents the projection 
of the  on the vector j or vice versa.  vector i

Reordering is done using the following greedy algorithm. 
Le 2 3 . Choose a ne ering such that t I 1 w ord

ik im m k ck l   (11) maxl I

for . The algorithm relies on the success of the 
previous step, and limits the number of comparisons. For 
negative , the RSV vector is reversed. 

IV. RELATIVE ORIENTATION 

A. Optimal ro ation matrix t

Let  and  be two orthonormal 3-by-3 matrices. If the 
coordinate system spanned by the column vectors are same 
ha ed, here exists a optimal rotation matrix R such that  nd t

Y RX   (12) 

For numerical stability, (12) can be solved using SVD. 
Le T , and T be its SVD. Now, t 

R US  VT,  (13)

where  if . Otherwise, , 
and 1 .  ensures that we obtain a true 
rotation, not a reflection. For derivation, see [9]-[11]. 

B. Euler Angles from a Rotation Matrix 

In the three dimensional case, a rotation matrix R can be 
decomposed into three subsequent rotations about the coor-
dinate axes. The three angles giving the three rotation ma-
trices are called the Euler angles and they depend on the 
order of rotations. In the ZYX convention, the rotation is 
performed first around the X-axis by  radians, then around 
the Y-axis by  radians, and finally, around the Z-axis by  
radians. For details, see e.g. pages 222–229 from [12]. 

V. RESULTS 

A. Dataset 

Digital 8-lead ECG data were recorded with a Welch Al-
lyn Cardiocontrol BV digital ECG recorder (Welch Allyn 

Inc., Skaneateles Falls, USA) at the University Hospital of 
Oulu. All the measurements were done without the built-in 
digital filter of the ECG recorder. The sampling frequency 
was 600 Hz. During the measurements, the patients were 
lying on a bed. The skin was shaved and rubbed with sand-
paper where the Blue Sensor R-00-S (Medicotest, Lstykke, 
Denmark) electrodes were placed at. 

The group consisted of 21 healthy persons (age 44 +/- 13 
years) and 21 patients who were recovering from an inferior 
MI (age 63 +/- 15 years). All the patients had recovered 
from the first infarction and all reinfarctions were excluded. 
The data was recorded four to seven days after the heart 
failure. 

B. TCRT versus the new method 

Fig. 2 shows the distribution of TCRT values for both the 
healthy controls and the inferior MI patients. The TCRT 
values were computed using the method described in [13]. 
According to Fig. 2, negative values of TCRT are common 
with the patients, whereas healthy controls exhibit mostly 
positive TCRT values. However, there is a significant over-
lap in the positive TCRT range between the two groups. 

Fig. 3 depicts the distributions of the three Euler angles 
that describe the optimal rotation between the planes 
spanned by the VCG loop structures of QRS-complexes and 
T-waves. 

 

Fig. 2 A histogram of TCRT values. Black represents healthy controls and 
white MI patients. 

 

Fig. 3 Euler angle histograms with respect to X-axis (a), Y-axis (b) and Z-
axis (c). Black represents healthy controls and white MI patients. 
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An Inverse Approach to Determine the Elastic Modulus of Bone Tissue by the 
Indentation Tests  
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Abstract— Recently, based on the finite element method and 
dimensional analysis, we proposed an inverse approach to 
determine the elastic modulus of power-law engineering mate-
rials by using indentation tests. In this study, we make an 
attempt to apply the method developed to some elastoplastcic 
biological materials, such as bone tissue, which do not exhibit 
power-law behaviour. The elastic modulus of sheep vertebra 
and several bones of adult are identified. It is found that the 
relative errors of the identified elastic modulus are very small. 
It is proved that the inverse approach developed for power-law 
materials can be applied to identify elastic modulus of bone 
tissue.  

Keywords—Eelastic modulus, Finite element method, Indenta-
tion test, Bone tissue 

I. INTRODUCTION  

It is well known that the change of the elastic modulus of 
bone tissue has close relationship with some diseases oc-
currence and course, such as osteoporosis[1]. New nano-
scale analysis applied on bones and other mineralized bio-
logical materials enable a new window into the fine details 
of mechanical behaviour at extremely small scales. By us-
ing the classic method proposed by Oliver and Pharr[2], 
Young’s modulus and hardness of materials can be evalu-
ated. Many efforts have be delivered to determine the ma-
terial properties of bone and other biological soft tissues[3-

5]. It has been recognized in these literatures that the 
method of Oliver and Pharr suffers from the effect of pil-
ing-up of the indented materials. Therefore, efforts have 
been made to develop novel methods to determine the 
elastic modulus of elastoplastic materials. It is noted that 
almost all the new methods are just based on one typical 
material model, the power law material model. Thus the 
reader may ask: is it possible to use the method based on 
one typical material model to other materials? Such as 
bone? In order to answer this question, we investigated the 
applicability of the method based on the power law model 
to the bone tissue, by using the method proposed in our 
recent work[6]. 

II. MATERIALS AND COMPUTATIONAL METHODS 

A. Materials  

Due to the indentation test data absence, we measure the 
material properties by the axial compression test, and get 
the indentation loading curve of the indentation test by 
numerical simulation, using the finite element method. The 
stress-strain curve of a sheep vertebra by axial compression 
test is shown in Fig1. Then, the elastic modulus of the sheep 
vertebra can be calculated, which is 0.409Gpa and yield 
stress is about 13Mpa.. 
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Fig.1 Stress-strain curve of the sheep vertebra by axial compression test 

The numerical simulation for the process of the indenta-
tion test is carried out using ABAQUS. An axisymmetric, 
two-dimensional model was adopted and a total of 10000 
four-node bilinear axisymmetric elements with reduced 
integration and hourglass control were used to model the 
semi-infinite solid. The boundary conditions were such that 
the outer surface nodes were traction-free with fixed lower 
surface nodes. The size of the indented solid is taken to be 
large enough compared with the maximum contact radius, 
thus the boundary conditions basically have no effect on the 
computational results. The indenter was assumed to be rigid. 
The model assumed isotropic hardening, the yield criterion 
was that of Von Mises and large deformation formulations 
were included. According to our recent work[6], Dual sharp 
indenter with half-apex angles of 70.3° and 80° are taken, 
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the finite element model is shown in Fig.2, and the indenta-
tion loading curves are shown in Fig.3. 
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Fig.3  ndentation loading curves of the sheep vertebra by numerical 
simulation 

According to the indentation loading curve, the indenta-
tion loading curvature C  and the ratio between the re-
versible work We and the total work Wt done by the indenter 
can be obtained. According to the method proposed in ref-

erence [6], the representative strain r , which is defined as 

the plastic strain on the uniaxial stress strain curve, and 

representative stress r  corresponding to different tip apex 

angles can be identified. And then, the elastic modulus of 
the materials can be indentified. 

III. RESULTS  

According to the method in research [6], the elastic 
modulus of sheep vertebra is identified, which is 0.414 GPa. 
The relative error is 1.2%. The identified yield stress is 
16.2MPa and the relative error is 24%. Therefore, the 
method can be used to identify the elastic modulus of verte-
bra, but it cannot be used to identify the yield stress because 
the plastic part of the curve is not accord with power-law, 
shown in Fig4. 
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Fig.4 difference between the plastic part of the experimental curve and 
curve in accord with power law  

In order to verify applicability of the method, we take the 
other stress-strain curves of several bones shown in Fig.5 
and Fig.6. The identified results are shown in Table 1. 

 

Fig.5 Stress-strain curves of adult moist compact bones by tension test 
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Fig.6 Stress-strain curves of adult moist compact bones by compression 
test 

Table 1 Identified results of elastic modulus of some bones of adult 

materials 
Elastic modulus by 

expriment 
Identified elastic modulus 

Radius 18900 19683 

Fibula 18900 19170 

Hemerus 17500 17811 

Femur 20000 20469 

Tangential skull 4000 4028 

Radial skull 3000 3024 

It is found that the identified results are very good. The 
maximum relative error is 4%, which is believed to be ac-
ceptable. According to identified results of bones in Fig.5, it 
is found that when the elastic part of the stress-strain curves 
is similar and the plastic part is different, the elastic 
modulus can be identified exactly. 

IV. DISCUSSION  

It is found from Fig.4 that identified plastic properties 
might contain significant errors while in the case that the 
plastic behaviour of a material deviates from the power law 
description. However, it is interesting to find from the pre-
sent numerical example, that the identified elastic modulus 
using the present method is reliable even the elastoplastic 
part the stress-strain curve of the material can not be well 
fitted. Therefore, the applicability of this method must be 
discussed. 

We change the plastic parts of the materials in Fig.5 into 
Fig.7, as is to enlarge the plastic strain and to remain the 
elastic part of the stress-strain curve and the stress of plastic 
part of the curve unchanged. The identified results are 
shown in Table 2. It is found that the elastic modulus is not 
affected by the plastic part of the materials. 
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Fig.7 stress-strain curves of some imaginary material  

Table 2 Identified results of elastic modulus of some imaginary materials 

materials 
Elastic modulus by 

expriment 
Identified elastic modulus 

Radius 18900 19660 

Fibula 18900 18930 

Hemerus 17500 17550 

Then, the plastic strain of the materials of radius in Fig.5 
is dwindled, shown in Fig.8. The identified result is 
19532MPa and the relative error is 3.3%. Finally, the stress 
of plastic part of curve is enlarged as Fig.9, and the identi-
fied result is 19036MPa, the relative error is 0.72%.  

Therefore, it is believed that the method in research [6] 
can be used to identify the elastic modulus of bone tissue. 
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Fig.9 stress-strain curves of imaginary material 5 

A more important thing to be noticed is that the input 
data errors can not be avoided in practice. If the indentation 
loading curves are obtained from the indentation test, the 
relative errors of the identified result may be larger than the 
results in this paper. 

V. CONCLUSIONS   

Based on power law material model, quite a few novel 
methods have been proposed in the literature to determine 
the mechanical properties of materials of bone tissue using 
indentation tests. Our previous study shows that when ap-
plying a method based on the power law material model to 
the materials exhibiting other hardening behaviour, the 
identified plastic properties may contain significant errors. 
The present analysis shows, the method developed for 
power law materials to determine the elastic modulus can be 
applied to bone tissue, which exhibits other hardening be-
haviour with a high level of accuracy. The finding implies 

that in the development of a novel method to overcome the 
effects of piling-up by including the information of plastic 
properties, one may take a simple material model but the 
method may apply to the materials with complicated hard-
ening behaviour. 
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Abstract— An electroencephalogram (EEG) is often 
corrupted by different types of artifacts. Many efforts 
have been made to enhance its quality by reducing the 
artifact. The EEG contains the technical artifacts (noise 
from the electric power source, amplitude artifact, etc.) 
and biological artifacts (eye artifacts, ECG and EMG 
artifacts). This paper is focused on eye-blinking artifact 
detection from the video which is recorded with EEG 
data simultaneously. Detection of eye artifacts is not a 
simple process and therefore there are many efforts to 
develop an optimal method for eye artifact detection or 
in better case its elimination. In this paper there is 
described an unusual detection method based on image 
processing and analysis. 

 
Keywords— EEG, artifact, image processing, object 

recognition 

 

I. INTRODUCTION  

Electroencephalography is the neurophysiologic 
measurement of the electrical activity of the brain by 
recording from electrodes placed on the scalp or, in special 
cases, subdurally or in the cerebral cortex. The resulting 
traces are known as electroencephalogram (EEG) and 
represent an electrical signal (postsynaptic potentials) from 
a large number of neurons. These are sometimes called 
brainwaves. EEGs are frequently used in experimentation 
because the process is non-invasive to the research subject.  

The EEG record is often digitalized and stored on 
appropriate type of storage medium (CD, DVD, hard disk 
…) for additional processing and analysis. The EEG record 
contains many types of artifacts. An artifact is event or 
process which has not its source in an examined organ. One 
type of artifact is eye artifact – blinking and eye movement. 
However the amplitude of the electrooculographic (EOG) 
signals is only six-times greater than EEG signals, there is a 
large interference because of short distance between sources 
of these signals. The eye artifact is best seen in first two 

channels Fp1 and Fp2 (Fig. 1).  The international 10-20 
system of electrode placement is used.                                                                                       

 
Fig. 1 Segment of EEG record with marked eye artifacts in channels Fp1 

and Fp2. EEG record with 19 channels is used. 

II. EYE-BLINK DETECTION METHOD 

    The video record is obtained from two cameras. The first 
one is scanning the whole person in the bed and the second 
one is focused on the face. Detail of the face is used for the 
detection method. 

To detect eye blinking (opening and closing eyes), there 
is used measurement of mean value of intensity in the 
selected region of interest. The measurement is carried out 
for each frame and at the end the curve of mean intensity is 
made. The moments for opening or closing eyes are set 
according to increasing or decreasing values of the curve. 

In the pre-processing phase it is appropriate to reduce 
image data in order to accelerate detection of blinking. That 
means, only area focused on the face is cut from all frames 
and color depth from true color (24-bit) to grayscale (8-bit) 
is changed [1]. 

Let us set region of interest (ROI) in the reference frame. 
The way of setting ROI is interactive. The ROI has 
dimensions (k x l) and coordinates of upper left corner (L, 
T) for left and right eye (Fig. 2). In the application a user 
can set optimal ROI interactively in order to reach adequate 
signal to noise ratio. The ROI has to be selected in 
appropriate way, whole eye (in opened and closed state) 
must be in the selected area. 
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Then computation of mean intensity for N-th frame is 
given by 

1 1

1( ) ( , )
.

k l

avg N
i j

I N f i T j
k l

L  (1) 

 
where f(i,j)N  is luminance (intensity) level of pixel at 
coordinates i, j in the frame N. 
 
 

 
Fig. 2 Region of Interests setting 

The algorithm computes the mean intensity for each 
frame over the whole video sequence and then the mean 
intensity curve is being created. This curve displays mean 
intensity variance of the selected area over the time (Fig. 3 
blue). 

 

 
Fig. 3 Curve of mean intensity (blue). Threshold for transformation (red). 

 
From the curve of mean intensity it is not clearly seen 

when eyes are opened or closed. Therefore, it is appropriate 
to transform the curve to Boolean curve. Thresholding 
process is using for this purpose. Thresholding transforms 
the curve of mean intensity to Boolean curve with only two 
logical levels (Fig. 4). 

 
Fig. 4 Eye-blinking curve. Curve of mean intensity after thresholding. 

The computation of threshold is based on local extremes 
of the curve (function). The second derivative test is a 
criterion useful for determining whether a given stationary 
point of a function is a local maximum or a local minimum. 
This way of threshold computation makes the method 
independent on changes of brightness in the room. 

When vector of all local extremes is found then user 
(usually a doctor) interactively sets amplitude of one eye 
blink (circles in Fig. 3). A new point of boundary is selected 
if the following condition is satisfied: 

 

max min blink( L  - L ) > A /2   (2) 
 

where ( Lmax – Lmin ) is difference between neighboring local 
maximum  Lmax and local minimum  Lmin .  Ablink is 
amplitude of one eye blink. 
 
Final step is marking artifacts (blinking) in the EEG record. 
Marking is executed by adding one additive channel (EYE) 
into the record (Fig. 5). In contrast to previous figure logical 
1 stands for opened eyes. Moreover, the state of closed eyes 
is colored by another color (green color in this case) in the 
whole record. The change of colors represents blinking. In 
these segments the influence of eye blinking on the other 
channels is visible. Thanks to this a person who evaluates 
record knows origin of waves in the EEG channels [4]. 
 

 
Fig. 5 Marking of blinks in the EEG record 
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This detection method is very reliable just in case patient 
does not move his/her head. Assumption of non-moving is 
unviable in practice. Therefore, this fact is a big 
disadvantage of detection method described above. The next 
part of the paper is aimed at possible way of compensation 
of head movement. 

III. OBJECT TRACKING ALGORITHM 

For reliable detection of eye-blinking artifacts, it is 
necessary to keep eyes in regions of interest during the 
whole video record. For this purpose, two objects in 
appropriate color, shape and size are placed on forehead. In 
this case, appropriate color is black because occurrence of 
dark levels is much smaller than bright levels (Fig. 6). 
Choice of shape depends on deformation of object from 3-D 
space to 2-D space. Therefore, sphere looks like most 
suitable for this purpose.  

 

 
Fig. 6 Frame from video record with equivalent image histogram. 

By tracking these objects during the whole video 
sequence, it is possible to relocate ROIs proportional to 
centre of objects (Fig. 7). 

 
Fig. 7 Change of position of ROIs according to position of detected objects 

(G1 and G2). (A) – reference frame, (B) – tilted and rotated head 

Designed algorithm for object detection is very 
complicated; therefore the algorithm will be described very 
shortly.  

The algorithm consists of following basic steps: 
1. Conversion from grayscale to binary image. 
2. Labeling connected components. 

3. Detection of contour and centre of each labeled 
component.  

4. Identification of components which are similar to 
searched object. 

 
Threshold for image conversion in step 1 is set 

interactively by user. For setting threshold and other input 
parameters was created simple application. Users (medical 
doctors, hospital staff) do not need any special knowledge 
about image processing to use this application. 

There are plenty of algorithms for labeling components. 
The applied algorithm uses run-length encoding as the first 
step. This is a very efficient and fast method because it 
scans each pixel in the input image only once [2]. 

For finding contour of labeled component can be used 
one of edge detectors (Prewitt, Roberts, Canny…). In this 
case there was used another algorithm called backtracking 
bug follower [3]. 

To recognize shape of component Euclidean distance 
between centre and each contour point for every component 
is measured. If the distances are very similar, the object will 
be considered a circle (searched object). The real situation is 
not so easy because of sensible deformation of circle due to 
shadows, etc. Therefore it is necessary to define particular 
boundary when it is possible to consider shape as circle. 
Maximal percentage offset from mean value of Euclidean 
distances is defined as: 

max max , min
100d d d d

d
d

v v v v
o

v
 (3) 

where vd is the vector of Euclidean distances and  
1

d
N

v
N dv  is the mean value of vector vd. 

 
Percentage offset is computed only for reference frame and 
for other frames it is defined as reference value. 
 

 
Fig. 8 Comparison of deformed circle (up) and other component (down). 

Euclidean distances on the right. 
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In figure 8 two different objects with their Euclidean 

distances on the right are displayed. An object will be 
considered a circle if 75% of Euclidean distances lie in the 
defined interval. The interval is determined by percentage 
offset (3). For the first object 80.65 % of values lie in 
interval and for the second object only 34.38 % of values lie 
in the defined interval. It follows that only the first object 
stands for circle. 

 
In this section an algorithm for object tracking was 

shortly described. This algorithm is consuming too much of 
processing time and capacity because a big amount of 
computations have to be done. Future work is focused on 
reducing processing time. Result of the algorithm is shown 
in figure 9. 

 

 
Fig. 9 Demonstration of object tracking component for video record with 

complicated background 

IV. CONCLUSIONS 

In this paper there was presented an algorithm for the eye 
artifacts (blinking) detection. The algorithm was 
incorporated into an application with a user friendly 
interface. The designed algorithm is able to detect 
movements of eyeball but it needs better video quality – 
higher frame rate, higher resolution and video sequence 
without compression. 

The algorithm for eye-blinking detection had a big 
disadvantage in case of head movement. This disadvantage 
was removed by creating an algorithm for tracking objects. 
Thanks to this algorithm it is possible to relocate regions of 
interest so that eyes are in these regions during whole video 
record. 

Algorithm for tracking object has not yet been tested 
with a real EEG measurement but the authors do not see any 
limitation in functionality of the implementation. 
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Abstract  A correct evaluation of sleep electroence-
phalogram is required in order to arrive at an exact 
diagnostics statement. The sleep activity record is very 
long (several hours).  Thus the evaluation of the sleep 
activity is time-consuming.  The evaluation is provided 
by a doctor. In order to save time various automatic 
evaluations methods have been developed. One of the 
methods includes dividing the signal into 30 seconds long 
sections. These sections are analyzed. Nowadays there 
are under development many methods of searching K-
complex. In this paper there is described a method 
which combines segmentation, cluster analysis and 
neural networks. Eight hours EEG signal is used as a 
test signal. 

 
Keywords  sleep EEG, segmentation, cluster analysis, classes, 

sleep state. 

 

I. INTRODUCTION  

Computer preprocessing and biological signal analysis 
has significant importance for resulting diagnoise. In the 
case of very long (several hours long ECG or sleep EEG) 
signals big time saving can be achieved. Software that is 
capable to analyze 30 seconds of EEG (whole EEG record 
is divided in to 30 seconds long parts that are used for anal-
ysis) is developed. The software is capable at the present 
time to recognize awake state and NREM3, NREM4 states 
and partially NREM2. This paper is focused on automatic 
K-complex searching. It is a new method that improves the 
detection of sleep state NREM2. If we extend this method 
of sleep spindles searching we obtain the universal NREM2 
detection tool. K-complex is a well-delineated negative 
sharp wave immediately followed by a positive component 
standing out from the background EEG with total duration 
of less than 0,5s. Sleep spindle is a train of distinct waves 
with frequency 11  16Hz (most commonly 12  14Hz) 
with duration longer than 0,5s [1]. 

 
 

 
Fig. 1 K-complex and sleep spindle 

II. ADAPTIVE SEGMENTATION 

    EEG signal is stochastic and non-stationary. In the course 
of automatic analysis of EEG signal with the use of com-
puter equipment, one of the primary tasks is the extraction 
of informative features with maximum discriminatory abili-
ty. By obtaining spectral appearance of stage of signal with 
constant length is able to arrive to deformation of signal 
characteristic. The EEG signal is non-stationary signal. Just 
this necessity fixes adaptive segmentation [3]. 
 

Methods of adaptive segmentation: 

 Method based on linear prediction 

 Method based on autocorrelation function applica-
tion 

 Easy test method 

 Method based on two connected moving windows 

 
In our case the easy test method is used. This method uses 
mechanism of signal scanning with moving window and 
computes divergence of autocorrelation function between 
reference window and moving window. The boundary of a 
segment will be set by searching a point where the measure 
of ACF difference is constant (breaking point). We can 
proceed for example so that we test whether three (or more) 
values of consecutive points of difference measure are close 
enough, whether are situated in narrow tolerance band (PT) 
and are at the same time larger than a minimal value (MH). 
The segment boundary will be set by returning of window 
length from breaking the point [4]. 
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Fig. 2 Example use of adaptive segmentation. The top picture shows the 
test signal and its segment boundaries. The bottom picture shows single 
segments (A,B, C, D) of the test signal after the adaptive segmentation. 

 

III. PARAMETERS COMPUTING 

    For the best description of electroencephalograph seg-
ments we need specific characteristics. These characteristics 
describe time and frequency domain of EEG segments. 

Average amplitude: 
  
    The amplitude has two components: DC component and 
AC component. 
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Average frequency: 
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The other parameters are: amplitude variability, differ-
ence between max positive and min negative value of am-
plitude, 1st and 2nd derivation maximum value and average 
frequency.  Each of the parameters has different physical 
dimension. All parameters must be normalized (0-min, 1-
max). The next step is the cluster analysis. The cluster anal-
ysis splits segments into different classes. 

 

IV. CLUSTER ANALYSIS 

Cluster analysis is the classification of objects into dif-
ferent groups, or more precisely, the partitioning of a data 
set into subsets (clusters), so that the data in each subset 
share some common trait - often proximity according to 
some defined distance measure. Data clustering is a com-
mon technique for statistical data analysis, which is used in 
many fields (including data mining, pattern recognition, 
image analysis, bioinformatics and more). One of the sim-
plest non-hierarchical clustering methods is the K-means 
clustering method. The K-means algorithm assigns each 
point to the cluster whose center is the nearest. The center is 
the average of all the points in the cluster. Its coordinates 
are the arithmetic mean for each dimension separately over 
all the points in the cluster. The main advantages of this 
algorithm are its simplicity and speed which allows it to run 
on large datasets. Its disadvantage is that it does not yield 
the same result with each run, since the resulting clusters 
depend on the initial random assignments [5]. 

 

 
Fig. 3 Signal before cluster analysis 
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Fig. 4 Signal after cluster analysis 
 

V. NEURAL NETWORK TRAINING 

The backpropagation algorithm to neural network train-
ing was used. Backpropagation is a recursive gradient me-
thod for neural network weights adjusting with focus on 
learning error J minimalization. 
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N0  i is required activation 
value of i-neuron, xi is activation of i-neuron and p index 
means that it belongs to p-pattern [2]. 
    As the training set is used group of K-complexes from 8 
hours long EEG signal. In this signal, K-complexes were 
marked by a neurologist . The 
marked sectors of EEG with K-complexes were exported 
from this signal. 
 

 
Fig. 5 K-complexes marked by the neurologist 

 
Training algorithm (Levenberg-Marquardt backpropaga-
tion) 
 
load vstupy; 
load vystupy; 

siet=newff(vstupy,vystupy,10,{ ,
}, ); 

  
siet.divideFcn = ; 
siet.trainParam.goal=0.000001; 
siet.trainParam.show=20; 
siet.trainParam.epochs=4000; 
siet.trainParam.lr=0.05; 
  
[nsiet,tr,Y,E,Pf,Af]=train(siet,vstupy,v
ystupy); 
 

Fig. 6 The applied neural network 
 

VI. K-COMPLEX SEARCHING 

Two search techniques are used. The first technique 
scans each of the 30 seconds long EEG segment, this me-
thod is therefore very slow. The second technique is faster, 
it scans only some parts of the 30 second long EEG seg-
ments (adaptive segmentation and cluster analysis is 
needed). Both techniques use moving window which moves 
over the signal. Part of the signal is contained in the window 
and it is used as an input to the neural network. 

 

 
 

Fig. 7 Example of the slow searching technique 

Movable window 

Red dot = section with K-complex 
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The neural network detects whether at part of the signal is a 
K-complex (the match has to be more than 80%) or not. If it 
is a K-complex (red dot in fig. 7) then the signal corres-
ponds with NREM2 state.  
    The properties of K-complex are different (largest ampli-
tude) from remaining part of the signal (fig. 1). Therefore 
we do not need to scan the entire signal but only some spe-
cific parts of the signal. At first the signal (30 seconds) has 
to be preprocessed by adaptive segmentation. These sub-
segments are then analyzed. There are computed following 
values: average amplitude, average frequency, max value of 
1st and 2nd derivation, etc. These characteristics are used as 
entry parameters for the cluster analysis. The cluster analy-
sis splits sub-segments into two different classes. 
 

 
 

Fig. 8 Example of the faster method 
 
The red class represents segments with the largest ampli-
tude. According to the K-complex characteristics it is highly 
probable that K-complex is in this class.  By this technique 
the window is moved only over the red marked signal seg-
ments (fig. 8, region of interest). This technique is three 
times faster than the previous one. 

VII. CONCLUSIONS 

This paper deals with one of the possible methods for K-
complex search in the sleep EEG signal. In order to faster 
signal scanning, the signal is preprocessed by adaptive seg-
mentation. The segments are divided by the cluster analysis 
into two classes. This search algorithm was tested on 8 
hours long sleep EEG signal and the results have been satis-
fying. It is necessary to extend the training set and train the 
neural network to achieve more accurate results and more 
universal behavior of the method. More intensive coopera-
tion with neurologists is needed to make the K-complex 
database more complete. 
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Abstract— In case of an early diagnosed cerebral vascular 
disease exact knowledge of the individual anatomy and hemo-
dynamic situation is needed for improved rating of the disease 
and therapy planning. Concentration time curves derived from 
4D magnetic resonance angiography imaging are widely used 
to calculate hemodynamic parameters such as the bolus arrival 
time (BAT). The focus of this study is to evaluate the impact of 
the temporal resolution to three different BAT estimation 
methods: model independent Time-to-Peak determination, 
model dependent gamma variate fit and reference based curve 
fitting. The three BAT estimation methods were applied to the 
raw, binomial smoothed and B-Spline approximated concen-
tration time curves to evaluate a possible benefit of previous 
noise reduction. Additionally it is investigated whether arterial 
and venous structures have to be distinguished for temporal 
resolution requirements. For this reason 60 concentration time 
curves from arterial and venous structures of medical interest 
were extracted from six 4D TREAT MRA datasets. In a first 
step bolus arrival times were estimated based on the raw, 
binomial smoothed and B-Spline approximated curves using 
the three methods and the original temporal resolution. In the 
following these bolus arrival times served as the ground truth. 
Then the temporal resolution was iteratively reduced, the 
bolus arrival times were estimated and the relative error com-
pared to the initial values was calculated. The results show that 
a minimum temporal resolution of 2.6 seconds is necessary to 
yield adequate results for clinical tasks. Furthermore we found 
that no distinction between arteries and veins has to be made. 
Also previous smoothing of the concentration time curves leads 
to higher temporal errors. The results suggest that model 
dependent approaches perform better compared to the model 
independent method whereas the reference based curve fitting 
yields the most robust and best results.  

Keywords— Cerebral hemodynamics, TREAT, Concentration 
time curves, Bolus arrival time, Temporal resolution. 

I. INTRODUCTION  

In case of an early diagnosed cerebral vascular disease 
exact knowledge of the individual anatomy and hemody-
namic situation is needed for an improved rating of the 
disease and therapy planning [1]. New MR image acquisi-
tion techniques, especially parallel MR and echo sharing, 

enable the time resolved 4D MRA imaging of the blood 
flow and are used more frequent. For time-resolved acquisi-
tions there is always a tradeoff between temporal and spatial 
resolution. The main question investigated in this paper is 
what time resolution is needed such that the temporal error 
of the BAT estimation is in the range of clinical acceptance 
while the spatial resolution is maximized. 

In order to analyze blood flow using time resolved image 
data the estimation of the bolus arrival time based on con-
centration time curves is important. Several methods have 
been proposed to estimate the BAT parameter. Model inde-
pendent approaches define the BAT directly based on con-
centration time curve characteristics, e.g. Time-to-Peak. 
Model dependent approaches estimate the BAT by fitting a 
physiological model curve to the concentration time curve. 
The BAT estimation methods used in this study will be 
described in the methods section. 

Due to recirculation of the contrast agent concentration 
time curves do usually consist of several bolus passes, lead-
ing to problems for the BAT estimation. The time for recir-
culation requires usually between 15-20 seconds [2]. 

To the authors knowledge two studies have been made to 
estimate the impact of the time resolution to the bolus arri-
val time estimation. Berner et al. [2] used computer simula-
tions to measure the accuracy of gamma variate fits with 
respect to the time resolution and maximal signal drop. Lu 
et al. [3] studied the error propagation of gamma variate fits 
in non-linear regression using Monte-Carlo simulation 
comparing different fitting algorithms. Both studies con-
cluded that a temporal resolution of 2.6 seconds is necessary 
to yield good results with the gamma variate fit [2,3]. As a 
drawback both studies focused only on the gamma variate 
fit. Furthermore a possible impact of different flow proper-
ties in venous and arterial structures was not investigated. 

In this paper we applied three different methods for BAT 
estimation on 4D MRA datasets with different temporal 
resolutions. For every time resolution the BATs were com-
puted and the relative error compared to a known BAT was 
calculated.  
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II. METHODS 

A. 4D MRA Image Sequences 

New parallel MRA and echo sharing techniques enable 
the acquisition of 4D TREAT image sequences (time re-
solved echo-shared MR-angiography technique) [4]. For 
this study six TREAT datasets of patients with an arterio-
venous malformation (AVM) were acquired. The MRA 
measurements were carried out on a 3T Trio scanner (Sie-
mens, Erlangen, Germany) using an 8-channel-phased ar-
ray-head-coil. The TREAT images used in this work were 
acquired after application of approx. 18 ml contrast agent 
(Altana MultiHance®) using a repetition time of 2.54 ms, 
an echo time of 0.69 ms and a flip angle of 20 degrees. The 
resulting 4D TREAT images with a time resolution of 0.52 
s have a voxel size of 1.875 × 1.875 × 5.0 mm³. 

B. Model Independent Bolus Arrival Time Estimation 

Model independent (MI) approaches estimate the BAT 
parameter directly based on the concentration time curve. 
For this purpose several criteria have been proposed e.g. 
"time to peak" (TTP), "time to peak gradient arrival" 
(TTPG) (see Fig. 1). A more detailed overview is given by 
Shpilfoygel et al. [5]. One drawback of the model inde-
pendent criteria is that the fixed discrete BAT estimation 
depends on the temporal resolution of the data. In this study 
the TTP parameter was used. 

 
Fig. 1: Example for model independent BAT estimation 

C. Gamma Variate Bolus Arrival Time Estimation 

A common model based technique to estimate the BAT 
parameter is to fit a gamma variate function to a concentra-
tion time curve. It was first introduced 1964 by Thompson 
et al. [6], who demonstrated that a concentration time curve 
can be represented by the gamma variate function  

)/)(exp()()( βα ATtATtKtC −−−=  (1) 

which is valid for t > AT where t is the independent time 
variable, AT the appearance time, K the constant scale fac-
tor and α and β are arbitrary parameters. Madsen [7] re-

ported that changes in the α and β parameters affect not only 
the rise and fall times of the function but also affect a 
change of the location and magnitude of the function maxi-
mum, leading to problems during the fitting progress. For 
this reason Madsen [7] presented a simplified but entirely 
equivalent form of the gamma variate function: 

))ˆ1(exp(ˆ)( max ttytC −= αα   (2) 

with )/()(ˆ
max ATtATtt −−= . maxt  is used as the BAT.  

The fit of the gamma variate function has been used in nu-
merous studies. The benefits of the gamma variate function 
are the convenient mathematical properties. Furthermore the 
extracted BAT is not constrained by the temporal resolution 
of the concentration time curve. As a drawback Benner et 
al. [2] reported that the gamma variate leads to unsatisfying 
results when applied to concentration time curves which 
exhibit a low maximal signal drop. 

 

 
Fig. 2: concentration time curve (red) and gamma variate fit (blue) 

D. Bolus Arrival Time Estimation Using Reference Based 
Curve Fitting 

In this study a modified version of the reference based  
curve fitting method as proposed by Forkert et al. [8] was 
used to estimate the BAT. In this approach the patient indi-
vidual hemodynamic reference curve is computed first by 
calculating the normalized mean curve of the concentration 
time curves, whereas curves which do not exhibit a typical 
form are excluded from this calculation. In order to enable 
the evaluation of the reference curve between the sample 
points a B-Spline interpolation is performed on the ex-
tracted discrete reference curve. Due to the averaging, the 
extracted reference curve generally exhibits clear character-
istics. For this reason the TTP of the reference curve is 
extracted first and used as the reference BAT. 

In order to estimate the BAT for a given, also normalized 
concentration time curve s(t) it is fitted to the reference 
curve r(t), such that the sum of squared differences (SSD)  

2

1
)))(()((∑ −=

=

m

t
tfrtsSSD   (3) 
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with BAttf +=)(  is minimized, whereas A  is the scaling 
factor, B  the shift factor and m the number of sample points 
of the concentration time curve. Powell's optimization algo-
rithm [9] is used to reduce the computation time. In order to 
define the BAT of the concentration time curve the com-
puted parameters A and B are used to transform the refer-
ence BAT to the concentration time curve. 

 
Fig. 3: concentration time curve (red), reference curve (green) and fitted 

reference curve (blue) 

E. Experiments 

For every datasets 10 vessel voxels, which are of diag-
nostic interest, were manually selected by a neuroradiolo-
gist. Whereas four arteries (left and right anterior cerebral 
artery and left and right middle cerebral artery) and six 
venes (left and right internal cerebral veins, left and right 
sinus transversus and left and right cortical veine) were 
chosen. Leading to 60 investigated signal curves in total (24 
arteries and 36 veins). The methods described above were 
then used to define the BATs based on the concentration 
time curves derived from the selected vessels using the 
original temporal resolution. Furthermore since concentra-
tion time curves are often affected by noise, the BATs were 
also calculated based on a B-Spline approximated (degree 
of 4) and a binomial smoothed (1-4-6-4-1) signal curve in 
order to investigate if smoothing is useful. The estimated 
BATs were then used as the ground truth for the evaluation 
of the time resolution dependency. In the next step the tem-
poral resolution was artificially reduced in terms of keeping 
every nth image (n = 2,…,10) while leaving out the others. 
Due to the original time resolution this is equal to an inves-
tigated temporal resolution of 1.04 to 5.2 seconds. For every 
time step the BATs were estimated for every method and 
the mean absolute temporal differences compared to the 
reference BATs in consideration of the possible shifts were 
calculated. The analysis was performed for all selected 
vessel structures in total and exclusive for the arterial und 
venous vessel structures.  

III. RESULTS 

The following diagrams show the results of the time 
resolution dependency of BAT estimation methods for all 
vessel structures (top), only for arteries (middle) and veins 
(bottom). It can be seen that the best results are yielded by 
applying the BAT estimation methods on the unsmoothed 
(raw) data. As expected the model based approaches are less 
affected by an increase of the temporal resolution and yield 
better results. Furthermore it becomes evident that the refer-
ence based curve fitting performs better and especially more 
robust than the gamma fit for a temporal resolution up to 
2.6s while for higher temporal resolutions the gamma vari-
ate fit performs best.  
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Fig 4: Quantitative results of the impact of the temporal resolution for all 

vessel structures and only for arterial (middle) and venous structures 
(bottom) 
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The results of the distinction between the different vessel 
structures show that an increase of the temporal resolution 
especially affects the estimation using the gamma variate fit 
for arterial structures while the reference based curve fitting 
performs nearly equally for arterial and venous structures.  

Fig. 4 shows two color coded visualizations of the esti-
mated BATs using reference based curve fitting of a cere-
bral vascular system using the original temporal resolution 
of 0.52 s and 2.6 s. As aspected from the results, it can be 
seen that the two color coded visualization are nearly equal. 

 

 
Fig. 4: Color coded visualization of the estimated BAT’s for a cerebral 
vascular system using the original temporal resolution of 0.52 seconds 

(top) and a temporal resolution of 2.6 seconds (bottom) 

IV. CONCLUSIONS  

Our results suggest that a minimum temporal resolution 
of 2.6 seconds is necessary when using model dependent 
approaches to yield results, which are within the clinical 
requirements yielding a mean absolute relative error of less 
than 0.5 seconds. This result agrees to the [3] and [4]. When 
applied to unsmoothed data this temporal resolution yields a 
mean absolute temporal difference for all vessel structures  
of 0.37 (± 0.47) seconds for the gamma fit and 0.35 (± 0.37) 
seconds for the reference based curve fitting compared to 
the BAT estimated from the initial temporal resolution. In 
contrast to the reference based curve fit approach the 
gamma fit allows the extraction of further hemodynamic 
parameters like cerebral blood volume or mean transit time. 
Therefore a combination of both approaches might enable 

the fusion of both benefits. Furthermore our results suggest 
that the different flow properties of arteries and veins have 
no influence on the BAT estimation. It must be emphasized 
that the presented results are gathered only from the images 
acquired by one MR device and one technique. Therefore a 
more advanced study is planned using different MRA imag-
ing techniques and devices. 

In summary the model dependent approaches perform 
better compared to the model independent approaches, 
while the curve fit approach yields the best and most robust 
results. Moreover the results suggest that smoothing of the 
data rather to additional errors. A time resolution of at least 
2.6 seconds is neccesary to achieve adequate results for the 
analysis of the cerebral hemodynamics. Compared to a 
temporal resolution of 0.52 s this allows a approximately 
three times higher spatial resolution. 
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Abstract— In this study, we investigate the representation, 
analysis and classification of the EEG data recorded from four 
subjects during motor imagery. Four classes of imagery are 
recorded: left hand, right hand, the tongue and one foot, with 
40 trials each. Knowing the locations of the electrodes and the 
brain regions where the activation related with this four motor 
imagery tasks occurs, we apply the time-frequency analysis for 
the corresponding EEG signals. For separating the source 
signals, the Independent Component Analysis (ICA) based on 
JADE algorithm is applied. Then we represent the extracted 
components with the time-frequency analysis, using the spec-
trogram and the wavelet transform. Finally, we compare the 
results obtained for these methods with that obtained from the 
Event Related Spectral Perturbation (ERSP), with the 
EEGLAB application, to identify the Event Related Synchro-
nization/Desynchronization (ERS/ERD) of the miu band when 
the imagination of movement starts. 

Keywords— EEG signal processing, motor imagery, ICA, time-
frequency analysis. 

I. INTRODUCTION 

Motor imagery corresponds to a subliminal activation of 
the motor system, a system that appears to be involved, not 
only in producing movements, but also in imagining ac-
tions, recognizing tools, learning by observation or even 
understanding the behaviour of other people. There are 
many applications of motor imagery: in improving the ath-
letes’ performances for example, and especially for recover-
ing of the patients who lost their motor abilities from spinal 
cord accidents or brain strokes. Essentially, through motor 
imagery the subject can train his mind to create a neural 
pattern that make his muscles to do what he wants [1]. 

Motor imagery is a method for modifying brain oscilla-
tions in order to operate a BCI – Brain Computer Interface. 
A BCI is a complex system that records brain signals and 
analyses them for creating a communication channel di-
rectly between brain and computer. Obtaining this commu-
nication channel between brain and computer is very impor-
tant in bioengineering applications, in creating devices for 
people with handicaps, and for taking the interaction be-
tween man and machine to another level. The extraction of 
the effective brain connectivity is also a challenging task, 
allowing the scientist to decode the brain network during 

the motor imagery tasks, this being the base for the further 
control of the neuroprosthesis. In the current study a dataset 
available online, recorded for the BCI competition 2003 is 
used. The subject sits in a relaxing chair with armrests. The 
task is to perform imagery left hand, right hand, foot or 
tongue movements according to a cue. The order of cues is 
random. The experiment consists of several runs (at least 6) 
with 40 trials each; after trial begin, the first 2s were quite, 
at t = 2s an acoustic stimulus indicates the beginning of the 
trial, and a cross “+” is displayed; then from t = 3s an arrow 
to the left, right, up or down is displayed for 1 s; at the same 
time the subject is asked to imagine a left hand, right hand, 
tongue or foot movement, until the cross disappears at t = 
7s. Each of the 4 cues is displayed 10 times within each run 
in a randomized order. The recording is made with a 64-
channel EEG amplifier from Neuroscan, using the left mas-
toid for reference and the right mastoid as ground. The EEG 
is sampled with 250 Hz, it is filtered between 1 and 50Hz 
with the Notch filter on. Sixty EEG channels are recorded 
according to the 10-20 international standard. The data of 
all runs are concatenated. For visual artifact processing, the 
source derivation based on the center and the four nearest 
neighbor electrodes is computed [2]. 

For boundary electrodes, an equivalent calculation is 
made based on the first, second or third nearest neighbors – 
single trials are visually inspected for muscle and ocular 
artifacts. Trials containing artifacts are marked. Artifacts in 
boundary electrodes are not considered. 

II. SIGNAL PROCESSING METHODS 

A. Independent Component Analysis 

Independent component analysis (ICA) is a method for 
finding underlying factors or components from multivariate 
(multidimensional) statistical data. What distinguishes ICA 
from other methods is that it looks for components that are 
both statistically independent, and nongaussian [3]. 

It is formulated as a Blind Source Separation problem, 
which describes a situation when there are a number of 
signals emitted by some physical objects or sources. These 
physical sources could be, for example, different brain areas 
emitting electric signals; people speaking in the same room, 
thus emitting speech signals; or mobile phones emitting 
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their radio waves. If there are several sensors or receivers 
and these sensors are in different positions, than each one is 
recording a mixture of the original source signals with 
slightly different weights. ICA can be defined as follows: 
Given a set of observations of random variables, where t  is 
the time or the sample index, assume that they are generated 
as a linear mixture of independent components: 
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where A is some unknown matrix. Independent component 
analysis now consists of estimating both the matrix A  and 
the tsi  when we only observe the txi . Alternatively, we 
could define ICA as follows: find a linear transformation 
given by a matrix W as in (2), so that the random variables 
yi, i=1,...,n are as independent as possible. This formulation 
is not very different from the previous one, since after esti-
mating A, its inverse gives W. 
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So, when applying one of the numerous ICA algorithms 
(in our case infomax algorithm [5]) on our received signals, 
we estimate the original sources, only by assuming their 
statistical independence. 

The InfoMax algorithm (BSS) 
The InfoMax algorithm created by Bell and Sejnowski in 

1995 maximizes the information by applying a neural net-
work. The main idea is that the mutual entropy, H(y), of the 
neural network outputs can minimize the mutual informa-
tion between the outputs. Let the mutual entropy of n vari-
ables, y1, y2, ..., yn, be described as following: 

),...,()(...)(),...,( 111 nnn yyIyHyHyyH  (3) 

If the non-linear transfer function of the neural network 
corresponds to the probability density of the inputs in the 
neural network and if we want to maximize the mutual 
entropy of the outputs, H(y1,...,yn), then the mutual informa-
tion of the outputs, I(y1,...,yn), is minimized. The output 
signals are supposed to be independent. Bell and Sejnowski 
noticed that many real signals, among them the vocal sig-
nals also, are gaussian and independent, so that the transfer 
function of the neural network could be the hyperbolic sine 
or the hyperbolic tangent. 

B. Time-Frequency Analysis 

In a time-frequency representation, an one-dimensional 
signal is transformed in a bidimensional function in time 
and frequency, Tx(t,f) [4]. The values in the time-frequency 
system show which spectral components are present at a 
specific moment in time. The linear time-frequency trans-
forms used in this study are the Short Time Fourier Trans-
form (STFT) and the Continuous Wavelet Transform 
(CWT). The STFT has replaced the global Fourier Trans-
form (with no chronological information) with a series of 
local, consecutive analysis related to a window w(t). 

detwxtTF jSTFT
x )()(),(  (4) 

The most common representation of the STFT is the 
spectrogram: 
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The spectrogram is three-dimensional graphic of the 
variable energy that a spectral component has in time. The 
classic format of the spectrogram has the frequency on the 
vertical axis, the time the horizontal axis and the amplitude 
is represented through the color intensity of each pixel in 
the image. 

The CWT is provided by equation 5, where x(t) is the 
signal to be analyzed. (t) is the mother wavelet or the basis 
function. All the wavelet functions used in the transforma-
tion are derived from the mother wavelet through translation 
(shifting) and scaling (dilation or compression). 
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C.  Event Related Spectral Perturbation (ERSP) and 
Inter-Trial Phase Coherence (ITPC) 

Event-Related Spectral Perturbation (ERSP) 
When analyzing the events of the brain activity, the sig-

nal amplitude and phase can be considered together or sepa-
rated. For example, the amplitude of the EEG alpha waves 
has a reduced amplitude when the eyes are opened. The 
period when the EEG amplitude is reduced as an effect of 
stimuli application was studied for the first time by 
Pfurtscheller (1977) [6]; he introduced the term Event-
Related Desynchronization (ERD), showing that the cortical 
activity is basically a desynchronization of the slow cortical 
waves which are replaced by faster waves, better defined on 
the brain. The Event-Related Spectral Perturbation is a 
generalization of the ERD and measures the average of the 
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spectra variations related with the paradigm stimuli and is 
defined for a frequency band: 

n

k
k tfF

n
tfERSP

1

2),(1),(   (7) 

where Fk(f,t) is a time-frequency transform, i.e. Short Time 
Fourier Transform or the Wavelet Transform. 

Inter-Trial Phase Coherence (ITPC) 
The Inter-Trial Phase Coherence measures the par-

tial/total synchronization of the EEG events within an EEG 
data set recorded for a paradigm. The ITPC analyzes the 
coherence of the phase or the linear coherence of the events 
with the stimuli (in this case, the Dirac pulse or a cosine 
centered on the stimuli application time is used). The Inter-
Trial Phase Coherence is defined by: 
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while the Inter-Trial Linear Coherence is defined by (9).  
represents the complex norm in the range 0  1. The value 
0, unusual for real data having a finite number of epoch 
(events) shows the lack of synchronization between the 
EEG data and the stimuli, while a value closed to 1 shows 
their perfect synchronization. 
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III. RESULTS AND DISCUSSIONS 

a) 

b) 

Fig. 1. Raw EEG signals recorded during the first imagination of the 
tongue movement (a), the average of first 6 independent components, for 

all events of tongue movement imagery (b). 

 
Fig. 2. The spectrograms of the first 2 extracted independentcomponents 

In Fig. 1, segments of the raw EEG signals are repre-
sented (a); the average of the first 6 extracted components, 
over the all events, is shown in Figure 1b. The spectrogram 
of the extracted components is shown in Fig. 2, and the 
Wavelet Transform of the 6th component is drawn in Fig. 3. 

 
Fig. 3. The time-scale image for the 6th independent component obtained 

with CWT (mother wavelet –sym2) 

In order to compare the results obtained by applying the 
CWT and ICA in motor imagery classification, the 
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EEGLAB is used. The Event Related Spectral Perturbation 
(ERSP) and the Inter Trial Coherence (ITC) are represented 
in Fig. 4. 

 

Fig. 4. The ERSP and ITC images provided by EEGLAB for the C6 and T8 
electrodes during tongue movement imagery 

 

Fig. 5. The ERSP and ITC images provided by EEGLAB 
for the first 4 independent components, extracted by the 

Infomax algorythm 

The EEG data processing is performed in Matlab 7.1©. 
The main goal is to identify the Event Related Synchroniza-
tion/Desynchronization (ERS/ERD) (Pfurtscheller 2006) of 
the miu band, at the moment when the imagination of 
movement starts. The miu band, within the alpha band, has 
a frequency range between 8 and 13 Hz and is associated 
with motor imagery. From the analysis of the paradigm it is 
known that the imagery task occurs between the 3rd and the 
7th second. In the first temporal representation of the raw 
signals it is very difficult to see the ERS or ERD of the miu 
waves. The signals look almost the same, the differences 
between them are very subtle (Fig. 1a). Better results are 
obtained after applying an ICA algorithm (infomax). We 
have extracted the first 6 independent components for each 
event because the first components are most likely to con-

tain the information (Fig 1.b). Then we computed the aver-
aged components for all 40 events (Fig. 1c). The miu wave 
(ERS/ERD) is still difficult to be noticed. 

The spectrograms in Figure 2 offer a much better view of 
the phenomena, especially the 4th, 5th and 6th spectrograms 
in which it can be easily seen the dark red band starting at 
the 3rd second at the aproximate frequency of 10 Hz. This 
band represents the synchronization of the miu wave associ-
ated with the tongue movement imaging. 

We obtain a similar result with the CWT time-scale 
analysis. In Fig. 3 we have represented the results for the 6th 
independent component and it can be noticed the red bands 
after the 3rd second, which can be interpreted as synchroni-
zation of the miu wave. 

In the ERSP (Event Related Spectral Perturbation) im-
ages in Fig. 4 and 5 it is clearly seen the red bands that 
appear at the frequency of about 10 Hz (in the miu band) 
both in the original signals recorded in the motor activation 
area (Fig. 4) and in the independent components extracted 
with the INFOMAX ICA algorithm, implemented in 
EEGLAB (Fig. 5). ERSP – represents the spectral power 
estimated across single trials [7]. Instantaneous spectral 
power is computed employing a temporally moving win-
dow. 
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Abstract—Closed intramedullary nailing is the common 
technique for treatment of femur and tibia fractures. The most 
challenging step in this procedure is the precise placement of 
the lateral screws that stabilize the fragmented bone.  

In the present work, the possibility to accurately identify in 
the 3D space the axis that connects the nail holes is investigated 
using simulations. The procedure includes obtaining a set of 
fluoroscopic images as from a common mobile C-arm. An 
interactive selection of point marks on two of the projection 
images then provides an initial guess for the axes of the holes. 
A CBCT reconstruction, with manual or automatic localiza-
tion of the centres of the nail holes on the tomograms, gives 
much more accurate estimation of the drilling axes. Successful 
localization can be further used to guide a surgeon or a robot 
for correct drilling the bone along the nail openings. Pro-
gramming is done in MatlabTM and C++. Results confirm very 
good localization accuracy, at no radiation excess.  

Keywords—Intramedullary nail, image-guided surgery, im-
age reconstruction, CBCT. 

I. INTRODUCTION  

Closed intramedullary nailing is currently a routine pro-
cedure for the treatment of femur and tibia fractures [1]. The 
surgeon usually inserts a metallic cylindrical implant into 
the medullary canal in order to stabilize the fragmented 
bone. Lateral proximal and distal interlocking screws are 
also placed into holes to the proximal and distal regions of 
the nail, to prevent bone shortening and fragment rotation. 
The screws placement requires nearly perfect alignment of 
the drill with each hole axis. While proximal locking, is a 
routine task to achieve using a mechanical guide, distal 
locking is typically approached from the medial side using a 
free-hand technique. The nail is often rotated and deformed 
during its insertion into the medullary canal. A significant 
number of Lateral or Anterior-Posterior views are usually 
taken with a C-arm depending on which locking screw is to 
be inserted, until the holes appear as “perfect” circle.   
Complications of the procedure include bone cracking, 
inadequate fixation, cortical wall penetration, malrotation, 

as well as, weakening of the bone due to multiple or 
enlarged drilled holes. The radiation exposure in such a 
procedure is usually high due to the effort for the alignment 
of each hole axis with that of the drill tip. 

In this study an accurate procedure of locking holes 
identification and localization is investigated.  

II. MATERIALS AND METHODS 

A. Bone-Nail Model and Acquisition of Projection Images  

The investigation is based on a simulation approach. The 
type of intramedullary nails, used in healing tibial or femo-
ral fractures, have typical diameters of 8-15mm. The 
openings for the locking screws are placed in various 
locations and directions, all around it, with typical diameters 
in the range of 3-6 mm for the screws and bolts. A 3D 
model of a nail, in the shape of a voxel matrix, with five 
screw holes, was created and used during the investigations. 
The nail was modeled as a cylinder that consists of titanium 
and placed inside three other cylinders that represent red 
bone marrow, bone and muscle. The X-ray attenuation coef-
ficients were set to 7.2186, 0.0725, 0.7680 and 0.0862, 
respectively. Air (attenuation coefficient of 9.3449×10-5≈0) 
was considered inside the nail and outside the leg phantom. 
Five canals for the holes, with 3 to 5 mm in diameter, were 
placed in various locations and orientations as shown in Fig. 
1. The phantom was voxelized into a 170×170×170 array 
with a voxel size of 1×1×1 mm. The whole phantom was 
randomly rotated in 3D.  

Cone-beam circular scanning was performed with a 
simulated C-arm. Projections were generated using the 
XRAY Imaging Simulator [2], an in-house software tool for 
radiographic imaging investigations. A source-to-isocenter 
distance (SID) of 1000 mm and a source-to-detector 
distance (SDD) of 1300 mm, were assumed. A total of 180 
uniformly distributed (at 1° step) projections of 256×256 
pixels, 256×256 mm were created.  
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Fig. 1 Leg phantom used in the simulations 

User navigates through the set of projections, and selects 
two of them to work with. The aim is to be able to undoubt-
edly map on them the holes of interest. The two fluoro-
scopic views are not necessary to be taken perpendicular to 
the principal axes of the holes. An interactive procedure, 
involving clicking over the images, is then executed, aiming 
to relate as accurately as possible the nail openings on the 
two images. In Fig. 2, the selected images (in the concrete 
case at 270 and 710) and the red crosses over them are 
shown. 

From the selections, an initial estimation of nail holes 
axes is performed. Rays that origin from the X-ray source at 
two different locations in 3D space, say S1(xs1,ys1,zs1) end 
S2(xs2,ys2,zs2) hit the C-arm’s detector at points D1,…,D4 
according to (Fig. 3). The global coordinates of the hits are 
denoted as xdi, ydi, zdi , (i =1...4).  

In the ideal case the intersection of the rays gives points 
on the nail holes axes in 3D space. However, in practice, the 
rays never intersect. This is mostly due to inaccuracy of the 
interactive detector hits selections but also due to different 
geometrical distortions along the scanning trajectory, detec-
tor position, etc. Instead, the line segments H1(xh1,yh1,zh1)–
H3(xh3,yh3,zh3) and H2(xh2,yh2,zh2)–H4(xh4,yh4,zh4), perpen-

dicular to the pairs of rays and representing the minimum 
distances between them, are calculated. The segments’ 
midpoints define the approximate ray intersection point  
in 3D. 

The parametric equations for two such line segments are 
given in Eq. (1) and Eq. (2), where D1, D3 or D2,, D4 denote 
selections for the same hole in the two images, and S1, S2 the 
corresponding source positions. Eq. (3) and Eq. (4) express 
the perpendicularity of the segments and the corresponding 
rays, using the properties of the dot product of their vectors. 
The same applies for the selections, identifying the rest of 
the holes, for the same source positions. 

 

)( 11111 DStDH −+=      (1) 

)( 32233 DStDH −+=     (2) 

0)())()(( 3211113223 =−•−−−−+ DSDStDDStD    (3) 

0)())()(( 1111113223 =−•−−−−+ DSDStDDStD     (4) 

  
In the example, illustrated by the figures, the user has 

made 8 selections (red crosses) which provide a set of 8 
equations, finally describing 4 intersection points.  

The ray intersection points roughly define nail holes 
ends. A vector, collinear with the nail hole axis can be de-
scribed as: 

kzzjyyixxV ABABAB )()()( −+−+−=  

where (xA, yA ,zA) and (xB, yB, zB) are the 3D coordinates of 
the estimated ray intersection and kji ,,  are unit vectors of 
the global system of coordinates. Knowing the Hi points, the 
vector can be calculated. 

 
 

Fig. 2 Hole mappings on the two selected projection images 

 
Fig. 3 D1 through D4 depict the selections on the two images. The 
middle points of the shortest distances H1H3 and H2H4, between the 
corresponding rays are considered as their intersection points 
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Similar hole axis estimation has been already reported in 
other studies [3], [4].  

B. Localization Using Tomograms 

In order to improve the localisation, an additional step is 
introduced. Knowing the nail diameter, symmetrically with 
respect to its axis and perpendicularly to vector V, a series 
of parallel tomograms are computed from the available set 
of initially taken projection images. Another in-house soft-
ware tool, the CLCT library [5] is used and a filtered back-
projection algorithm [6] is programmed for reconstructing 
the slices. The obtained images cut the nail in planes per-
pendicular to the initially determined nail hole axis. On the 
obtained tomograms, the nail holes appear as ellipsoids but 
in most of the cases, according to the quality of the initial 
axis accuracy, they are very close to circles.  

On each tomogram, the centres of the nail holes, are 
manually pointed (Fig. 4). Navigating through the slices and 
manually specifying the centres of the nail holes gives a set 
of 2D points that lye on the actual nail hole axis. Once again 
user’s selections are transformed into 3D global coordi-
nates. 

Using Principal Components Analysis (PCA) a three-
dimensional linear regression is performed. The result is a 
description of a 3D line that best fits the obtained from the 
tomograms points (Fig. 5).  

This line is considered an estimation of the unknown 
locking holes axis. 

C. Initial Evaluation of the Proposed Localization 
Approach 

To evaluate the approach, the whole procedure was run 
20 times. The leg phantom was randomly positioned in the  
 

 

 

Fig. 5 Snapshot from the simulation program in MatlabTM. Blue line repre-
sents the actual axis of the phantom’s locking hole. Magenta line shows the 
initial guess. The 3D hole centers from the tomograms are marked with red 
crossed. The line that fits them is in yellow 

3D space. From the whole set of projection images, a subset 
of 18 uniformly distributed (at 10° spacing) projections of 
256×256 pixels were selected. Different people were asked 
to choose two projection images from the set, on which they 
had to mark corresponding locking holes ends. Based on 
that, separate nail reconstructions were done. From each 
volume reconstruction the locking holes axes were deter-
mined according to the above described way. Finally, sets 
of 20 initial axis estimations (from the initial projection 
image clicking) and 20 precise axis estimations were com-
puted. The axis orientation (initial and precise), obtained 
from the 20 experiments was compared with the actual one. 
The mean deviation in terms of angle between the axes and 
mean distance between them was estimated.  

III. RESULTS 

The results for the computed deviations for each trial are 
presented in Table I. The average angle between the initially 
estimated axis and the actual one was found 4.6 ± 2.6°. The 
mean angle between the precisely localized axis and the 
actual one was found 1.0 ± 0.55°. The values for the dis-
tances between the actual and the estimates axes were found 
to be 1.6 ± 0.3 mm and 0.35 ± 0.25 mm, correspondingly.  

 
 
 
 
 
 

 
 

 

Fig. 4 Reconstructed slices perpendicular to the direction vector V 



Identification and Localization of Intramedullary Nail Holes for Orthopedic Procedures 1185

 

  
 

IFMBE Proceedings Vol. 25

 

 

Table 1 Localization accuracy for one locking hole 

Deviation  
of the initial axis estimation 
from the real axis position 

Deviation  
of the precise axis estimation 

from the real axis position Trial 

Distance [mm] Angle  
[deg] Distance [mm] Angle  

[deg] 
1 0.7833 2.3190 0.5210 0.8889 
2 1.6516 4.3735 0.4763 1.0636 
3 1.6187 5.0387 0.7552 0.7894 
4 1.4836 2.4255 0.3552 0.3590 
5 2.0844 5.4819 0.1566 1.2831 
6 1.1671 2.8483 0.2587 0.6499 
7 1.5709 12.7102 0.8199 1.3328 
8 1.8216 1.7855 0.1798 0.7073 
9 1.5249 6.6166 0.0454 0.8399 

10 1.7991 1.5478 0.3034 1.4795 
11 1.2936 4.1296 0.4624 0.9047 
12 1.9272 1.5775 0.1653 0.5738 
13 1.7147 6.2969 0.1010 1.2413 
14 2.0999 5.3061 0.7099 1.6296 
15 1.4198 5.7114 0.2416 0.1371 
16 1.4304 5.2205 0.6769 0.8077 
17 1.5172 2.9637 0.3626 1.2897 
18 1.8724 7.9992 0.4040 2.7345 
19 1.4773 3.3819 0.0392 0.6688 
20 1.7771 3.4506 0.0250 1.3207 
Av. 1.6±0.3 mm 4.6±2.6° 0.35±0.25 mm 1.0±0.55° 

For the second locking hole, the precisely computed axis 
deviations were 0.43 ± 0.34 mm and 0.74 ± 0.38°. 

IV. DISCUSSION AND CONCLUSIONS  

The aim of the study was to investigate if CBCT tomo-
grams can help significantly in the localization of the distal 
locking nail holes. The results confirm the possibility to 
successfully localize the holes with no additional or even 
less radiation. Presently, real-time fluoroscopic observations 
help the surgeons. Instead, a fast X-ray scan, using the in-
theater C-arm, can provide enough information to correctly 
drill and complete the screwing. 

The suggested approach assumes that the drilling instru-
ment and the nail are firmly connected to the system of 
coordinates of the C-arm. This has been investigated in 
another study [7], it is feasible and requires an association 
procedure after immobilizing the C-arm for the operation. 
The overall accuracy of the nail holes localization depends 
also on the accuracy of that association. 

The quality of the described localization mostly depends 
on how well the centers of the holes are found on the tomo-
grams. For the moment this is done interactively and re-
quires some patience to be completed. An automatic  

identification of the hole centres (e.g. based on Hough 
transform, RANSAC …) is being currently investigated.  

Potential improvement of the initial axis guess can be ob-
tained from selections on more than two projection images. 
This is however not necessary, since the axis localization is 
good even if the initial guess is not good. On oblique tomo-
grams the holes appear ellipsoidal instead of circular but 
their center remains at the same position. Similarly, nail 
holes that are by default oblique to a certain degree, with 
respect to the normal vector of the tomograms, are also 
successfully identified.   

The high contrast of the nail allows running the tomo-
gram-based localization with limited number of projection 
images (in this study 18 out of 180).  

Future work includes developing of algorithms for stable 
automatic identification of the nail hole centres on the to-
mograms, investigating the importance of the length of the 
scanning arc and eventual use of faster Digital Tomosynthe-
sis (DTS) algorithms for even further reducing the radiation 
dose, at no accuracy loss.   
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Abstract —The image quality of a mammographic system is 

directly affected by the size of the focal spot and its measure-
ment is very important for quality assurance evaluations. 
Modulation Transfer Function (MTF) is widely recognized as 
the best descriptor for spatial resolution evaluation of radio-
logical equipment. However, focal spot size and MTF mea-
surements have several complex technical procedures, such as 
the requirement of precise alignment and direct-exposure film, 
which have been making such measurements more difficult 
and time-consuming, besides sometimes less accurate. The 
purpose of this work is to present a new methodology to per-
form MTF and focal spot measurements from two focal spot 
projections at any position on the field acquired by using a 
pinhole camera and a CCD intraoral x-ray imaging device. 
Thus, it can allow those measurements in quality control pro-
cedures to be easier and faster, with no need of previous 
alignment. 

Keywords— Modulation transfer function, mammography 
quality control, spatial resolution, focal spot.  

I. INTRODUCTION  

  Mammographic system quality assurance is important 
to provide better acquisition of radiographic images, with 
all necessary characteristics to guarantee accurate medical 
diagnosis. Accordingly, several parameters are considering 
good descriptors of image quality. According to ICRU (In-
ternational Commission on Radiation Units) report #54 [1], 
there are three major physical parameters for radiographic 
image quality evaluation: spatial resolution, contrast and 
noise. 

Focal spot size is considered the most important charac-
teristic of an x-ray tube that is related to spatial resolution 
[1-6]. Besides, Modulation Transfer Function (MTF) is 
considered the best parameter to evaluate spatial resolution 
properties of an x-ray imaging system [1-4], mainly in 
mammography, where spatial resolution is very important to 
allow the detection of small lesions related to breast cancer, 
such as microcalcifications [5,6]. 

MTF and focal spot size measurements are very difficult 
tasks to be performed during regular quality control evalua-
tions [7-10]. There are several specific technical procedures, 
such as previous alignment with the center of the field, the 

use of film with no screen, which have been making such 
measurements to be extremely hard and to require long time 
tube consuming [7-11]. 

This work proposes a new methodology to simplify MTF 
and focal spot measurements for mammographic equipment 
evaluations. It was developed an image processing proce-
dure that determines the focal spot size and calculates the 
MTF at the central position of the radiation field, from 
computational analysis of two images of focal spot projec-
tions, acquired at any position without any previous align-
ment. Images were acquired by using a pinhole camera and 
a CCD intraoral digital imaging device. Besides, the MTF 
and the size of focal spot projections at any other field loca-
tion can be determined by computer simulation. The use of 
this methodology can save time and tube-loading during 
quality control evaluations and can contribute to improve 
breast image quality.   

II. MATERIAL AND METHODS 

MTF measurements require two important properties to 
be observed: linearity and spatial invariance [8]. In radio-
graphic systems, linearity is maintained only before radia-
tion beam reaches the radiographic film. The formation of 
optical densities in radiographic film is a nonlinear process. 
This problem can be overcome by considering the effective 
exposition levels instead of the optical densities in the film 
[7], or by using a linear digital detector. 

In addition, the property of invariance does not occur in 
radiographic system when the entire field is considered, due 
to field characteristics of geometric unsharpness [12]. This 
effect makes the size of the focal spot projection, and con-
sequently the image spatial resolution, to change depending 
on the object position in the field. Thus, the image plan 
should be divided into several invariant regions, where the 
projection of the focal spot projections do not change signif-
icantly, and MTF measurements should be performed in 
each region. As this procedure is impossible to be used on 
quality control routines, it was established that the MTF 
must be measured in the center of the field [7,8]. 

It was used a Gendex Visualix eHD intraoral CCD imag-
ing device. Its size is 37.5 x 25.5 mm. It produces 12 bits 
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images (4096 grayscale) with 1590 x 1024 pixels. The pin-
hole camera used in our experiments was the Nuclear Asso-
ciates Pinhole Assembly 07-617.         

It was built a test stand for pinhole and CCD device po-
sitioning (Fig. 1). It guarantees that the pinhole camera and 
the imaging device will remain aligned and parallel to each 
other, at any position along the field. 

 

 
Fig. 1 Test stand developed for pinhole camera and CCD x-ray imaging 

device positioning on the field 
 

 When the test stand is positioned on the field, the first 
procedure is to determine its position in relation to the cen-
tral beam and the magnification for further measurement 
correction.  It can be done by acquiring a radiographic digi-
tal imaging of an alignment test device from Nuclear Asso-
ciates (Fig. 2). This device was composed by a cylindrical 
piece of acrylic with five tungsten spheres inside. 
 

 
Fig. 2 Alignment test device. 

 
The magnification m can be measured by the relationship 

of the real distance between the four spheres inside the 
alignment test device (in the bottom plane) and the distance 
of its projection in the digital image.   

The magnification m’ related to the central sphere inside 
the alignment test device, which is positioned on an upper 
plane, can be calculated by the Equation 1: 

 

DOI
mb

m
m

1
1

'                                      (1) 

where: m is the magnification, b refers to the distance be-
tween the topside and the bottom plane in the alignment 
device, that is 12 mm, and DOI corresponds to the distance 
between the alignment device and the CCD sensor.  

The x-ray image of the alignment test device shows the 
exact position of the test stand in the field. The position of 
the central sphere projection, in relation to the other four 
spheres, depends on the position of the central beam. Figure 
2 illustrates the geometry of the alignment device x-ray 
exposure, which was used for the test stand position deter-
mination.  

 

 
Fig. 3 Geometry used to measure the position of the test stand in the field 

in relation to the central beam. 
 
In Fig. 2, dx is the distance between the center of the 

field (central beam) and the center of the test stand device, 
considering the direction parallel to the cathode-anode axis. 
Distances a and b are related to the alignment test device 
and they are 3,0 mm and 12,0 mm, respectively. Distances 
d1 and d2 represent the distance, in the radiographic image, 
between the projection of the central sphere and the other 
spheres projections. Thus, ([d1 + d2] / a) represents the 
radiographic magnification m. All those measurements can 
be done, in the same way, for the direction perpendicular to 
the cathode-anode axis (distance dy). 

Distance dx can be determined by using the Equation 2. 
Distance dy can be determined by using the same equation, 
considering the geometry of the spheres projections in the 
other direction regarding the cathode-anode axis. 

 

mm

am
d

dx
'

22

                                                              (2) 
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Taking into account the field characteristics of geome-
tric unsharpness due to the x-ray tube focal spot [12], it is 
possible to calculate the size of the focal spot projection at 
any position along the field starting from the focal spot 
dimension at the center of the field. Based on these charac-
teristics, this work proposes an inverse methodology in 
order to calculate the focal spot size at the center, starting 
from two focal spot projections acquired at any other posi-
tion in the field. The exact position of these projections can 
be determined by the alignment test device image and the 
Equation 2.  

For practical applications, it was developed a device for 
acquisition of the two focal spot projections, by using the 
pinhole camera, at any position in the field (Fig. 4). It was 
made by aluminum covered with lead (Pb), which similar 
dimensions of the alignment test device.  

   

 

Fig. 4 Device designed to obtain focal spot the projections in different 
areas in the field. 

This device allows plugging the pinhole camera (Nuc-
lear Associates 07-617) in three different positions, in order 
to obtain at least two focal spot projections along the same 
direction in the field, as show in Fig 5. 

 

 
Fig. 5 Focal spot projections (a1 e a2) obtained by using the pinhole camera 

and the device shown in figure 4. 
 
Dimension a1 refers to focal spot projection size meas-

ured when the pinhole camera was plugged in the center of 
the developed device shown at Fig. 4, and dx1 refers to its 
distance to the center of the field, calculated by Equation 2. 
Dimension a2 refers to the size of focal spot projection size 

measured when the pinhole camera was plugged in the 
position 10 mm distant from the center, as shown at Fig. 4. 
All those dimensions (a1 and a2) were measured by consi-
dering the full width at half maximum (FWHM) of the line 
spread function (LSF) obtained from the digital x-ray image 
of each focal spot projection. Thus, the focal spot size a in 
the center of the field (hatched lines in Fig. 5) can be calcu-
lated by using the Equation 3. 

 

12

1221

dxdx
dxadxa

a                                 (3) 

 
The LSF in the center of the field can be calculated by 

using a scale factor obtained by relating the focal spot sizes 
in the center (a) and in the other position (a1). The MTF of 
the mammographic system is determined by applying the 
Discrete Fourier Transform in the LSF. Besides, it is 
possibleto determine, by computer simulation,  the focal 
spot size and the MTF at any other location in the radiation 
field by using the field characteristics equations [12].  

III. RESULTS 

Three mammographic units were used for the validation 
of the proposed methodology: a Lorad MIII (equipment 1), 
a Philips MD4000 (equipment 2) and a GE DMR Seno-
graphe (equipment 3). For each equipment it was measured 
the focal spot size in both directions (parallel and perpendi-
cular to the cathode-anode axis) and the MTF. Table 1 
shows measurements results obtained by computer simula-
tion considering the proposed methodology presented in this 
work (*) compared to the same measurements obtained by 
conventional procedures, placing the test stand in perfect 
alignment to the center of the field (**). 

Table 1 Results for focal sport sizes and MTF firs minimum obtained by 
computer simulation and by the conventional methodology. 

Equip. Orient. Focal 
spot 
size 

(mm) 
* 

MTF 
first 

minimum 
(mm-1) 

* 

Focal 
spot 
size 

(mm) 
** 

MTF 
first 

minimum 
(mm-1) 

** 

Dev. 
(%) 

1 Paral. 0.69 1.43 0.67 1.48 3.14 
Perp. 0.32 3.03 0.34 2.86 5.75 

2 Paral 0.54 1.82 0.56 1.75 3.71 
Perp 0.15 6.38 0.14 7.14 6.77 

3 Paral 0.48 2.07 0.49 2.03 1.99 
Perp 0.33 3.04 0.33 2.94 1.64 

     Error (%) 3.83 

 
Fig. 6 and Fig. 7 show the LSF and MTF, respectivally, 

calculated for equipment 1 by using both methods: 
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computer simulaton (blue) and conventional experimental 
procedures by aligning the test stand to the center of the 
radiation field (red). 

 

 
Fig. 6 Comparison between simulated LSF (red) and experimental LSF 
(blue) obtained in the center of the field for mammographic equipment 1 

 

 
Fig. 7 Comparison between simulated MTF (red) and experimental MTF 
(blue) obtained in the center of the field for mammographic equipment 1 

IV. CONCLUSIONS  

The results obtained with the computer application 
confirm the possibility to proceed quality assurance 
evaluations with MTF and focal spot measurements by 
using a easier and faster procedure.  

Previous works conducted by using CCD imaging device 
for focal spot size measurements achieved very satisfactory 
results [10,13]. The advantage of using a CCD intraoral 
device is the possibility to eliminate several tasks of the 
complex regular procedure: film development, densitometry 
scanning, optical densities conversion to exposure (lineari-
zation), tube-loading and also time-consuming.  

Using that application to simulate the field characteristcs 
unsharpness, it is possible to calculate the variation of MTF 
measurements along the field, at all positions, for any 
mammographic equipment. Thus, this methodology allows 
MTF and focal spot size measuremens for mammography in 

a shorter time, making this measure more appropriate for 
quality control evaluations.  
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Abstract— In this paper, we evaluate the segmentation of 
brain Magnetic Resonance data in the presence of tumors. We 
present an automatic brain segmentation procedure based on 
Snakes, Morphologic Operators and Intensity-based Voxel 
Classification methods. Our snake model is a fully automatic 
region-based algorithm. Results are compared with standard 
software (SPM [1]) with real (with and without tumor) and 
artificial data (BrainWeb Database [2]).  We demonstrate the 
use of our algorithm can potentially solve some of the prob-
lems present in other algorithms due to the presence of tumors. 

Keywords— Segmentation, Magnetic Resonance Imaging, 
Snakes, Tumor. 

I. INTRODUCTION  

Magnetic Resonance (MR) Imaging is one of the main 
techniques to image tumors especially in the brain since it 
has high resolution and high soft tissue contrast. Segmenta-
tion of MR brain imaging has been an interest for many 
researchers in the past years. Many packages were devel-
oped for segmentation and its performance with MR brain 
images is documented [1,8]. However, these algorithms take 
only into account normal intracranial tissues (Grey matter 
GM, White Matter WM and Cerebral Spinal Fluid CSF).  

Traditional intensity based segmentation methods rely on 
elements of the same tissue type having MR intensities that 
are clustered around a mean characteristic value, with a 
clear separation from other tissue clusters. However, there is 
usually overlapping within each class.  

Lemieux et al [10] used automated thresholding and 
morphological operations while Kapur et al [9] have done 
significant work combining these techniques with snakes, 
but always using snakes as final step.  

The use of active contour methods (known as snakes) in 
medical images has proven its value [14], but there is not, at 
the moment, any dedicated software available for its appli-
cation. In fact, automatic initialization as well as parameter 
adjustment has hindered the generalized application of these 
algorithms. Active contour methods were introduced by 
Kass et al [4] in a parametric approach. Williams and Shah 

in their article [11] point out some disadvantages of the 
Kass method and propose a different approach to energy 
functional minimization. Instead of solving the Euler diffe-
rential equation, they iterate through all the points of a con-
tour, computing the energy functional for points in the 
neighborhood of each point. Alternatively, Kiran-Bora [6] 
proposed a Williams-Shah method combined with wa-
tershed in order to benefit from the strongest properties of 
those algorithms. The down-sampled image is processed 
using watershed transform, in order to get the initial place-
ment of the snake contour.  

Caselles et al. [3] in their article argument that although 
the method of snakes gives an accurate localization of edges 
if the contour is initialized close to the target object, it does 
not permit the simultaneous treatment of several contours 
due to the fact that the parameterization of the curves does 
not allow to get the geometrical regularity of the contours. 
Schüpp et al. [7] presented a method combining fuzzy clus-
tering with the Caselles method. The algorithm is automati-
cally initialized using fuzzy clustering in order to classify 
all possible seeds.  

Region based snakes were first introduced by Ronfard in 
1994 [12]. This approach uses statistical descriptions of 
regions as the forces which push the snake into the direction 
of the borders of the objects, as opposed to image gradients 
in classic models. The region based approach for active 
contour image segmentation is a quite successful and prom-
ising area of snake models. One of the algorithms, the 
Chan-Vese model [5] combining regional statistics with the 
level set method, is considered as one of the best existing 
methods of snake segmentation. This method uses the level 
set approach, the Mumford–Shah functional for segmenta-
tion and curve evolution. This new model can detect object 
boundaries even if they are not well defined by gradients.  

In this paper we present a hybrid technique including 
snakes, intensity-based voxel classification and morpholog-
ical operators with the objective of creating and testing a 
fully automatic, region-based snake method for brain imag-
ing segmentation. Our algorithm does not require any type 
of training and is not focused only in intracranial tissues. 
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II. METHODS 

A. Snakes 

Several algorithms were implemented for segmentation 
of medical images. This was done in C++ with resource to 
Open-Source software OpenCV [8] and ITK [13]. We se-
lected the methods described in the previous section: 

 
• Williams-Shah (greedy), a parametric algorithm 

(implementation based on OpenCV library).  
• Caselles, a geometric based algorithm. 
• Chan-Vese [186], a region-based method. 
• Watershed Chan-Vese [148], a Chan-Vese method 

with watershed initialization.  
• Fuzzy Chan-Vese [164], a Chan-Vese method with 

modified fuzzy C-mean clustering initialization.  
 
 We implemented two modified methods of Chan-Vese 
resulting in two automatic, region-based algorithms.  
 Anatomical structures were modeled using stacks of 
deformable contours in 2D so the images are segmented in a 
slice-by-slice approach. The algorithm is applied two times 
for each slice, firstly to eliminate background and finally to 
detect areas inside the previous segmented regions. 

B. Tissue Classification 

After contour definition, it is necessary to define regions. 
The first step of this task is to define regions according to 
the 2D contour. The mean intensity value for each region is 
then calculated. A histogram of the total image is calculated 
using a probability density estimate of all the samples in the 
image (see Figure 1).  

 

Fig. 1 Examples of MRI Brain Image Histogram used to calculate thre-
sholds (left- artificial image, right- real data). 

The estimate is based on a normal kernel function, using 
a window parameter to control it. A finite difference ap-
proach is then used to calculate the derivative and locate the 
minimum points of the histogram. These points are used as 
thresholds between each label. It is assumed that each label 
corresponds to one tissue type. Each region previously de-

fined by the snakes is then assigned a label according where 
its mean image intensity.  This was implemented in Matlab 
due to its rapid prototyping. 

C. Connectivity 

After region definition, connectivity operators are used to 
assure that there is 3D spatial information in the segmenta-
tion algorithm. The connectivity operator is applied to each 
different label in the 3D image, making sure that 2D com-
ponents with the same label come together. We use a 3D 
six-connected neighborhood. Also, one should note that 
anatomically it is expected that white matter is a full con-
nected region so one tries to find the largest 3D connected 
region of white matter and assume that the other non-
connected regions of white matter are misclassifications. 
However, other tissues (e.g. gray matter) may not present 
this particularity. This was implemented in Matlab for the 
same reasons appointed before. 

III. RESULTS  

The Williams-Shah (greedy) algorithm and Caselles al-
gorithm have speed problems. Caselles algorithm also 
seems to have difficulty with multiple contours defining 
thick contours as can be seen in Figure 2. From this point, 
analysis will refer to the Chan-Vese algorithms. 

 

Fig. 2 Contours of William-Shah OpenCV (left) and Caselles algorithm 
(right). 

The results of Chan-Vese algorithm prove that the initial 
placement of the contour is very important. Those outcomes 
are highly improved through the utilization of automatic 
placement of the initial contour in the methods of Wa-
tershed and Fuzzy C-mean clustering. The results are as 
accurate as the Chan-Vese ones, but acquired much faster 
(approximately half of the time). In our experiments we 
have noticed that the watershed segmentation takes less 
time than the modified fuzzy C-mean algorithm to initialize, 
but iterations take the same speed. All the experiments were 
performed for the same parameters of the Chan-Vese algo-
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rithm, as proposed in the article [5]. The initialization of 
each of the Chan-Vese algorithms at iteration 5 is presented 
in Figure 3. 

 

Fig. 3 Initialization (iteration 5) of the contour in different Chan-Vese 
algorithms (from left to right: original, Watershed initialization, Fuzzy 

Clustering initialization). 

Our algorithm was applied to three different images and 
compared with available segmentation software SPM (Sta-
tistical Parametric Mapping). One of these is a simulated 
image from the BrainWeb Database [2] (T1-weighted, 
217x181x181, voxel: 1x1x1 mm3), for which the ground 
truth is known. The Dataset 1 is a brain magnetic resonance 
of a normal person (Siemens 1.5T, T1 weighted, 
256x256x176, voxel: 1x1x1 mm3) and Dataset 2 is a brain 
magnetic resonance of an oncology patient (Siemens 1.5T, 
Gd-T1weigthed, 512x512x144, voxel: 0.5x0.5x 1.25 mm3). 
Original images can be seen in Figure 4. 

 

Fig. 4 Original Images (from left to right: BrainWeb, Dataset1, Dataset2 ) 

 

Fig. 5 BrainWeb Results (after active contour; after tissue classification 
and connectivity operator; SPM: WM-blue, GM-green, CSF-red) 

In the BrainWeb image, our algorithm and SPM have 
good results showing clearly the WM, GM and CSF (see 
Figure 5). It is usual to see over segmentation after the ac-
tive contour, but this can be overcome by the later intensity-
based classification and 3D-connectivity. In Table 1, we 
present quantitative results of both methods. 

Table 1  BrainWeb Results 

Method Label/Tissue Sensitivity Specificity Dice 
Metric 

Our WM 0.988 0,96 0,97 
Our Background 0,948 0,98 0,92 
SPM WM 0,99997 0,65 0,8496 
SPM Background 0,9997 0,9667 0,8925 

 
Analyzing Table 1, we can see that our algorithm has ex-

tremely good performances in WM and background. The 
algorithms still has some problems with GM and CSF. We 
also could see the improvement of such metrics with the use 
of 3D-connectivity in the algorithm. This shows that con-
nectivity is a valuable resource. 

 

Fig. 6 Real Dataset 1 (after active contour; after tissue classification and 
connectivity operator; SPM: WM-blue, GM-green, CSF-red) 

In real data of a normal subject, both algorithms per-
formed well, but it was not possible to assess quantitatively 
since there is no ground truth available (see Figure 6).  

 

Fig. 7 Real Dataset 2 (after active contour; after tissue classification and 
connectivity operator; SPM: WM-blue, GM-green, CSF-red)  
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 SPM Software, which is good for normal brain MRI as 
we have seen before, performs less well when brain images 
show a brain tumor (see Figure 7). This algorithm relies on 
the existence of only 3 tissue classes (WM, GM, CSF), 
which is not true for images with tumors, where one extra 
class is necessary. This class would be extremely difficult to 
construct since there is no predicable location or size for a 
tumor. SPM therefore classifies the tumor as CSF tissue. 
Changing tumor location would probably result in different 
results. 

Our algorithm performs well for tumor detection and 
segmentation as we can see clearly in Figure 7. Neverthe-
less, in presence of high contrast in the tumor, the contrast 
between WM and GM seems to be lessened resulting in 
additional difficulties for our algorithm.  
 ITK-SNAP software was also tested in first experi-
ments, but due to its semi-automatic implementation of 
snakes, it required excessive manual initialization for our 
purpose.  

IV. CONCLUSIONS AND FUTURE WORK 

In this paper, we show new evidence of problems in tu-
mor segmentation in brain MR imaging and demonstrate the 
use of an algorithm that can potentially solve some of these 
problems. In the future, we intend to study its performance 
with large data set of images. Possible improvements in-
clude implementation of truly 3D snakes, acceleration pro-
cedures, more advanced intensity based classifications and 
use of other morphologic operators. 
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Abstract—Diffusion weighted imaging (DWI) derived ap-
parent diffusion coefficient (ADC) is currently used in identify-
ing and post-therapy followup of several types of tumours. In 
brain tumours in particular ADC values are known to corre-
late inversely to tumour cellularity and high and low malig-
nant areas can be distinguished based on ADC values. 

The average ADC value increases after successful chemo-
therapy, radiotherapy or a combination of both and is used as 
a surrogate marker for treatment response. 

More recently DWI derived ADC has been used to differen-
tiate pancreatic cancer from healthy pancreatic tissue although 
with some limitations. A second DWI derived parameter, the 
perfusion fraction f has also shown promise in classifying 
pancreatic lesions. This parameter is estimated using special 
multiple b-value prototypes and the IVIM model. 

The main purpose of our project was to develop a software 
platform to assist radiologists in studying cancerous lesions by 
quantifying and mapping these two DWI derived parameters: 
ADC and perfusion fraction f. The platform we developed 
automatically calculates and maps the ADC and IVIM-model 
perfusion fraction f values from raw diffusion data. 

Furthermore, the software enables the automated delinea-
tion and ADC quantification of tissue sections in a fast, objec-
tive, user independent manner and has so far been applied to 
successfully delineating brain tumours. The perfusion fraction 
f mapping capabilities have so far been successfully applied to 
delineate pancreatic cancer lesions from healthy tissue. Fur-
ther studies are in preparation to apply this software tool to 
study both ADC and perfusion fraction f in other types of 
cancerous lesions. 

Keywords—Diffusion Weighted Imaging, EM-Clustering, 
Gaussian Mixture Model, IVIM Model, Gliomas, Pancreatic 
Cancer. 

I. INTRODUCTION  

Diffusion weighted magnetic resonance imaging [1,2] 
(DWI) is a method of micro anatomical imaging and was 
introduced into clinical practice in 1990. In this method the 
Brownian molecular motion of water is measured. Diffusion 
can be classified into two principal types: isotropic, in 
which diffusion occurs in all directions equally (as occurs in 

free diffusing water), and anisotropic in which diffusion 
occurs unequally along different directions (as occurs in 
fiber rich biological tissues in which the diffusion is most 
prominent parallel to the fibers). Diffusion Weighted Imag-
ing (DWI) is the qualitative representation of the diffusion 
information in a tissue under examination [1]. In DWI a 
number of quantification steps can be distinguished but two 
basic measurements can be delineated. The first measure-
ment entails scalar values which are recorded as a so called 
apparent diffusion coefficient ADC map. In this map, the 
diffusion coefficients are averaged for each voxel. The 
second method determines a diffusion tensor from at least 
six values from an orthonormal basis of eigenvectors. In this 
article, only the second case is being considered as the data 
is restricted to scalar values shown that “diffusion weighted 
measurements” actually reflect microscopic molecular mo-
tion due to both diffusion and to micro perfusion [4], [5]. 

In his publication of 2008 [6], Le Bihan recalls the impor-
tant meaning of the IVIM Model in the focus of modeling 
the movement of blood in the microvasculature as a pseu-
dodiffusion process on a macroscopic scale. It can be clearly 
demonstrated that the pseudodiffusion process is much 
higher than the usually considered molecular diffusion. 
Thus, the microperfusion contributes to the measured appar-
ent diffusion only when low b-values are used and is there-
fore a marker for motion sensitization physical properties of 
the applied gradient scheme. Lemke et al. have shown that 
the IVIM Model perfusion fraction f parameter can be used 
to successfully delineate between pancreatic cancer and 
healthy tissue, thanks to the typically hypoperfused nature of 
pancreatic tumours [7]. He also demonstrated, using a vascu-
lar suppression technique, that this perfusion parameter f is 
directly correlated to the vascular component in pancreatic 
tissue. Thus, we can assume that areas of where the perfu-
sion fraction f is estimated to be very low correspond to 
areas of hypoperfusion which are likely areas of adenocarci-
noma when occuring within obvious pancreatic lesions. 
Additionally, due to differences in the level of damage to 
tissue microcirculation caused by pancreatic cancer when 
compared to pancreatitis, the perfusion fraction f parameter 
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can likely be used in the differentiation of lesions caused by 
these two different pathologies. 

Chenevert and colleagues demonstrated that the ADC is 
inversely correlated to cellularity in brain tumours [9]. 

It has been shown that the ADC increases after success-
ful chemotherapy, radiotherapy or a combination of both. 
There, the mean ADC can be seen as a surrogate treatment 
marker. A high proliferating tumour results in a low ADC 
mean value whereas a low proliferation tumour shows a 
high ADC mean value. 

Moreover, the ADC mean can also be used to separate 
high and low malignant areas in gliomas [10]. 

Delineation between high and low malignant areas is im-
portant for resections, biopsies and radiation therapy [11]. 
In current practice, such delineation is usually performed by 
means of manual region of interest (ROI) selection and is 
therefore highly operator dependent. Furthermore, ADC 
quantification within a ROI quantification is impeded by 
poor data resolution and a low contrast between high and 
low malignant areas. Hence, an automatic and robust ADC 
based tissue segmentation is of strong interest. 

In a work we presented at the Proceedings of SPIE Medi-
cal Imaging (2009),[12] we demonstrated that the level of 
tumour heterogeneity can be determined in an objective 
manner with minimal physician input. In this work, the 
Gaussian distributions in the different tumour areas were 
identified and through the application of an Expectation 
Maximization algorithm with Gaussian mixture model an 
objective delineation of these regions was achieved. 

At our center in Heidelberg, the German Cancer Re-
search Center, there is a strong need to foster a unified 
software platform capable of meeting the needs of several 
radiodiagnostics and radiotherapy research groups. Impor-
tant is the integration of a common data handling software 
capable of seamlessly accessing and manipulating data from 
a common research dedicated PACS. Also essential is a 
common interface to ensure consistency and convenience 
for the users and minimal maintenance effort on the part of 
the IT department. Furthermore, an automatic, advanced 
preprocessing of the raw data to easily access pre-evaluated 
images is mandatory. 

Thus, necessary preprocessing, data analysis steps and 
software tools from research projects are being integrated 
into one general software platform called “DIROlab” (Di-
agnostic Imaging in Radio-Oncology Lab) which is based 
upon the software development platform “MeVisLab” [13]. 

II. ADVANCED PREPROCESSING 

The developed software allows for automatic preprocessing. 
That means that the diffusion raw data is automatically 

processed to determine the ADC map. For each of the inte-
grated scanner pulse sequence protocols listed in Table 1 
incorporates a calculation of the ADC. Unfortunately, the 
calculated value of ADC for a given voxel was not able to 
obtain directly from the scanner. The software therefore 
incorporates a new consistent calculation of ADC directly 
from the scanner's raw data. 

Table 1 MR-Sequences 

Sequence Type Diffusion Sequence 
ECHO PLANAR IMAGING DIFFMODE_ORTHOGONAL 

 

DIFFMODE_SLICE 
DIFFMODE_READ 
DIFFMODE_PHASE 
DIFFMODE_THREE_SCAN_TR
ACE 
DIFFMODE_TENSOR 

HASTE DIFFMODE_DIAGONAL 
 DIFFMODE_ORTHOGONAL 

 
DIFFMODE_SLICE 
DIFFMODE_READ 
DIFFMODE_PHASE 

For automatic determination of the ADC map, we use 
several equations based on the input data type. 

For DIFFMODE_ORTHOGONAL we are using the fol-
lowing equation: 
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The mean ADC in the orthogonal directions read, phase, 
slice is being calculated and anisotropic traits are being 
prevented. 

For DIFFMODE_SLICE and DIFFMODE_DIAGONAL 
(gradient applied in direction 
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and thus provides an ADC calculation in only one direction. 
Unfortunately, the result is impeded by anisotropic traits. 

The trace image can be derived from equation 2. The 
trace calculation itself is shown in equation array 4. 
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where 3
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)( zyx SSSS ⋅⋅= denotes the trace, 

hence, .
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−>=< For DIFFMODE_TENSOR and an 

array of trace weighted images we determine the ADC by 
linear least squares calculation. 

Thus, for tensor calculation, we are using the following 
equation: 
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The matrix X comprises the b-value and gradient  
directions. 

For several trace weighted images the calculation is de-
noted as follows: 
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III. OBJECTIVE TUMOUR HETEROGENEITY  
DETERMINATION 

A. Initialization and Preprocessing Steps 

The application allows for an objective tumour heterogene-
ity determination in gliomas.  

In [12] and [14] we proved and showed that an Expecta-
tion Maximization algorithm with a Gaussian mixture mod-
el can be applied to objectively delineate low malignant 
from high malignant tumour. Moreover, in [12] is described 
that the seed point, which is the initialization of the algo-
rithm, does not interfere with the clustering result.  

The procedure of the clustering is shown in [14]. Firstly, 
the data is processed in to determine the ADC map. We 
used equation (5) to perform the quantification. In theproc-
ess, we used T1 weighted and T2 FLAIR images as a 
ground truth. To match the ADC and the T1 weighted and 
the T2 FLAIR image, we used a linear rigid registration 
algorithm and the normalized mutual information metric. 

Next, the GTV (Gross Tumour Volume) is determined 
upon the T1 weighted and T2 FLAIR weighted image, re-
spectively and the overlaying ADC map. Then, the two 
malignant areas are clustered with help of an Expectation 
Maximization algorithm and a Gaussian mixture model. 

 

Fig. 1 T1 and T2 FLAIR image with overlaying ADC map in red, seed 
ROI definition and defined GTV by the physician  (see [14]) 

B. The EM Algorithm with Gaussian Mixture Model 

The EM algorithm with Gaussian mixture model incor-
porates two steps, namely the Expectation and the Maximi-
zation step, respectively. 

In the Expectation step the cluster probabilities are being 
determined, i.e. kγ is being calculated. 
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Here, the Bayes Theorem is being used to calculate the 
cluster probabilities. 
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μπ  comprises the total probability and 

represents the whole Gaussian mixture model. 
The Maximization step uses the posterior probability to 

recalculate the model parameters. ),,( kkk μπ ∑ Then, we do 
have the following Log likelihood equation to maximize: 
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Fig. 2: i): Conservative ROI drawn by the physician: T2-FLAIR overlaid 
with ADC map in red, (ii): Conservative ROI drawn by the physician: T1 
overlaid with ADC map in red. The blue circle indicates the conservative 
high malignant area, the yellow circle indicating the low malignant area, 
(iii): Clustered area: yellow indicates the posterior probability )( kγ for the 

high malignant area (see [12]) 
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C. Refining the Clustering Result 

We encountered some problems concerning the cluster-
ing result. First, overlaps were found in the range of intensi-
ties representing tumour and normal tissue. Second, over-
laps between the intensities of low malignant tissue and 
cerebrospinal fluid were identified. 

For the second issue we found a solution in [12] with the 
application of a binary T2 FLAIR mask. Thus, the cerebro-
spinal fluid is completely suppressed in the clustering re-
sults. The first issue still remains unsolved and in [12] we 
consider some options, such as using more sophisticated 
algorithms with pre knowledge. 

IV. A TOOL MAINLY DESIGNED FOR THE DELINEATION OF 
PANCREATIC TUMOUR 

A second important use of our software tool was in the 
diagnosis of pancreatic tumours based on the perfusion 
component of the diffusion weighted signal decay [I]. Pan-
creatic tomours are typically seen as hypoperfused areas in 
contrast CT and MRI studies. As there is a safety risk asso-
ciated both with the ionizing radiation of CT and the use of 
contrast agent in both CT and MRI, a non-contrast agent 
MRI technique was desired. Diffusion weighted imaging 
(DWI) is a MRI technique which does not require contrast 
agent and is influenced by the amount of perfusion of the 
studied tissue [5]. We therefore decided to quantify the 
perfusion component of the DW-data to use in the delinea-
tion of hypoperfused pancreatic lesions. Several different 
techniques were used to extract the perfusion component 
from the DW-data. Specifically, we established the follow-
ing methods to qualitatively and or quantitatively represent 
the perfusion component of the DW-data: 

Determining the R-Squared value which denotes the 
linearity of the decaying signal, 
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Using the IVIM-Model [1] and determined the F parame-
ter. Specifically, we used a Levenberg Marquardt algorithm 
and an analytically determined Jacobian descent, as a non 
linear least squares method, to fit the IVIM function de-
noted as follows: 

*)(

0

)1( DDbbD feef
S
S +−− +⋅−=  where f represents the perfusion 

fraction or the volume fraction of the capillary vessels in a 
voxel and was the most prominent candidate for delineation 
[I]. D* denotes the pseudo diffusion constant which is con-
nected to the velocity of the blood. 

Each of these methods were used to generate perfusion 
maps of DW-data and are currently being evaluated for 
pancreatic cancer delineation. 

V. CONCLUSIONS  

An application capable of an automatic ADC determina-
tion and to efficiently delineate high malignant from low 
malignant tumour in gliomas and moreover to delineate 
pancreatic cancer from normal pancreatic tissue in an effi-
cient way was presented. Thus, providing an application to 
conveniently preprocess and postprocess diffusion weighted 
images in a scalar way. 
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Abstract— In the present study, we have simulated the pul-
stile blood flow in the human aorta to investigate: 1) the flow
profiles in the aortic arch and its branches where the maxi-
mum disturbed and non-uniform flow pattern are expected,
and  2)  the  wall  shear  stress  profiles  on  the  same  areas  and
determine the probability of atherosclerosis through the hu-
man aorta. The aorta geometry with major branching arteries
was constructed with available measurements for normal
pressure condition and with the help of Computational Fluid
dynamics (CFD) code based on Finite Element Method (FEM).
This geometry was further modified to mimic hypotension and
hypertension pressure condition. The blood flow is assumed as
a homogeneous, incompressible, and Newtonian fluid flow.
Flow across four cross-sections on the upper section of aortic
arch is studied under three different pressure conditions. The
wall shear stress profiles are also studied with varying pres-
sure values.

Keywords— Finite element method, Pressure pulse, shear
stress, velocity profiles, Geometry of aortic arch.

I. INTRODUCTION

Due to increasing number of causalities of cardiovascular
diseases (CVD), blood flow in large arteries has been topic
of extensive research [1, 2]. Large arteries with complex
structure and non-uniform flow profiles are vulnerable for
development of CVDs like atherosclerosis [3]. Aorta being
largest and most proximal artery to left ventricle is most
important artery in cardiovascular system. It has complex
geometric structure and has roots of major branches (bran-
chiocephalic artery, left common carotid arteries, and left
subclavian artery) on it. Aorta has ability to expand with
pressure, thus act as buffering chamber for blood flow with
high pressure coming from left ventricle (Windkessel func-
tion). This continuous action of expansion and contraction
maintains pressure of blood in smaller arteries but this ac-
tion itself is depending on the pressure of flow from left
ventricle. Blood flow in aorta is highly non-uniform phe-
nomena mainly because of the pulsatile inflow from left
ventricle, curvature of the aortic arch, tapering descending
aorta, and branching arteries.

The geometry of aorta is subject of constant modifica-
tions due to pulsatile nature of blood ejection from left ven-
tricle of heart in to aorta. There have been several studies

about blood flow in human aorta geometry without branches
[4-8] and with branches [9-13], under normal conditions.
However, the blood flow in human aorta with effect of
hypotension and hypertension has not been studied yet.

In this work a three-dimensional (3D) geometry of hu-
man aorta was created and further modified for hypotension
and hypertension conditions. The effect of pressure on the
velocity profiles and the wall shear stress (WSS) distribu-
tion near junction of aortic arch with branchiocephalic ar-
tery, left common carotid arteries, and left subclavian artery
were studies. These studies will be very important in under-
standing the characteristics of blood flow in aortic arch in

II. SIMULATIONS

The dimensions of aorta geometries were taken from lit-
erature [11, 12]. Table 1 gives the data for the dimensions
of aorta and its branches under normal pressure condition
(80-120 mmHg). The aorta walls are assumed as deform-
able with the variation of the mean blood pressure whereas
they are modeled as rigid material under pulstile blood flow.
Two geometries are constructed to mimic hypotension and
hypertension pressure conditions of aorta using cross-
sectional area-pressure relation [14]. The length of ascend-
ing aorta, descending aorta, and branches are assumed to be
constant. The blood is assumed as homogeneous, Newto-
nian fluid with the density of 1060 kg/m3 and the dynamic
viscosity of 0.005 Pa.S. The density of blood is assumed to
be constant throughout the simulations. The Navier-Stokes
equations are used as the governing equations for the in-
compressible and Newtonian fluid:

u 0∇⋅ = (1)

( ) ( )( )Tu
u u p u u

t

∂
ρ +ρ ⋅∇ =−∇ +∇⋅μ ∇ + ∇
∂

       (2)

Where, ρ denotes  the  density,  u the velocity, μ the  vis-
cosity, and p the pressure. The set of governing equations
(Eqs.  1-2)  were  solved  by  means  of  the  finite  element
method provided in Comsol Multiphysics, Version 3.4
(Comsol).

The pressure boundary conditions are applied at the inlet
and  outlets  of  the  domain.  These  conditions  are  taken  into
account because the pressure gradient between the ascend-
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ing aorta, branches, and descending aorta drives the blood
through aorta. The inlet pressure was estimated by a 9th

degree polynomial which is presented in Figure 1. The inlet
pressure profile used for hypotension is 19% lower and for
hypertension is 25% higher than normal pressure profile.
The outlet pressure at branchiocephalic artery and descend-
ing aorta are respectively 0.43% and 0.79% lower than inlet
pressure at ascending aorta. The pressure at Left common
carotid arteries and left subclavian artery are 0.54% lower
than inlet pressure.

Table 1  Dimensions of computational geometry

Artery properties Dimension (mm)

Ascending aorta lumen diameter 25
Ascending aorta length 18
Descending aorta lumen diameter 25
Descending aorta length 75
Brachiocephalic artery (BA) lumen diameter 8.8
Brachiocephalic artery (BA) length 28
Left common carotid artery (LCA) lumen diameter 8.5
Left common carotid artery (LCA) length 28
Left subclavian artery (LSA) lumen diameter 9.9
Left common carotid artery (LCA) length 28
Distance between roots of BA and LCA 3.6
Distance between roots of BA and LCA 4.7

III. RESULTS

We will mainly focus on the velocity and shear stress
profiles near the aortic arch and three branches.

A. Velocity profiles

Figure 2 shows the velocity distribution at longitudinal
cross-section of aorta at the peak systolic pressure (120
mmHg) at time t =2.73 s. In this time the velocity and pres-
sure have their highest values.

The velocity profile in the ascending aorta is uniform and
parabolic (Figure 2), which is due to its straight pipe-like
structure. The flow is highly disturbed in the aortic arch
region, especially in the near roots of branches.

The descending aorta is inclined at 10 degrees against the
vertical axis, which provides a small area with curvature
causing temporary acceleration in descending aorta. It can
also be observed that at the aortic arch higher velocities are
directed inward the arch while they are outward the arch
when it enters the descending thoracic aorta.

 To better understand the velocity distribution near the
branches, the velocity profile is studied at four cross-
sections near branching area. Figure 1B shows the cross-
sections where the velocity profiles are captured and Figure
3 shows the velocity profiles at these four cross-sections.

                                  A

                                  B

Fig. 1 A) Pressure at the inlet of aorta versus time under normal pressure
condition. B) Cross-section on the upper aortic arch where velocity profiles

were studied for different pressure.

Fig. 2 The distribution of velocity in longitudinal cross-section of aorta at
time t=2.73 seconds.
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Fig. 3 Velocity profiles at cross-sections (shown in figure 1B) at time
t=2.73 at three pressure levels. A1-D1 corresponds to hypotension, A2-D2
corresponds to normal pressure and A3-D3 corresponds to hypertension.

The flow profile develops in to first C-shaped near as-
cending aorta and -shaped in aortic arch and descending
aorta. This is the effect of the secondary flow induced by
the curvature of aorta as discussed above. It can be observed
that with increase in pressure the velocity values across the
cross-sections increases. With increase in pressure the effect
of secondary flow profile develops late (section A3) but in
subsequent sections (section B3-D3) secondary flow devel-
ops completely. At section-B, at maximum pressure the
flow is almost divided in to two symmetric profiles.

B. Wall shear stress (WSS) distribution

WSS has been related to arterial diseases where plaque is
formed inside the artery.  The distribution of shear stress on
walls of aorta is not uniform like in straight arteries. It is the
stress restored by blood on the walls of the artery while the
blood flows through the artery. WSS on the wall can detect
possible sites for arterial wall damage or rupture. In this
section we focus on the effect of pressure on the upper wall
of aortic arch, especially region near the branches. One of
the aims of simulations is to study variation of WSS with
different inlet pressure at ascending aorta especially at the
roots of branches where the WSS profiles are expected to be
highly non-uniform.

Figure 4 shows the distribution of WSS on the upper wall
of aortic arch at peak systolic pressure of 120 mmHg at time
t = 2.73 s under normal pressure regime.

Fig. 4 Distribution of WSS (in Pa) over the surface of aortic arch and its
branches at peak systolic pressure time t=5.5s.

We performed simulations with three pressure pulses and
studied  changes  in  the  WSS  on  the  upper  wall  of  aorta.
Figure  5  shows  the  histogram  of  the  average  WSS  at  the
edges joining BA, LCC, and LSA with aortic arch, at peak
systolic time t=2.73s. Average WSS acting on edge at the
junctions of aortic arch and branches are briefly discussed
here. The histogram of average WSS at quadrants of the
edges joining BA, LCC, and LSA with aortic arch are
shown in Fig 5B, 5C, and 5D, respectively. The differences
in highest and lowest WSS observed in all quadrants for
same  pressure  condition  were  in  range  of  2  Pa,  while  the
difference in highest and lowest WSS observed for all pres-
sure conditions were with in range of 3 Pa. The highest
average  WSS  was  observed  at  the  root  of  BA  while  the
lowest WSS was observed at the root of LSA.

IV. DISCUSSION

In  the  present  study,  the  effect  of  pressure  on  the  wall
shear stress values has been studied.

WSS is the most important quantity in understanding the
development of the arterial diseases in large arteries. It has
been related to arterial diseases where plaque is formed
inside the artery.

It was found that the aorta geometry plays a vital role in
the development of disturbances in velocity profiles (Figure
3). When the flow enters aortic arch, it experiences the
acceleration and flow accumulates towards the outer wall of
the arch. This skewness develops further, increasing the
region  with  very  low  velocity  near  the  inner  wall  of  the
arch. Meanwhile, the flow gets further disturbed in regions
near roots of respective branches and also accelerated inside
branches. The contrary observation was that the flow in
aortic  arch  is  skewed  towards  the  inner  wall  (wall  with
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lower radius of curvature), while the flow in branches is
skewed towards the outer wall.

The non-uniform distributions of WSS over the aortic
arch and branches show the importance of the localized
study on the aorta (Figure 4). On the other hand, the histo-
gram of  the  average  WSS on the  quadrants  of  the  edges  at
the roots of branches appears how the blood pressure and
geometry of branches affect the shear stress magnitude.

V. CONCLUSIONS

The present study has helped to understand the dynamics
of blood flow in aorta. A 3D geometry of aorta was con-
structed and modified. Variation in the velocity, pressure,
and WSS with  the  inlet  pressure  was  studied.  In  our  future
work, we will include construction of realistic geometry of
aorta from CT scan data. This will be coupled with study of
mechanical properties of aorta wall, in order to simulate
blood flow inside aorta when walls are deforming with
pressure. This will help us to understand the roots of crea-
tion and development of atherosclerotic plaques through the
aorta.

Fig. 5  Histogram of the average WSS on the quadrants of the edges at the
roots branchiocephalic artery (B), left common carotid artery (C) and Left
subclavian artery (D) with aortic arch, at time t=2.73s under normal pres-

sure condition, hypotension, and hypertension pressure conditions.
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Abstract—In this work, we present a three-dimensional (3D) 
model for the optimization of the probe placement in radio-
frequency ablation (RFA). The model is based on a system of 
partial differential equations (PDEs) that describe the electric 
potential of the tissue and the steady state of the heat which is 
induced into the tissue. The PDE system is solved by a finite 
element approach and the optimization is performed by mini-
mizing a temperature based objective functional under the 
constraining PDE systems. A well-known difficulty associated 
with RFA is the cooling influence of large blood vessels on the 
ablation result. A method is discussed, which efficiently esti-
mates the cooling effect of those vessels, based on a precalcula-
tion of all patient-independent data and tabulation of the  
results. 

Keywords—Radiofrequency ablation, Probe placement, Op-
timization, Heat sink effect. 

I. INTRODUCTION  

Cancer is a leading cause of death worldwide, where one 
of the most common forms of cancer is colorectal liver 
cancer. Although surgical resection currently counts as gold 
standard for the treatment of liver cancer, such an invasive 
intervention is not always possible due to the physical con-
dition of the patient, or because of the state and location of 
the lesions. Especially for these cases, thermal therapies 
such as RFA, offer a less invasive alternative. In RFA an 
electric alternating current is used to heat the tumor tissue 
up to temperatures at which tissue proteins coagulate and 
thus tissue cells die. The electric current is generated by a 
high-frequency generator and induced into the tissue via e.g. 
a needle probe that contains one or more electrodes.  

The success of an RF ablation mainly depends on the 
completeness of tumor destruction, since an incomplete 
coagulation of the tumor naturally results in new tumor 
growth. Moreover, surviving tumor cells can show a higher 
malignancy than before and become more resistant to tissue 
heating [1]. Therefore, a thorough planning of the RF ther-
apy is of essential importance to guarantee the success of 
the treatment. 

For the purpose of therapy planning and optimization as 
well as for gaining understanding of the physical processes 
present during RF ablation, a modeling and computer  

simulation of RF ablation has been investigated by several 
authors. A recent overview on the state-of-the-art and future 
challenges is given in [2].  

In [3], Villard et al. present an heuristic approach for op-
timizing the probe placement, which is based on an ap-
proximation of the volume of coagulated tissue by ellip-
soids. Other authors focus on the investigation of the heat 
sink effect caused by large blood vessels: Those models 
range from complex finite element simulations [4, 5] up to 
simple distance measurements between tumors and vessels 
[6]. 

In this  paper we discuss a 3D model for the mathemati-
cal optimization of the placement of the RF probe. Our 
approach is based on a finite element simulation of the elec-
tric potential and temperature distribution of the tissue. 
Further, we will discuss an approach for efficiently estimat-
ing the cooling influence of large blood vessels on RFA. 
Our approach allows for an interactive planning and estima-
tion of the therapy success without performing time con-
suming simulations or optimizations in the interaction 
phase. The concept is based on the computation of all pa-
tient-independent data in advance and on the storage of the 
results in a look-up-table. Thus, the differentiation between 
destroyed and vital tumor tissue for an individual tumor-
vessel configuration can be performed very fast in depend-
ence on the probe placement. 

II. MATERIALS AND METHODS 

A. Optimization of the Probe Location 

Let us consider the region of interest (i.e. a part of the 
liver containing one or more tumors) to be a cuboid Ω ⊂ R3. 
The tumors are denoted with Ωt ⊂ Ω and the RF probe     
Ωpr ⊂ Ω has one or more electrodes Ωel ⊂ Ωpr. As usual we 
model the electric potential Φ of the tissue by the electro-
static equation: 

 
                  −σ ΔΦ = 0              in Ω \ Ωel                      (1) 
 

with appropriate boundary conditions on the electrodes and 
on the outer boundary of the computational domain (cf. e.g. 
[7]). Here, σ > 0 is the tissue’s electric conductivity, which 
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we assume to be constant for reasons of simplicity. From 
the potential Φ we can calculate the heat source                 
Qrf = Peff

Ptotal
σ |∇Φ|2, where Peff

Ptotal
 is a scaling factor. Finally, 

we model the spatial distribution of heat by the steady state 
Bioheat-Transfer-Equation:  

 
                  −λ ΔT = Qrf + Qperf            in Ω                    (2) 
 

again with appropriate boundary conditions, and where 
λ > 0 is the thermal conductivity of the tissue, again for 
simplicity assumed to be constant. Qperf = −ν(T−Tbody) is the 
heat sink due to capillary blood perfusion depending on 
ν > 0 (cf. [7]).  

We discretize Eqs. (1) and (2) on a uniform Cartesian 
grid and solve them numerically using finite elements [7]. 

For the optimization of the probe’s position and direction 
(p,d) =: u ∈U := Ω × S2 (where S2 = {x ∈ R3 : |x| = 1}), we 
use the following temperature-based objective function 

 
                  f(T) = ln exp(−αT (x))dxΩ t

∫  .                    (3) 
 

This objective function is a smooth approximation of the 
minimum temperature inside the tumor domain Ωt. Through 
the temperature T and its dependence on the electric poten-
tial Φ it depends on the probe placement u. 

If we omit the rather complicated connection between the 
electric potential Φ and heat source Qrf, but instead consider 
the source term Qrf to depend directly on the probe place-
ment u, we obtain the reduced Lagrangian 

 
      L(T,u,v) := f(T) − λ∇T∇vdxΩ∫  − νTvdxΩ∫  

                               + Qrf (u)vdxΩ∫                               (4) 
 

with Lagrange multiplier v. Here, as usual for the treatment 
of PDE constrained optimization we have added the weak 
form of (2) to the objective function. 

The maximization of the objective function, i.e. the 
maximization of the minimum temperature inside the tumor, 
which yields an optimization of the probe placement, is 
performed via a gradient descent method using a multi-grid 
approach: Starting with the optimization on a coarse grid we 
use the result as initial guess for an optimization on the next 
finer grid. 

B. Fast Estimation of Vessel Cooling 

For efficiently estimating the heat sink effect caused by 
large blood vessels (of diameter ≥ 2mm), we consider a 
sample configuration of an infinitely long straight vessel    
V = V(Rbv, d) oriented along the z-axis. The tissue tempera-

ture T can be assumed to be constant along the z-axis, such 
that the z-direction within the heat equation (2) can be omit-
ted. Thus, we obtain a two-dimensional heat distribution     
T = T(Rbv, d)(x1, x2), which is supposed to have a fixed value 
on the vessel wall (Dirichlet boundary). 

Using the forward model described in the last section we 
can compute a temperature distribution T for any probe 
orientation. Moreover, we can parameterize the extent of the 
coagulation zone by considering the critical distance         
dcrit = dcrit(T)[α], which is defined by 

 
dcrit(T)[α] := max{|(μ cosα, μ sinα)T| :  
                              T(μ cosα, μ sinα) ≥ Tcrit, μ > 0} .    (5) 
 

In other words dcrit = dcrit(T)[α] is the extent of the coagula-
tion necrosis in direction α. 

In an offline computation wie compute the temperature 
distribution T = T(Rbv, d) of the tissue for numerous differ-
ent vessel radii Rbv and probe-vessel distances d. We also 
calculate the critical distances dcrit for all these temperature 
distributions and for numerous different angles α. Having 
stored these values, the decision whether a point x of a tu-
mor Ωt will be destroyed with a certain probe placement, 
can be performed very fast. More precisely, we use the 
function 

 

    ycoag(dcrit(T), x) := 
1 , if | x | ≤ dcrit (T )[αx ]
0 , else

⎧ 
⎨ 
⎩ 

        (6) 

 
with αx := arcos( x1 |x| ) and where ycoag(dcrit(T), x) = 1 
means that the tissue at point x will be destroyed with the 
current probe placement, whereas ycoag(dcrit(T), x) = 0 means 
that the tissue at point x will stay vital. 

Finally, the method firstly developed for a sample con-
figuration of an infinitely long, linear vessel, can be com-
bined to the branches of a full vascular tree. To find out, if a 
point x of the tumor Ωt in the vicinity of a vascular structure 
will be destroyed with the current probe placement, we have 
to consider each possible angle αx, i.e. we have to evaluate 
the function ycoag for each point of the vascular tree and each 
point of the probe’s active zone. We can furthermore accel-
erate this last step by projecting the considered tumor point 
x onto the probe assuming that the point of the probe, which 
is next to x, yields the strongest tissue heating in x. The final 
algorithm can differentiate between destroyed and vital 
tumor tissue for arbitrary probe placement very efficiently. 

As for the optimization of the probe placement, the off-
line 2D calculation of the steady state Bioheat-Transfer-
Equation is performed numerically using finite elements on 
a uniform Cartesian grid. The critical distances dcrit from the 
offline computation are stored in a 3D look-up-table and 
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interpolated using piecewise trilinear functions on an adap-
tively refined, hierarchical grid. 

III. RESULTS AND CONCLUSIONS 

We apply the optimization and the fast estimation of the 
heat sink effect, respectively, to geometries obtained from 
CT imaging data of real patients. The tumors and the vessel 
systems shown in Figs. 1 and 2 have been segmented by 
using the methods described in [8]. 

In the example shown in Fig. 1 the computational do-
main Ω has an extent of 120.6 × 79.9 × 79.9 [mm3]. It is 
discretized with a fine-grid consisting of 154 × 102 × 102 
grid cells. For the multi-grid optimization we use two 
coarser grids consisting of 77 × 51 × 51 and 38 × 25 × 25 
grid cells, respectively. The thermal conductivity respec-
tively the electrical conductivity of the tissue are set to λ = 
0.5 W Km  and σ = 0.21 S m . The perfusion coefficient ν is 
set to 203857.5 W Km 3 in vessels and 24736.1 W Km 3 in 
capillaries (cf. e.g. [9]). A fixed cluster of three parallel 
monopolar probes is applied, which has an overall radius of 
3.3mm, where each probe of the cluster is of 1.0mm radius 
and has an electrode length of 30.0mm. Note that for such a 
setting, the probe cluster’s rotation r ∈S2 with r ⊥ d be-
comes an additional optimization parameter. 

The initial position of the probe cluster is at (40.3, 20.0, 
20.0) mm distance from the center of Ω and the initial direc-
tion is d = (5, 2, 3) normalized to length 1. Moreover, the 
generator has an inner resistance of 80Ω and is set up to a 
power of 200W. 

The results depicted in Fig. 1 show that the optimal probe 
position lies in the center of the tumor and its optimal direc-
tion adapts to the shape of the tumor, as well as to the 
dominant direction of the vessels. Moreover, the figures 
show, that the optimization algorithm finds a good probe 
positioning already on coarse grids, which can be improved 
only slightly on the finest grid. On the right of Fig. 1, the 
corresponding energy plot is shown. Since the definition of 
the coarse-grid tumor and vascular domains involve a 
thresholding (i.e. their masses are not conserved on coarse 
levels), the energy increases at the transitions between dif-
ferent grid levels [7]. 

For the fast estimation of the heat sink effect, shown in 
the second example (see Fig. 2), a bipolar RF needle probe 
of radius 0.9mm, electrodes of length 13.5mm and isolator 
length 3.0mm is applied. The connected generator has an 
inner resistance of 80Ω and is set up to a power of 30W. 
The domain Ω’ used for the computation of the 2D tempera-
ture distribution T, has an extent of  60.0 × 60.0 [mm2] and 

it is discretized with 600 × 600 grid cells. Further, the tissue 
is assumed to coagulate at a temperature of Tcrit = 50°C, and 
the material parameters are set to λ = 0.437 W Km , σ = 
0.21 S m and ν = 71961.7 W Km 3 for the capillary perfu-
sion. The lookup-table is calculated for Rbv ∈  [1.0mm, 
7.4mm],  d ∈ [2.0mm, 14.8mm] and α ∈ [0, π], and con-
sists of 34190 entries for the critical distances dcrit = 
dcrit(T(Rbv, d))[α]. Fig. 2 shows the dynamic tumor coloring, 
which can be determined efficiently from an interpolation of 
the lookup-table, by using the function ycoag (6). On the left 
of Fig. 2 we see a vascular tree (red) of the liver together 
with the ribs (gray) and three lesions (dark gray and yellow; 
pointed out by black arrows). 

We simulate an RFA treatment of the tumor colored yel-
low, a zoomed view of which is presented on the right of 
Fig. 2. Using the lookup-table and the methodology dis-
cussed in the last section, we are able to estimate the suc-
cess of the therapy in an interactive environment from 
which we show screenshots in Fig. 2. In fact, in the images 
the yellow color codes the destroyed tumor tissue, while the 
green colored tumor region cannot be destroyed with the 
current setting due to the cooling effect of the vessels close 
by. In our dynamic and interactive visualization, the user 
can move the displayed RF probe freely. The coloring of the 
lesions changes automatically according to the probe 
movements and with the lookup-table based estimations of 
the therapy success. 

 
Fig. 1 Left: Optimization based on patient data with segmented tumor 
(dark gray) and surrounding vessel system (red). A fixed cluster of three 
monopolar probes is applied. Around these probes the corresponding 60°C-
temperature profile is shown (transparent yellow). From top left to bottom 
right steps 0 and 9 of the 1st pre-optimization (coarsest grid), step 9 of the 
2nd pre-optimization and step 4 (end) of the main optimization are shown. 
Right: Progression of the objective function in dependence on the iteration 
count. The dotted lines mark transitions between different grids 
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IV. DISCUSSION 

A multi-grid gradient descent approach for optimizing 
the probe placement in RFA under a constraining system of 
PDEs modeling the underlying physical processes has been 
presented. Moreover, a method for efficiently estimating the 
cooling effect of large blood vessels, based on an offline 
calculation of all patient-independent data and tabulation of 
the results, has been shown. Both applications can provide 
helpful assistance for interventionists in planning RFA. 
While the optimization of the probe placement yields an 
advice for the needle insertion, the efficient computation 
and dynamic visualization of destroyed and vital tumor 
tissue close by large vessels gives valuable hints on critical 
tumor regions which may be hard to ablate and should be 
treated with care. 

Note that the key idea of our approach does not rely on 
the particular choice of the forward simulation model⎯the 
corresponding lookup-table can be computed with any for-
ward simulation for RFA yielding a heat distribution in the 
tissue. In our approach we used a steady state model with 
constant material parameters for reasons of simplicity. In 

ongoing and future investigations we will incorporate more 
elaborate forward simulation models. Moreover, we deal 
with the incorporation of anatomical constraints to the algo-
rithm for optimizing the probe placement. Also the influ-
ence of patient-specific material parameters and the sensi-
tivity of the optimal probe placement with respect to those 
is subject of our research. 
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Fig. 2 Dynamic coloring of destroyed and vital tumor regions close to 
large vessels (red) depending on the interactive placement of a movable RF 
probe. The visualization shows destroyed lesion parts (yellow), vital tumor 
tissue far from the probe (dark gray) and tumor tissue which is vital due to 
the cooling effect of large vessels (green). Left: Complete scenario. Right: 
Zoomed view of the tumor currently treated by RFA 



Effect of Aortic Arch Geometry on Pulsatile Blood Flow: Flow Pattern and Wall
Shear Stress
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Abstract— The aorta, with complex geometry is one of the
most vulnerable arteries for creation and development of
cardiovascular diseases, especially atherosclerosis. Because of
the association of disease with region of altered fluid
mechanics, the role of blood flow in the localization of
atherosclerosis has been extensively studied recently.  The
diameter of aorta, its branches, and the geometry of branches
are parameters which affect the blood flow significantly.
However, much less attention has been focused on the effect of
these parameters and their association with diseased regions.
In the present study, three different geometries of human
aorta with three branches are constructed and blood flow
inside the arteries is simulated. Flow across longitudinal cross-
sections of all three geometries is analyzed. The disturbed
velocity profiles are observed near branchiocephalic, left
common artery and left subclavian artery. On the other hand,
the wall shear stress profiles at the roots of branches show
significant differences with geometry variation of aorta and
branches. The blood flow is considered as homogeneous,
incompressible, and Newtonian fluid flow.

Keywords— Aortic Arch, Computational study, Geometry,
Velocity, Pressure, Shear stress.

I. INTRODUCTION

Aorta being the most proximal artery to the heart is the

most important artery in cardiovascular system. The

curvature of aortic arch, branches of the aorta

(Branchiocephalic artery, left common carotid artery, and

left subclavian artery), and tapering of descending aorta

contribute to the complexity of aorta geometry [1-4].

Atherosclerotic plaques tend to localize in regions of low

shear stress [4] which are associated with early development

of atherosclerosis. Thus, the study of local shear stress is

vital in understanding the root of creation and development

of arterial wall diseases. Computational fluid dynamics

(CFD) can conveniently and precisely determine the

vulnerable regions of aortic arch by calculating the local

flow patterns and wall shear stresses [5-15].

Most of previous works use the data for creation of the

aortic computational geometries from either morphological

[8, 9, 11] or medical image techniques [10, 12-15].

Therefore, the role played by aortic radius or positioning of

branches are not investigated.  The effect of these

parameters on the blood flow pattern and the wall shear

stresses have been studied in the present work.  We

generated three different geometries of human aorta to

understand how the flow dynamics depend on the geometry

of the aorta.

II. SIMULATIONS

Three aorta geometries (G1, G2, and G3) were created

and blood flow in these geometries was simulated with the

help of Computational Fluid dynamics (CFD) code based on

Finite Element Method (FEM). The geometries G1, G2 and

G3 were created with measurements obtained from [8, 10],

[11] and [14] respectively. The computational mesh grids

used for simulations contained 15000-16800 tetrahedral grid

elements. The dimensions of the aorta with three different

geometries (G1, G2, and G3) are given in Table 1. The

geometries were created for normal pressure conditions (80-

120 mmHg). The blood in large arteries is assumed as

Newtonian, incompressible and homogeneous fluid. The

density and dynamic viscosity of circulating blood are 1060

kg/m3 and 0.005 Pa.S respectively.

Fig. 1  (A) Pressure at the inlet of aorta versus time under normal pressure,

(B) One of computational grid configurations used in present calculation.

The Navier-Stokes equations for inviscid, incompressible

and Newtonian fluid used as governing equations are given

 by:

u 0∇⋅ = (1)
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 Where, ρ denotes the density, u the velocity, μ the
viscosity, and p the pressure. In order to facilitate
convergence of unsteady solution of Navier-Stokes
equation, a steady state solution of Navier-Stokes equations
with diastolic pressure (80 mmHg) was obtained and used
as an initial guess. Pressure boundary conditions were
deployed at inlet and outlet boundaries. A 9th degree
polynomial was used to estimate the inlet pressure pulse
(Figure 1A) with a period of 0.85 s. The outlet pressure at
left common carotid artery and left subclavian artery was
0.54% lower than the inlet, while pressure at
branchiocephalic artery and descending aorta was 0.43%
and 0.79% lower than inlet pressure at the ascending aorta.

Table 1 Dimensions of computational geometries under normal pressure
conditions (80-120 mmHg)

Dimension (mm)
Artery properties

G1 G2 G3
Ascending aorta lumen diameter 27.8 25 25
Ascending aorta length 14 18 18
Descending aorta lumen diameter 27.8 24.5 25

Descending aorta length 50 68 75

Brachiocephalic artery (BA) lumen diameter 9.9 11 8.8

Brachiocephalic artery (BA) length 25.8 15 28
Left common carotid artery (LCA) lumen
diameter

9.9 9 8.5

Left common carotid artery (LCA) length 23.9 15 28

Left subclavian artery (LSA) lumen diameter 9.9 9 9.9

Left subclavian artery (LSA) length 25.8 15 28

Aortic arch  radius 28 23.3  16.3

Arc length between roots of BA and LCA 4.6 1.5 3.6

Arc lenght between roots of BA and LCA 4.6 3.9 4.7

III. RESULTS

Velocity profiles and average wall shear stress (WSS) at
peak systolic pressure of 120 mmHg, which occurs at time
t= 2.73s, are discussed in following sections. In t=2.73 s,
the velocity and pressure have their highest values.

A. Velocity profiles in ascending aorta

The velocity profile at longitudinal cross-sections of
geometries G1, G2 and G3 at peak systolic pressure time
t=2.73s are demonstrated in figure 2 (A-C). The velocity
profiles at the inlet ascending aorta in both G2 (Figure 2B)
and G3 (Figure 2C) are parabolic-like. Ascending aorta in
G1 makes a 10 degrees angle with horizontal axis causing

the  velocity  profile  to  skew  towards  the  outer  wall  of  the
arch (inset figure 2).

Fig. 2  Velocity distribution across longitudinal cross-section of aorta
geometry G1 (A), G2 (B) and G3 (C) at peak systolic pressure and time

t=2.73s. Corresponding velocity profiles are shown in the inset.

B. Velocity profiles in aortic arch and branches

The velocity profiles are most complex and disturbed in
aortic arch region, especially near the bifurcations. To study
the differences in velocity profiles in aortic arch region,
velocity profiles at four cross-sections across aortic arch and
nine cross-sections across branches, as illustrated in figure
4A, were captured for all three geometries at peak systolic
pressure time t =2.73s (Figure 3). The velocity profile,
shown  in  Fig  3  at  for  cross  section  of  G1,  G2,  and  G3,
signifies the effect of different geometries on the velocity
profile.

In proximal aortic arch in G1, as the flow moves towards
branchiocephalic artery, skewness in the velocity profile
reduces (Figure 2A) and flow is disturbed (Figure 3A1).
However, figure 2 shows that in all geometries, the low
velocity  region  at  the  inner  wall  of  aortic  arch  begins  to
develop. This implies the early stage of development of
secondary velocity profiles in the cross section A, shown in
Figure 3A1-A3. When the flow passes the bifurcation of
branchiocephalic artery the secondary flow profiles are
clearly visible (Figure 3B1-B3). The blood in the center of
aortic arch flows in outwards direction, causing the blood at
walls to flow in inwards direction resulting in to either C or
-shaped velocity profiles. The effect of secondary flow

remains in the velocity profile across section-C (Figure
3C1-C3). The secondary flow profiles in G1 and G2 (Figure
3C1, C2) are C-shaped while in G3 (Figure 3C3) it is -
shaped. The velocity profiles across ascending aorta are
given later.

The disturbed flow at the aortic arch region has
significant effect on flow across branches. Highly skewed
and accelerated flow was observed across branches of all
geometries (Figure 4A).
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Fig. 3 Velocity profiles at four cross-sections (shown in figure 4A) at time
t=2.73s. A1-D1 corresponds to geometry G1, A2-D2 corresponds to

geometry G2, and A3-D3 corresponds to geometry G3.

It can be noticed that at near roots of branches the
velocity profiles are non-uniform (Figure 4E1-3, I1-3 and
L1-3). The C-shaped velocity profiles indicate
developments of secondary flow as the flow progresses
through  branches.  At  sections  F,  J  and  M,  which  are  at  11
mm distance from root of corresponding branches, the flow
experiences an acceleration of approximately 0.2 m/s
(Figure 4F1-3, J1-3 and M1-3). The flow is decelerated as it
progresses towards the outlets of branches (Figure 4H1-3,
K1-3, and N1-3). Secondary flow profiles also were
observed at sections 4H1-3, K1-3, and N1-3 near outlet of
branches. The deceleration in the flow across branches in
G2 is smaller (Figure 4F2-H2, J2-K2, and M2-N2,) due to
straight branches.

C. Velocity profiles in descending aorta

In distal aortic arch region the effect of curvature is
significant. The effect of curvature is seen in form of
secondary flow profiles across section-D (Figure 4D1-D3).
In G1 and G3, descending aorta is inclined away from
horizontal axis by 10 degrees, offering additional curvature
to distal aortic arch. It can be observed in figures 2A and
2C, that flow at the junction of aortic arch and descending
aorta of G1 and G3 are without any skewness. While in G2,
where the descending aorta is straight, at the junction of
aortic arch and descending aorta, flow is skewed at the inner
wall of aortic arch.

D. Wall shear stress in upper section of aortic arch

The significant differences in velocity profiles as a result
of geometry suggest also considerable variations in WSS.
Average WSS acting on the junctions of aortic arch and

branches is briefly discussed here. Figure 5A demonstrates
the quadrants at the root of branchiocephalic artery.

Fig. 4 Cross-sections on the upper aortic arch and branches (A) where
velocity profiles were studied. Velocity profiles across illustrated cross-
sections of branches in geometry G1 (E1-N1), geometry G2 (E2-N2) and

geometry G3 (E3-N3).

The histogram of average WSS on quadrants of edges
joining branchiocephalic artery, left common carotid artery
and left subclavian artery with aortic arch are shown in
figure 5B, 5C and 5D, respectively. Figure 5B suggests that
the average WSS on arcs at the root of branchiocephalic
artery of G2 is lower than those in G1 and G3. The higher
WSS  for  G1  and  G3  are  due  to  the  flow  acceleration  in
branchiocephalic artery caused by the branch curvature. The
average values of WSS at branchiocephalic artery in G1 and
G2 are about 51% and 16% lower than that in G3,
respectively. There is a sharp increase in average WSS at
the root of left common artery (Figure 5C) in G3. This
indicates the shifting of maximum WSS region towards the
posterior side of the aorta. The average WSS for G1 and G2
indicate a non-uniform distribution of WSS in the region
near the root of left common artery. The histogram of
average WSS at the root of left subclavian artery (Figure
5C) reveals that as the average WSS for G1 is sharply
increasing, the average WSS for G1 is decreasing.

IV. DISCUSSION

In G1, the curvature of aortic arch and the radius of
lumen are larger than those of G2 and G3. Due to the larger
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diameter of aortic arch, the flow is relatively less affected
by the branches (Figure 2A).

Fig. 5 Bar chart of average WSS action in four arc sections (A) on
branchiocephalic artery (B), left common artery (B) and left subclavian

artery (C) at peak systolic pressure time t=2.73s.

However, the velocity profile at section B of G3 (Figure
3B3) demonstrates the strong effect of branchiocephalic
artery on the flow. In all the geometries (Figure 2), we
notice the existence of low velocity region at the inner wall
of aortic arch. This implies to an early stage of development
of secondary velocity profiles, which is also confirmed by
the velocity profiles at section-A (Figure 3A1-A3). When
the flow passes the bifurcation of branchiocephalic artery
the secondary flow profiles are clearly visible (Figure 3B1-
B3) resulting in either C or -shaped velocity profiles. The
effect  of  secondary  flow  still  exists  in  sections  C  and  D
(Figure 3C1-C3 and D1-D3).

V. CONCLUSIONS

Various geometries cause significant differences in
velocity profiles through branches and aortic arch and
descending aorta. The profiles of WSS near the roots of
branches were affected by variation in velocity profiles.
This work revealed that small changes in the shape and
geometry of aortic arch yields some notable changes in the
blood flow field, which requires an extensive patient-
specific study based on proper medical imaging techniques
in our future works.
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Abstract— Muscular dystrophies are characteristic of mus-
cle atrophy and weakness. One of the major consequences of 
various muscular dystrophies is a progressive loss of muscle 
strength. We developed a new method for estimating tissue 
hardness using an acoustic resonant sensor. The external me-
dium in contact with the specific sensor probe constitutes a 
mechanical load that modifies the resonance state of the sen-
sor. The interaction between the probe and the medium results 
of the compression and shear waves propagating in the muscle 
at a frequency around 25 kHz. A small deformation is applied 
to the tissue to remain in elastic domain. The method has been 
validated on reference samples and biological materials: we 
have shown that the resonant acoustic sensor is sensitive to the 
difference of properties from muscular area of mice. 

Keywords— Dystrophy, Muscle, tissues, Acoustic, resonant 
sensor, mdx mice. 

I. INTRODUCTION 

Duchenne Muscular Dystrophy (DMD) affects 1 of 
3,500 male births, characterized clinically by progressive 
muscular weakness and wasting of skeletal, smooth and 
cardiac muscle [1]. The pathology is caused by the dystro-
phin protein absence, normally located on all type of mus-
cle. Generally the pathology is detected around 5 year’s old 
patient: Gower’s signs are describe in behavior of those 
young’s patients [2]. Around 10 year’s old, muscular weak-
ness increases and patient is unable to walk without assis-
tance. Quickly, the rest of musculature continues to de-
grade. Finally, patient’s death arrives around 23 year’s old 
because of heart failure or respiratory failure. Dystrophic 
muscle is histologically characterized by infiltration of 
fibrosis and adipose tissue. It changes considerably me-
chanical properties of muscular tissue. The estimation of the 
elastic properties of soft tissues is then of great interest 
because tissue stiffness can be related to a pathological 
state. Palpation and biopsy remains the most commonly 
used in a clinical setting, for monitoring progress of disease 
and therapy in DMD patients. Ultrasound is well-suited to 
detect changes in biological tissue. Since the last years 
1980, appeared domain of elastography to quantify stiffness 

or strain of tissue, help to the medical diagnostic [3,4]. 
Many physicians on elastographic domain employ a lot of 
approaches [5]. This modality is based on using a mechani-
cal solicitation (compression or vibration) at low frequency 
(0 kHz to 2 kHz) associated with imaging device. The me-
chanical solicitation induces elastic wave’s propagation that 
velocities depend of the medium stiffness. Imaging devices 
(echography, IRM, scanner, etc.) are used to measure strain 
induced by elastic waves during their propagation. But these 
techniques are not easily suitable for small muscle sample 
as can be found in small animals.  

Mdx mice diaphragm better reproduces the lost of mus-
cle membrane integrity found in muscle from DMD patient. 
Inserm ERI 25 “Muscle and pathologies“ group needs 
methods to estimate elasticity of muscular tissues of the 
small animal in order to correlate pathological state to 
physical muscular state. The IES laboratory developed for a 
few years an acoustic resonant technique to quantify viscoe-
lastic properties of materials [6,7,8].  

In this paper, this technique is applied to estimate elastic-
ity of muscular tissues. It consists in studying the alterations 
of the resonance curve of a horn whose tip, the probe, is in 
contact with the medium to characterize. We first studied 
the sensitivity for model material; we used agar gelatin [9], 
which is commonly used on elastography experimentations 
[10,11,12]. Then we showed that the resonant acoustic 
technique detected the alteration of stiffness from healthy 
mice muscle and mdx mice muscle. 

II. MATERIAL AND METHOD 

A. Material 

Gelatin is composed of crushed rind and crushed bone. 
We can modify viscous properties of the samples by adding 
to gelatin a little quantity of xanthane to change viscosity. 
The gelatin samples we used are composed of 95% of water 
and 5% of gelatin.  Xanthane samples are composed of 
94.9% of water, 0.1% of xanthane and 5% of gelatin.      

The values found in literature are 2.2 kPa for elasticity 
and 0.1 Pa.s-1 for viscosity for the gelatin sample. The elas-
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ticity is 2.2kPa and the viscosity is 0.3Pa.s-1 for gelatin 
xanthane mixture sample, [13].  

 The muscles are healthy mice diaphragm and mdx mice 
diaphragm. Acoustic technique has been tested on mice 
diaphragm because is the most effective area for detecting 
variation on dystrophic muscle.  
 
B. Acoustic Resonant Method 

The acoustic resonant sensor uses the alterations in the 
resonance state of an acoustic horn to determine the proper-
ties of the medium in which the sensor tip is immersed or 
inserted. A piezoelectric element serves as both input and 
output port. The input signal is a frequency sinusoidal signal 
(around 25 kHz) that excites extensional acoustic waves in 
the horn.  The medium interacts with the sensor tip and 
exerts a mechanical constraint, hence modifying the reso-
nance.  

 
 Fig. 1 Acoustic sensor: a stepped horn was excited by a piezoelectric 

element sandwiched between two cylinders. A cylindrical plexiglas tip (l1: 
20 mm) was coupled to the body of the sensor (l2: 35 mm, l3: 45 mm). The 
electric circuit contained a sinusoidal wave generator and a lock-in ampli-
fier (EGG 7220 model). The resistance R was chosen to be much higher 

than the capacitive impedance of the piezoelectric element. 

The sensor is composed of stainless steel parts, glued 
by epoxy to a piezoelectric element and a plexiglas tip glued 
to the support metallic cylinder (Figure 1). The piezoelectric 
element excitation produces extensional oscillations of the 
main resonator, which is free at the upper end and coupled 
to the smaller resonator (the tip) at the lower end. The fun-
damental mode corresponds approximately to a half wave-
length mode. The tip, which is nearly free at the lower end 
and is strongly coupled to the large mass at the other end, 
oscillates in a quarter wavelength mode. The two oscillators 
are strongly coupled and vibrate in the same frequency 
range (26 kHz for the body resonance and 24.5 kHz for the 
tip resonance).  

 
Fig. 2 The two parameters measured by applying a frequency ramp to 

piezoelectric element: the frequency shift of the resonance f’ and the half 
width of the resonance f’’ 

The response of the acoustic sensor is its impedance 
variation. Two characteristics are detected by a frequency 
scan: the frequency shift of the resonance f’ and the half 
width of the resonance f’’ (Figure 2).  

The acoustic resonant sensor interacts with the medium 
in two ways: through pressure waves radiated through the 
medium from the flat end of the tip, and through shear 
waves [14]. With Newtonian liquids, the forces exerted on 
the probe modify the resonance and can be related to the 
density  and the dynamic viscosity  of the sample. This 
decreases the resonance frequency. Laterally, the shear of 
the fluid involves energy losses and attenuation and a 
broadening of the resonance curve.  

The tuning of the two oscillators ensures that the 
acoustic load acting on the tip is efficiently transferred to 
the electrical system. One way to modify the sensitivity of 
the sensor is to modify the coupling between the two oscil-
lators [15].  

The sensor is designed to be in contact with the me-
dium to be tested. The force of the sensor acting on the 
medium is controlled. This 0.01N-controlled force is used to 
conserve the same action on the medium whatever medium 
elasticity or viscosity are. 

III. RESULTS AND DISCUSSION 

To verify the resonance sensitivity of the acoustic reso-
nance tip, we first tested the method with a gelatin sample 
and a xanthane gelatin mixture sample (Figure 3). Then, we 
test the sensitivity on healthy mice diaphragm and mdx 
mice diaphragm (Figure 4).  

Experiments were performed on contact with the surface 
samples and muscle zones.  
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For the first experiment, we applied the sensor on seven 
different points of the middle area samples. The force was 
maintained at 0.01N±0.001 and the temperature was at 
24.7°C±0.5. Between each measure we made the free reso-
nance of the probe. At each point, we made a scanning 
frequency from 23.5 kHz up to 27 kHz.  

  
Fig. 3 Measurements with the probe in air (free resonance), and in contact 

with gelatin and xanthane gelatin mixture 

The results presented in Figure 3 and Table 1 are the av-
erage of the seven measures made in air (reference), in 
contact with gelatin and xanthane gelatin mixture media.  

Table 1 Parameters measured by acoustic resonant sensor: the frequency 
shift f’, the half with f’’ 

     Mediums    f’ (Hz)    f’’(Hz) 

Air 0 165 
Gelatin 80±4 194±1 
Xanthane 100±6 196±1 

 
The free resonance of the probe (in air) has the higher 

amplitude. The resonance of the probe in contact with the 
two samples is attenuated and there is a frequency shift.  
 The shift on frequency is 80 Hz for gelatin and 100 Hz 
for xanthane gelatin mixture. The 30 Hz increase for f’’ 
parameter indicates the dissipation of acoustic energy in the 
samples.    
 Results mainly show that we can separate the resonance 
between the two samples (by the way of f’). It validates the 
fact that the probe sensitivity allows to measure alteration of 
visoelastic properties of media.  

 We then performed acoustic measurements on mice 
diaphragms. We tested a seven healthy mice lot and a seven 
mdx mice lot. Mice age is tree month. Properties of muscle 
were different between mdx diaphragm and healthy dia-
phragm. The results presented in Figure 4 and Table 2 are 
the average of the measures obtained with the two mice lots. 

 

Fig. 4 Resonance of the sensor with the tip in contact with muscular mice 
diaphragm: healthy and mdx 

Table 2 Parameters measured by acoustic resonant sensor applied on 
mice diaphragm 

    Mediums    f’(Hz)    f’’(Hz) 

Healthy diaphragm 31±30 219±35 

Mdx diaphragm 53±38 313±40 

 
Diaphragms tested are biopsied and positioned on a 

rigid support. Each mouse diaphragm is tested on 6 points 
by the acoustic resonant sensor. The force is regulated at 
0.01N±0.003 and the temperature is at 24.1°C±0.5. 

The shift on frequency is around 30Hz for healthy dia-
phragm and is around 50 Hz for mdx diaphragm. The dissi-
pation of energy between the two lots is around 100 Hz.  
 Results show that the shift on frequency between the 
mdx mice diaphragm and the healthy mice diaphragm is not 
efficiency because of standard deviation. It is mainly due to 
the dispersion of the properties on the diaphragms. The 
difference for f’’ parameters indicates that the dissipation of 
energy is clearly different. It demonstrates that the probe is 
sensible to variation of viscosity or elasticity between 
healthy mice diaphragm and mdx mice diaphragm.  

IV. CONCLUSION   

In order to characterize alteration on mechanical prop-
erties of muscular mice diaphragm, we developed an acous-
tic resonant probe. The probe we developed has been di-
mensioned to be sensitive for materials with mechanical 
properties like those of muscles. The technique was vali-
dated to detect variation of viscosity on agar gelatin media. 
We also showed that the sensor is able to detect different 
properties in muscular mice diaphragms. We are preparing a 
numerical model of interactions between the probe and the 
muscle to study viscoelastic properties of muscle like shear 
modulus.   
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Abstract—A series of experiments are performed to study 
the biomechanical properties of pelvic floor and uterine wall 
tissue for the rabbits between the delivery and the un-delivery 
groups. 14 New Zealand female big white rabbits were divided 
into delivery group and un-delivery group. Specimens of the 
pelvic floor and uterine wall tissue were tested by tension ex-
periment to determine their stress-strain relationship, the 
creep and the stress relaxation test. The instrument used is 
WDW4100 almighty test machine controlled by PC. Some 
important biomechanical properties, such as the ultimate 
strength, the maximum stiffness, the stress-strain relationship 
and the viscoelasticity, were obtained for the obturator inter-
nus, the gemellus tendon and uterine wall tissue. It is con-
cluded that such properties of the pelvic floor and uterine wall 
tissue for the delivery group and the un-delivery group are 
difference obviously, which is helpful for the clinical study on 
human pelvic floor and the development of obstetrics, gynecol-
ogy and urology. 

Keywords—Rabbit, Pelvic floor, Uterine wall, Biomechanics, 
Experimental study 

I. INTRODUCTION  

The pelvic floor dysfunction(PFD is one of the five 
kind of diseases which largely affect human health in the 
1990s[1]. Researching on the biomechanical properties of 
pelvic floor may be helpful for the development of obstet-
rics, gynecology, urology and pelvic floor rebuilding sur-
gery[2,3]. 

Consisted of three layer muscles and fascia, female pel-
vic floor seals off the pelvis, supports and bears the organs 
in the pelvic. M. levator ani, a kind of very important tissue, 
supports both pelvic and abdominal organs and acts syner-
gistically with the striated muscle of the anterior abdominal 
wall, also generating intra-abdominal pressure and maintain 
its integrality when the pressure is not beyond the physio-
logical limit. Obturator internus begins at the membrane 
obturatoria and its surrounding bone surface, and the mus-
cular bands centralize backwards to come into being tendon, 
which is called gemellus tendon. In anatomy the position of 
cat’s and human’s levator ani muscle corresponds to the 
rabbit’s obturator internus, which dilates the anal canal and 
vagina as well as gemellus muscle and turns the thighbone 

out together[4,5]. Shafik A et al(2001) had done a research on 
the function of pelvic floor muscles replaced by dog’s obtu-
rator internus[6]. 

Uterus plays an important role in the process of birth and 
reproduction. In the gestation period the muscle of uterus 
becomes thicker and contracts strongly to help the baby 
come out successfully during the childbirth process. So the 
study of the biomechanics properties of uterus, including 
the delivery group and un-delivery group of uterus, will 
promote greatly the development of obstetrics and gynecol-
ogy[1]. It is shown that women with childbirth history have 
more probability of suffering from uterus diseases, such as 
uterine leiomyomas, endometrial thickening, pelvic organ 
prolapse and uterine neoplasm than women without child-
birth history. 

There hasn’t been any report about the study on the bio-
mechanical properties of rabbit’s or human’s pelvic floor 
muscles. Because of the difficulties to collect specimens 
from human’s pelvic floor tissues, we chose the pelvic floor 
and uterine wall tissues of rabbits and studied the biome-
chanical viscoelasticity, such as stress-strain relationship, 
creep, stress relaxation, the limit load and so on. Moreover, 
we compared the biomechanical properties between the 
delivery group and the un-delivery group, which provides 
some references for the study of human’s pelvic floor, 
uterus tissue function and PFD to some extent, and is help-
ful to the development of obstetrics, gynecology and urol-
ogy. 

II. MATERIALS AND COMPUTATIONAL METHODS 

A. Experimental animals 

All experimental specimens were New Zealand female 
big white rabbits, including seven delivery and seven un-
delivery rabbits. The delivery rabbits were 2.5 kg and the 
un-delivery ones were 2 kg on the average. The delivery 
rabbits’ age was 4 or 5 months and the un-delivery ones was 
1 or 2 months. 
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B. Specimens 

14 big white rabbits were divided into two groups, the 
delivery group and the un-delivery group. General anesthe-
tize the rabbits were done by use Pelltobarbitalum Natricum 
whose concentration is 2%. The method of anesthesia is via 
auricular vein with the dosage of 30mg/kg. After that the 
obturator internus, gemellus tendon and uterus wall speci-
mens were separated and put into the 0.9% normal saline. 
And then, specimens must be pruned to maintain enough 
length on the longitudinal direction. The sizes of specimens 
were shown in the Table1 as follows. 

Table 1 Sizes of Specimens 

Obturator internus Gemellus Tendon Uterine wall Items 
delivery un-delivery delivery un-delivery delivery un-delivery

Numbers 14 13 14 14 51 49 

Average 
length 

12 12 20 19 20 12 

Average 
Width 

4.2 4 3 2 15 3 

Average 
Thick-
ness 

2.3 2 0.5 0.5 1.4 0.9 

 
C. Eqiupment  

The instrument used was WDW4100 universal testing 
machine controlled by PC whose force range is 100N, pre-
cision is 0.4% and displacement precision is 0.01mm. Dur-
ing the test, the fixture and specimens were immerged into 
the 0.9% normal saline and the temperature was controlled 
36 1 C, which guaranteed the proper humidity, tempera-
ture and the physiological environment of specimens. 

III.  RESULTS  

After organism experienced a large disturbance, the in-
ternal structure will be changed. The pre-regulation test in 
which the specimen was loaded or unloaded periodly, made 
the physical performance of the specimen reach a stable 
state. 

A. tress relaxation 

After experienced 5 times pre-regulation, the stress re-
laxation curve will have been stable when the load velocity 
maintained at 10mm/min. The elongation ratio of the obtu-
rator internus for the delivery group and the un-delivery 
group were 1.16 and 1.08 respectively, and the elongation 
ratio of the gemellus tendon were 1.1 and 1.05 respectively. 

The elongation ratio was 1.05 for the uterine wall. It needed 
10 minutes that the stress reached to be stable. 

Fig.1and Fig.2 was the normalized stress relaxation curve 
G(t) and its standard deviation for the obturator internus, 
gemellus tendon and uterine wall respectively. 

Fig. 1 Normalized relaxation curves G(t) for obturator 
internus and gemellus tendon 

Fig 2 Normalized relaxation curves G(t) for uterine wall

 
It is found that the normalized stress relaxation curve G(t) 

is a linear function of logarithm of time, written as lnt, with 
the linear regressing of the experimental data. There are two 
parameters to reflect the rate and extent of stress relaxation: 
Ks is the slope of G(t)-lnt curve which reflects the velocity 
of stress relaxation, and Ge is the value of G(t) at the termi-
nation of stress relaxation, which reflects the extent of stress 
relaxation. For the delivery group and the un-delivery, Ks of 
obturator internus muscle are -0.1228 and -0.0701 respec-
tively, Ge are 0.6845 and 0.8112 respectively. Ks of gemel-
lus tendon are -0.0845 and -0.1724 respectively, Ge are 
0.7626 and 0.4552 respectively. While Ks of uterine wall 
are -0.1757 and -0.1329 respectively, their Ge are 0.9884 
and 0.9026 respectively. 
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B. C  

The deformation will increase continuously when add-
ing a constant load to the specimen suddenly in creep test. 
This experiments started after the specimens had recovered 
for 30~40min from stress relaxation test. The load velocity 
maintained 10mm/min and the maximum load were 40% of 
the ultimate strength. So the invariable load for gemellus 
tendon both the delivery group and the un-delivery was 2N, 
and the invariable load for obturator internus muscle was 
1.2N, but load for uterine wall of delivery group and un-
delivery group was 1N and 0.48N respectively. After 20min, 
the specimen deformation got to be stable. Fig.3, Fig.4 and 
Fig.5 were the normalized creep curve J(t) and their stan-
dard deviation for the obturator internus muscle, gemellus 

tendon and uterine wall, respectively.  
y linear regressing the experimental data, it is concluded 

that normalized creep curves J(t) are the linear function of 
lnt. Two parameters, Kc and Je, can reflect the rate and the 
extent of creep. Kc, the slope of fitting line J(t)-lnt, indi-
cates the rate of creep. Je, the value of J(t) at the termination 
of creep, indicates the extent of creep. For the delivery 
group and the un-delivery one, Kc of obturator internus is 
0.9615 and 1.0496 respectively Je is 3.7504 and 4.0205 
respectively. Kc of gemellus tendon is 0.0478 and 0.1602 
respectively Je is 1.1477 and 1.4545 respectively. And Kc 
of uterine wall is 0.2586 and 0.1402 respectively, Je is 
1.1940 and 1.1263 respectively. 

C. Tension damage experiment 

30min after the creep test, the tension damage experi-
ments were done. Table 2 lists some mechanical character-
istic parameters. SD is Standard Deviation and Mean is 
average value. 

Table 2 Mechanical Characteristic Parameters 

Obturator Internus Gemellus Tendon Uterine Wall Groups 
MS SL MS SL MS SL 

Mean 0.248 2.588 2.696 26.960 0.1190 0.9520 Delivery
SD 0.043 0.478 0.734 1.381 0.0034 0.0420 
Mean 0.288 1.728 2.457 25.935 0.4440 0.6490 

delivery SD 0.051 0.369 0.812 1.502 0.0023 0.0451 

*Note: MS and SL are Maximum Stiffness and Strength Limit respectively, 
and unit is MPa. 

IV. CONCLUSIONS  AND DISCUSSIONS 

The stress relaxation test showed that: 1. the relaxation 
velocity of the obturator internus of the delivery group was 
a little higher than that of the un-delivery group, but the 
difference was very little; 2. the relaxation velocity of the 
gemellus tendon of the delivery group was fairly higher 
than that of the un-delivery group. The creep test showed 
that the creep velocity of obturator internus were similar for 
the delivery group and the un-delivery one, but he creep 
velocity of the gemellus tendon of the un-delivery group 
was observably higher than that of the delivery group. 
These conclusions may be helpful to the clinical study for 
the human pelvic floor and the development of obstetrics, 
gynecology and urology. The creep test and the relaxation 
test of uterine wall indicate that the creep rate and creep 
extent of delivery group are markedly lower than that of un-
delivery group, and the biomechanical properties also exist 
obvious differences. 

Fig.4 Normalized creep curves J(t) for gemellus tendon 

Fig.3 Normalized creep curves J(t) for obturator internus 

Fig.5 Normalized creep curves J(t) for uterine wall 
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The limit intensity of rabbit’s pelvic floor obturator in-
ternus for the delivery group and the un-delivery group was 
0.248MPa and 0.288MPa respectively, both of which were 
a little lower and had no obvious difference. The Maximum 
stiffness was 2.588MPa and 1.728MPa respectively, which 
presented obvious differences, the delivery group was 
higher than that of the un-delivery group. The limit intensity 
of rabbit’s pelvic floor gemellus tendon for delivery group 
and the un-delivery group were 2.696MPa and 2.457MPa 
respectively, which showed no obvious differences, the 
delivery group was a little higher. The Maximum stiffness 
was 26.960MPa and 25 935MPa respectively, the delivery 
group was a little higher. When the strain of obturator inter-
nus for the delivery group was less than 6% and that figure 
for the un-delivery group was less than 18%, the stress-
strain presented good exponent relationship. The strain of 
gemellus tendon for the delivery group and the un-delivery 
group had no obvious differences when it remained less 
than 5%, and the stress-strain also presented good exponent 
relationship. 

The mean ultimate stress of the uterine wall for the deliv-
ery group was 0.119Mpa and the un-delivery group was 
0.444Mpa. The max stiffness was 0.9520MPa and 
0.6490MPa respectively, showing obvious differences. The 
max extension ratio of delivery group was 1.12, which was 
lower than that of un-delivery group, 1.2. It indicates that 
delivery weakens the strain ability and strengthens the rigid-
ity of uterus tissue. When the strain of uterine wall for the 
delivery group was less than 9% and that figure for the un-
delivery group was less than 16%, the stress-strain relation-
ship presents good exponential relationship. In the clinic, 
parameters such as the rigidity, strain energy and so on can 

be used to describe some tissues’ deformability. It may be 
helpful to the clinical study for the human uterus and the 
development of obstetrics and gynecology. 
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Abstract—The macromolecular transport across the vessel 

wall is known to occur due to advection by transmural 

pressure driven water transport, characterized by hydraulic 

conductivity Lp. The discovery of the presence of Aquaporin-

1 (AQP) in the rat aortic endothelial cells suggests a new 

possibility of water transport across the endothelial cell, 

alongside the generally accepted paracellular route. We 

propose a new theory to explain the experimentally observed 

pressure-dependent effect of AQP-blocking on hydraulic 

conductivity of rat aorta. Our hypothesis suggests that 

chemical blocking of AQPs leads to decrease in average 

pressure in the intima, resulting into higher force per unit 

area on the endothelium, which can compress the intima at 

much lower overall pressures. In order to quantitatively 

assess the feasibility of this mechanism, we extend the 

filtration model proposed by Huang et. al. by including 

transcellular water flow. The results suggest that AQPs 

account for at least 30% of the intrinsic hydraulic 

conductivity of an endothelial cell. Further, we found that the 

force acting on the endothelium with functioning AQPs at 60 

mmHg is same as that acting on the endothelium with blocked 

AQPs at 44 mmHg! This might suggest a possibility of 

lowering the progress of atherosclerosis by AQP up-

regulation for those whose hypertension put them at higher 

risk. 

 
Keywords—hydraulic conductivity, Aquaporin-1, 

transmural pressure, intimal compaction, fenestra 

 
I. INTRODUCTION 

 

It is well known that the early stages of atherosclerosis 

are characterized by the transport and accumulation of 

macromolecules, like low-density lipoproteins (LDL), from 

the lumen into the sunendothelial intima (SI) region of the 

vessel wall, where a cascade of biological reactions lead to 

lesion formation. It has been found [1] that these 

macromolecules cross the endothelial layer at specific 

leakage sites, which were attributed to rare endothelial cells 

(~1 in 2000-6000 cells) with junctions wide enough for a 

macromolecule (~25 nm) to flow through. Our group 

showed [2,3] that this focal transport of macromolecules 

and their subsequent spreading in the SI is due to the 

advection of macromolecules by pressure-driven transmural 

water flow. Since water can easily pass through the tight 

junctions between normal endothelial cells, which vastly 

outnumber the leaky ones, the transmural pressure (across 

the vessel wall) should drive majority of the water flow via 

normal tight junctions. This pressure driven water transport 

together with the diffusion can further transport LDL 

macromolecules, which have already entered the vessel wall 

through leaky junctions. Hence, the total transmural water 

transport, and not just the portion through leaky junctions, 

appears to play a central role in delivering macromolecules 

like LDL to the subendothelial space. The water flow 

carries lipid into the arterial intima and spreads it there, 

thereby giving it a chance to bind to extracellular matrix, 

which might lead to, and possibly trigger, the start of lesion 

formation. On the other hand, it can also dilute LDL’s local 

concentrarion, thereby likely slowing down these binding 

reactions’ kinetic rates and flushes unbound LDL from 

intima, and ultimately from the wall. Thus it is critical to 

understand the nature and control of transmural water flow 

and its influence on lipid transport in the vessel wall. 

Starling’s law gives us the overall water flux across the 

vessel wall as: Jv=Lp( P - ), where Lp is the hydraulic 

conductivity, P is the pressure gradient and  is the 

osmotic gradient across the vessel wall. Neglecting the 

osmotic forces (since large blood vessels are considered 

isotonic) Jv=Lp x P. Many research groups in the past, 

including ours [4], have measured the hydraulic 

conductivities of rabbit and rat aorta ex vivo over a range of 

transmural pressures. In all of these studies, the Lp was 

found to be higher at low transmural pressures, it decreased 

with increasing transmural pressures and then remained 

practically constant at very high pressures for the intact 

endothelium. Whereas in case of de-endothelialized vessel, 

the Lp remained pressure-insensitive for almost the entire 

pressure range. Based on Frank and Fogalman’s [5] 

ultrastructure observations of the vessel wall, Huang et. al. 

[6] came up with an intimal compression theory, which 

successfully explained the observed variation of the 

hydraulic conductivity with transmural pressure. This 

theory, later on proved experimentally [7], hypothesized 

that the intima, being very sparse (~90% void), can readily 

undergo compression upon pressure loadings, moreover 

near the fenestral pores of the internal elastic lamina (IEL), 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 
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the compaction leads to a narrowing of the pore entrance 

area and a large decrease in local Darcy permeability of the 

matrix.  

A membrane protein called Aquaporin-1 (AQP), which 

act as specific water channel, has caused tremendous 

excitement in the scientific community over the last twenty 

years. These highly selective water channels, found in 

variety of endothelial and epithelial cells, allow high 

throughputs of water in response to osmotic gradients at 

little or no cost in ATP. Using the immunohistochemical 

technique, our group has successfully shown the presence of 

AQPs in rat aortic endothelial cells. This discovery suggests 

the new possibility of water transport through the 

endothelial cell (EC) via AQPs (transcellular route), 

alongside the generally accepted paracellular route. Our 

group [4] has studied the effect of AQPs on transport 

properties of the vessel wall using both in vitro and ex vivo 

techniques. HgCl2, known to chemically block AQPs and 

thus the transcellular water flow, is used to study the 

relative contribution of transcellular route to the overall 

water transport. The water flux across the HgCl2 treated 

BAEC monolayers (blocked-AQPs) showed an average 

22% decrease [4] compared to controls (without HgCl2). 

The ex vivo studies were carried out to measure the 

hydraulic conductivity of an excised vessel as a function of 

pressure, first with functioning AQPs and then with 

chemically blocked AQPs, using HgCl2 as a blocker, on the 

same vessel. The major contribution of AQPs in the 

transmural water transport is clearly evident from the 

statistically significant decreases of ~32%, 11% & 5% in 

the intact vessel’s Lp, in case of blocked AQPs, at 

60,100,140 mmHg respectively, observed experimentally in 

[4]. Moreover, for blocked AQPs, the hydraulic 

conductivity was found to be pressure independent starting 

at as low as 60 mmHg. This, according to Huang et. al.’s [6] 

theory, suggests that the intima might be fully compressed 

at 60 mmHg, where the unblocked intima is relatively 

uncompressed. Thus AQP-blocking may lead to intima 

compaction at a lower overall P. 

In this study we propose a new theory to explain the 

pressure-dependent effect of AQP blocking on hydraulic 

conductivity of the vessel wall and extract the percentage of 

intrinsic endothelial hydraulic conductivity (LPe) due to 

AQPs ( LP(EC )). We hypothesize that blocking the AQPs will 

decrease the number of available pathways for water 

transport, thereby decreasing LPe and intimal pressure Pi at 

fixed P. This will lead to larger force per unit area [PL 

(lumen pressure) – Pi] on the endothelium, which can 

compress the intima and lead to IEL fenestral blockage at 

lower overall P. To quantitatively assess the feasibility of 

the proposed mechanism we extend the filtration model 

given in [6], by including transcellular flow, and see if this 

new model explains experimentally observed variation of 

hydraulic conductivity with transmural pressure for blocked 

AQPs. Using the finite difference approach we have 

numerically solved the system of coupled PDEs, governing 

the pressure distributions in the intimal and medial region of 

an arterial wall, with exact boundary conditions as opposed 

to the approximate solution proposed in [6]. 

 
II. MATHEMATICAL MODEL 

 

Figure 1 shows a representative local periodic wall unit 

of a circular cylinder of radius 
I
* with a fenestral pore of 

radius rf
* in the IEL at the unit’s center. The intima under 

nondeformable endothelium can be compressed on pressure 

loading from Li0
*  (initial thickness at zero transmural 

pressure) to Li
*. The IEL is treated as an impermeable barrier 

of zero thickness except for its fenestral openings. We 

consider the water flow entering the intima not only through 

normal clefts (paracellular route) but also through the 

endothelial cell via AQPs (transcellular route). After 

entering the intima, water flows laterally (i.e., parallel to the 

endothelium) in the SI and enters media through fenestral 

openings in the IEL. The increasing pressure compression 

of the SI can narrow the cross-section for this lateral SI flow 

and cause the endothelium to partially block the IEL 

fenestral entrance. Due to the high density of the media, our 

model presumes that it does not undergo any compression 

upon pressure loadings and its filtration properties are 

assumed to be constant.  

 

 
 

Fig. 1 Schematic of periodic wall unit around a fenestral pore 

 
Using the incompressibility and Darcy nature of water flow, 

we get following set of coupled Laplace equations for 

pressures in the intima and the media ( j  is a dummy index 

which takes values i  for intima and m  for media): 
2Pj = 0    ( j = i,m)                                                               (1) 
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The axisymmetry at r = 0 and periodicity at the endothelial 

cell radius r = I  require: 

Pj r = 0  at r = 0 ( j = i,m) ; Pm r = 0  at r = I             (2)                     

The intimal pressure at r = I  is assumed to be independent 

of intima flow and of z - dependence. 

Pi = P0  at r = I
,0 zi 1      (3)         

The pressure at adventitia zm = 1 is reference pressure. 

Pm = 0 at zm = 1                    (4) 
 

The IEL (z=0) allows water only through its fenestra 

allowing pressure and velocity continuity, and thus giving a 

mixed boundary value problem. 
 

Pi zi = 0; Pm zm = 0 at z = 0, 1< r I
                       (5) 

Pi = Pm ;  

Kpi Li
*( ) Pi zi = Kpm Lm

*( ) Pm zm  at z = 0, 0 < r 1              (6) 

where, Kpi
 and Kpm

 are Darcy permeability’s of intima and 

media respectively. 

At the endothelium zi =1, we allow transcellular water flow 

characterized LP(EC )  (hydraulic conductivity of EC 

attributed to its AQPs). 

Pi zi = LP (EC )μLi
*(1 Pi) Kpi[ ]   at  zi =1        (7) 

The constant P0  in equation (3) is unknown and obtained 

from the mass balance of iwater flux. 

We have used finite difference approach to solve the 

system of coupled PDEs (1) for intima and media with exact 

boundary conditions (2)-(7). Due to significant differences 

in the length scales involved (rf
*, I

*,Li
*,Lm

* ), we use variable 

grid to discretize the computational domain. A very dense 

mesh is generated near the fenestral hole and it spreads 

further out away from the fenestra. Central difference 

formulae for non-uniform mesh are used to discretize the 

Laplace equations (1) and the boundary conditions are 

discretized using first order finite difference 

approximations. Successive mesh-refinement procedure is 

employed to arrive at the numerically accurate solution. 

 

 

III. RESULTS AND DISCUSSION 

 

A. Pressure drop at the IEL: 
 

Figure 2 predicts the pressure distribution above and 

below the IEL at different intima thicknesses. We use all 

geometric parameters as given in [6]. For thicker intima 

(>200 nm), most of the pressure drop occurs in media and 

the pressure profile looks almost flat in the intima, 

suggesting a very small resistance to flow in the intima. 

However, as the pressure compresses the intima, due to it’s 

increased resistance, we begin to see some pressure drop in   

 
 

Fig. 2 Local pressure distributions on upper (intimal side, Pi) and lower 

(medial side, Pm) IEL surfaces at different intima thicknesses. 

 
the intima. At very low intima thicknesses (50 nm), most of 

the pressure drop occurs in the intima in a region of several 

pore diameters surrounding the fenestra, indicating high 

resistance for the flow and a possibility of fenetral blocking 

by the endothelium. An exact pressure matching is obtained 

in the fenestra (0 < r 1). 

B. Hydraulic conductivity – unblocked AQPs: 

 
 

Fig. 3 Effect of various AQP fractions on Lp 

 
The hydraulic conductivity of the vessel wall is 

expressed as 1 Lpt =1 Lp(e+ i) +1 Lp(I +m )[ ]  where, Lp(e+ i)
 

represent the contribution from endothelium and SI region, 

and Lp(I +m )
 is the experimentally found hydraulic 

conductivity of denuded vessel representing contributions 

from the IEL and the media. Using the average pressures at 

the IEL, we calculate Lp(e+ i)
 at various intima thicknesses. 

In order to predict the variation of Lpt
 with transmural 

pressure, we model the intimal compression as a Hookean 

spring response to pressure loading and obtain the spring 

constant (k) by comparing experimental and model 
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predictions of Lpt
. Since we do not know the percentage 

contribution of AQPs to the intrinsic endothelial hydraulic 

conductivity  LPe, we assume LP(EC )  to be various fractions 

of LPe and predict the LPt as shown in figure 3. The LP ( P)  

curve becomes flatter and shifts to right with increasing 

AQP fraction, suggesting that with increasing number of 

AQPs, the available pathways for water transport are 

increased resulting into higher intima pressures. This means 

that there is less force per unit area on the endothelium and 

one has to go higher pressures before the force acting on the 

endothelium reaches critical pressure needed to fully 

compress the intima, after which hydraulic conductivities 

remain almost constant. 

 
C. Hydraulic conductivity – blocked AQPs: 

 

 

Fig. 4 Effect of various blocked-AQP fractions on Lp 

 
Figure 4 compares the model predictions (for various 

assumed fractions of LPe) and experimental data of LPt at 

different transmural pressures. We retain the same spring 

constants as those obtained for unblocked AQPs case. The 

model predicts that AQPs likely account for more than 30% 

of the LPe. In addition, the curves in fig. 4 shift to left as 

more number of AQPs are blocked, meaning that the intima 

attains the maximum compression limit at much lower 

transmural pressures.  

 
IV. CONCLUSION 

 

We have presented a model for filtration through 

fenestral pores and considered, for the first time, the role 

played by AQPs in modulating the total hydraulic 

conductivity of an intact arterial wall with changes in 

transmural pressure. Not surprisingly, our calculations 

showed a substantial decrease in Lp values upon increasing 

the percentage of blocked AQPs. The model provides 

several interesting predictions. First, the large drops in Lp 

agrees with Nguyen’s [4] experimental observations of the 

effect of blocking on Lp at different transmural pressures, 

supporting the hypothesis that AQPs indeed play a 

significant role in overall transport across the arterial wall. 

Second, AQPs contribute at least 30% to the intrinsic 

hydraulic conductivity of the endothelium. Third, the force 

acting on the endothelium at 60 mmHg with functioning 

AQPs is same as that at 44 mmHg for blocked AQPs. In 

other words, AQP blocking, when done at pressures where 

the SI would otherwise be uncompressed, can cause the SI 

compression and initiate fenestral blocking. This leaves us 

with an idea that AQP up-regulation, leading to higher 

hydraulic conductivities, might result in lowering the 

progress of atherosclerosis. Nevertheless, further research is 

required to understand how the atherosclerotic progression 

can be altered by varying hydraulic conductivity of the 

vessel wall.    
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Abstract—An accurate method for T2-weighted MRI seg-
mentation according to tissue transversal magnetization decay 
rates is presented. By means of a sequence of geometric image 
filters a classification of the pixels’ intensity decay curves is 
provided. This can be done through a double strategy: First a 
log-convexity filter is applied in order to regularize image 
intensity decay by adjusting its geometrical properties to those 
that are expected from noiseless data, i.e., monotonous and 
convex behavior. In doing so, image noise is somewhat filtered 
and controlled. Data points are fitted by an over determined 
interpolation procedure. Decay rate distributions are obtained 
and tissue classification is performed by means of the determi-
nation of principal decay rates or decay modes using a suitable 
mathematical morphology operator, i.e., watershed or similar. 
Image segmentation is performed by linear regression analysis 
on a pixel by pixel basis assuming that the pixel intensity decay 
is composed by a linear superposition of the decay modes pre-
viously obtained from the decay rate distribution function. The 
main advantage of the proposed multi-strategy approach rests 
in the accuracy and speed of calculation with respect to other 
methods such as Inverse Laplace Transform algorithms. The 
method could be easily extended to any exponentially decaying 
set of images such as diffusion-weighted MRI. 

Keywords—Image segmentation, filtering, magnetic  
resonance imaging, pattern recognition, mathematical  
morphology. 

I. INTRODUCTION  

The determination of relaxation rate distributions for T2-
weighted Carr-Purcell-Meiboom-Gill (CPMG) MRI has 
been previously used [1-3], for tissue classification and 
tumor segmentation, particularly for obtaining nosologic 
maps of tumoral lesions in brain [4]. Those efforts relay on 
the application of simulated annealing and Metropolis algo-
rithm to perform an inverse Laplace transform on relaxation 
data and whose details are discussed elsewhere [1,3]. Even 
though these methods are extremely precise and robust for 
the determination of relaxation rate distributions, they are 
also extremely slow and require some adjustments and side 
processes to be applicable on a patient basis. The decay of 

pixel intensity through the set of CPMG T2-weighted MR 
images can be modeled by a discrete sum of positive  
exponential functions [5]. The fact that pixel intensity sam-
pling is made at equally spaced time intervals, transforms 
the initial fitting problem into a problem of finding the solu-
tions of a set of non linear polynomial equations [6]. In the 
present work, transversal relaxation rate distribution func-
tions obtained by solving analytically [7] these equations 
are used for segmentation of tumor lesions in MR brain 
images. 

II. MATERIALS AND METHODS 

A. Image Measurement 

Multi-echo T2-weighted images were acquired using 
Carr-Purcell-Meiboom-Gill (CPMG) sequence with a total 
of 16 equally separated echoes, starting at TE = 22 ms. To 
cover  the totality of the tumoral lesion, images for 8 axial 
slices were obtained, each one 5 mm thick. Pixel intensity  
is commonly assumed to behave as a single exponential 
given by 

        
( )2exp nTERpp On −=                             (1) 

 
where R2 = 1/T2, n being the echo index and T2 the transver-
sal relaxation time.  
 
B. The Partial Volume Problem 

A common situation in MR images is that even when 
they exhibit a very high spatial resolution axially, i.e., over 
the 2D image, the spatial resolution in the longitudinal di-
rection, i.e., related to slice width, could be very low. As a 
consequence, it can be assumed that there could be a mix-
ture of tissues within the image voxel, i.e., a partial volume 
problem [8,9], and in correspondence a mixture of relaxa-
tion rates R2. In that case, (1) can be replaced by a more 
refined equation to describe image intensity behavior within 
the voxel  
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where α  stands for the image acquisition parameter, i.e., 
TE, Ci is the proportion of tissue i in the voxel, iλ  repre-
sents its characteristic decay parameter, b is a baseline cor-
rection to the pixel intensity and N is the maximum number 
of tissues that could be present in the voxel. 
 
C. Analytic Solution of Non Linear Polynomial Equations 

As shown in [7], equation (2) can be written as: 
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where 
 

( )iiX αλ−= exp                       (4) 
 
The equally spaced sampling of the magnetization decay 

allows for a polynomial representation of each data point 
according to (3). If it is assumed [3,4], that at most 3 tissues 
are present in each voxel; normal or unaffected tissue, le-
sion tissue and cerebrospinal fluid, CSF, a set of non linear 
polynomial equations [6] can be written: 
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Solutions to the set (5) must fulfill the following  
conditions, imposed by the physical conditions of image 
acquisition: 
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Several transformations reduce non linear set (5) to a linear 
algebraic system [7]: 
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a modified Toeplitz matrix, 
 

⎥
⎥
⎥

⎦

⎤

⎢
⎢
⎢

⎣

⎡
++

++
=

321

313221

321

XXX
XXXXXX

XXX
Z                 (10) 

 
a set of symmetric functions,  and 
 

iii qpp ≡− +1                   (11) 
 
Solutions of (7) determine a set of non linear algebraic 

equations: 
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Solutions of set (12) can be obtained as the roots of the 
cubic equation: 
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The rest of the variables can be calculated by replacing the 
solutions of (13) into the initial set (5). 
 
D. Image Filtering 

Since pixel intensity is assumed to be composed of three 
exponential decays; this situation will not always corre-
spond to the actual tissue composition in real data and as a 
consequence some of the roots of equation (13) must be 
either complex or negative, or the coefficients Ci and the 
baseline b not positive. Complete application of conditions 
(6) determines all the acceptable physical solutions. Due to 
the effect of noise in real data, the original interpolation 
problem given by (5) is transformed into an approximation 
problem. To test the reliability of the method [7], synthetic 
image data, using the BrainWeb database [13], were  
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prepared subjected to different noise levels, distributed 
according to a Rice distribution [10-12]. An example of the 
validation procedure is shown in Figure 1, assuming a Rice 
distributed noise with parameters (ν, σ) = (0.02, 0.02). 

 

 
Fig. 1 (a) Region of interest for calculation, (b) Relaxation rate distribution 
function showing the actual tissue distribution (continuous line) and the 
calculated distribution by solving (13), (c) Residuals distribution function 
(Rice distributed) and (d) Baseline distribution 

As can be seen in Figure 1, the calculated relaxation rate 
distribution function resembles the actual distribution func-
tion qualitatively, i.e., similar features are present in both 
distributions. The origin for this discrepancy comes mainly 
from the additional instability that noise introduces into the 
Toeplitz matrix (9), possibly related to the loss of geometri-
cal properties of pixel decay data points, i.e., data points 
should exhibit a monotonous and convex decay behavior. 
This situation brings as a consequence that solutions of (13) 
cannot be obtained compatible with conditions (6) for a 
considerable fraction of the pixels within the analyzed ROI. 
To partially overcome this problem, those data points that 
do not fulfill the geometrical conditions are filtered using a 
log convex filter defined in the following way: starting with 
the original data points, p, a band is defined with limits pinf 
and psup, monotonous and convex, such that pinf ≤ p ≤ psup; 
next filtered data points are calculated as p = (pinf + psup)/2. 
Regularization introduced by this filtering process greatly 
enhances the effectiveness of the method to obtain solutions 
of (13) with conditions (6), but this time using approxi-
mated filtered data. To further increase the robustness of the 
procedure, b and Ci parameters are determined using the full 
set of equations (3), i.e., 8 data points, which means that an 
over determined system is always handled. Under such 

conditions (3) is solved by non negative least squares, also 
to provide solutions compatible with conditions (6). 

III. SEGMENTATION PROCEDURE 

The set of images is sampled in different regions to de-
termine the probability distributions for the different tissues. 
These are characterized by their mean values ‹λ›, but also 
by their dispersions, σ, which are dependent on signal to 
noise ratios and tissue heterogeneity, i.e., unaffected tissue 
is dispersed in the parameter λ due to differences in the 
parameter for gray and white matter tissues. Assuming that 
tissue type probability distributions reflect the actual distri-
bution of the parameter λ, then its value in a voxel could be 
used to determine the probabilities for each tissue type. To 
perform image segmentation, a ROI is selected in the im-
age; the relaxation rate distribution function obtained for 
that ROI is partitioned using a watershed morphological 
operator [14] to determine a set of decaying rates kλ . Coef-

ficients kC  are determined by non negative linear regression 
assuming that for each voxel, image intensity is written as 

 

1

k

N
nTE

n k
k

p b C e λ−

=

= +∑                        (14) 

 
where N is the number of different relaxation rates, kλ  
previously obtained and classified.  

 

Fig. 2 Sample distribution functions for different ROI’s in (a) Glioblas-
toma multiforme, (b) Fibrillary Astrocytoma 

IV. RESULTS AND DISCUSSION 

Some of the results are shown in Figures 2 and 3. In Fig-
ure 2a the low relaxation rate peak corresponds to cerebro-
spinal fluid or necrosis and the band above 10 s-1 corre-
sponds to gray and white matter tissue. Intermediate 
relaxations rates could be assigned to tumor tissue. In 2b, 
the situation is more clearly depicted, a normal or  
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unaffected tissue band above 10 s-1 and a well defined peak 
at 5 s-1 associated to tumor tissue. Application of the non 
negative linear regression yields the segmented ROI’s 
shown in Figure 3. Segmentations performed by the method 
proposed in this work correspond quite well with those 
obtained by inverse Laplace transform algorithm or nonlin-
ear regression methods [2-4]. 

 

Fig. 3 Segmented images: (a) Glioblastoma multiforme, (b) Fibrillary 
Astrocytoma. Colors are assigned as follows: blue, cerebrospinal fluid, 
necrosis or edema tissue, red, tumor tissue and green, normal or unaffected 
tissue 

V. CONCLUSIONS 

Quasi-analytical methods [7] for determination of decay-
ing rates in T2-weighted MR image sets allows for a fast and 
reliable segmentation of tumor lesions in brain. Compared 
to other methods, based on the inversion of data by non 
linear regression analysis or inverse Laplace transform 
algorithms [3,4], the proposed method is much faster but it 
is limited to the assumption of a small number of exponen-
tial decays composing the image voxel data, i.e., the condi-
tion number increases with the number of exponentials 
considered. Nevertheless, for the signal to noise ratio in 
images used in this work and the typical decaying rates 
values present in tumor lesions in brain, allows for a reliable 
image segmentation method. Future work is addressed to 
the use of mathematical morphology operators to previously 
homogenize pixel intensity and the extension of results to 
diffusion-weighted MRI. 
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Abstract—Elastic modulus to the circumferential direction 
of carotid artery is important to evaluate the degree of arterio-
sclerosis. Previous methods have utilized the magnitude of 
systaltic movement of carotid wall to estimates the elastic 
modulus. Because the magnitude depends on the elastic mod-
ulus of surrounding tissues around carotid artery as well as 
that of carotid artery itself, the previous methods results in 
overestimates of carotid elastic modulus. We then modeled 
both carotid artery and surrounding tissues with a two-layered 
combinational cylinder from the view point of Theory about 
Strength of Materials. Utilizing the systaltic movement of a 
point in surrounding tissues as well as that of carotid wall, we 
estimate the ‘‘self-’’elastic modulus of carotid artery by ex-
cluding influence of surrounding tissues. We further measured 
carotid elastic modulus in vitro for animal by tensile test. The 
results agree with our in vivo estimation. 

Keywords—Arteriosclerosis, carotid artery, ultrasonic im-
ages, elastic modulus, stiffness. 

I. INTRODUCTION  

Arteriosclerosis is one of lifestyle related diseases caused 
by careless of one’s health, and progresses from youth 
without subjective symptom. The uncontrolled arterioscle-
rosis is cause of cerebral and myocardial infarction, angina 
pectoris and so on. Because arteriosclerosis is difficult to 
recover completely, it is important to delay aggravation of 
arteriosclerosis by promoting the improvement of the life-
style to patients. 

For the purpose of early detection of arteriosclerosis, the 
method for measuring the elastic modulus of carotid artery 
by observing the systaltic movement of carotid artery in 
ultrasonic echo images has been proposed [1-5]. Most of 
them utilize criteria based on the difference blood pressure 
between systole and diastolic phases regularized by chang-
ing ratio of diameter at the carotid inner wall; because it is 
considered that the changing ratio of diameter becomes 
relatively small to the difference blood pressure, if carotid 
artery stiffens. By modeling carotid wall with a thick walled 
cylinder from the viewpoint of Theory about Strength of 
Materials, the elastic modulus of carotid artery has been 
estimated [6-8]; the changing ratio of carotid diameter is 
also utilized in the derivation of elastic modulus.  

First, this article shows that elastic modulus of carotid ar-
tery cannot be obtained only for observing the diameter 
changing ratio at the carotid inner wall because the elastic-
ity of the surrounding tissues around the carotid artery af-
fects the systaltic movement of carotid artery. We then 
model both carotid artery and surrounding tissues with a 
two-layered combinational cylinder. Utilizing the systaltic 
movement of a point in surrounding tissues as well as that 
of carotid wall, we estimate the ‘‘self-’’elastic modulus of 
carotid artery by excluding influence of surrounding tissues. 
We further measured carotid elastic modulus in vitro for 
animal by tensile test. We show that the results agree with 
our in vivo estimation. 

II. METHOD 

Let carotid artery be modeled as a two-layered combina-
tional cylinder with infinity length, which is often used in 
the Theory about Strength of Materials. In the model, the 
space from the center of cylinder to radius r1 is cavity, that 
from radius r1 to r2 is filled in an uniform material (inner 
material) with elastic modulus E1(kPa), and that from ra-
dius r2 to r3 is filled in another uniform material (outer 
material) with elastic modulus E2(kPa). The displacement 
u(r) to radial direction at radius r when pressure P(kPa) is 
added in the internal cylinder, is derived in the view point of 
the Theory about Strength of Materials. Let the Poisson 
ratios of the two materials be 1/2, external pressure be 0, 
and r3 be infinity, i.e. the outer material spreads to suffi-
ciently far distance. Under the above assumption, displace-
ment u(r) is represented as the following equation. 
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In the situation of carotid artery, the inner and outer materi-
als are supposed to be carotid wall and surrounding tissues 
around artery, such as fat, muscle, tendon, etc, respectively. 
Radii r1 and r2 mean the radii at inner and outer wall of 
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carotid artery, respectively. Here, we define radius r as the 
radius at diastolic phase; we set internal pressure P at dia-
stolic phase be zero. We further redefine internal pressure P 
as the difference of systolic and diastolic phase. Displace-
ment u(r) then indicates the difference of radii in systole and 
diastolic phase. 

By substituting r=r1 to Eq. (1), the displacement u(r) at 
r=r1 is represented as 
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In Eq. (2), if there is no other tissues around carotid artery, 
i.e. E2=0, the elastic modulus E1 of carotid artery can be 
estimated as the following equation using the measured 
value u(r1) at r=r1 when systole pressure is supplied [6]. 

 ))((2
)3(

2
1

2
21

1
2

1
2

2
1 rrru

PrrrE
−

+=     (3) 

However, because we cannot measure the systaltic dis-
placement of carotid artery in vitro, i.e. by extracting carotid 
artery anatomically for the purpose of diagnosis for arterio-
sclerosis; we must measure the displacement in vivo. There-
fore, the previous method using Eq. (2) has given erroneous 
estimates of elastic modulus E1 of carotid artery because of 
influence of non-zero elastic modulus E2 of surrounding 
tissues. 

We here show an example that the previous method gives 
an erroneous estimate of E1. Figure 1 shows three dis-
placement curves u(r), which have equal displacement 
u(r1)=0.3(mm) at inner wall, though these have different 
sets of E1 and E2. The previous method cannot determine 
E1 uniquely because the method only utilizes displacement 
u(r) at r=r1. Then, the previous method determines E1 
uniquely by assuming E2=0. 
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Fig. 1 Examples of displacement curves u(r) 

In this study, we try to estimate elastic modulus E1 of ca-
rotid artery itself. As see in Fig. 1, if we know displacement 

u(r) at another r=r4, which does not equal to r1, as well as 
displacement u(r1) at carotid inner wall, both E1 and E2 are 
determined uniquely. By eliminating E2 from the simulta-
neous equations, i.e. Eq. (2) and the equation given by sub-
stituting r=r4 to Eq. (1), we obtain E1 as follows: 
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By solving Eq. (2) for E2, we obtain the following equation. 
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By substituting E1 measured by Eq. (4) into Eq. (5), the 
elastic modulus E2 of surrounding tissue can also be esti-
mated.  

The estimation of systaltic displacements u(r1) and u(r4) 
using ultrasonic echo images is written in detail in our pre-
vious report [10]. 

III. RESULTS 

We estimated carotid elastic modulus E1 by both the 
proposed method and the conventional method for the 32 
subjects. Figure 2 shows the results, in which the horizontal 
and vertical axes indicate E1 estimated by the proposed 
method and the conventional method, respectively. Symbols 
○ in the figure show the results for one subject, which 
shows different characteristics from the other subjects. The 
subject’s E1 estimated by the conventional method is con-
siderably higher than the other subjects, though E1 esti-
mated by the proposed method is not so prominently high. 
Because the subject is brawny compared to the other sub-
jects, it is considered that the subject has sinewy surround-
ing tissues, i.e. higher elastic modulus E2 than the other 
subjects. For that reason, the magnitude of carotid systaltic 
movement is suppressed. Because the conventional method 
ignores the existence of the surrounding tissues, the conven-
tional method concludes that carotid artery is stiff, i.e. elas-
tic. On the other hand, the proposed method concluded that 
the carotid artery of the subject is not so stiff.  

The conventional method for evaluating the degree of ar-
teriosclerosis based on the systaltic movement of carotid 
artery has not been considered the existence of the sur-
rounding tissues around the carotid artery. For that reason, 
the elastic modulus of carotid artery tends to be estimated 
highly, especially for a brawny person. In this study, we 
proposed the method considering the existence of the sur-
rounding tissues. The proposed method can estimate the 
elastic modulus of carotid artery excluding the influence of 
the surrounding tissues. 
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Fig. 2 Comparison of E1 estimated by the proposed method and the con-
ventional method 

IV. CONSIDERATION 

Artery wall mainly consists of elastin, collagen, and 
smooth muscle [14,15]. Astringent and relaxation of artery 
is controlled by vascular smooth muscle cells [11]. Charac-
ter modification of vascular smooth muscle cells plays an 
important role in the development process of arteriosclero-
sis focus [12]. Pathophysiology of such vascular malady as 
hypertension, thrombosis, and arteriosclerosis is elucidated 
in the molecular level by the progress of vascular physiol-
ogy [12,13]. 

It is considered that arterial mechanical properties to the 
axial direction and the circumferential direction are similar 
to those of elastic fiber and smooth muscle, respectively 
[16]. The elastic modulus of dog’s and rat’s smooth muscle 
have been reported as approximately 30(kPa) [16], and 
10(kPa) [22], respectively.  The elastic modulus of human 
carotid artery has been investigated widely; the results are 
summarized in Table 1. 

In this paper, we measured elastic modulus of common 
carotid arteries for seven sheep, one goat, and one cow by 

tensile test. Species, breading periods and measured values 
of physical aspect of these specimens are listed in Table 2. 
The common carotid arteries extracted anatomically after 
euthanasia were carved circumferentially. Tensile test is 
executed by displacement control with ramp velocity of 10 
(mm/min). Fig. 3(a) shows an example of the obtained 
stress – strain curves. This figure shows that the specimen 
stretches by (3.4+1) times and then fractures when ap-
proximately 1.7 (MPa) of stress is added to the specimen. 
The modulus of elasticity is defined as the derivative of 

Table 1 Measured values of the elastic modulus E 

Subject (Artery) No. E(kPa) Source 

Smooth muscle (Dog)  30 Azuma et al (1971) [16] 

Smooth muscle (Rat)  10 Nagayama et al (2006) [22] 

Carotid (Human)  23 Arndt et al (1968) [17] 

Carotid (Human) 16 49 Arndt (1969) [19] 

Carotid (Human) 109 63.8 Riley et al (1986) [20] 

Carotid (Human) 11 608 Patel et al (1964) [18] 

Media  27.0 Holzapfel et al (2002) [21] 

Carotid (Human) 32 10-39 Yokota et al (2008) [10] 

 

 
   

    

Table 2 Species, breading periods, physical aspect, and measured elastic modulus of specimens. 

Specimen No. Breading period No. of 
vessels 
Right, Left 

Mean 
diameter 
Ro (mm) 

Mean 
thickness 
t (mm) 

Mean 
length 
Lo (mm) 

Mean 
width 
D (mm) 

Range of 
elastic modulus 
(kPa) 

Sheep (Australia, NSW) 4 2year 2week 14,  13 4.04 0.83 6.08 4.15 109.6 ~ 361.3 
Sheep (Australia, NSW) 3 3year-3year 4month 5,  3 4.44 0.86 3.56 3.29 82.4 ~ 325.6 
Goat (Shiba x Saanen) 1 5year 10month 5,  5 1.79 0.96 2.72 3.44 57.6 ~ 101.2 
Cow (Japanese Black) 1 13year 3month 6,  4 2.97 1.79 11.85 3.85 173.4 ~ 413.5 
 

Fig. 3 A typical example of stress-strain curve of CCA, and estimation 
of the elasticity with normal blood pressure range 
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such a stress – strain curve. Because the derivative depends 
on the given stress, we defined the elastic modulus of ca-
rotid arteries as the slant coefficient of a stress – strain 
curve when the stress corresponding to the blood pressure is 
added as shown in Fig. 3(b), which is magnification of Fig. 
3(a). In the case of Fig. 3, elastic modulus is approximately 
191.5(kPa). 

The range of the elastic modulus measured for the 
specimens mentioned above are shown in the right column 
of Table 2. Excepting for the specimens that is in the period 
of postmortem rigidity, elastic modulus are distributed in 50 
– 80 (kPa). Carotid elastic modulus estimated by the pro-
posed method in vivo using ultrasonic echo images agrees 
with both the previous reports shown in Table 1 and our in 
vitro measurement for animals shown in Table 2. 

V. CONCLUSIONS 

The conventional method for evaluating the degree of ar-
teriosclerosis based on the systaltic in vivo movement of 
carotid artery has not been considered the existence of the 
surrounding tissues around the carotid artery. For that rea-
son, the elastic modulus of carotid artery tends to be esti-
mated highly, especially for a brawny person. In this study, 
we proposed the method considering the existence of the 
surrounding tissues. The proposed method can estimate the 
elastic modulus of carotid artery excluding the influence of 
the surrounding tissues. The results agree with the previous 
reports and our in vitro measurement for animals. 
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Hemodynamic Effects of the Orientation of a Bi-leaflet Mechanical Heart Valve 
Implanted in an Anatomic Aorta  

I. Borazjani, T. Le, and F. Sotiropoulos 

St. Anthony Falls Laboratory, University of Minnesota, Twin Cities, USA  

Abstract— We perform high-resolution fluid/structure in-
teraction simulations of a bi-leaflet mechanical heart valve 
implanted in an anatomic aorta with different orientations. 
The anatomic aorta geometry is obtained from MRI of an 
actual patient and is discretized with a body-fitted curvilinear 
mesh. The valve’s leaflets and housing are placed as immersed 
boundaries in the aorta grid. A physiologic plug inflow wave-
form with peak Reynolds number of 6000, based on inlet di-
ameter and peak bulk flow velocity, is prescribed at the inlet. 
The orientation of valve implanted in the anatomic aorta can 
affect the hemodynamics. We will compare the hemodynamics 
of each orientation in terms of valve leaflet kinematics, flow 
patterns, and shear stress distributions. 

Keywords— Mechanical Heart Valve, simulation, fluid-
structure interaction, aorta, hemodynamic, ori-
enttion. 

I. INTRODUCTION  

Every year, about 250,000 patients worldwide receive ar-
tificial heart valves implantation. Currently used valve de-
signs are either tissue valves, usually made from animal 
tissues, or mechanical ones made from artificial material. 
Mechanical heart valves (MHV) are more popular primarily 
due to their fatigue strength and durability. All current de-
signs of MHVs, however, are far from ideal as they are 
prone to major complications, such as thrombosis, emboli-
zation and hemolysis. The exact mechanisms leading to 
these complications are yet to be fully understood. They are, 
however, strongly believed to be associated with the valve 
induced non-physiological hemodynamics, such as elevated 
shear stress, flow recirculation, turbulence etc. Understand-
ing the complicated flow physics induced by these valves, 
therefore, is of tremendous importance for improving cur-
rent MHV designs.  

We have developed a novel 3D fluid/structure interaction 
(FSI) capable of carrying out high-resolution simulations of  
MHV flows under pulsatile, physiological conditions [1].  
For a review of state-of-the-art numerical simulations of 
MHV the reader is referred to [2]. The simulations were 
validated against the experimental measurements and could 
capture all the flow features with great agreement [1]. The 
potential of our solver to perform patient-specific simula-

tions in anatomically realistic geometries has been shown in 
[3, 4]. In this work we will look into the effect of orientation 
of a bileaflet MHV (BMHV) implanted in an anatomic 
aorta. It has been shown previously in experiments that the 
turbulence strength will differ for valves implanted with 
different orientations [5]. Herein we will use numerical 
simulation to examine in detail and compare the flow pat-
terns as well as the shear stress field downstream of the 
valve leaflets for different orientations. 

II. NUMERICAL METHOD AND COMPUTATIONAL DETAILS 

A. Numerical Method 

The FSI problem is solved through a partitioned ap-
proach, within which the problem is partitioned into two 
separated domains: one fluid and one structural domain. 
Both the loose and strong coupling strategies are imple-
mented to resolve the interaction between the fluid flow and 
the leaflet motions [1]. The equations governing the fluid 
motion are solved via a recently developed curvilinear 
grid/immersed boundary method, which is capable of carry-
ing out direct numerical simulation of the transitional turbu-
lent/laminar flow induced by the valve leaflets under physi-
ological flow condition [6]. The curvilinear background 
mesh is adopted to enhance algorithmic flexibility and effi-
ciency for internal flow problems in which the background 
domain can be efficiently discretized with a boundary-
conforming curvilinear mesh [6]. The fluid equations are 
integrated in time using an efficient, second- order accurate 
fractional step methodology coupled with a Jacobian-free, 
Newton–Krylov solver for the momentum equations and a 
GMRES solver enhanced with multigrid as pre-conditioner 
for the Poisson equation [6].  

The valve leaflets and housing are handled with a sharp-
interface immersed boundary method [7]. The method 
blanks out the nodes inside the immersed bodies and recon-
structs the boundary conditions on the fluid nodes in the 
immediate vicinity of  immersed boundary (IB nodes) using 
a quadratic interpolation [7]. The quadratic reconstruction 
has been shown to be 2nd order accurate [7]. The back-
ground grid nodes are first classified into fluid, solid, and IB 
nodes using an efficient ray-tracing algorithm [1]. 
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The leaflets’ position and velocity are obtained by solv-
ing the leaflet governing equation of motion: 

 M
t

c
t

I 2

2
           (1) 

where I moment of inertia, c friction coefficient, M flow 
moment,  angle. Equation (1) is solved using the Trapezoi-
dal rule.  

Due to small inertia of the leaflets and a strong added 
mass effect the FSI couplings will be unstable. To achieve 
stability with strong coupling the solutions had to be under-
relaxed [1]. The value of under-relaxation parameter has an 
important role in the convergence and efficiency of the 
strong coupling and was calculated dynamically via an 
Aitken’s acceleration method [1].  

B. Computational details 

The anatomic aorta geometry was provided to us by the 
Cardiovascular Fluid Mechanics Laboratory at the Georgia 
Institute of Technology and was reconstructed from MRI of 
an actual patient. The main aortic branches on the aortic 
arch, i.e. the coronary arteries, the innominate artery, the 
left and right carotids, and the left subclavian artery, have 
been removed to simplify the outflow condition.  

The inlet is a straight circular pipe 4D long while the out-
let is also a straight pipe 2.25D long extended after the aor-
tic arc with a cross-section identical to the cross-section at 
the end of the anatomic aorta MRI data (see Fig. 1). The 
inlet is circular and has not been extended with a cross-
section of the anatomic aorta MRI inlet to avoid non-
physiologic inflow and achieve a symmetric inflow similar 
to the straight aorta simulations. 

 
Fig.  1 The anatomic aorta geometry (left), the background curvilinear 
mesh (middle and right), and the valve leaflet and housing meshed with 
triangular mesh and placed as immersed bodies in the background mesh. 
Adopted from [3, 4]. 

A body-fitted curvilinear grid with 201×201×253 ~ 107 
grid nodes has been used to discretize the empty aorta as 

shown in Fig. 1. In all the simulations we have neglected 
the hinge mechanism connecting the leaflets and the valve 
housing. In addition, the damping due to the friction of the 
hinge has been neglected as well since it is very small rela-
tive to the flow forces and moreover no experimental data is 
available on the actual value of the friction coefficient 

 
Fig.  2 The inflow physiologic waveform. Taken form [1]. 

At the inflow we prescribe unsteady, pulsatile plug flow 
based on the experimental data reported in [8]. Fig. 2 shows 
the corresponding experimental time history of flow rate 
within a cardiac cycle with the peak flow rate of 24.27 
lit/min. At the outflow we use the convective boundary 
condition. We have simulated one cardiac cycle, which 
according to the experiment [8] has the time period of  860 
ms and the peak Reynolds number of 6000 based on the 
upstream pipe diameter (25.4 mm) and peak bulk velocity.  

The physical time step of t=0.33ms, corresponding to 
about 2580 time steps per cardiac cycle, used in the anat-
omic simulations are identical to those used for the straight 
aorta simulations [1, 4]. 

The valve and the housing geometry (clinical quality St. 
Jude Regent 23mm valve) are discretized with a triangular 
mesh, as required by the CURVIB method. The reduced-
inertia of the valve is Ired=0.001, by assuming Polycarbonate 
as the leaflet material with density of 1750kg/m3 and water 
as fluid with the density of 1000kg/m3. The valve leaflets 
and the housing are placed as immersed bodies in the anat-
omic aorta body-fitted mesh at the end of the straight inlet 
section and in the sinus area of the anatomic arc section as 
shown in Fig. 1. 

III. PRELIMINARY RESULTS 

In this section we present the results of the FSI simula-
tions of the BMHV implanted in the anatomic aorta in the 
position shown in Fig. 1 [3, 4]. We will test two more orien-
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tations by rotating the valve and the housing by 45 and 90 
degrees around the symmetry axis of the inlet pipe.    

In [3, 4] we have performed FSI simulations in the posi-
tion shown in Fig. 1 in the anatomic aorta and have com-
pared the results with the straight aorta [1]. We found that 
the anatomic geometry can have a strong effect on the valve 
leaflet kinematics as well as flow patterns.  

 
Fig. 3 comparison of leaflet kinematics in an anatomic vs. straight aorta. 

Taken from [3, 4]. 

Fig. 3 compares the leaflets kinematics in the anatomic 
aorta with the straight one.  It can be observed that the leaf-
lets open faster in the anatomic aorta and have a larger re-
bound after the closing. The difference in the kinematics is 
due to the differences in flow patterns. It can be observed 
from Fig. 4 and 5 that the flow during the early systole 
remains organized but the flow in the straight aorta becomes 
unstable faster than the flow in the anatomic aorta. 

 
Fig. 4 vorticity contours in the midplane of the valves at t=92 ms. 

 
Fig. 5 vorticity contours in the midplane of the valves at t=138 ms. 

However, after the peak systole the flow breaks down in-
to small turbulent like structure in both aortas (Fig. 6). This 
can be observed more clearly in Fig. 7, in which the 3D 
vertical structures are visualized using q-criterion. In the 
early systole (left) the flow remains organized but in after 
the peak systole (right) the flow breaks down into turbulent 
worm-like structure. 

 
Fig. 6 vorticity contours in the midplane of the valves at t=292 ms. 

 
Fig. 7 3D vertical structures visualized by the iso-surfaces of q-criterion in 

the anatomic aorta at t=138 (left) and 292 (right) ms. 
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IV. FUTURE WORK  

For the conference we will carry out similar simulations 
of BMHV implanted in an anatomic aorta [3, 4] but with 
different orientations. We will compare the different orien-
tations with each other and with the straight aorta in terms 
of leaflet kinematics, flow patterns and shear stress. Such 
simulations are expected to demonstrate the importance of 
patient-specific MHV virtual implantation planning, during 
which different implantation orientations can be compared 
and the best implantation orientation can be identified be-
fore surgery. 
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Abstract—Heartbeat classification is crucial for cardiac ar-
rhythmia analysis. QRS complex presents important charac-
teristics which are beneficial to distinguish abnormal beats 
from normal beats. In the present study we propose a novel 
descriptor for QRS complex. The waveform is transformed to 
a two-dimensional phase space and then mapped to a one-
dimensional portrait partition area (PPA). The proposed mor-
phological descriptor has advantages of no need to detect Q 
and S characteristic points, tolerating R-peak misalignment 
and taking into account temporal relation of data samples. On 
the basis of 32 records from the MIT/BIH arrhythmia data-
base, normal QRS and premature ventricular contraction 
(PVC) beats show different phase space portraits and PPA. An 
artificial neuronal network using PPA as the input feature was 
built for heartbeat classification. Our results showed that the 
sensitivity and specificity of distinguishing PVC from normal 
QRS achieved 0.9699 and 0.9651 in the testing sets, respec-
tively. 

Keywords— heartbeat classification, premature ventricular 
contraction, electrocardiograms, phase space re-
construction 

I. INTRODUCTION  

Electrocardiogram (ECG) is a low-cost, noninvasive 
measure of cardiac electrical activity. ECG analysis has 
become a standard diagnostic tool for detecting cardiac 
arrhythmia. In particular long-term ECG monitoring is 
beneficial to catch arrhythmia events. However, manual 
analysis and editing of large-amount ECG data is a time-
consuming task. Therefore, automatic ECG processing 
including QRS detection and heartbeat classification is 
important. Detecting QRS has been achieved good accura-
cies [1]. The heartbeat classification is a more exhausting 
process comprising of extracting discriminate parameters 
and building classifiers. 

A typical ECG waveform comprises three main waves: P, 
QRS and T waves. The P wave and QRS complex respec-
tively correspond to the depolarization of atria and ventri-
cles; T, repolarization of the ventricles. Ventricular extra-
systoles, typically as premature ventricular contraction 
(PVC) take place due to the abnormal electrical activity in 
the ventricle. PVCs are usually characterized by the prema-
ture occurrence of wide and bizarre waveforms. 

Detecting PVC is important for cardiac arrhythmia 
analysis. In particular, the increased occurrence of PVCs 
was shown to be related to higher risk of sudden death for 
patients with a structural heart disease [2]. The discrimina-
tion of normal QRS and PVC using one-lead ECG was 
mostly addressed in the literatures. Up to now, several met-
rics were proposed to serve as discriminate patterns includ-
ing morphological descriptors [3], Hermite polynomials [4], 
wavelet coefficients [5], and so on. In addition to QRS 
alignment according to fiducial point (usually R peak), 
some of the above-mentioned methods require detecting Q 
and S points or need accurate alignment to derive the QRS 
features. 

Phase space reconstruction (PSR) can map a time series 
to a phase space trajectory in multi-dimensional space using 
a time delay technique. Phase space reconstruction is origi-
nally used to delineate the nonlinear behaviour of a dynamic 
system. The features derived from the PSR were also em-
ployed to detect the occurrence of QRS complex [6], dis-
criminate ventricular fibrillation from sinus rhythm [7], 
classify neuronal spikes [8], and identify individuals by 
ECG [9]. The advantage of PSR is that it takes into nearby-
point information and preserves most waveform information 
instead of reduced features. In the present study we em-
ployed the PSR to delineate normal QRS complex and PVC. 
The capability using artificial neural network based on PSR 
in classifying normal QRS complex and PVC using one-
lead ECG was evaluated against the MIT/BIH arrhythmia 
database.  

II. MATERIALS AND METHODS  

A. Architecture

Fig. 1 shows the proposed heartbeat classifier. The QRS 
complex is transformed to a two-dimensional phase space 
trajectory through PSR. The phase space portrait is then 
transformed to a one-dimensional portrait partition area 
(PPA). The artificial neural network based on the PPA is 
used to classify heartbeats. Thirty-two ECG data records 
(Lead II) were retrieved from the MIT/BIH arrhythmia 
database with a resampling rate of 250 Hz. The ECG signal 
was filtered with anticausal 6th-order Butterworth filters 
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with passband from 0.5 to 40 Hz. All data processing in-
cluding PSR, feature extraction and heartbeat classification 
was performed in MATLAB 7.0 (The MathWorks, Natick, 
MA, USA). 

 

QRS 
complex

Phase space 
reconstruction

Portrait 
partition area

Artificial neural 
network

Premature
ventricular 
contraction

Normal
QRS  

Fig. 1 block diagram of heartbeat classification 

B. Phase Space Reconstruction

PSR uses a time-delay technique to expand a time series 
x(t), t = 0…T  to a series of vectors X(t), t = 0…T-(dm-1) : 

])1((    )(  )([)( mdtxtxtxtX                      (1) 

where  is a time delay and dm is an embedding dimension. 
Plotting X(t) in multi-dimension depicts the phase space 
trajectory of the time series. The embedding theorem asserts 
that if a time series is one component of an attractor with d-
dimensional manifold, the topological properties of the 
attractor are equivalent to the topological properties of the 
dm-dimensional embedding (dm  2d+1) of the time series 
[10]. In the present study, dm=2 was used instead of the 
above constraint for the embedding dimension. The two-
dimensional PSR can also display clear phase space trajec-
tory and its feature extraction would be simpler. 

Before PSR, QRS complex is normalized by dividing by 
its maximum magnitude and resampled at a 4-time finer 
resolution by the cubic interpolation in order to give a 
denser phase space trajectory. The interpolated QRS com-
plex is subsequently transformed to a two-dimensional 
phase space portrait using  =12 ms and delineated by one-
dimensional PPA. Examples for one normal and three PVC 
beats are illustrated in Fig. 2. In the normal beat, outer tra-
jectory is attributed to the main part of QRS complex while 
inner trajectory corresponds to small-magnitude waves such 
as S wave. In the PVC beats, prolonged ventricular contrac-
tion (about from 30th to 120th ms) leads to a major trajec-
tory and a minor loop in the third quadrant (Fig. 2b). 

As shown in Fig. 2c, the sectional area between every 
two adjacent points (x1 and x2) in the phase space trajectory 
is defined as 

||)( 21 xxSA                                                          (2) 
where  is the averaged phase of x1 and x2; , cross product 
operation. The sectional areas located at each phase parti-
tion were summed as the PPA of this partition. The PPA is 
computed over 16 phase partitions from 0 to 2 . 
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Fig. 2 phase space reconstruction of QRS complex 

Both normal (Fig. 2a) and PVC beats (Fig. 2b and 2c) 
have large PPA between - /2 and 0, contributed by R wave. 
The PVC in Fig. 2b also has larger PPA between -  and -
3 /2 due to prolonged ventricular contraction. The PVCs in 
Fig. 2c have different aligned positions based on maximum 
magnitude but still have similar phase space topology and 
PPA. 

C. Classification

The classification of normal QRS and PVC is con-
structed by an ANN. All used ECG data are retrieved from 
32 records of the MIT/BIH arrhythmia database (Records 
100, 101, 103, 106, 112, 113, 114, 115, 116, 117, 119, 121, 
122, 123, 200, 201, 202, 205, 208, 209, 210, 213, 215, 219, 
220, 221, 222, 223, 228, 230, 233, and 234). The ANNs 
were trained and test by cross-validations. In each valida-
tion 12 records were randomly selected as the training set 
and the remaining records were given as the testing set. A 
total of 30 cross-validations were performed. 

The waveforms correspond to normal and PVC were re-
spectively aggregated. The PPA of each heartbeat were 
computed as the discriminate feature r1…rM (M=16). All 
PVCs and an equivalent number of normal beats in the 
training set were used to build the ANN trained by the 
backpropagation algorithm. The number of hidden neurons 
data was set from 1 to 6. The Levenberg-Marquardt direc-
tion learning method was used. The stopping criterion was 
set as mean-square error (MSE) less than 1e-5 or the gradi-
ent of MSE less than 1e-10.  
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Fig. 3 artificial neural network with backpropagation training 

The heartbeats in the testing sets were subsequently clas-
sified by the trained ANN based on a cutoff value. The 
sensitivity was defined as the ratio of PVC beat that was 
also classified as PVC. The specificity was defined as the 
ratio of normal beat that was also decided to be normal. By 
varying the cutoff value from -1 to 1, a receiver of charac-
teristic (ROC) curve formed by sensitivity (Y axis) and 1-
specificity (X axis) was obtained. The area under ROC 
curve was used to evaluate the classification performance. 
Since ANN training is affected by initial weights, the train-
ing of ANN in each configuration repeated 10 repetitions. 
The trained ANN with the largest ROC area was adopted 
and the optimal cutoff value was set to the value that pro-
vided the highest mean value of sensitivity and specificity. 

III. RESULTS  

Fig. 4 shows the averaged waveforms (first row) and 
PPAs (second row) of normal QRS and PVC in each record. 
Compared to normal QRS complexes, PVCs have wide, 
bizarre waveforms, prolonged ventricular contraction with 
different waveshapes. The PVC also presents a large variety 
of waveshapes. Their PPAs are quite different. 

Fig. 5 shows the averaged ROC area of heartbeat classi-
fications in the testing sets over 30 cross-validations. When 
hidden neuron number was set to 3, maximum ROC per-
formance was obtained. Corresponding sensitivity and 
specificity were 0.9699 and 0.9651, respectively. 
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Fig. 4  portrait partition areas of normal QRS and PVC 
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Fig. 5 the classification performance of normal QRS and PVC using 

different hidden neuron numbers 

IV. DISCUSSION 

Compared to the reduced features, the phase-space fea-
tures not only present most waveform information but also 
preserve nearby-point information. On the basis of the 
MIT/BIH arrhythmia database, the PPAs of normal QRS 
and PVC beats show different phase-space patterns. By use 
of ANN, distinguishing PVC form normal QRS achieved 
good sensitivity and specificity. 

QRS detection is the first step to extract waveform for 
heartbeat classification. The ECG signal is usually filtered 
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to suppress baseline wandering, noises, P wave and T wave. 
The filtered ECG is smoothed by moving-window averag-
ing. Every heartbeat correspond a bell-shape waveform and 
can be located by adaptive thresholds and backward R-peak 
searching [11]. However, PVCs usually have a larger mor-
phological variability such that exact R peak is not easily 
discerned in some cases. The proposed phase space features 
are computed without accurate QRS alignment as long as 
the whole QRS waveforms are used to reconstruct the phase 
space. 
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Abstract—The prevention of the breast cancer through 
exams of mammas screening is the only way to reduce the 
women's mortality. The precocious detection propitiates the 
treatment of the disease in initial phase and a precise diagnosis 
can avoid unnecessary evasive exams. The objective of this 
work is to develop a fuzzy system to aid the medical diagnosis 
of the breast cancer, Computer Aided-Diagnosis (CAD). The 
classification of breast masses depends on the selection of 
characteristics that best represents the patterns. The 
acquisition of the data is a fundamental step for the system 
performance, because the quality of the input data is a limiting 
factor for its analysis. In this work was used Haralick features 
texture extracted from mamma images with masses and 
without masses and the Fuzzy model of Takagi-Sugeno to 
classify regions of interest (ROIs). Besides, the obtained results 
were compared with other classifiers and a comparative 
analysis is presented. 

Keywords—Fuzzy, Takagi-Sugeno, Haralick texture 
features, Classification and Breast Masses. 

I. INTRODUCTION  

As the causes of the breast cancer are not very known. 
The prevention, through the exams of mammas screening is 
the only way to reduce the women's mortality with breast 
cancer; Therefore the precocious detection increases the 
cure chances substantially [1,2].       

The mammography is considered the exam of higher 
sensibility for the breast cancer screening due the its 
sensibility. However, the interpretation of lesions in a 
mammography is a complex task for specialists, of whose 
experience depends in a precise diagnosis [3].  

The main identified lesions in the mammography are:  
microcalcifications, one of the first indications of suspicious 
tumors, and masses, responsible for great part of breast 
cancers which should be investigated according to size, 
outline, limits and density [1,2]. 

The classification task occurs in several areas of the 
human activity and the researches in the area have been 
directed enough to the construction of automatic procedures 
of classification for computer-aided diagnosis (CAD) 
schemes. Besides the studies involving the classification, 
other techniques have been studied to improve the 
separation of classes, patterns recognition and decision 
making. 

In this work, the behavior of the Fuzzy model of Takagi-
Sugeno will be investigated [4,5,6] for classification of 
regions of interest (ROIs)  in images with masses and 
without masses using feature texture. Besides, the 
performance of the  Fuzzy model will be compared  with 
two other Artificial Neural Networks (ANN) with types of 
different learning, being, Multi-Layer Perceptron (MLP) 
[7], that own supervised learning, and the Self-Organizing 
Map (SOM) [7], that own non-supervised learning. A 
comparative analysis of the results is also presented.  

II. MATERIALS AND METHOD 

A. Images Database 

A set of 120 regions of interest (ROIs) of varied sizes, 
selected in agreement with medical report supplied with 
each mammography, being 60 images containing masses 
(Fig. 1) and 60 images without masses (Fig. 2). The 
mammograms were extracted from the bank of 
mammographic images at the Laboratory LAPIMO of the 
Department of Electric Engineering EESC/USP. The 
mammographic images were digitalized by a Lumiscan 50 
laser scanner, with 12 bits of contrast resolution (4096 gray 
levels) and with a spatial resolution of 0,15 mm per pixel. 

B. Features Texture 

The use of features texture for schemes CAD has been 
studied a lot now. The features texture provide 
measurements, as smoothness, rugosity and regularity, that 
can contribute in regard to information about the intensity 
variation or subtle changes between the object and the 
background of image      

The features texture can be represented in statistics using 
the co-occurrence matrix of gray-levels (SGLD - Spatial 
Grey-Level Dependence) that calculates the probability of 
combined occurrence of direction and distance between 
pairs of pixels with values of similar tonality. 

Based in the calculations made on the values of SGLD, 
14 measures can be obtained being:  Uniformity or energy, 
Contrast, Correlation, Variance, Inverse difference moment, 
Sum average, Sum variance, Sum entropy, Entropy, 
Difference variance, Difference entropy, Measure 1 of 
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correlation, Measure 2 of correlation and Maximum 
correlation coefficient [8]. 
 
 

a) b) 

  
Fig. 1 Example of ROIs with masses, that can contain malignancy or not, 
that were used for the classification 

a) b) 

  

Fig. 2 Example of ROI without masses, without the existence of masses, 
used for the classification 

C. Fuzzy Model of Takagi-Sugeno 

The fuzzy system model proposed by Takagi-Sugeno 
[4,5] has polynomial functions associated with the 
consequents of its rules. In formal terms, considering a 
constituted system of two linguistic variables of input X1 
and X2, defined respectively in the set of term,  {A1, A2} 
and {B1, B2}, we have: 
 
Rule R1 → If (x1 is A1) and (x2 is B1) then Y1= f1(x1,x2) 
Rule R2 → If (x1 is A1) and (x2 is B2) then Y2= f 2(x1,x2) 
Rule R3 → If (x1 is A2) and (x2 is B1) then Y3= f 3(x1,x2) 
Rule R4 → If (x1 is A2) and (x2 is B2) then Y4= f 4(x1,x2) 
 
where, Yi are polynomial functions in this case are 
considered linear functions to obtain Yi, tem-se: 
 

                                                                                       (1) 
 
where, the parameters ai, bi and ci are the unknown 
(coefficients) of the approximately lineal yi. Thus, starting 
from a data set of input/output, is possible to obtain their 
coefficients by the method of minimum squares.  For the 
production of the final answer y considering the degree of 

activation of each activated rule Ri the weighted average is 
calculated as follows: 
                                                                                   

                          (2) 
 

D. Multi-Layer Perceptron Network 

The Multi-Layer Perceptron (MLP) [7] network is also 
known as backpropagation Network and used as a classifier 
in some CAD schemes. The supervised backpropagation 
algorithm aims to determine the error for the output layer 
and to propagate it in the output-input direction, by fitting 
the weights of all layers through the error backpropagation. 

The MLP is a network of multiple layers. The 
configurations of such ANN can be differentiated as a 
function of the number of layers and the connections array. 

E. Self-Organizing Map Network 

The Self-Organizing Map (SOM), also known as 
Kohonen map [7], is a feedforward neural network of non-
supervised training. It does not have a standard topology, so 
that it could be hexagonal, rectangular, triangular, etc.   

The Kohonen map has a two layers topology: a layer of 
input 1 x N – responsible for reading the input vector and 
imparting the information which will be classified – and the 
output layer N x N, which corresponds to a response which 
can be one or two-dimensional. This network can be itself 
modified, being self-organizing, so that the neighborhood 
process is a competition for the best learning. The winner 
will be the neuron which learns best, i.e., the one with the 
weights vector yielding the smallest Euclidian distance 
relative to the input vector [7].  

F. Features Selection  

For the selection of the best features of mamma's images, 
with masses and without masses, were used gaussians 
distributions. In this method, the smaller the overlap of the 
curves are the, better the attribute can represent each image. 
In Fig. 3, it’s clear that overlap occurs among the curves 
that represents the normal cases (darker line) and one that 
indicates the presence of masses (clearer line). The larger 
the overlap, is the worse will be the representation, as it is 
shown in Fig. 4. for our experiments, the gaussians 
distributions  were implemented in Matlab 7.0. 
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Fig. 3 Gaussians distributions 
without the overlap of the curves 

Fig. 4 Gaussians distributions with 
overlap completes of the curves 

III. RESULTS 

Three experiments were made with the objective to 
compare techniques and to verify which is the most 
appropriate to classify 120 regions of interest (ROIs) in 
images with masses and without masses.    

The input data, features texture of Haralick, used in the 
experiments were extracted of the RIs and through the use 
of Gaussians 6 attributes were selected for the training: 
contrast, difference entropy, Sum entropy, Sum  
average, Sum variance and Information Measurements of 
Correlation 1. 

A. Experiment 1: Classification Using Fuzzy Models of 
Takagi-Sugeno 

From the 6 features texture that were selected, was 
possible to generate the pertinence functions regarding each 
one of them, being they denoted by x1, x2, x3, x4, x5, x6 and 
represented  in the Fig. 5 to 10, respectively. 

Through the pertinence functions was possible to 
generate the Fuzzy rules. For this experiment, as it has 6 
features, will be necessary 26 = 64 Fuzzy rules. For each 
one of the rules that compose the system, the regression can 
be applied in the points belonging to its activation domain.  

 

 
Fig. 5 Pertinence Function – Contrast (x1) 

 

Fig. 6 Pertinence Function – Difference Entropy (x2) 

 
Fig. 7 Pertinence Function – Sum Entropy (x3) 

 
Fig. 8 Pertinence Function – Sum Average (x4) 

 
Fig. 9 Pertinence Function – Sum Variance (x5) 

 
Fig. 10 Pertinence Function – Information Measures of Correlation 1 (x6) 

After the presentation of the 120 RIs (input patterns to be 
classified) a 92.5% total of success was verified. 
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B. Experiment 2: Classification Using Multi-Layer 
Perceptron 

Among the tests accomplished with the network MLP, 
the best topology found is constituted by an intermediate 
layer with 32 neurons and 1 neuron in the output layer. How 
learning rate was adopted η = 0.5. The trained of neural 
networks was validated by statistical tool cross validation 
[11]. The results of MLP, after several trainings, presented 
efficacy rate equal 91.50% of efficacy in the validation 
phase and deviation pattern of 4.41, according to Table 
1[14]. 

Table 1 Results of MLP, with 6 features texture selected by Gaussians 

% Success for Class  
Epoch with Masses  without Masses 

% 
Efficacy

798 100.00 83.33 91.67
836 93.33 96.67 95.00
942 83.33 100.00 91.67
959 93.33 76.67 85.00
814 86.67 100.00 93.33
1008 90.00 80.00 85.00
777 100.00 73.33 86.67
836 93.33 96.67 95.00
883 90.00 100.00 95.00
795 100.00 93.33 96.67

  Average 91.50
 Deviation Pattern 4.41

 

C. Experiment 3: Classification using Self-Organizing Map 

After several tests, it was considered a Self-Organizing 
Map of 25 for 25 neurons. The map was trained during 1000 
interactions, with a learning rate η = 0.5 and neighborhood 
ray r = 5. In the convergence phase, were used 5000 
iterations, however, with a learning rate η = 0.1 and 
neighborhood ray r = 1. The results obtained by 
classification algorithm presented the formation of two 
clusters, indicating the existence and absence of masses. 
The classifier obtained 85.83% of rate total efficacy [14]. 

IV. DISCUSSION 

Comparing the results of the three experiments, it was 
possible to verify that the net SOM (85.83% of efficacy) 
presented a smaller performance in the classification in 
relation to other techniques.    

It can also be observed that in Table 1, the result of the 
network MLP test in some training, obtained 96.67% of 
efficacy obtaining superior performance of 4.17% compared 
with Takagi-Sugeno. However, we have to consider the 
average of efficacy obtained in the validation group. Thus, 

comparing the validation results of the network MLP 
(91.5% of efficacy) with the fuzzy model of Takagi-Sugeno 
(92.5%, of efficacy) is possible to observe a efficacy rate of 
more than 1% for the model fuzzy. This shows that the 
model fuzzy generated by Takagi-Sugeno can be considered 
the most appropriate classifier for classification of masses in 
images of the breast. 

V. CONCLUSION 

In this work a fuzzy classifier was developed to aid in the 
diagnosis of the breast cancer. Therefore, the model of 
Takagi-Sugeno inference was used and considered features 
of texture of Haralick calculated from images containing 
masses and images without the presence of masses. The 
results obtained by the fuzzy classifier were compared with 
those obtained by MLP and the SOM. A comparative 
analysis of the results demonstrated that the fuzzy classifier 
was lightly better than obtained by MLP model. As future 
works, it is intended to accomplish tests using a larger 
number of patterns of masses. 
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Abstract— This paper presents a review on the existing 
schemes for functional magnetic resonance imaging (fMRI) 
activation detection exploiting various types of wavelet spaces. 
The existing works on wavelet-based fMRI activation detection 
schemes are categorized into two main types of wavelets, using 
non-redundant wavelets and using redundant wavelets. Dis-
cussions on concerned problems and future directions of the 
existing works are also illustrated. 

I. INTRODUCTION  

Nowadays, functional magnetic resonance imaging (fMRI) is 
widely employed for many medical purposes, e.g. studying of the 
brain anatomy based on different activity. fMRI is basically the 
tool which relies on sensitivity of the transverse magnetization 
decay rate to the variation of certain physiological parameter,  
e.g. blood oxygenation level dependent (BOLD). Although, fMRI 
obviously provides higher resolution than other existing imaging 
modalities such as positron emission tomography (PET), the  
detecting the changes of BOLD signal is still very difficult due to 
the small amount of changes in BOLD signal itself and non-model 
noise along both temporal and spatial domain of fMRI signals. 

Wavelet is known to be an efficient analysis even for the  
nonstationary signals. The multiresolution model and its  
de-noising theory make wavelet the suitable choice for fMRI 
activation detection. In this paper, the reviews of the existing 
papers on wavelet-based activation detection are presented in two 
sections, using nonredundant wavelet and using redundant wavelet. 
In section 2, the papers on non-redundant wavelet transform, e.g. 
orthogonal wavelet, based fMRI activation detection are also 
categorized and presented as the domains it is applied to (spatial, 
temporal and spatiotemporal domains). The interesting problem, 
occurred from using nonredundant wavelet transform for the  
purpose of detecting fMRI activation, is lacking of shift invariant 
property. In section 3, reviewing on the recent papers using  
redundant wavelet, e.g. time-invariant wavelet transform and  
complex wavelet transform, are discussed in order to avoid the 
shift problem occurred from using the non-redundant version of 
wavelet transform. The personal points of views of the author on 
the reviewed papers are also mentioned on the last part of this 
paper. 

II. NON-REDUNDANT WAVELET TRANSFORM BASED 
FUNCTIONAL MRI ACTIVATION DETECTION 

Non-redundant or discrete wavelet transform (DWT) can be used 

to dramatically enhance the fMRI activation detection. The studies 
of wavelet-based fMRI activation detection can be categorized into 
three main areas, applying wavelet to spatial domain of fMRI 
(MRI), applying wavelet to temporal domain of fMRI signals and 
applying wavelet to both spatial and temporal (spatiotemporal) 
domains. It should be noted that spatial and temporal registrations 
are desired in a preprocessing stage to enhance the analysis  
performance. 

A. Applying wavelet to spatial-domain of fMRI for the  
purpose of enhancing activation detection 

Raw fMRI data is usually noisy especially in spatial domain 
(MRI) due to the image acquisition stage which obviously leads to 
the degradation in the activation detection. The traditional way to 
solve this problem is to apply a spatial Gaussian filter be 
fore performing any analysis. However, using this kind of filters 
sometimes leads to oversmooth and even make the analysis more 
complicated. Since Donoho and Johnstone proposed their pioneer 
paper on wavelet de-noising [12]. Wavelet is known to be an 
obvious tool for de-noising arbitrary nonstationary signals, e.g. 
images. Moreover, multiresolution model of wavelet can also not 
only reduce the complexity of analysis but also enhance the  
analysis. 

By assuming i.i.d. Gaussian noise, along spatial 

domain, the activation detection algorithm proposed in [1] can be  
summarized as follows: 

),0( 2N

• Perform spline wavelet transform (on average of the different 
  images between rest images and activated images). 
• Select the levels of decomposition according to their statistical 
  tests. 
• Perform individual testing on the selected level of  

decomposition. 
• On each selected multiresolution level, activated voxel  

according to the decision making are retained while others are 
  replaced with zero. 
• Inverse wavelet transform is performed resulting the activated 

positions on the original domain. 

It should also be noted that Ruttimann et al [1], [2] proposed to 
used the spline wavelets on their fMRI activation detection 
analysis for the purposes that 

1. Orthogonality is needed for subsequence statistical analysis, 
2. Spline wavelet has the symmetric property resulting in  

         robustness of phase distortion when localizing activated    
         voxels, 

3. Splines give a simple method of reducing spectral overlap 
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between resolution channels by increasing the degree of the 
splines. 

Later on, Feiner et al [3] used the same scheme as [1] but  
modified the more sophisticated assumption by assuming 
nonstationary noise instead of white Gaussian noise. Feiner et al [4] 
also proposed the similar scheme as [1] but embedded some  
constraints to optimize the design of spline wavelet called  
fractional spline wavelet which is designed by using its continuous 
parameter (degree of spline) to optimize the transform. 

B. Applying wavelet to temporal-domain of fMRI for the purpose 
of enhancing activation detection 

The goal for activation detection is to find the correlation  

between the stimulus time course  and fMRI time series. The 

basic scheme for this method is using linear model associated with 
the simple statistical t-test. In this linear model, the fMRI signal 

at a point M in the brain is given by 

)(tx

)(tyM
 

),()()( tntxty MM                          (1) 

where  is a white Gaussian noise, )(tn M is the strength of the 

fMRI response at voxel M. However, this simple model is  
obviously fail if the baseline drift is not removed because this 
linear model will track the large variation in the signal while  
missing the effects of the stimulus which is our interest. Therefore, 
Meyer [5] proposed more sophisticated model that include  
baseline drift as 

 

,1,,0,,,, Nixy MiiMMiMi     (2) 
 

where M here  is a baseline drift and Mi,  is the correlated noise.  

Besides this new model, Meyer [5] performs all activation  
detection process using maximum likelihood estimation in wavelet 
domain (DWT) to evaluate the significant of . Working in  

wavelet space, drift model ( ) can efficiently represent both  

low-frequency fluctuation and rapid localized changes. Wavelet 
version of the noise model (fractional Brownian motion process) is 
also practical because the variance can be computed and depends 
on the level of wavelet decomposition and Hurst exponent, H. 
Later on, Fadili et al [6] derived the generalized case of [5] by 
replacing wavelet with any sparse representations. 

Another interesting works is done by Mekle et al [7]. They use 
the nature of wavelet which can characterize the regularity of 
functions to make the decision for fMRI activation detection. For 
over time fMRI signals, maxima lines are created from the chain 
of computed maxima across scales. The decision to detect the 
activation can be done using the maxima lines over the criteria of 
length, strength and Lipschitz alpha (decay slope of log2 of wave-
let coefficients along maxima line). This scheme is good because 
we do not need the noise model along temporal domain. But, if we 
can include the statistical noise model, we could definitely im-

prove the detection performance. Moreover, this scheme is adhoc 
because in order to make the decision for detection efficient 
threshold values are needed. Also, the threshold is data dependent. 

C. Applying wavelet to spatiotemporal-domain of fMRI for the 
purpose of enhancing activation detection 

While both spatial and temporal analyses yield the benefits in 
activation detection, the analysis in spatiotemporal domain (using 
both spatial and temporal domains) is emerged. So far, not many 
efficient and mathematically sound algorithms for  
spatiotemporal domain fMRI activation detection using wavelet 
are presented. One technically sound paper mentions the term  
spatiotemporal proposed by Long et al [8]. By using temporal 
variance structure as constraint to adaptively apply wavelet  
thresholds on spatial domain and making final decision through  
statistical test (F-statistic), localization of activation voxel is  
improved. Although, the algorithm yields efficient results, this 
actually is not the real sense of using the term wavelet-based  
spatiotemporal domain which actually supposes to use 3D wavelet 
transform for the detection. 

III. REDUNDANCE WAVELET TRANSFORM BASED FUNCTIONAL 
MRI ACTIVATION DETECTION 

Most of the time, both data in spatial and temporal space are  
not aligned properly. This leads to significantly degradation in  
decision making of activation detection in both original (voxel) 
and discrete wavelet domain (DWT). Recently, Hossein et al [11] 
proposed the activation detection modality that employ  
shift-invariant wavelet transform in [9] along the temporal domain 
voxel by voxel then make the decision by resampling these  
wavelet coefficients to avoid using the inconsistent noise model. 
Later on, Sendur et al employ complex wavelet for the same 
purpose, enhancing the rufution of null hypothesis in the activation 
detection process. The difference between these two papers is that 
the later employs redundant wavelet transform along spatial  
domain. More details on these two papers will be discussed in 
sections III.A and III.B 

A. Multiresolution fMRI activation detection using  
translation invariant wavelet transform and statistical  
analysis based on resampling [11] 

In order to avoid the problem of lacking the robustness of  
time-invariant property of the DWT, translation invariant wavelet 
transform (TIWT) [9] is employed. Normally, the orthogonal 

wavelet decomposition of signal  can be written as )(tx

,
22

1
),()( )2/( kttxx jj

k
j              (3) 

where function (·) is denoted as mother wavelet, k is a delay and j 
is a level of decomposition
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Fig. 1 Analysis filterbanks of dual tree CWT [10] 

The idea of TIWT is to simply change the parameter in (3) to 
satisfy linear time invariant (LTI) system as 
 

,
22

1
),()(

~
)2/( jj

k
j

kttxx              (4) 

 
The proposed schemes in [11] are briefly described as follows: 

A.1. Choosing the optimal selected level of decomposition for 
TIWT 

In order to obtain the level of decomposition first the  
relationship between the power of time series voxel by voxel 
vectors and their TIWT space representation is derived as 
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where  is the l-th wavelet coefficients of level j and 

is the l-th scaling coefficients of level J. N is the number of 

sample of the input vector, x(l). 

)(ld j

)(lcJ

This relationship in (5) will be used as the constraint on  
selecting resolution of decomposition levels (j). The idea is that the 
relative power of the reference signal should be greater than the 
relative power of the trend signals to guarantee that the component 
of neural activity in the time-series will remain in these resolution 

levels while the rest of the discarded level should theoretically re-
present noise. 

A.2. Activation detection 

Normally, noise models have to be taken into account before the 
process of activation detection. To avoid this inconsistent defined 
noise model, all wavelet coefficients are randomized before  
making the decision. This process is known as resampling. 
Hossein et al [11] claims that the proposed activation detection 
method is superior to the traditional cross correlation method and 
the same detection method as proposed in original time domain. 
Some more sophisticate designs of shift-invariant wavelet trans-
form can yield superior results. 

B. Multiple hypotheses mapping of functional MRI data in 
orthogonal and complex wavelet domain [13] 

In order to reduce the number of hypothesis tests or the number 
of spatial dimension and to enhance the activation detection which 
is interfered by noise, each fMRI slice (2D) is spatially  
transformed to wavelet space. Thus, [13] basically does two things, 
de-noising and modeling the multiresolution for hypothesis testing. 
Two types of wavelet transform are employed in order to solve 
both problems at the same time. 

B.1. Orthogonal wavelet transform 

This paper is basically an improvement version of [1]. After  
spatially apply wavelet transform, instead of using omnibus  
chi square test for subband signals, Baybishink [12] is first applied 
for the purpose of de-noising and also data reduction. The survived 
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coefficients are then tested one hypothesis at a time such that false 
discovery rate (FDR) is controlled. It should be noted that other 
sophisticated de-noising schemes can yield superior result.  
In addition, using orthogonal wavelet transform may sometime 
over smooth the de-noised images due to the poor representation 
on the edge parts. Moreover, orthogonal wavelet transform lacks 
of shift invariance property. If the fMRI slices at some arbitrary 
time are misaligned (may be due to some image registration errors),  
activation detection process using orthogonal wavelet coefficients 
may lead to the degradation in hypothesis testing results. 

B.2. Complex wavelet transform 

Using the same state of the art as the orthogonal wavelet case, 
complex wavelet transform (CWT) is selected with two main 
reasons it is shift invariance and it is superior to edge  
representation [10]. The diagram of a CWT proposed by [10] 
called dual tree CWT is used in this section and shown in Fig. 1. 
By using dual tree CWT in de-noising and hypothesis testing the 
author claim that the improvement is approximately 30% over 
using orthogonal wavelet transform. Although, the detecting  
results dramatically improve this paper only applies CWT along 
spatial domain, investigation of CWT on temporal or  
spatiotemporal may lead to more improvement. Also more  
sophisticated design on directional wavelet to CWT may be useful 
[14], [15], [16]. 

IV. DISCUSSIONS  

In this literature review, it is obvious that wavelet-based fMRI 
activation detection is the ongoing researches. Some comments 
have already been mentioned at the end of some sections. In this 
section, some more concerns on wavelet-based fMRI activation 
detection are illustrated. First, 3D wavelet transform needs more 
investigation on spatiotemporal domain. This is because it is  
impractical (too complex) to apply 3D wavelet to all 3D data at the 
same time so optimal 3D window or the separable window along 
spatial and temporal is needed in order to keep the analysis  
accurate. In addition, so far, there is no existing work employs 4D 
non-separable analysis, i.e. slice dimension, 2D spatial dimension 
and temporal dimension; this issue is also interesting to investigate. 
Another concern is on modeling of the noise along both spatial and 
temporal domains, the existing wavelet-based fMRI activation 
detection algorithms treat noise modeling as the separated  
problems. Investigation on collaborating the 3D models of noise 
from both domains is also interesting future direction. The last 
concern on the existing work is that, the detection is treated voxel 
by voxel (pixel by pixel). This is very sensitive to noise when 
performing activation detection. If the de-noising algorithms do 
not work on some spatial voxels, then the analysis is likely to be 
degraded. Treating the analysis as groups of voxel may lead to the 
detection improvement in some cases. 

REFERENCES  

1. Ruttimann U. E. et al. (1998) Statistical analysis of functional MRI 
data in the wavelet domain. IEEE Trans. Med. Imag 17:142-154 

2. Ruttimann U. E. et al. (1995) Analysis of functional magnetic  
resonance images by wavelet decomposition. IEEE Comput.     
Soc. Press 1:633-636 

3.  Feilner M, Blu T, Unser M. (1999) Statistical analysis of fMRI data   
using orthogonal filterbanks. SPIE-Int. Soc. Opt. Eng 3813:551-560 

4. Feilner M, Blu T, Unser M (2000) Analysis of fMRI data using spline 
wavelets. Proc. 10th European Signal Processing Conference 4:2013-
2016 

5.  Meyer F. G (2003) Wavelet-based estimation of semiparametric 
generalized linear model of fMRI time-series. IEEE Trans. Med. Imag 
22:315-322 

6.  Fadili J. M, Bullmore E. (2005), Penalized partially linear models 
using sparse representations with an application to fMRI time series. 
IEEE Trans. Signal Processing 53:3436-3448 

7. Mekle R. et al. (2000) Activation detection in fMRI data via  
 multiscale singular detection. SPIE-Int. Soc. Opt. Eng 4119:615-625 

8.   Long C, Brown E. N, Manoach D, Solo V. (2004) Spatiotemporal 
wavelet analysis for functional MRI,” NeuroImag 23:500-516 

9. Pesquet J. C, Krim H, Carfantan H. (1996) Time-invariant orthogonal 
wavelet representations. IEEE Trans. Signal Processing 44:1964-1970 

10.  Selesnick I. W, Baraniuk R. G, Kingsbury N. C (2005) The dual-tree 
complex wavelet transform. IEEE Trans. Signal Mag 22:123-151 

11.  Hossein-Zedeh G.-A, Soltanian-Zadeh H, Ardekani B. A (2003) 
Multiresolution fMRI activation detection using translation invariant 
wavelet transform and statistical analysis based on resampling. IEEE 
Trans. Med. Imag. 22:302-314 

12.  Donoho D. L, Johnstone I. (1994) Ideal spatial adaptation by wavelet 
shrinkage. Biometrika 81:425-455 

13. Sendur L, Maxim V, Whitcher B, Bullmore E. (2005) Multiple hy-
pothesis mapping of functional MRI data in orthogonal and complex 
wavelet domains. IEEE Trans. Signal Processing 53:3413-3426 

14. Selesnick I. W. (2006) A higher-density discrete wavelet transform. 
IEEE Trans. Signal Processing 54:3039-3048 

15  Bayram I, Selesnick I. W. (2008) On the dual-tree complex wavelet 
packet and M-band transforms. IEEE Trans. on Signal Processing 
56:2298-2310 

16. Bayram I, Selesnick I. W. (2009) Overcomplete discrete wavelet 
transforms with rational dilation factors. IEEE Trans. Signal Process-
ing 57:131-145 

 
 

Author: Yodchanan Wongsawat 
Institute: Department of Biomedical Engineering, Mahidol University 
Street: 25/25 Puttamonthon Sai4, Salaya  
City: Nakornpathom   
Country: Thailand 
Email: egyws@mahidol.ac.th 

Trends on Wavelet-Based Functional MRI for Activation Detection 1245

IFMBE Proceedings Vol. 25



Spatially-Realistic and Reduced Models for Integrative Biomedical Computing

C. Bajaj1, A. DiCarlo2 and A. Paoluzzi3

1 Dept of Computer Sciences & ICES, Center for Computational Visualization, 201 East 24th Street, Austin, TX 78712-0027, USA 

2 Dept of Studies on Structures, Modelling & Simulation Laboratory Via Corrado Segre 6, I-00146 Roma, Italy

3 Dept of Informatics and Automation, Geometric Computation Laboratory Via della Vasca Navale 79, I-00146 Roma, Italy

Abstract— Biomedical computing will greatly benefit from a 
progressive and adaptive approach to modelling, combined 
with novel adaptive methods for multiphysics and multiscale 
simulation. Both symbolic and hierarchical characterizations 
of  the various components should be allowed for, as well as 
shape reconstruction from high-resolution imaging techniques 
[2]. Managing finer and finer details and transforming them 
into  additional  parameters for coarse-grain models is of the 
greatest importance. However, it is also essential to be able to 
analise complicated shapes and patterns, in order to  identify 
their salient features, using computational topology methods 
based on Morse theory [7]. We apply such ideas to  modelling 
of  spatially realistic and reduced domains  of structures and 
ultrastructures of the nervous tissues, where running numeri-
cal simulations of  the functional behaviour of  neurons. In par-
ticular, we generate spatially realistic reconstructions of  den-
drites, axons, glia, and extracellular space domains, using 
quality surface meshing algorithms to make these reconstruc-
tions ready for realistic modeling of  dendritic signaling. Re-
construction and modeling tools  are used to quantify the varia-
tion in surface area and volume of  axons, den- drites, glia, ex-
tracellular space, synapses, and core subcellular organelles, 
that could impact electrical signaling. To bridge the gap to one-
dimensional models that have been used for electrophysiologi-
cal simulations, we develop appropriately reduced domain 
models. In this  paper we introduce a novel method to compute 
a minimal fat skeleton, made by hexahedral elements, starting 
form a point sampling of  shape boundary and from the one- 
dimensional and two-dimensional unstable manifolds of  the 
the index 1 and index 2 saddle points of the Morse structure 
induced by the shape. The result is a cell decomposition with a 
minimal  number of  cells, that yet approximate well  the shape. 
The output mesh can be used for simulation of  physical behav-
iour of  neural tissue with a minimal  number of  degrees  of  free-
dom.

Keywords— Geometry generation & processing, computational 
geometry and topology, computational physiology.

I. INTRODUCTION 

The biological and medical research must deal with prob-
lems of higher and higher complexity, for which the tradi-

tional approach—based on the subdivision of biological 
systems by dimensional scales, scientific disciplines or by 
anatomical sub-systems—is inadequate. It is therefore nec-
essary to give computational support to an integrative ap-
proach aimed to combine observations, theories and predic-
tions across temporal and dimensional scales, scientific dis-
ciplines and anatomical sub- systems. This intuition gave 
origin to a number of initiatives such as integrative biology, 
system biology, Physiome,  VPH, etc. The physiome term 
hence refers to human modelling using mathematics and 
computational methods, accommodating cross-disciplinary 
science (chemistry,  biology, physics,  computer science) and 
several dimensional and temporal scale (sub-cellular to or-
gans, sub-microsecond to tens-of-years). 

The Physiome Project [8] is a worldwide e ort to pro-
vide a computational framework for understanding human 
and other eukaryotic physiology. It aims to develop integra-
tive models at all levels of biological organisation,  from 
genes to the whole organism. The VPH (Virtual Physiologi-
cal Human) is a European initiative intending to provide a 
unifying architecture for the integration and cooperation of 
multi-scale physiome models [6]. It is foreseen that matur-
ing physiome activities will increasingly influence medicine 
and biomedical research. The novel computational frame-
work proposed for Proto-PLASM [2] is a specialized and 
high-performance extension of the geometric language 
Plasm [9 ] strongly inspired by the functional language FL, 
designed after Backus’ earlier FP programming language 
[1], providing specific support for what Backus termed 
function-level programming, and oriented to work on pro-
grams as mathematical objects.

Our goal is to obtain spatially realistic reconstructions of 
dendrites, axons, glia, and extracellular space domains 
within representative hippocampal and cortical mouse neu-
ropil (see Figure 1). Modeling of electrical signals in den-
drites has typically been done on simplified cases that treat 
the complex dendritic arbor and local variation in dendritic 
structure as a series of cylinders.  Reconstruction from serial 
section transmission electron microscopy (ssTEM), how-
ever, reveals substantial deviation from these cylindrical 
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approximations. It is an open question how this local varia-

tion in dendritic structure a ects the local electrical signals 
in dendrites. Previous modeling of dendritic function has 

also lacked su cient data to explore the e ects of variation 
in the physical relationships between dendrites, axons, glia, 
and extracellular space in the dense tangle of the local neu-
ropil. Reconstruction and modeling tools is used [4] to 
quantify the variation in surface area and volume of axons, 
dendrites, glia,  extracellular space, synapses,  and core sub-
cellular organelles (smooth endoplasmic reticulum, endo-
somal compartments, and mitochondria) that could impact 
electrical signaling in dendrites. To bridge the gap to one-
dimensional models that have been used for electrophysio-
logical simulations [5], we are developing a set of tools to 
construct appropriately reduced domain models from the 
spatially realistic quantifications, shown in Figure 1 for 
some portion of the neuropil reconstruction, from paper [4].

Fig. 1 (a) Portion of the neuropil reconstruction from [4]; (b) Zoom to 
portion of the CA1 apical dendrite process; (c) Axons (green), glial cells 

(blue) & dendrites; (d) An axon (orange) and dendrite (gray).

II. GENERATION OF REDUCED MODELS

The aim of the work described in this section [3] is to 
provide a minimal set of (convex) hexahedra covering the 
1-skeleton of a two-dimensional discrete space embedded in 
3D. In order to get a spatially-realistic partitioning, we may 
use a measured 1-complex K = (K0 , K1), with a positive 
function mass  : K0  R+ supported by the vertices of K, 
to be interpreted as the minimum distance of vertices from 
the boundary of the space to be approximated by the hexa-
hedral partition.

According to [7], where the flat and tubular regions of a 
three dimensional shape are identified from the point sample 
of its boundary, we start from the Morse structure induced 
by it on 3 and by the unstable manifolds of the the index 1 

and index 2 saddle points. Such submanifolds are respec-
tively two-dimensional and one-dimensional, and are em-
bedded in Euclidean 3-space.

Given a 2-complex M (see Figure 2a),  a path-reduced 
complex K(M) is obtained by substituting every maximal 
path with a 1-cell in the same homotopy class, i.e. with the 
same extreme vertices (see Figure 2b).  In practice, a path in 
a complex is a 1-chain that is incident to other 1-cells at 
most in the extreme vertices. An alternative definition of 
path-reduced complex could be given as the quotient space 
M/H , where H is the homotopic path-equivalence. 

Since the goal of this work is to generate a space decom-
position with hexahedra, there are some geometrical con-
straints to take into account, namely the coplanarity of the 
four edges and vertices bounding each 2-face. While three 
distinct points are always coplanar,  four points in space are 
usually not coplanar. We compute a total ordering of the set 
that contains two instances of each 1-cell 1  K1 , and for 

each consecutive pair of 1-cells (say, mapped from even and 

odd indices),  we consider their a ne hull, i.e. the unique 

plane they determine, and there we generate two coplanar 
quadrilaterals that account for two 2-cells of the output 3-
complex made by hexahedra. 

Of course we show that such total ordering always exists 
(see Figure 2), so that the 2-chain of pairwise 1-adjacent 
quads exists and is continuous. Finally, we map bijectively 
such quadrilateral 2-cells 2 to hexahedra, by first generat-
ing the two (planar) quads associated to each input 1-cell 1, 
and finally by producing the last three boundary 2-cells,  by 
an algebraic construction aiming at assuring their planarity. 
A special care is given to the subset of 2-cells incident on 
the same vertex 0 , in order to guarantee that no two hexa-
hedra intersect around the vertex.

The result algorithm is a cell decomposition with a 
minimal number of hexahedral cells, that yet approximate 
pretty well the given shape. The output mesh can be used 
for simulation of physical behaviour with a minimal number 
of degrees of freedom.
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Fig. 1 (a) 2-complex M of unstable manifolds of the Morse structure 
induced by a shape; (b) reduced cell complex K(M ) = (K0 , K1 , K2); (c) 1-

skeleton K1 ; (d) the Euler cycle that traverses twice each edge always 
exists for a connected graph.

III. CONCLUSIONS 

We are currently implementing the algorithmic scheme 
introduced in this paper, using constant local distances from 
the boundary. Next step will be the shape approximation 
with variable local distances, i.e.~with balls of variable ra-
dius centered at the 0-cells of the complex,   and with the 
same number of hexahedra.

Of course, to such reduced-domain model,   any amount 
of detail may be added everywhere needed, and even  hier-
archically and progressively.  It is well kown that a struc-
tured mesh with hexahedral cells may be locally detailed at 
will, without leaving such a decomposition scheme.

REFERENCES 

1. Backus, J. Can programming be liberated from the von neumann 
style?: a functional style and its algebra of programs. Commun. ACM 
21, 8 (1978), 613–641. 

2. Bajaj, C., DiCarlo, A., and Paoluzzi, A. Proto-plasm: A parallel lan-
guage for scalable modeling of biosystems. Philosophical Transac-
tions of the Royal Society A 366 (2008). Issue “A Computational 
Framework for Virtual Physiological Human”. 

3. Bajaj, C., DiCarlo, A., Paoluzzi, A., and Scorzelli, G. Fat skeletons : 
combinatorially- minimal hexahedral meshing of biological shapes. 
Manuscript. 

4. Bajaj, C. and Gillette, A. Quality Meshing of a Forest of Branching 
Structures. Proceedings of the 17th International Meshing Roundta-
ble, Springer-Verlag, p. 433--449, October 2008.

5. Carnevale, N., and Hines, M. The NEURON Book. Cambridge Univ 
Press, 2006. 

6. Clapworthy, G. J., Kohl, P., Gregerson, H., Thomas, S. R., Viceconti, 
M., Hose, D. R., Pinney, D., Fenner, J., McCormack, K., Lawford, P., 
Jan, S. V. S., Waters, S., and Coveney, P. Digital human modelling: A 
global vision and a european perspective. In Digital Human Model-
ing. Springer, New York, NY, 2007. Volume 4561, Lecture Notes in 
Computer Science. 

7. Goswami, S., Dey, T. K., and Bajaj, C. L. Identifying flat and tubular 
regions of a shape by unstable manifolds. In SPM ’06: Proceedings of 
the 2006 ACM symposium on Solid and physical modeling (New 
York, NY, USA, 2006), Acm, pp. 27–37. 

8. Higgins, G., Athey, B., Bassingthwaighte, J., Burgess, J., Champion, 
H., Cleary, K., Dev, P., Duncan, J., Hopmeier, M., Jenkins, D., John-
son, C., Kelly, H., Leitch, R., Lorensen, W., Metaxas, D., Spitzer, V., 
Vaidehi, N., Vosburgh, K., and Winslow, R. Modeling and simulation 
in medicine: Toward an integrated framework. Comput. Aided Surg. 6 
(2001), 32–39. 

9. Paoluzzi, A. Geometric Programming for Computer Aided Design. 
John Wiley & Sons, Chichester, UK, 2003.

Use macro [author address] to enter  the address of the corresponding 
author:

Author: Alberto Paoluzzi
Institute: Dip. Informatica e Automazione, Università Roma Tre
Street: Via della Vasca Navale, 79
City: 00146 Rome
Country: Italy
Email: paoluzzi@dia.uniroma3.it

IFMBE Proceedings Vol. 25

1248 C. Bajaj, A. DiCarlo, and A. Paoluzzi



Content based Medical Image Retrieval: use of Generalized  

Gaussian Density to model BEMD's IMF. 

1,2,4
Said Jai-Andaloussi, 

3,4
Mathieu Lamard, 

1,4 
Guy Cazuguel, 

2
Hamid Tairi,  

2
Mohamed Meknassi, 

3,4,5 
Béatrice Cochener, 

1,4 
Christian Roux 

1
INSTITUT TELECOM; TELECOM Bretagne; UEB; Dpt ITI, Brest, F-29200, France; 

2
Département de mathématique et informatique faculté des sciences, Fès 30000, Maroc; 

3
Univ Bretagne Occidentale, Brest, F-29200 France; 

4
 Inserm, LaTIM U650, IFR 148 ScInBioS - Science et Ingénierie en Biologie-Santé, BREST, F-29200 FRANCE; 

5
CHU de Brest, Service d’Ophtalmologie, Brest, F-29200 France

 

 

Abstract— In this paper, we address the problem of medical 

diagnosis aid through content based image retrieval methods. 

We propose to characterize images without extracting local 

features, by using global information extracted from the image 

Bidimensional Empirical Mode Decomposition (BEMD). This 

method decompose image into a set of functions named Intrin-

sic Mode Functions (IMF) and a residue. The Generalized 

Gaussian Density function (GGD) is used to represent the 

coefficients derived from each IMF, and the Kullback–Leibler 

Distance (KLD) compute the similarity between GGDs. Re-

trieval efficiency is given for two databases : a diabetic reti-

nopathy one, and a face database. Results are promising: re-

trieval efficiency is higher than 85% for some cases. 

Keywords— Content-Based Image Retrieval, BEMD, Gener-

alized Gaussian density, Kullback–Leibler distance. 

I. INTRODUCTION  

Nowadays, medical systems produce a great amount of 

data images. Fast access to such huge database requires 

efficient indexing algorithms. CBIR system (Content-Based 

Image Retrieval) is one of the possible solutions to effec-

tively manage image databases [1], [2]. The purpose is to 

retrieve desired images from databases using only the nu-

merical content of images. Typical CBIR systems can be 

decomposed in two steps: at first, extraction of features 

from each medical image in the database; then, the feature 

vector of a query image is computed and compared to the 

images feature vectors of the database. For definition and 

extraction of visual features, many methods have been pro-

posed, includind image segmentation and image characteri-

zation using wavelet transform and gabor filter bank [2, 3, 

4, 5, 6],  

 Recently, a novel multiresolution decomposition 

method, the Empirical Mode Decomposition (EMD), was 

introduced by Huang and al [7]. The EMD is an adaptive 

decomposition which decompose any signal into a redun-

dant set of signals denoted IMF and a residue. The original 

signal may be reconstruct by adding all the IMFs together 

and the residue, without information loss or distortion. 

EMD does not use any pre-determined filter or basis func-

tions, which is quite different from Fourier analysis and 

wavelet analysis. In 2003, Nunes and al. [8] extend the 1D-

EMD signal analysis to bidimensional signals and specifi-

cally to image processing (Bidimensional Empirical Mode 

Decomposition : BEMD). We propose in this work a new 

medical retrieval method which takes advantage of image 

BEMD. Wouwer and al. [9] used generalized Gaussian 

density functions (GGD functions) to represent texture 

images in the wavelet domain. In this paper we propose a 

new algorithm, based on Wouwer work, using BEMD de-

composition instead of wavelet transform.  

The setup of the paper is as follows. Section II-A de-

scribes the database we used for evaluation. Section II-B 

describes the BEMD method. Section II-C explains how to 

use GGD functions to represent the coefficients derived 

from BEMD. The retrieval method and Kullback–Leibler 

distance are described in section II-D, results are given in 

section III, and discussion and conclusion in section IV. 

II. MATERIAL AND METHODS  

A.  Databases  

Two databases are used to test our method. 

1) Diabetic retinopathy database: the diabetic retinopathy 

database, developed specifically in our team, contains reti-

nal images of diabetic patients, with associated contextual 

anonymized information on the pathology. The database is 

made up of 63 patient files, for a total of 1045 photographs, 

classified in 6 levels of disease severity. Image definition is 

1280 pixels/line for 1008 lines/image. Patients were seen in 

consultation in Brest university hospital (France), within the 

screening or the follow-up of diabetic patient. Images were 

acquired by experts using a Topcon Retinal Digital Camera 

(TRC-50IA) connected to a computer.  
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Fig. 1 Example : photograph serie of patient eye 

2) FaceDataBase: This database [10] is used as a 

benchmark database. There are ten different images of each 

of 40 distinct subjects (40 classes). For some subjects, the 

images were taken at different times, varying the lighting, 

facial expressions (open / closed eyes, smiling / not smiling) 

and facial details (glasses / no glasses). All the images were 

taken against a dark homogeneous background with the 

subjects in an upright, frontal position (with tolerance for 

some side movement). Images have a resolution of 92x112 

pixels; each pixel is coded on a byte.  

 
Fig. 2 Ten images sequence of the same person’s face 

B. BEMD  

The EMD method is an adaptive decomposition which 

allows to decompose any signal into a redundant set of 

signals denoted IMF and a residue. These IMFs are obtained 

by means of an algorithm called sifting process. 

Given a signal s(t), the sifting process of EMD can be sum-

marized as follows. 

1.  Initialise: r0= s (the residual) and j=1 (index number of 

IMF), 

2.   Extract the jth IMF: 

3.  (a)  Initialise h0=rj-1; i=1; 

        (b)  Extract local minima/maxima of hi-1; 

     (c) Compute upper envelope and lower envelope fun-

tions xi-1 and yi-1 by interpolating, respectively, local     

minima and local maxima of hi-1; 

   (d) Compute mi-1= (xi-1+yi-1)/2 (mean envelope), 

   (e) Update hi=hi-1-mi-1 and i=i+1; 

     (f) Calculate stopping criterion (standard deviation 

SDji) 

        (g) Repeat steps (b) to (f) until SDji  SDMAX and put 

then sj=hi (jth IMF) 

4.  Update residual rj =rj-1-sj; 

       5. Repeat steps 2–4 with j=j+1 until the number of 

extrema in rj is less than 2. 

After IMFs are extracted through the sifting process, the 

original signal s(t) can be represented like this: 

  

s(t) = Imf
j
(t)

j=1

n

+ r(t)                    (1)
 

The Standard Deviation (SD) is the criteria to stop sif-

ting process, computed from two consecutive sifting. 

  

SD
ij

2 =
| h

j( i 1)
(k) h

ji
(k)( ) |2

h
j( i 1)

2 (k)k=1

K

              (2)  

 
Fig. 3 Example  BEMD applied to a part of a retina image 

Following Nunes and al. [8], the bidimensional sifting 

process is defined as follows : 
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• Identify the extrema (maxima and minima) of the 

image I. 

• Generate the 2D ‘envelope’ by connecting maxima 

points (respectively, minima points) with 2D interploa-

tion methods. 

• Averaging the two envelopes to compute the local 

mean m1.  

• Since IMF should have zero local mean, subtract out 

the mean from the image: I - m1 = h1. 

• repeat as h1 is an IMF. 

 

In this paper we use the fast and adaptive BEMD presented 

in [11]. We give in Fig 3 an example of the BEMD for a 

retinal image. 

C.  Numerical image characterization : signatures 

In this paper we suggest to characterize globally images 

by generating a numerical signature of image, based on 

IMFs contents. Wouwer and al. [9] show that, for textured 

images, the distribution of coefficients in the subbands of 

the wavelet transform may be modeled by a generalized 

gaussian law. Empirically, we noticed that the distribution 

of coefficients derived from IMFs seems also to follow a 

generalized gaussian law as illustrated below.  

 
Fig. 4 IMFs coefficients distribution for image of Fig 3 

The gaussian generalized law is derived from the normal 

law and parameterized by: 

• : a scale factor, it corresponds to the standard devia-

tion of the classical Gaussian law. 

• : a shape parameter. 

Then, law density is: 

  

P(x; , ) =

2  1
 e

x

      (3) 

Where (.) is the gamma function, ( )
0

,t z t
z e t dt=  z>0 

We propose to characterize images by using a maximum 

likelihood estimator ˆˆ( , )  of the distribution law for coef-

ficients of each IMF of the BEMD decomposition [4]. 

These estimators are defined like this: given x= (x1, ..., xL) 

the BEMD coefficients for one IMF. As x having independ-

ent component, Varanasi and Aazhang [12] demonstrated 

that ˆˆ( , )  is the unique solution of equation (3). 
1
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where (.)  is the function 
( )

( )
( )

z
z

z

= . 

ˆ  value should be find first by a Newton-Raphson algo-

rithm. If the Newton-Raphson iterative algorithm is well 

initialized, it converges with few iterations. We defined the 

image vector signature by the couple ˆˆ( , )  derived from 

each IMF. 

A. Distance 

To compute the similarity distance between to IMFs 

(Generalized Gaussian) and, according to [13] Kullback-

Leibler distance is used (see equation (5)). 

( ) ( )( ) ( )
( )
( )

;
; || ; ; log            (5)

;

q

q i q

i

p X
KL p X p X p X dx

p X
=

 In the case of generalized gaussian distributions, we 

inject equation (3) in equation (5), to obtain the following 

distance (equation  

(6)):

  

KL p X ;
1
,

1( ) || p X ;
2
,

2( )( ) = log

1 2

1

2

2 1

1

1

+ 1

2

2

2
+1

1

1

1

 - 
1

1

    (6)
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The distance between two images 
1
I and 

2
I  is the sum of 

the balanced distance between IMFs. 

  

D (I
1
,  I

2
) = 

 k

KL
k=1

K

D p( X ,
1

K

,
1

K

), p( X ,
2

K

,
2

K

)( )      

where 
k

 are the adjustment weights. 

III. RESULT 

The method is tested on the two databases (see II-A), 

and is compared with previous methods detailed in [4, 5].  

The evaluation criteria is the mean precision at 5, which is 

the ratio between the number of pertinent images recalled 

(same class than the query) and the total images recalled 

(here 5). 

1)  Each image in the database is used as a query image. 

2) The algorithm find the five first images of the database 

closest to the query image. 

3)  Precision is computed for this query. 

4)  Finally, we compute the mean precision. 

 

Table 1 Mean precision at 5. 

From Table 1 we can see that a method based on 

adapted wavelets [14] achieved the highest mean precision 

95.5% for face database, when 52.40% for retinas database 

is achieved with BEMD-Gabor method. 

Extracting all IMFs of retinas database takes 1 day, and 

few minutes for face database. Then query is very fast. For 

this experiment we used C++ language on a AMD Athlon 

64 X2 dual Core processor working on 2 GHz with 2 Gb 

DRAM. 

IV. CONCLUSION 

In this paper, we proposed a new method to characterize 

the numerical content of medical images, where BEMD 

coefficients in each IMF are independently modeled by a 

generalized Gaussian density law. To compute the measure 

of similarity between GGDs, we used the Kullback–Leibler 

Distance. BEMD-GGD functions proposed in this paper 

achieved encouraging experimental results. 

So, our future work is to try to enhance retrieval results, 

by, first, optimizing adjustment weights (genetic algo-

rithms). And second, by fusing semantic data (clinical data) 

and image content numerical informations. 

REFERENCES  

 
1. C. Nastar, “Indexation d’images par le contenu: un etat de l’art,” in 

CORESA’97, March 1997. 

2. A. Smeulders, M.Worring, S. Santini, A. Gupta, and R. Jain, “Con-

tentbased image retrieval at the end of the early years,” IEEE Trans-

actions on Pattern Analysis and Machine Intelligence, vol. 22, no. 12, 

pp. 1349–1380, December 2000. 

3. M. Lamard, W. Daccache, G. Cazuguel, C. Roux, and B. Cochener, 

“Use of jpeg-2000 wavelet compression scheme for content-based 

ophtalmologic retinal retrieval,” in Proceedings of the 27th annual in-

ternational conference of IEEE engeneering in medecine and biology 

society, september 2005. 

4. M. Lamard, G. Cazuguel, G. Quellec, L. Bekri, C. Roux, B. 

Cochener, “Content Based Image Retrieval based on Wavelet Trans-

form coefficients distribution” in Proceedings of the 29th Annual In-

ternational Conference of the IEEE EMBS, Lyon,  France August 23-

26, 2007. 

5. S. Jai-Andaloussi, M. Lamard,  G. Cazuguel, H. Tairi, M. Meknassi, 

B. Cochener, C. Roux, “Recherche d'images médicales par leur con-

tenu numérique : utilisation de signatures construites à partir de la 

bemd ” Journées de Recherche en Imagerie et Technologies de la 

Santé, Lille, France Mars 17-20, 2009. 

6. B.S. Manjunath, P. Wu, S. Newsam, and H.D. Shin. “A texture 

descriptor for browsing and similarity retrieval”. Journal of Signal 

Processing: Image Communication, 16(1-2) :33-43, 2000. 

7. Huang and al, "The empirical mode decomposition and the Hilbert 

spectrum for non linear and non-stationary time series analysis," Proc. 

Roy. Soc. London A, Vol. 454, pp. 903-995, 1998. 

8. J. C. Nunes, Y. Bouaoune, E. Delechelle, O.  Niang, Ph. Bunel, 

“Image analysis by bidimensional empirical mode decomposition,” 

Image and Vision Computing, Vol. 21 pp. 1019–1026, 2003. 

9. G. V. Wouwer, P. Scheunders, and D. V. Dyck, “Statistical texture 

characterization from discrete wavelet representations,” IEEE Trans. 

Image Processing, vol. 8, pp. 592–598, Apr. 1999. 

10. F. Samaria and A. Harter, “Parameterisation of a stochastic model for 

human face identification,” in 2nd IEEE Workshop on Applications 

of Computer Vision, Sarasota FL, december 1994. 

11. Bhuiyan, S.M.A, Adhami, R.R. Khan, J.F, “A novel approach of fast 

and adaptive bidimensional empirical mode decomposition” March 

31 2008-April 4 2008 ICASSP 2008. IEEE International Conference. 

12. M. Varanasi and B. Aazhang, “Parametric generalized gaussian 

density estimation” J. Acoust. Soc. Amer., vol. 86, pp. 1404–1415, 

1989. 

13. M.N. Do, M.Vetterli,” Wavelet-Based Texture Retrieval Using Gen-

eralized  Gaussian Density and Kullback–Leibler Distance” IEEE 

TRANSACTIONS ON IMAGE PROCESSING, VOL. 11, NO. 2, 

February 2002 

14. G. Quellec, M. Lamard, P.M. Josselin, G. Cazuguel, B. Cochener, C. 

Roux "Optimal wavelet transform for the detection of microaneu-

rysms in retina photographs", IEEE Transactions on Medical Imaging 

(September 2008, Vol. 27, N° 9, p 1230-1241) 

 

Database Number of IMFs 

extracted for 

each image 

BEMD-

GG 

BEMD-Gabor 

Faces 4 85.55% 89.75% 

Retinas 6 43.75% 52.40% 

Database Decomposition level number Adapted wave-

lets-GG 

Faces 2 95.50% 

Retinas 3 46.10% 
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Abstract— Monitoring the fetal heart rate (fHR) and the 
morphology of fetal electrocardiogram (fECG) during preg-
nancy is important to suport medical decision while evaluating 
the health state of the fetus. But when assessing the fECG 
through the abdominal signals (ADS), its very low amplitude 
causes a problem, since the fECG representation in the ADS is 
buried in a mixture of other signals with stronger energy. Thus 
signal to noise ration of these recordings is, however, low, the 
maternal electrocardiogram (mECG) being the main interfer-
ence. The main concern is to eliminate the mECG from ab-
dominal signals. This paper presents an improvement of the 
Event Synchronous Canceller (ESC), which is a method with 
very good results in cancelling the maternal component from 
the ADS.    

Keywords— abdominal signal, electrocardiogram, ESC, signal 
processing. 

I. INTRODUCTION  

Nowadays high-risk pregnancies are becoming more 
prevalent because of the progressively higher age at wich 
women get pregnant. Thus, premature labor is one of the 
most important public health problems in Europe and other 
developed country. It is the main cause of morbidity and 
mortality of newborns. Early detection of a preterm labor is 
important task for physicians and researchers. Continuous 
efforts are made to find new methods and markers for pre-
term labor. 

The fetal electrocardiogram (fECG) constitutes the ac-
cess to the fetal heart rate (fHR) and to the waveform of the 
fetal heart beats both being essentials for the physician to 
investigate the fetal state. 

Fetal hear rate (fHR) variability is associated with the 
stimulation of the autnomous nervous system and conse-
quently provides infromation about the development of this 
system. A decreased heart rate variability indicates that the 
sympathetic-parasympathetic balance is altered [1].   

Moreover, the morphlogical properties of the fECG rep-
resent a new information source for physicians,  as it pro-
vides information about the hypoxemia and  fetal distress 
[2]. Also, fetal arrhythmia detection requires P wave extrac-
tion; when the P wave is not followed by the R wave, the 

conduction block can be found; T wave distorsion can indi-
cate anoxia. Taken together, the information of the R wave 
occurrence alone (fHR) is not sufficient for the clinical 
purposes of investigating the health state of the fetus  [3]. 

In stages of pregnancy earlier than labor, Doppler ultra-
sound is the most widely used method to monitor the fHR. 
This method can not be used for long term monitoring and 
is, however, inaccurate  because the fHR determined by this 
method is an average one, i.e. fast changes in the fHR can 
not be recorded [4], thus leading to miss interpretation and 
inaccurate diagnostics, and to unnecessary obstetric inter-
ventions. Thus, abdominal recorded signals (ADS) represent 
an alternative to ultrasound monitoring, as it is noninvasive, 
provides clinically significant information concerning the 
well being state of the fetus through the analysis of the FHR 
and the morphology of the fECG and can be used for long 
term monitoring. But the fundamental problem is that ADS 
represents a multi-component signal containing several 
other disturbing signals of high amplitudes besides the low 
amplitude fECG component, and, in addition, the fECG is 
overlapping with them in the spectral domain. Some recent 
publications [4, 5, 6] underline that this topic currently 
attracts huge research efforts. 

Among these perturbing biosignals, the maternal ECG 
(mECG) is clearly the main source of disturbance. The 
transabdominal fECG R-peak amplitude ranges from 10 to 
100 V, while the amplitude of the QRS complex of the 
mECG shows 0.5 to 10 mV [5]. Other disturbing signals 
which must be considered are the electronic noise (intro-
duced by amplifiers etc), the slow baseline wander of sig-
nals (mainly due to electrode effects), the myoelectric cross-
talk from abdominal muscles, and, in particular during 
labor, the uterine contractions. The latter evoke electrical 
activity which can be recorded by unipolar or bipolar elec-
trodes placed on the abdomen of the mother, and it is usu-
ally extracted by applying a bandpass filter (0.1 – 5 Hz) to 
the ADS; the resulting signal is called abdominal uterine 
electromyogram (uEMG) or electrohysterogram (EHG), and 
it shows an amplitude range from 100 V to 500 V [7]. 
The large amplitudes of these noise sources are hiding the 
transabdominal fECG and a simple high-pass filtering of 
ADS for fECG extraction cannot be applied due to the over-
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lapping spectra of the fECG and of the noise components. 
Also, an application of a filter may introduce some un-
wanted phase distortion of the fECG. 

Moreover, the amplitude of the fECG depends on the 
electrode configuration and varies among subjects due to 
the different body weight and size of the mother and due to 
the different positions of the fetus. In addition, the recording 
quality of the fECG changes with time, especially with the 
appearance of the vernix caseosa during the last three 
months of pregnancy, when the R-peak of the fECG is hard-
ly detectable [8]. 

All these effects reveal evidently that reliable methods 
for removing the EHG and, especially, the mECG are nec-
essary to allow fECG examination based on ADS re-
cordings. This demand motivated the development of sev-
eral methods supporting the extraction of the low amplitude 
fECG from ADS for fHR computation, such as principal 
component analysis [9], independent component analysis 
[10] and nonlinear state projections algorithms [11]. But the 
increasing interest of physicians to consider not only the 
instantaneous fHR but also the waveform of the fECG in-
troduces new signal processing requirements, thus (linear) 
filtering methods in general are getting more demanded. 

For this purpose, our paper reports about the evaluation 
of the perfomancese of an improved linear method,  mainly 
on simulated ADS data. 

II. SIGNAL MODELLING 

As stated before,  the ADS recorded by contact elec-
trodes placed on the maternal abdomen, are a mixture of 
electrophysiological signals, which contain not only the 
signal of interest, but also disturbing signals. The predomi-
nant interferences are the maternal ECG (mECG), the pow-
erline interference from the electricity power grid and mo-
tion artifacts. Also other sources of interference are present 
in the abdominal signals: myoelectric crosstalk (EHG), 
electronic noise introduced by the different data acquisition 
devices, the baseline wander. 
Therefore, they must all be considered by the model pro-
posed below.  
The special feature of simulated data, controllable signal-to-
noise ratio (SNR), makes them very usefull and necesary for 
objectively evaluating the performances of a specific me-
thod or to compare the performances of different methods 
which have the same purpose.  With real ADS data it is 
impossible to achieve this because, no SNR value can be 
specified due to the lacking access to the signal source.  

The realistic simulated mECG and fECG, sampled at 
1000 Hz, are obtained using the dynamic model proposed 
by McSharry et al. [12].  

The abdominal EMG (abdEMG) is a random signal with 
zero mean, a Gaussian distribution and a frequency range of 

Hz200100  [13, 14]. 
The EHG signal is also simulated by a random signal 

with zero mean and a Gaussian distribution, but filtered by 
passbands of low frequency Hz45.02.0  and high fre-
quency Hz38.0 . The high frequency component ampli-
tudes are about 3 times smaller than the low frequency 
components [7]. During pregnancy the durations of the 
contractions are in the range 40 - 60 s, with a frequency of 
0.5 - 6 contr/h, while during delivery about 0.4 – 1 
contr/min. In order to simulate the gradually increasing and 
decreasing of the EHG signal, an amplitude modulation is 
applied.  

The noise from the recording devices (noise) is simulated 
by a random zero mean Gaussian signal [15]. The baseline 
wander (bWa) is modeled as a sine with the period deter-
mined from the respiratory frequency in the range 0.15 - 0.3 
Hz according to [5]. The small modulation of the ECG 
amplitude with the respiratory cycle is included in the 
McSharry model used to generate the simulated mECG and 
fECG signals. The power line interference (PLIf) is consid-
ered by adding a sine of 50 Hz. 
 Thus the simulated ADS can be described as following: 

PLIfbWa noise EHG
 abdEMG mECGfECGADS

, (1) 

The SNR is defined by signal power ratios [16] as 

2

2

log10log10
NS

fECG
P

P
SNR

NS

fECG  (2) 

where the noise source NS is one of the above identified 
sources of disturbance.  

III. METHOD  DESCRIPTION 

In this paper an improvement of the Event Synchronous 
Canceller (ESC) [17, 18] is described.  

Initially the main disturbance in ADS, mECG, is detected 
using an algorithm described in [19]. The filters used where 
redisigned for 1000Hz sampling frequency. 

In the second step, a template of the interference signal is 
obtained by coherent averaging. Using the information  
from the first step, an averaged mECG is computed from 
the original ADS, including the P- and T-waves.  

Once the mECG is detected in ADS and the template is 
calculated, the cancelling step can be initiated. But in order  
not to lose information during the cancellation step, like the 
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morphology of the fECG, an optimal position of the aver-
aged ECG template has to be calculated. Thus, first the 
information about the baseline wander is introduced in the 
template using linear interpolation. Then whenever the 
algorithm detects a mQRS complex, the optimal position of 
the template is determined by adjusting the template posi-
tion, vertically and horizontally within a window of 15 
samples centered on the considered maternal QRS (15 ms). 

In order to estimate the optimal position of the template, 
the minimum error of the fitting between the template and 
the mECG, considering only the mQRS, is taken into ac-
count, as the miss-positioning of the mECG template often 
leads to a remaining maternal ECG, comparable with the 
fetal one and thus the morphology of the fECG is no longer 
conserved: 

N

Nij
jiGtemplateECimECGpos 2

MM,-
min

 (3) 

 
 
 
 
 
 
 
 
 
 

Fig. 1 Improved ESC method 

IV. RESULTS  AND CONCLUSIONS 

 

Fig. 2. mECG detection in ADS 

The detection of the main interference component from 
the ADS is depicted in Fig.2 

 
Fig. 3 Adjusting the template for the optimal position 

 
In Fig.3 the adjustment of the mECG template position, 

for some different noise components, is illustrated 
After the optimal position of the template is detected, the 

mECG can be canceled without disturbing the shape of any 
overlapping fECG. This is represented in Fig. 4. 

Fig. 4. a) simulated ADS signal; b) fECG after the main interference 
component (mECG) in ADS was canceled. 

 
Fig. 5 mECG  overlapping the fECG, is removed and the morphology 

of fECG is conserved. 
 

The performance is evaluated on simulated ADS data 
which have all the disturbing noise sources considered and 
the maternal and fetal ECG are both simulated using the 
dynamic model. 

As depicted in Fig. 5, the mECG is completely removed, 
even when overlapping the fECG; the cleaned ADS signal 

 fECG 
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tion of mECG 

template 
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nent detection 
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still shows the maternal respiration, introduced as a distur-
bance in the simulated ADS. 

In order to analyze the perfomance of the proposed linear 
method for fECG extraction from ADS, we give several 
values for SNR (Table1), considering the SNR of the dis-
turbing signals relatively to the fECG: 

 mECGfECGfm SNRSNR , , abdEMGfECGfa SNRSNR , , 
EHGfECGfh SNRSNR , , noisefECGfn SNRSNR , , 
bWafECGfb SNRSNR , ,  PLIffECGfp SNRSNR , . 

The accuracy of the fECG extraction is evaluated by 
computing the squared difference between the extracted 
fECG signal and the original fECG at its source on a sample 
by sample basis:  

2

2

orig

extractedorig
fECG fECG

fECGfECG
                (4) 

 
Table 1. The effect of the disturbance components on the performance of 

the algorithm. The values represented in the cells of the tables are the error 
fECG according to (4). The shaded cells indicate cases when the extraction 

of the fECG is not possible by principle 

    SNR 
 -20 -15 -10 -5 0 5 10 15 20 

fECG,fm 
 0.0379 0.0299        

fECG,fa 
      0.0296 0.0297 0.0298 0.0297

fECG,fh 
 0.0261 0.0130 0.0161 0.0229 0.0361 0.0297 0.0294 0.0299 0.0297

fECG,fn 
      0.0322 0.0304 0.0297 0.0297

fECG,fb 
     0.1010 0.0529 0.0373 0.0315 0.0297

fECG,fp 
      0.0538 0.0365 0.0315 0.0297
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Abstract — Inertial sensors (accelerometers and gyroscopes) 
have recently gained attention as a promising alternative to 
video capture systems in studies of human movement. Secon-
dary quantities such as velocity and displacement are calcu-
lated through integration of acceleration and angular veloci-
ties. It is now widely accepted that this technique is greatly 
influenced by sensor noise, non-linear and asymmetrical sensi-
tivity/offset signals and bias drifts. In this paper, we compare 
the Root Mean Square Error (RMSE) of vertical toe accelera-
tion obtained by these sensors and derived by double differen-
tiation from a video capture system, i.e. Optotrak Certus, NDI.  
Spectral analysis was performed on both accelerations using 
the Fast Fourier Transform to compute the correlation coeffi-
cient  as a function of various static band-pass filter parame-
ters and over a range of 3 different walking speeds. RMSE and 
cross correlation achieved for the slowest walking speed of 
2.5Km/h was 2.92m/s2 and 0.668 respectively, and 4.38m/s2 and 
0.984 for the fastest speed of 4.5Km/h.  

Keywords— Accelerometer, Gyroscope, Double Integration, 
Fourier Transform, Band-pass filtering 

I. INTRODUCTION  

The advent of microelectromachined systems (MEMS) tech-
nology has provided the impetus for the design of smaller and 
cheaper inertial sensors which measure physical quantities such as 
accelerations and angular velocities. Secondary quantities such as 
velocity, displacement and instantaneous angles may be inferred 
by integrating the primary signals using trapezoidal or rectangular 
integration methods.  

While most previous work used the raw inertial data directly, 
recent attempts have used integration techniques to obtain secon-
dary measurement quantities particularly in the assessment of foot 
motion. Morris et al. [1] had designed a gait shoe to monitor sev-
eral quantities such as walking speed, stride length and heel 
ground reaction forces and noted that sensors contained measure-
ment errors that caused inaccuracies in the derived secondary 
quantities.  Sabatini et al. [2] studied velocity and displacement 
quantities obtained through integration by proposing a strap down 
integration method between detected gait events. Lai et al. [3] used 
an IMU (Inertial Measurement Unit) consisting of a tri-axis accel-
erometer and dual axis gyroscope to monitor vertical toe accelera-
tions to compute toe clearance trajectories for studies on tripping 
falls. The major limitations in sensor based measurements have 
been sensor noise [4], bias drift and sensitivity and offset process 

variations [5], [6], which cause cumulative errors in the derivation 
of secondary quantities such as displacement [7]. In our recent 
work [8], we demonstrated that inertial sensor measurements of 
vertical toe acceleration contained large differences in the lower 
frequency ranges compared to video data of the same motions. We 
hypothesize that these were due to slow varying sensor errors 
causing cumulative errors in estimating secondary quantities such 
as toe clearance.  
 In this paper, we investigate the filtering of sensor errors on 
the resultant acceleration signal obtained from inertial sensors. We 
compare the RMSE of the vertical resultant acceleration obtained 
by the IMU and the double differentiation of Optotrak’s signals. 
The cross correlation coefficient between their respective power 
spectra was assessed to discover appropriate cut-off frequencies 
for the static band-pass filters. In contrast to the strap down inte-
gration method implemented by Sabatini et al. [2], we included 
also the contribution of the frontal (medio-lateral) acceleration and 
we assessed its impact on the power spectra of the vertical resul-
tant acceleration. In section II, we begin with the background 
theory of the FFT technique and digital filters. This is followed by 
a description of our experimental methodology. Results and finally 
discussion of the major findings follow in section IV and V respec-
tively.  

II. BACKGROUND  THEORY 

A. The Fourier Transform and Power Spectrum 

The discrete Fourier transform X(k) is used to represent a digi-
tal signal x(n) as a sum of fundamental functions (harmonics). This 
can be written in general form as in Proakis et al. [9]: 
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=∑                        (1) 

where the angular frequency is k 2 k/ Nω = π  for k; n 1 N= K . 

Therefore the signal x(n) can be written as: 
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where a0 is the DC bias (zero frequency), ak and bk are Fourier 
coefficients for the harmonics k = 1,2…N and have the same units 
as x(n). Since Fourier coefficients are unique, they can be used to 
characterize signal frequency content. The strength (contribution) 
of the k-th harmonic in a signal can be measured by its power 
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magnitude and can be used to determine signal frequencies in 
major gait activities. It is defined as: 

2 2
k k kP a b= +         (3) 

B. Digital Filters 

The   transfer function for a linear, time-invariant, digital filter 
can be expressed as a transfer function in the Z-domain:  
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b b z b z b zB(z)
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− − −
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K
       (4) 

where ak and bk with k = 0,1…,N, are static coefficients given a 
specific cut-off frequency at 3dB of attenuation and N being the 
order of the filter.  

C. Cross correlation coefficient and RMSE 

The comparisons of Fourier power spectra between Optotrak 
and IMU accelerations were quantified with the correlation coeffi-
cient and it indicates the strength and direction of a linear relation-
ship between two random variables X and Y. The correlation is 1 
in the case of an increasing linear relationship and -1 in the case of 
a decreasing linear relationship.  It is defined as: 

x y

x y

X Y
FFT ,FFT

FFT FFT

cov(FFT , FFT )
ρ =

σ σ
       (5) 

where X and Y are the Fourier power peaks of the IMU’s filtered 
acceleration and the Optotrak device respectively. Cov(X,Y) rep-
resent the covariance between two random variables X and Y,  and 
σx and σy represents their respective standard deviation. The root 
mean square error (RMSE) of the acceleration is defined as:  
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N
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=
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       (6) 

where AIMU and AOp represent the vertical accelerations of the 
IMU and the Optotrak device respectively. 

III. EXPERIMENTAL METHODOLOGY

The IMU (Inertial Measurement Unit) consisted of a single tri-
axis accelerometer and dual-axis gyroscope package with analog 
outputs. The accelerometer was the Analog Devices (ADXL330) 
nominal ± 3g tri-axis accelerometer with ratiometric sensitivity 
and offset. The dual axis gyroscope (IDG300) was an integrated X 
and Y axis gyroscope with low pass output filters, non-ratiometric 
sensitivity of ± 2mV/ o/s and offset at 1.5V.  

Experiments were performed in the Biomechanics Laboratory 
of Victoria University and gait data was collected from a single 
male subject. The sensors were mounted at the distal end of the 
shoe together with a rigid body comprising 4 Optotrak markers as 

shown in Figure 1. This method has been previously reported to 
provide sufficiently good accuracy when compared to an actual 
marker placed at the position for studies of toe clearance. The 
Optotrak was sampled at 500Hz and the sensors at 1000Hz before 
being down sampled to 500Hz for comparison. The sensor outputs 
were connected to a National Instruments DAQ board and control 
software was written in Labview 8.0. Data was simultaneously 
recorded by manually synchronizing the record start times. The 
subject walked on a treadmill at three speeds, namely 2.5, 3.5 and 
4.5km/h for at least 1 minute each so that a minimum of 30 gait 
cycles could be collected per trial. Each walking trial began with 
10 seconds of recording non-activity followed by walking. This 
allowed the data streams to be visually synchronized later. 

Optotrak vertical toe displacements (trajectories) were differen-
tiated twice to obtain the vertical toe accelerations, whilst IMU 
sensor voltages were first converted to acceleration and angular 
velocities as described in the sensor datasheets [5] and [6].  These 
measurements are converted with respect to the IMU's position 
frame to the earth's reference frame to obtain the vertical toe accel-
eration. As we are interested mainly in the vertical acceleration, we 
use for the Z-Axis acceleration from the Euler transformation 
matrix: 

x y x y x z y xAz = a sin cos  + a sin  + a cos cos  - gθ θ θ θ θ                 (7) 

where ax, ay and az are accelerations measured in the respective 
IMU's axis, g is gravitational acceleration and the angles x and 

y are derived by the integration of gyroscope angular speed x

and y taken with respect to the planes as depicted in Figure 1. 
 Accelerometer signals were low-pass filtered to remove elec-
trical noise while gyroscope signals were band-pass filtered to 
remove bias drifts and electrical noise as opposed to [8]. Butter-
worth filters were used with fixed order of 12 to guarantee filter 
stability as designed by Matlab. The lower cut-off frequency of the 

Fig. 1: Experimental setup depicting Optotrak markers and inertial sen-
sor placement; rotation in the medio-lateral and sagittal plane depicted by 

θx and θy respectively.
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gyroscope filter was fixed at 0.1Hz. Both the higher cut-off fre-
quency of the gyroscope’s filter and the accelerometer’s low-pass 
filter cut-off frequency were varied in steps of 1Hz monotonically 
from 8Hz to 50Hz.  

IV. EXPERIMENTAL RESULTS 

Figure 2 depicts 6 isoline plots of cross correlation coefficients 
as filter cut-off frequencies were varied for the raw accelerometer 
and gyroscope signals on the X-Axis and the Y-Axis respectively. 
Rows indicate walking speeds of 2.5, 3.5 and 4.5km/h and the 
columns indicate the effect of the medio-lateral plane to the corre-
lation of the acceleration.  These isolines revealed that the faster 
the walking speed, the higher the cross-correlation of power spec-
tra in general. At 2.5km/h the highest isoline achieved was 0.6 on 
the left column and 0.2 on the right, which considerably increased 
to 0.8 and 0.65 respectively for 3.5km/h and to 0.95 for 4.5km/h in 
both cases. In the left column, the cut-off frequencies’ range for 
the highest isoline remains approximately constant over fcGyro = 8-
27Hz and for at 2.5Km/h, the minimum fcAcc reached 35Hz, whe-
reas for 3.5Km/h it reached 25Hz and finally at 4.5km/h, 15Hz 
was the lowest value. For the right column, fcAcc’s range is ap-
proximately the same as on the left column, however fcGyro’s range 
was reduced to 8-15Hz.  

The isolines reveal that at each walking speed, the cross corre-
lation was significantly higher when acceleration in the medio-
lateral plane was included. This can be seen for example at 
4.5Km/h, where the area included by the isoline of 0.95 is signifi-
cantly larger with the medio-lateral plane contribution than with-
out it. The highest cross correlation found at 2.5km/h, 3.5km/h and 

 

Fig. 2: Isolines of the correlation coefficient; rows and columns repre-
sent different walking speeds and two filters type respectively. 

  Fig. 3: Acceleration’s power spectra from Optotrak and the IMU 
with optimized filtering parameters. 

4.5km/h are respectively 0.668, 0.813 and 0.984, with the corre-
spondent cut-off frequencies: fcAcc = 49Hz / fcGyro =14Hz, fcAcc = 
49Hz / fcGyro = 16Hz and fcAcc = 19Hz / fcGyro = 8Hz. 

Figure 3 depicts the power spectra of Optotrak on the left col-
umn and the spectra of the IMU signals using the cut-off frequen-
cies corresponding to the highest correlation at each walking 
speed. At 2.5km/h the Optotrak and the IMU had maximum peaks 
of 1.6 x 104m2 and 1.25 x 104m2 at 3.3Hz respectively. This in-
creased to 4.8 x 104m2 and 4 x 104m2 centered around 4.1Hz for 
3.5Km/h and achieved 17.5 x 104m2 and x 14.1 x 104m2 at around 
4Hz for the walking speed of 4.5km/h. 

Table 1 shows the RMS error of the vertical acceleration using 
unfiltered signals, Sabatini’s technique [2] and using the optimized 
filters which correspond to power spectra graphs on the right 
column of figure 3.  The error of the vertical acceleration at the 
walking speeds of 2.5Km/h, 3.5Km/h and 4.5Km/h was reduced to 
32.9%, 36% and 12.6% respectively in comparison to Sabatini’s 
method [2]. 

Table 1: Comparison of vertical acceleration RMS errors between dif-
ferent signal processing methods. 

 Acceleration RMSE 
Method 2.5 Km/h 3.5 Km/h 4.5 Km/h 
Unfiltered IMU 11 25.7 27.6 
Sabatini’s Method 4.35 6.02 5.01 
Sagittal/Medio lateral plane  2.92 3.85 4.38 
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V.    DISCUSSION

The empirical results demonstrated that the acceleration contri-
bution of the medio-lateral plane was significant as depicted by the 
cross correlation of the acceleration power spectra.  A comparison 
of the two columns of Figure 2 shows that the combination of 
medio-lateral acceleration plays a more significant contribution to 
the resultant vertical acceleration during slower walking speeds. 
However the medio-lateral toe rotation during strides becomes less 
significant at faster speeds indicating that more forward control is 
exerted on the foot during fast walking. This finding also suggests 
that the validity of assumption in [2] is dependent on the speed of 
the walking activity. 

Furthermore, using the cut-off frequencies for the highest cross 
correlation at each walking speed led to a maximum 36% decrease 
of error in the time domain of the toe vertical acceleration. This 
could indicate that electrical noise and other errors derived from 
the sensors were filtered out, allowing the power amplitude of each 
harmonic of the IMU signals to be similar to the corresponding 
Optotrak’s acceleration. 

In addition, the higher correlations during faster walking indi-
cate a better separation of frequency content from walking and 
sensor bias drifts.  This implicitly suggests that a large portion of 
sensor errors are slow bias drifts which could be filtered out. More 
detailed analysis is required to ascertain the impact of individual 
sensor errors on the cumulative effect observed in velocity and 
displacement calculations. 

Further research will focus a larger group of subjects to investi-
gate if the best cut-off frequencies could be generalized to a bigger 
range of walking styles. Our results could improve the accuracy of 
current inertial sensing methods for obtaining displacement and 
velocity measurements.  

VI. CONCLUSION

In this paper we compared the power spectra of vertical accel-
erations due to toe motion calculated from both Optotrak video 
data and inertial sensor signals, given a wide range of filter charac-
teristics, at different walking speeds. Medio-lateral contribution of 
the motion indicates that is decisive to reduce the errors in the 
vertical acceleration and hence in the vertical displacement.  We 
have shown that static filters are still useful to remove these errors, 
if the correct filtering parameters are used. The major advantage 
would be an easier on-chip implementation of algorithms for 
deriving secondary quantities from inertial sensors.  
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Abstract— In this paper we are analyzing multiple µ-CT 
image sets to estimate pore-size distribution based on mini-
mum visible pore-size at a given resolution. As similar ap-
proaches rely strongly on segmentation results, we are evaluat-
ing and comparing 5 different thresholding based 
segmentation approaches. The application of the method is 
demonstrated on Al2O3 bulk imaged at 7 different resolutions. 

Keywords— pore-size distribution, thresholding, segmentation, 
µ-CT image analysis 

I. INTRODUCTION  

Advances during the last few decades in imaging tech-
nology and instrumentation enable acquisition of quality 
high resolution 3D images. There has been a great interest 
in analyzing these images as 3D micro structures of mate-
rials help modeling several physical phenomena from flow 
to electrical field. Porosity of 3D biomaterial scaffolds is 
important regarding bone formation [1]. Understanding 3D 
micro-structures also carries importance for bone research, 
relations between cortical bone strength and porosity has 
been investigated in [2-3]. Using µ-CT images for micro 
structure analysis has been a popular practice and studied by 
many research groups. Whether it concerns porosity analy-
sis or developing advanced methods for modeling; all of 
these studies start with pre-processing and segmentation. 
Therefore, accurate segmentation is of utmost importance 
prior to progressing further in 3D structure analysis. 

In this paper we evaluate the outcomes of different thre-
sholding based segmentation approaches for Al2O3 bulk 
imaged at 7 different resolutions with µ-CT. We compare 
the quality of segmentations with respect to imaging resolu-
tion. As the final part of our study we estimate the pore-size 
distribution of this material with a very easy approach based 
on porosity calculations at respective resolutions. 

II. MATERIALS AND METHODS 

A. Material 

In this study we used a bulk of Al2O3 to accurately seg-
ment and calculate pore-size distribution. Submicron alpha 

alumina (Martoxid MR 70, Martinswerk, Germany) was 
used for sample preparation. Powder has mean particle size 
of 0.5-0.8 μm and purity of 99.8 %. Samples were prepared 
by slip casting method in order to obtain uniform porosity 
over final samples. After casting the samples dried and 
sintered 1 hour at 1160°C for consolidating the structure. 

 
B. Imaging 

Al2O3 is imaged with a SkyScan 1072 Desktop X-ray 
Microtomography device at 7 different resolutions. The 
resolutions are 1.95µm, 2.34 µm, 2.93 µm, 3.9 µm, 5.86 
µm, 11.72 µm and 18.85 µm. All the images are acquired 
using the machine at 52kV / 191µA without any filter. The 
reconstructions of tomography data is done using SkyScan’s 
own program Nrecon. 

 
C. Pre-processing of images 

The reconstructed images are used to extract volume of 
interest (VOI) for each resolution. No image registration is 
done on the data as the acquisition is performed with care 
allowing no misalignment. VOI are selected manually based 
on visual inspection on the image sets. 

 
D. Segmentation 

The segmentation of data is done using hard thresholding 
which is a common practice for this kind of images. How-
ever as the later steps strongly rely on the performance of 
segmentation results, 5 different methods are used to deter-
mine the threshold levels.  

The porosity levels are compared and one of these ap-
proaches is selected to be used in pore-size distribution 
estimation. Details about the methods used in this work are 
given below: 

Method 1: First method used in segmentation is manual 
thresholding. In this approach the threshold levels are as-
signed mainly based on visual inspection of the data. Final 
segmentation result is the following: , , 1, , ,  0,  (1) 
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Here  , , | 0 , 0 , 0 ; , , , { , ,  being the coordinates in 3D space and  , ,  the dimensions of data, , ,  is the intensity 
value for the corresponding voxel,   is the threshold level 
and , ,  is the segmented image. 

Method 2: Second approach is based on the assumption 
that the manual threshold level for the highest resolution 
image is correct. Based on this, porosity of VOI is calcu-
lated for highest resolution image using the following sim-
ple estimation: , 1  ∑ , ,, , . .  .100 (2) 

,  being the porosity value of image  with respect 
segmentation based on the threshold level, . 

The threshold level, , for another image, , is then cal-
culated based on the minimization of the absolute difference 
between the porosity of the highest resolution image and the 
image at hand. For that  is calculated by iterating  to 
minimize Equation 3.  ,  , ,  ,  

(3) 

In Equation 3,  represents the porosity difference. 

Method 3: This approach also relies on the manually as-
signed threshold level of the highest resolution data and 
additionally, it assumes that the porosity must decrease with 
the decrease in resolution. With the inclusion of the latter 
constraint, the threshold level for another image is calcu-
lated similar to Method 2 as follows: , | , 0  (4) 

Method 4: As the forth method, one of the most common 
full-automatic threshold selection approaches, Otsu’s me-
thod [4] is used. This method is a full-automatic approach; 
the threshold is calculated so that the between-class va-
riance is maximized and inter-class variance is minimized. 

Method 5: The final method is another popular full-
automatic approach that is developed by Ridler & Calvard 
in [5]. This method initializes the threshold level as the 
median of the dynamic range and calculates the mean of 
smaller and larger values in the histogram. According to this 
information, the threshold is iteratively changed until it 
converges. 

 
E. Pore-size distribution  estimation 

As the final step of our work, we estimate the pore-size 
distribution using a very easy heuristic approach. Note that, 

the minimum size of a pore, Г , that is detectible in , at 
resolution  is: Г 8  (5) 

Therefore, the value ,  has no information of pores 
that are smaller than Г . Following this, volumes of 
pores of size  Г| Г Г Г , Г  can be 
assessed by: ψ Г , ,  (6) ψ Г  being the percentage of total volume of pores taken by Г, and   are two different resolutions, ,  
and ,  are the corresponding VOIs and thresholds re-
spectively. 

III. RESULTS 

A. VOI extraction 

In Table 1, dimensions of extracted VOIs for each resolu-
tion are given. On the last column of the table, correspond-
ing volumes are tabulated. For the rest of the article we will 
use the image names given on the left most column of the 
table. 

Table 1 VOI extraction of multiple resolution µ-CT images 

Image Resolution (µm) Dimensions Volume (µm3) 
x150 1.95 332x372x400 3.6748.108 
x125 2.34 274x311x330 3.6152.108 
x100 2.93 217x248x263 3.5537.108 
x75 3.9 162x185x197 3.5135.108 
x50 5.86 109x123x131 3.5331.108 
x25 11.72 54x62x65 3.5022.108 
x15 18.85 34x39x40 3.5540.108 

 
B. Segmentation results 

 

Fig. 1 A slice of reconstructed images belonging to data sets x150 (left), 
x75 (middle) and x15 (right); lower images are the segmentation results 

based on Method 3. 
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Figure 1 shows demonstrative sample for the segmenta-
tion results. A slice belonging to the same physical location 
for 3 of the images; x150, x75 and x15, are given along with 
their Method 3 based segmentation. 

In Table 2, estimated threshold levels based on different 
methods are given for each resolution. Porosity values are 
calculated using Equation 2 and written in the table for each 
threshold level and image.  

Table 2 Estimated thresholds (higher element in cells) and corresponding 
porosities (lower element in cells) for each method and image 

 Method 1 Method 2 Method 3 Method 4 Method 5 

x150 77 
26.35 

77 
26.35 

77 
26.35 

50 
2.22 

75 
20.55 

x125 81 
21.47 

82 
24.77 

82 
24.77 

53 
2.16 

53 
2.16 

x100 87 
28.7 

86 
24.33 

86 
24.33 

55 
2.08 

54 
2.05 

x75 85 
19.95 

86 
24.56 

85 
19.95 

57 
2.1 

56 
2.06 

x50 83 
7.11 

89 
28.11 

87 
17.57 

62 
2.2 

62 
2.2 

x25 87 
8.42 

92 
26.7 

90 
17.2 

96 
54.99 

91 
21.51 

x15 85 
11.43 

88 
24.16 

86 
15.2 

90 
34.23 

89 
29.27 

 
C. Pore-size distribution 

For pore-size distribution estimation, we used only the 
results of segmentation Method 3. This method forces to 
decrease the porosity as the resolution is decreased, which 
makes it a suitable candidate to use the expression on Equa-
tion 6. 

Based on Equation 5 and resolution values given in Table 
1, the pore-sizes are determined as shown in Table 3; 

Table 3 Ranges of pore-sizes calculated based on Equation 5  
and image resolutions 

Pore-size Г| Г Г Г , Г  
Г1   0.059.103 µm3    <   Г1 ≤     0.103.103  µm3 
Г2   0.103. 103  µm3    <   Г2 ≤     0.201.103  µm3 
Г3   0.201.103   µm3   <   Г3 ≤     0.475.103  µm3 
Г4   0.475.103   µm3    <   Г4 ≤     1.609.103  µm3 
Г5   1.609.103   µm3    <   Г5 ≤    12.878.103  µm3 
Г6 12.878.103  µm3  <   Г6 ≤    53.583.103  µm3 
Г7 53.583.103  µm3 <   Г7 

Finally, pore-size distribution is for the volume is calcu-
lated using Equation 6. The result is given in Table 4 and 
plotted in Figure 2. 

Table 4 Estimated values for pore-size distribution 

Pore-size Г1 Г2 Г3 Г4 Г5 Г6 Г7 
 1.58 0.43 4.39 2.38 0.37 2 15.2 

 

 

Fig. 2 Pore-size distribution chart  

IV. DISCUSSION AND CONCLUSIONS 

This work starts with VOI extraction, no pre-processing 
is done neither to remove artifacts nor to enhance image 
qualities. This is preferred to preserve the correlation be-
tween different image sets that are acquired separately. 
Therefore, provided that the correlations between different 
images are preserved, results can be improved by applying 
intelligent pre-processing and image registration methods. 

The approach suggested in this paper to estimate pore-
size distribution strongly relies on the correct segmentation 
of the highest resolution image. Keeping this in mind, we 
were very careful when selecting the threshold; for that we 
used a SEM image of the same material as visual guide. It is 
worth noting here that we used 2 very popular automatic 
methods as well in this work to estimate threshold levels. 
Performances of both methods are very poor and neither of 
them is suitable for such sensitive analysis.  

In this work we used multiple resolution µ-CT images to 
estimate pore-size distribution based on the assumption that 
the porosity value must decrease with the decrease in reso-
lution. Using 4 different methods we tried to observe this 
phenomenon and finally introduced a 5th method to force 
this constraint. It is easy to observe from that Table 2 that, 
the estimated threshold levels are very close to manual ones 
which is promoting on the account of this assumptions truth 
value. 

As a continuation of this work, we will be testing more 
materials. In addition to this, we will continue evaluating 
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performances of different automatic methods for the estima-
tion of threshold levels.  

We also want to compare our results with similar work 
done on interpolated images and other pore-size distribution 
estimates. 
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Abstract— In circulatory diseases like arteriosclerosis, the 
participation of reactive oxygen species in the disease process 
was paid to attention. In this research, the effect of the inter-
mittent exercise on the parameters as the risk factors of arteri-
osclerosis was investigated. Swimming during 1 hour/day was 
imposed on rats as an exercise for 8 weeks. For the period, 
changes of HDL, triacylgrycerol, and cholesterol concentra-
tions in blood were measured. In addition, SOD, superoxide, 
and Ox were measured as an index of the oxidative stress in 
the heart, the kidney, and the liver. As results, amounts of 
cholesterol in blood and the blood pressure were decreased by 
the intermittent exercise. And it was suggested that O gener-
ation was increased by the increasing of Ox concentration in 
blood. Therefore, the swim exercise is thought to be effective 
by the prevention of arteriosclerosis in rats. And it was sug-
gested that the redox system was dynamically affected by the 
exercise because of the intensely changes of SOD activity and 
other some parameters with the breeding period and organs. 

Keywords— Reactive oxygen species (ROS), arteriosclerosis, 
oxidative stress 

I. INTRODUCTION  

The sideration of arteriosclerosis is participated by vari-
ous factors, hypertension, obesity, aging and so on. It is said 
that the exercise was useful for the improvement above risk 
factors and the prevention of arteriosclerosis. In this study, 
the changes of the risk factors by the exercise were ex-
amined by using the rat. 

Nitric oxide (NO) and superoxide were paid to attention 
as parameters that controlled the blood pressure. NO that is 
an endothelium-derived relaxing factor (EDRF) prevents the 
adhesion and infiltration of monocyte, cohesion and pene-
tration of platelet and controls arteriosclerosis. Superoxide, 
one of the reactive oxygen species, was generated in the 
endothelial cell like NO.  Superoxide has high oxidizing 
ability. Therefore lipid and NO were oxidized to lipid pe-
roxide and ONOO-, and the maintenance function of blood 
vessel was decreased. Moreover, Superoxide dismutase 
(SOD) was examined as a relating redox system. SOD is a 
typical antioxidant existing in the cytoplasm and mitochon-
dria. And it resolves superoxide to hydrogen peroxide and 
oxygen. 

High density lipoprotein (HDL) and triacylgrycerol were 
treated as the parameters of obesity. HDL carries extra low 
density lipoprotein (LDL) and the cholesterol permeated to 
vessel wall. It is said that HDL was increased by exercise 
and the cardiovascular disease risk was decreased 2~3% by 
1mg/dl increases of HDL. triacylgrycerol is an important 
energy source produced from the liver or the intake from 
food. However, the accumulation of triacylgrycerol causes 
obesity, decreases HDL, and increases the risk of arterios-
clerosis. 

In the researches using rats, the effects of the limitation 
of calorie and the exercise were reported as follows. The 
limitation of intake calorie prolongs the life span of rats, 
because of decreasing the metabolic rate and the damages of 
the oxidative stress [1]. The life span of the rat without 
calorie limitation and exercise is shortest. On the other hand, 
the rat with calorie limitation and exercise lived long most 
[2]. In this research, the effect of the exercise was verified 
by using the parameter subdivided more. 

II. METHOD 

1. Animal treatment 

The rats (Wistar Kyoto rat: WKY) ages 8 weeks were 
used. It were divided into two groups by the difference of 
the breeding method during 9 to 16 weeks. The group with 
exercise was defined as Ex group and the other one without 
exercise was defined as Sd group. As the exercise, swim-
ming (one hour at 37 ) was added. It was corresponded to 
the jog extent in the human, and was assumed to be effec-
tive aerobics.  

 
2. Measurement 

During the experimental period, rats body weights were 
measured every week, blood pressure, the amount of choles-
terol, HDL, triacylgrycerol and total protein (TP) concentra-
tion in serum were measured every two weeks. At the end 
of the protocol, the rats were sacrificed and organs (heart, 
kidney and liver) were excised. Then, NOx, superoxide and 
SOD activities in each organ were measured.  

The excised organs were centrifuged after crushed by 
Micro Smash (TOMY DIGITAL BIOLOGY CO., LTD.) 
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and the supernatant was used as sample solution. The 
amount of NOx was measured with nitric oxide analysis 
system (EICOM). Superoxide was measured by the chemi-
luminescence method that used AB-2950 MPEC (2-Methyl- 
6-p- methoxyphenylethyl imidazopyrazinone, ATTO). The 
SOD activity was measured by SOD Assay Kit-WST 
(DOJINDO) and the total protein concentration was meas-
ured by Protein Assay Rapid Kit (Wako).  

III.  RESULTS & DISCUSSION 

The weight of Ex group has decreased by about 5% com-
pared with Sd group. However, the differences of blood 
pressure and total cholesterol content in blood were not 
admitted by both groups.  

HDL and triacylgrycerol were decreased in Ex group. It 
was thought that a decrease of HDL was caused by the 
consumption of energy by the exercise. Moreover, it was 
suggested that the arteriosclerosis risk rises by the exercise 
about HDL. Oppositely, the decrease in the risk was sug-
gested because of a decrease of triacylgrycerol.  

The amount of superoxide had little difference in the 
heart and the kidney. In the liver, superoxide generation was 
increased after exercise for 8 weeks (Figure 1). It is thought 
that the generation of superoxide from mitochondria in the 
liver increased as the metabolic function improves by the 
exercise. 

 
Figure 1. Change in the superoxide generation  

by chronic exercise ( in Ex group) 
 

NOx concentration in serum was increased (Figure 2) in-
tentionally by the exercise though it was not different in the 
heart and the liver (deta is not shown).  It was thought that 
an increase of NOx meant an increase in the NO generation. 

About SOD, the increase of activity was admitted on 2~4 
week after the exercise each organs. However, it was de-
creased to the baseline after 8 weeks had passed. SOD gen-
eration was increased corresponding to an increase of supe-
roxide by exercise at the early stage (Figure 3).  

Serum  
Figure 2. The difference of NOx concentration in serum 

Time courses [week]  
Figure 3. The changes of SOD activities 

 
It was suggested that the activation of the SOD genera-

tion disappeared by making the exercise chronic. 

IV. CONCLUSION 

It was suggested that the risk of arteriosclerosis was able 
to be reduced by the exercise, and the effects of the exercise 
to a redox mechanism in the living body change dynamical-
ly by the continuance of the exercise. 
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Influence of Low Density Lipoprotein on Migration of Vascular Endothelial Cells 
under Fluid Shear Stress 

D.X. Lei, G.X. Wang *, X. He, F. Yang, C.J. Tang, H. Huang, J.H. Jiang 

Bioengineering College of Chongqing University, Key Lab of Biorheological Science and Technology under Ministry of Education, China 
Chongqing 400044, P. R. China 

Abstract—The migration of vascular endothelial cells has 
significant regulation effect to recovery of injured endothelium. 
This study was designed to explore the influence of low density 
lipoprotein (LDL) on the migration of vascular endothelial cell, 
and to study the role of LDL in the atherosclerotic process. 
Endothelial cells (ECs) was incubated with different 
concentration of LDL (0 mg/L, 50 mg/L, 100 mg/L, 150 mg/L) 
for 24h. Scratch method was used to simulate endothelial 
damage. ECs were cultured in the different shear stress (12.0 
dynes /cm2, 24.0 dynes/cm2, 36.0 dynes/cm2). The pictures of 
cell migration were collected and picture processing software 
was used to measure the number and the distance of migrated 
cells. The migration ability of cells increased with the 
concentration of LDL increased, and achieved the maximum 
with the treatment of 100.0 g/ml LDL. Cells in the 
downstream flow field migrate to upstream except the 
treatment 36.0 dynes/cm2. The distance of cell migration 
decreased with the increase of shear stress. The result 
indicated that the area of cell migration decrease when the 
shearing stress increased. LDL maybe could suppress 
endothelialization. 

Keywords— Endothelial cell, Migration, Shear stress, Low 
density lipoprotein, Atherosclerosis 

I. INTRODUCTION  

Cell migration is a directional movement which is a 
result from a serious of reactions to extracellular signals. 
The main process of cell migration is the polarization of 
cells caused by extracellular signals, resulting in formation 
of synapses along with the direction of cell migration. Then 
the synapses adheres the basement, and the adhesion site 
serves to support the constriction of cells. When a cell 
constricts, it moves forward, and the adhesion site releases. 
Cell migration which is a dynamic process, being consisted 
with the dynamic assembly of cytoskeletal protein, dynamic 
change of the adhesion site between cell and extracellular 
matrix, and so forth, is regulated complicatedly by signal 
regulation[1-3]. The most important process of cell 

migration is the polarization of cell, which could be aroused 
and reinforced by various kinds of chemotactic factors.

Endothelial cell (EC) is an important formulation of 
vessel wall. Migration characteristic of EC is vital to the 
endothelialization of vessel wall when EC has been 
damaged badly. The migration of EC should be influenced 
by various factors of blood, as EC is completely exposed in 
blood. In the areas of concentration polarization, the 
deformability and adhesion of endothelial cell along with 
flow field will decrease as the deposition of LDL for a long 
period, which also leading to a more possible damage and 
even defluvium under shear stress. The change of migration 
characteristics of EC is significant to the endothelialization 
of the damaged areas, and has influence on the generation 
and development of atherosclerosis (AS). Therefore, this 
study was designed to learn the reendothelialization process 
of EC exposed to various shear stresses by researching 
whether the fluid shear stress has influence on migration of 
EC treated with LDL. 

II. MATERIALS AND METHODS 

A. Preparation of cell samples 

Conventionally culture the ECV-304 (Chinese Academy 
of Sciences, Shanghai Institute of Cell Biology) with 
RPMI-1640 (Hyclone, Germany) medium mixed with 10% 
calf serum (Hyclone, Germany). And digest until the cell 
number of the suspensions reached 1×106 /ml. 

B. LDL extraction 

Get 100-200ml fresh human plasma, add PDB avoiding 
corrosion and oxidation. Do ultracentrifugation for 18 hrs 
at 8 , under 42000r/pm. Draw off the milky liquid drifting 
in the centrifuge tube (VLDL) and sub-layer light-yellow 
liquid (IDL). Collect the lower liquid from the centrifuge 
tube, add KBr (solid) until the final density reached 1.063 
g/ml. Do ultracentrifugation again for 20 hours at 8 , 
42000 r/pm. Draw off the upper orange liquid (LDL). 
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Dialysis in PBS solution containing 200 mol/L EDTA 
(analyze purely, China) for 48 hours, and then filter sterilize, 
the purified LDL was preserved at 4 .

C. Measurement of cell migration 

Draw two parallel lines as the measurement reference on 
the coverslip before cell seeding. Inoculate ECs on the 
coverslip which was coated with poly-L-lysine (2 g/ml, 
Sigma Corporation, USA) and type IV collagen (2 g/ml, 
Sigma, USA) 48 hours before experiment (Fig.1). Immerse 
the coverslip in LDL solution for 24 hours after cells 
adhered completely. And then, draw off the culture fluid, 
carve cross on the cell layer with dropping pipette in order 
to simulate the injury of endothelium. Place the coverslip in 
the flow chamber system, treated with flow. Take pictures 
with cell migration 4 hours before and after the experiment. 
Lastly, measure and calculate the cell migration with 
picture processing software. 

Figure.1 The cover of cell migration 

D. Experimental design and statistical analysis 

The completely randomized experiment design with two 
factors was used. One factor was the concentration of LDL 
(factor A: 0.0 g/ml, 50.0 g/ml, 100.0 g/ml, 150.0 g/ml). 
The other one was shear stress (factor B: 12.0dynes /cm2

24.0 dynes/cm2 36.0 dynes/cm2). The experiment had 12 
treatment combinations. All statistical analyses were 
performed with SPSS (version 11.0). All data were 
presented as mean ± SD. Comparisons among group means 
were determined by one-way ANOVA (analysis of variance) 
and multiple comparison between two means was 
conducted by Duncan Multiple Range method. Probability 
values of P<0.05 was considered as significant. 

III. RESULTS 

A. Changes in cell morphology 

The migrations of endothelial cells in the shear flow field 
are shown in Fig.2. Cells in both upstream and downstream 

of the flow field all migrated to the centre, among which the 
cells upstream stretch parallel with the direction of flow, 
while the cells in downstream stretch vertically to the 
direction of flow. After treating with different combinations 
of factor A and factor B, the spreading area of cell was 
much larger than control, in addition the cells interconnect 
loosely. 

            A                      B

                                    
            C                      D
Fig.2. Cell migration under shear stress (100.0 g/ml LDL, 24.0 dynes /cm2)

A: 0hrs, B: 4hr, C: down-stream migration, D: up-stream migration 

B. The effects of flow field on cell migration upstream 

Upstream cells all migrated along with the direction of 
flow (Table 1). As shear stress increased, migration distance 
increased, and the group of 36.0 dynes /cm2 shear stress has 
largest migration. As the concentration of LDL increased, 
the migration distance increased, the group of 100.0 g/ml 
LDL has largest migration. However the increase tendency 
of the group treated with 150.0 g/ml LDL decreased a 
little. 

 Table 1 Upstream migration distances of ECV-304 

Cell migration (×10 m/4hr) LDL 
concentration 12.0dynes /cm2 24.0 dynes /cm2 36.0 dynes /cm2

0.0 g/ml 4.3±1.31b 6.06±1.53 b 7.53±1.72c

50.0 g/ml 4.9±1.1b 7.11±1.7a 9.96±2.1b

100.0 g/ml 7.03±1.5a 7.93±1.33a 13.01±2.79a

150.0 g/ml 6.01±1.13b 7.32±2.11a 10.03±2.19b

a, b, c: significant difference in groups treated by LDL, P<0.05 
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The analysis of variance suggested that factor A, 
concentration of LDL had significant influence on cell 
migration upstream (P<0.05); factor B, shear stress had 
highly significant influence on cell migration upstream 
(P<0.01); however, the interaction between the two factors 
did not have significant influence on cell migration 
upstream.  

C. Effects of flow field on downstream cell migration  

Downstream cells all moved against the direction of flow 
expect the group 36.0 dynes/cm2 (Table 2).As shear stress 
increased, cell migration decreased gradually. Under the 
shear stress of 36.0 dynes /cm2, cells even migrate along 
with the direction of flow which might result in that the 
high shear stress caused cell defluvium. As the 
concentration of LDL increased, cell migration decreased, 
especially in the group of 150.0 g/ml LDL, moreover in 
this group cell adhesion was much worse than the other 
groups. The analysis of variance suggested that  
concentration of LDL , shear stress and their interaction all 
had highly significant influence on cell migration 
downstream (P<0.01).  

Table 2 Downstream migration distances of ECV-304 

Cell migration (×10 m/4hr)LDL
concentration 12.0dynes/cm2 24.0 dynes/cm2 36.0 dynes/cm2

0.0 g/ml -2.99±0.9 -1.64±0.33a 1.23±0.41c

50.0 g/ml -2.98±0.73 -1.99±0.31a 3.01±0.65c

100.0 g/ml -3.5±0.91 -1.75±0.21a 4.97±1.02b

150.0 g/ml -3.07±0.97 -1.05±0.35b 6.02±1.07a

The negative values mean the migration against the flow direction. 
a, b, c: significant difference in groups treated by LDL, P<0.05. 

D. Effects of flow field on the repaired area 

The repaired area under the effect of flow was calculated 
according to equation 1 below: 

The results were showed in Table 3. As shear stress 
increased, the repaired area decreased. In the three groups 
which are sorted by the concentration of LDL concentration, 

the group of 100.0 g/ml LDL has larger repaired areas than 
the other two groups. The analysis of variance suggested 
that only the factor B, shear stress had significant influence 
on the repaired area (P<0.05). 

Table 3 Repaired areas of ECV-304

Cell migration area (×10m2/4hr) LDL
concentration 12.0dynes/cm2 24.0 dynes/cm2 36.0 dynes/cm2

0.0 g/ml 7.28±2.12 7.7±1.83 6.3±1.42 

50.0 g/ml 7.92±1.83 9.1±1.6 6.95±2.43 

100.0 g/ml 10.54±1.98 9.67±1.53 8.05±3.25 

150.0 g/ml 9.09±2.02 8.38±2.44 4.02±2.78 

IV. DISCUSSION 

Our experiment found that shear stress would affect cell 
migration. Under shear stress of 12.0 dynes/cm2, the 
endothelial cells of both sides migrated to the centre; the 
migration speed of the upstream cells along the flow 
direction was slightly higher than that of the downstream 
cells against the flow direction. Under shear stress of 24.0 
dynes/cm2, the migration speed of the upstream cells along 
the flow direction was significantly higher than that of the 
downstream cells against the flow direction, because 
migration of the downstream cells was inhibited by the flow. 
Under shear stress of 36.0 dynes/cm2, the downward 
migration of the upstream endothelial cells markedly 
increased. Migration of the downstream cells against flow 
direction suffered stronger inhibition, and some even got 
detached.  

LDL would also affect endothelial cell migration. 
Moderate LDL concentration could reinforce the migration 
capability of cell, and it showed most obviously in the 
group which was treated with 100 g/ml LDL. In this group, 
the migration capability of the upstream cells along the flow 
direction and the downstream cells against the flow 
direction are both stronger than other groups. The 150.0 

g/ml LDL treatment had apparent impact on cell migration, 
and easily caused cell defluxion. 

This experiment shows that moderate LDL and shear 
stress contributes to the migration of endothelial cells and 
re-endothelialization of damaged areas. Concerning the 
repaired areas of damaged endothelial cells, cells in 100.0 

g/ml LDL treated group obviously had the best repaired 
ability. The repaired area in this group was significantly 
larger than other groups. And the subgroup under shear 

U D

U

D

The Area of Repaired Places  (M M ) U             1
M :  the length of migration upstream
M :  the length of migration downstream
U:     unit length
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stress of 12.0 dynes/cm2 had largest repaired area. However, 
the high concentration of LDL would significantly slow 
down the vascular repair process of re-endothelialization, 
resulting in obvious cell defluxion.  

It could be explained through the effects of LDL on the 
viscoelasticity and adhesion of ECs. In high concentration 
of LDL, viscoelasticity and adhesion of ECs got weaker, 
which made ECs more vulnerable to damage by shear stress 
and caused more possibility of cell defluxion in the 
damaged areas. However, moderate LDL would accelerate 
re-endothelialization. In the migration process, cells adhered 
and re-adhered repeatedly, during which the deformation 
and adhesion of cells had impact on migration. Cells with 
good capability of deformation and viscoelasticity will be 
more active in adhesion and de-adhesion processes. Strong 
adhesion ability may be disadvantageous to cell migration, 
because it will prevent de-adhesion, but it is conducive to 
maintain vascular endothelial integrity. 

V. CONCLUSION 

Effect of endothelial cell migration in atherosclerosis 
mainly manifested in two aspects: the re-endothelialization 
after endothelial cell damage and the angiogenesis in 
atherosclerosis plaque. In the early stage of atherosclerosis, 
defluvium of endothelial cell was considered as one of the 
most important reasons. Size and exposure time of injured 
areas may have important influence on the adhesion of 
platelets and lymphocytes. Migration capability of 
endothelial cell is very important to re-endothelialization of 
artery injury, which is affected by shear stress and activity 
factors in blood. In addition, the characteristics of 
endothelial cells migration are closely linked with 
angiogenesis, so it is very important for angiogenesis in 
atherosclerosis plaque. Angiogenesis also plays an 
important role in processes of embryonic development, 
tumor growth and stability of atherosclerosis plaque, etc. 
The study of endothelial cell migration is of great 
significance for the development of new drugs to promote 
the repair of endothelial injury and the inhibition of 
angiogenesis in atherosclerosis plaque. 
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Abstract— Sleep disturbances are, beside headaches, the most 

frequently articulated problems at general practitioners. 
Approximately 20% of adults in the western world suffer from 
sleep disturbances, most commonly sleep apnea (SA), which 
affects 2-4% of middle-aged adults. Therefore a reliable, 
ambulant screening test is requested, which is easy to perform 
and does not necessarily demand profound knowledge of sleep 
medicine. In this paper a new Matching Pursuit based algorithm 
is presented, that uses a combination of SpO2 and 
photoplethysmographically derived pulse wave information to 
calculate a respiratory disturbance index (RDI). Furthermore an 
“autonomic arousal index” (AAI) was constructed to reflect the 
intensity of pulsatile changes suggestive sudden bursts of 
sympathetic activity associated with arousal from sleep. A signal 
decomposition algorithm, based on a dictionary of time-
frequency atoms (known as “Matching Pursuit method”), has 
been modified in order to analyse different patterns in the 
photoplethysmographic signals. The performance of the 
algorithm was tested on 62 consecutive adult patients with 
suspected SA, who were referred to the sleep laboratory. In a 
second step indices of autonomic arousals were analysed and 
compared in different patient groups. 

The correlation coefficient between manual scored AHI and 
automatically calculated RDI, using only pulse oximetry 
channels, was r = 0.967. Bland-Altmann analysis showed a mean 
difference of -0.6 between the two parameters. Using a cut-off 
value of RDI ≥ 15/h for SA classification, a sensitivity of 96.2% 
and specificity of 91.7% was reached. The mean AAI differed 
significantly between healthy individuals and people with 
moderate number of respiratory events, severe SA patients and 
insomniacs.  

This novel computer algorithm provides a simple and highly 
accurate tool for quantification of SA and provides important 
information about autonomic activity during sleep. Thus such 
screening system appears to provide important information for 
the diagnosis of other diseases like autonomic neuropathy or 
insomnia. 

Keywords— Matching Pursuit, sleep screening, sleep apnea, 
autonomic arousals 

I. INTRODUCTION  

Sleep apnea (SA) is a common respiratory disorder which is 
characterized by repeated episodes of temporary absence or 
cessation of breathing during sleep. SA is often associated 
with morbid conditions such as heart failure, hypertension, 
cardiovascular disease and cerebrovascular disease. Therefore, 

there is growing awareness of SA as a potential risk factor for 
cardiovascular disease1. 

The gold standard diagnostic test for sleep apnea is an 
overnight polysomnography (PSG) in a sleep laboratory 
which is costly in terms of time and money2, and the 
accessibility in some areas is limited. 

Therefore a reliable ambulant screening test is requested 
which is easy and practical to perform and does not 
necessarily demand profound knowledge of sleep medicine.  

Consequently a number of alternatives to the PSG-System 
have been proposed for an ambulatory use3. 

At first the pulse oximetry is attractive because of its 
widespread availability and ease of application2. The decrease 
of oxygen saturation detected by pulse oximetry is taken to 
indicate respiratory events. But results from previous studies4 
show a wide range of sensitivity from 40% to 100% when 
comparing PSG and pulse oximetry. These results can be 
explained with the influence of other parameters on oxygen 
saturation, such as sleeping position, sleep state, breathing 
rate etc.5. 

The presented work is a novel online computer algorithm 
for photoplethysmographic signals that is based on a modified 
Matching Pursuit procedure. Intrathoracic pressure changes, 
which cause a frequency component in the distal measured 
pulse wave signal, are analysed in order to distinguish apneas 
into obstructive and central events. Moreover morphological 
changes of the pulse wave signal indicative of sudden 
alteration of autonomic tone are assessed, what allows 
assessing an indicator of sleep quality and o appears to 
provide valuable details about the condition of the autonomic 
system. 

II. MATERIALS AND METHODS 

A. Principle of the developed algorithm 

The fundamental idea of the algorithm is to combine 
information from several pulse oximetry signals, derived of 
one single sensor at the finger of a patient. It is possible to 
take further information into account, e.g. from a flow signal 
if available. 

Morphological changes of the pulse wave signal indicative 
of sudden alteration of autonomic tone are assessed. An 
“autonomic arousal index” (AAI) was constructed to reflect 
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the intensity of the pulsatile changes suggestive sudden bursts 
of sympathetic activity associated with arousal from sleep and 
sleep fragmentation. 

 
First the algorithm calculates the parameters pulse wave 

amplitude (PWA) and pulse rate (PR), which are taken from 
the unfiltered pulse wave signal (Figure 1). 

 
Fig. 1 Calculation of pulse wave parameters pulse wave amplitude (PWA) 

and pulse rate (PR) 
 

All 3 signals – SpO2, PWA and PR – are analysed using a 
modified, online Matching Pursuit6 procedure. Additionally, 
filtered PWA signal is analysed in order to differentiate 
respiratory events into obstructive and central. The original 
Matching Pursuit algorithm decomposes any signal into linear 
expansions of waveforms that are selected from a dictionary 
of functions. These waveforms are selected in order to best 
match the signal structures. 

Finally the algorithm combines detected patterns from the 
MP algorithm in order to conclude on sleep disturbing events 
like respiratory events and autonomic arousals.  

 
B. Modified Matching Pursuit algorithm 

A signal decomposition of all three signals, SpO2, PWA 
and PR was performed by means of a modified and optimised 
Matching Pursuit (MP) procedure. 

Instead of a complete dictionary of possible signal patterns 
(“atoms”), which requires lots of memory, a derived function 
that consists of three sub-functions is defined. The function 
can be varied using five parameters to adjust it to signal 
patterns in the mentioned signals. 

Adapting the described atom at each sample of the signals, 
what would correspond to the classic MP algorithm6, is much 
too computationally intensive. Hence first promising positions 
in the signals are identified by analyzing a signal attenuation 
of a predefined threshold. To evaluate the relevance of the 
signal pattern, a degree of quality is defined, based on the 
Least Squared Error (LSE) between the original signal 
attenuation and the first sub-function. 

During the optimization procedure parameters of first sub-
function are varied. Finally the parameter set that shows the 

best quality index is saved. If LSE is under a certain 
threshold, the complete atom will be adjusted. Otherwise the 
pattern is ignored. 

In case of adjusting the whole atom, next step is to 
determine the approximate duration of the pattern by means of 
derivative and amplitude criteria. The atom is fitted using the 
same LSE calculation, which has already been used for the 
first part of the atom. Doing this, a quality for the fitting of the 
complete atom is calculated and used for decision, if the 
signal pattern reflects an attenuation that is of interest for the 
detection of sleep events. 

 
C. Effort calculation 

As already described by Murray et al. in 19967 the 
intrathoracic pressure changes during spontaneous breathing 
can be seen in peripheral pulse trace. 

Accordingly the activity of the component of the PWA 
signal in the typical breathing frequency range (~0.15-0.4Hz) 
is analyzed in order to gain information about obstructive or 
central character of respiratory events. Therefore transient 
attenuations in the PWA signal are removed by high pass 
filtering. Afterwards, the strength of the frequency 
component, which reflects breathing effort, is determined by 
calculating an envelope “effort” signal. 

 
D. Determination of physiological by combining detected MP 
patterns 

The algorithm uses two options for the detection of 
respiratory events: 

 
- SpO2 drop of 4% with min. length of four seconds 
- SpO2 drop of 3% and the simultanous occurrence of an  

autonomic arousal (definition see below) 
 

In order to detect the existence or absence of respiratory 
effort, the effort signal derived from the PWA signal is 
analysed during the suspected phase of the respiratory event 
and is regarded in relation to the mean amplitude 15 seconds 
before the event. The final decision is done regarding the 
“effort ratio” of the current event: 

 

tBeforeEven

tDuringEven

effortmean

effortmean
ratioeffort

_

_
_ =  

  
Since the intrathoracic pressure changes often increase 

during obstructive events, effort ratios > 1.0 are possible. For 
the detection of a central event an effort ratio of clearly 
smaller than 1.0 is required. 

The term “autonomic arousal” is used to describe transient 
reactions of the autonomic regulation. These events are not 
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necessarily associated with an EEG arousal. There is 
considerable interest in using convenient, non-invasive 
markers for sympathetic activations in certain situations, e.g. 
during sleep disturbing events like apneas. 

In this work “autonomic arousals” are defined as pulse rate 
increases and/or pulse wave amplitude decreases. There are 
three options for detecting an autonomic arousal: 

 
- obvious increase of pulse rate 
- obvious drop of pulse wave amplitude 
- slight increase of pulse rate AND slight decrease in PWA 
at the same time 
 

E. Subjects 

The accuracy of the automatically calculated RDI was 
tested on 62 consecutive adult patients with suspected SA 
who were referred to the Sleep Medicine Unit of Sahlgrenska 
University Hospital, Gothenburg. Patient characteristics of the 
study subjects are listed in table 1. 

 
Subjects n 62 
Males 40 
Age (yrs) 52,4 (±14,1) 
BMI (kg/m2) 28,0 (±4,8)  
AHI (events/h) 22,2 (±22,0) 
ODI (events/h) 18,3 (±22,1) 

Table 1 Patient characteristics 
 

All patients underwent a standard overnight polygraphy 
(PG) with a SOMNOcheck2 (WEINMANN, Germany), 
which is an established method for PG-diagnose.  

The PG data was manually scored by registered sleep 
specialists. Apneas were scored using standard criteria 
established by the American Academy of Sleep Medicine11. 

For the evaluation of the detected autonomic arousals, five 
groups were analysed. Table 2 contains the characteristics of 
the groups. 

III. RESULTS 

89 patients completed the PG study in home environment. 
Due to technical problems or lost sensors 27 subjects had no 
analysable data (evaluable flow and photoplethysmographic 
signals) for more than 3 hours. 

 
 

A. Manually scored AHI compared with RDI 

Since it can’t be determined if an SpO2 drop was caused by an 
apnea or hypopnea in absence of a flow signal, a respiratory 

disturbance index (RDI) is calculated by means of pulse 
oximetry signals. The correlation coefficient between manual 
 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
scored AHI and automatic RDI was r = 0.967. Bland-Altmann 
analysis showed a mean difference of minus 0.6 between the 
two parameters. The correlation plot of automatic RDI and 
manual scored AHI can be seen in Figure 3. 
 

 
 

Fig. 3 Correlation plot automatic RDI vs. manual AHI 
 

B. Diagnostic ability of RDI 

The existence of a sleep apnea syndrome was determined 
by a cut-off value of ≥ 15/h (ICSD-2 guidelines8) in order to 
validate the diagnostic sensitivity and specificity of the 
automatic calculated RDI. With 96.2% for sensitivity and 
91.7% for specificity both values were found > 90%. 

 
C. Character of the disease 

The Pearson correlation coefficient of the obstructive RDI 
and the manually scored obstructive AHI was 0.95, the 
correlation coefficient of the central RDI (cRDI) and the 
manually scored central AHI (cAHI) was 0.86. Mean errors 
between manual und automatic indices were minus 0.2/h and 

 n BMI 
(kg/m2) 

ODI 
(/h) 

ESS Age 
(yrs) 

Mild 
OSAS 

8 27,9 
(±3,3) 

12,5 
(±7,6) 

8,6 
(±3,3) 

51,6 
(±10,1) 

Severe 
OSAS 

8 33,7 
(±3,7) 

60,1 
(±17,4) 

11,0 
(±4,6) 

53,1 
(±16,5) 

OSAS + 
Diabetis 

6 34,1 
(±7,5) 

35,1 
(±23,3) 

14,8 
(±3,8) 

62,8 
(±9,5) 

Insomnia 5 23,0 
(±3,2) 

2,7 
(±0,9) 

6,0 
(±5,2) 

46,8 
(±16,6) 

Healthy 8 23,6 
(±0,8) 

0,7 
(±0,6) 

4,5 
(±1,6) 

34,3 
(±9,0) 

Table 2 Characteristics of patient groups 
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minus 0.1/h. The predominant character of the disease was 
detected correctly in all 62 cases. 
D. Autonomic arousals in different patient groups 

The mean AAI (events/h) in the healthy group was 19.9 
(±5.0), for people with moderate number of respiratory events 
it was 32.7 (±13.7), severe OSAS 56.1 (±16.4), diabetes 21.3 
(±12.0) and insomnia 34.8 (±9.8). The AAI differed 
significantly between healthy individuals and people with 
moderate number of respiratory events (independent t-test, 
p<0.05), healthy and severe SA patients (p<0.005) and 
healthy and insomniacs (p<0.005). 

 

 
Fig 4 AAI and ODI in different patient groups 

IV. DISCUSSION 

The presented algorithm combines information of several 
signals, all originated from one single pulse oximetry sensor. 
A resource saving and precise online analysis, based on a 
Matching Pursuit procedure delivers exact time and frequency 
information of detected patterns. Looking at several 
characteristics and chronological items, these patterns are 
combined to physiological, sleep disturbing events like 
respiratory events and autonomic arousals. 

The achieved results range clearly within the expected 
spread of manual AHI inter-scorer variability9. Especially in 
case of slight respiratory events (Hypopneas, Flattening), 
which often cause only small SpO2 drops, known algorithms 
as well as manual scorers show largest variability in their 
results10. The presented approach evaluates the diagnostic 
value of slight SpO2 drops by verifying the relevance of the 
pattern by testing the existence of concomitant autonomic 
arousals. 
Thus automated scoring provides an opportunity to eliminate 
the problem of inter-scorer variability and regional differences 
in AHI criteria. 
As such algorithm can be used in simple screening devices at 
the patient’s home, measuring multiple consecutive nights is 

possible. This gives the physician information about night-to-
night variability as well as access to additional information 
not obtainable with a one-night study, e.g. by altering night-
to-night variables such as alcohol intake or sleeping position. 

V. CONCLUSIONS  

We employed a novel algorithm, which performs a sleep 
screening only by means of pulse oximetry data. Compared 
with previous reports the developed algorithm offers excellent 
diagnostic sensitivity (>95%) and specificity (>90%). Beyond 
it provides information about the obstructive or central 
character of the disease. 

The indices of “autonomic arousals” differed significantly 
in different patient groups, which may have a useful 
diagnostic impact. In combination with other parameters (e.g. 
ODI), the AAI appears to provide important additional 
information about autonomic regulation during normal and 
disturbed sleep. The novel algorithm works online and is 
optimised in terms of memory consumption and processing 
power, so that it could be implemented and tested in a 
standard embedded system. 

The presented technique allows a very simple, convenient 
and although accurate sleep screening. 

 
This work was granted by the German Ministry for 

Education and Science (BMBF). 
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Discrimination of fatigue in walking patterns  
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Abstract— The use of accelerometers has proven to be effec-
tive in patient monitoring. The purpose of this work is to 
evaluate the presence of fatigue in a subject, using a wearable 
sensor incorporating an accelerometer. The acceleration pat-
tern is recorded during daily activity (walking) both in pres-
ence and in absence of physical fatigue.  The recorded signals 
are analyzed to extract a set of features, which are then classi-
fied using an artificial neural network. Results indicate the 
network is able to successfully discriminate the presence of 
fatigue related to physical activity in the subject. 

Keywords— Accelerometer, fatigue, wearable sensors, neural 
networks. 

I. INTRODUCTION  

In several cases, people are required to perform mission-
critical tasks at a high level of functional capability, for a 
long time, or while they are subjected to stressors which 
may alter their reactions [1]. Minimally invasive methods 
are therefore required to allow monitoring of the individuals 
during their activity.  

On of the most studied methods used to perform monitor-
ing is through video based system. Several studies have 
been carried out aiming to identify the appearance of altered 
emotional and operative states of the subject, basing on the 
analysis of their movements or facial expressions [2,3].  

An alternative strategy which has proven successful for 
remote monitoring and assessment of physical activities is 
based on the use of accelerometers. Accelerometry is a 
suitable method for measuring and discriminate between 
daily activities without constraining the subject.  

The accelerometer output has a good relationship to en-
ergy consumption, which is widely accepted as the standard 
reference for physical activities [4-5]. Output patterns from 
acceleration sensors have been successfully used to dis-
criminate between different daily activities, including stand-
ing, sitting, lying and walking [6-7]. In particular, several 
studies have been carried out to analyse the different pat-
terns occurring in acceleration during walking. Among 
others, Sekine [8] analysed the variation of the patterns 
depending on aging and presence of Parkinson disease, and 
Horiuki [9] evaluated the alteration occuring before falls in 
hemiplegic patients. 

However, the number of studies related to short term al-
teration of the activity patterns, which can be associated, for 
instance, to stress or fatigue, are much less frequent. Hus-
sain [10] presented a work were head nodding movements 
were stimulated to assess the presence of mental fatigue 
related to lack of sleep. Yoshino [11] results indicate that 
fatigue during a prolonged walk alter the gait rhythm, using 
a monitoring system collecting electromyographic, acceler-
ometric and ECG signals. 

In this work we propose the use of accelerometer meas-
ures to detect the presence of physical fatigue which can be 
related to heavy exercise of muscular masses. The aim is to 
develop a system which can be trained to learn the typical 
behavior of a given subject during his/her daily activity, and 
which is able to detect any abnormality in its activity pattern 
in order to alert either the subject, or a supervisor in order to 
take appropriate countermeasures against the cause of the 
alteration. 

The following of the article is organized as follows: in 
section 2 we describe the experimental setup and the data 
set used, in section 3 the signal processing algorithm is 
described, while in section 4 the results are reported. 

II. EXPERIMENTAL SETUP 

A. Instrumentation 

The measuring device is composed of an accelerometer 
coupled to a Bluetooth transmitter with a microcontroller 
unit. The instrument has a size of 5x4x2cm and can be eas-
ily applied to either the arm or the leg of the subject without 
constraining the subject movements. An elastic bandage has 
been used to position the device on the subject in order to 
minimize relative displacement and vibration of the device 
with respect to the subject limb. 

The accelerometer unit consisted of three uniaxial accel-
erometers (range: ±1,5g, sensitivity: 800 mV/g, sampling 
frequency: 50 Hz). These were mounted orthogonally to 
record signals in the anteroposterior (x), vertical (y) and 
lateral (z) directions. The device has been oriented in order 
to have the x axis corresponding to the direction of move-
ment of the subject.  

The microcontroller acquires data from the three chan-
nels of the accelerometer, using 8 bit resolution. As to allow 
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recording signed values, the zero acceleration level has been 
associated to the numerical value of 128. The scale range of 
the instrument, which can be varied in the range between 
±1.5g and ±6g, has been selected equal to ±1,5g. Acquired 
data is transmitted them in real time to a personal computer 
which can process or record the data stream. An overall 
diagram of the system is shown in Fig. 1. 

B. Data acquisition 

A group of healthy volunteers have been recruited for 
data acquisition. Subjects have an age in the range between 
18 and 60 years (mean 32.06 years, standard deviation 
11.03 years), with height 176.2 ± 10.1 cm and weight 72.9 ± 
12.7 kg. All subjects perform regular physical activity. 
However, the data set included both well trained subjects, 
having three or more gym session every week, and people 
having at most one training session in each week. 

Moreover, there exists difference in the type of activity 
which is performed during the training sessions, as part of 
the subject were more focused on training the upper part of 
the body (body building activities), while remaining people 
were more concentrated of training the lower limbs (running 
and cycling). 

Each subject has been asked to walk on a straight line, 
for a length of 10m, both before and after a gym session. A 
first group of 22 subjects has been used to evaluate the 
acceleration patterns on the right leg, while a second group 
of 20 subjects has been used to acquire acceleration patterns 
of the right forearm. On each subject, we performed eight 
different acquisition sessions, one before and one after the 
activity, on four distinct days.  

In the current work, we analysed only the signal corre-
sponding to the x axis, aligned with the direction of walk. A 
sample pair of acquisitions is reported on Fig. 2. The acqui-

sitions reported in the figure, have been recorded on the 
same day, respectively before and after the training session, 
with the instrument applied on the right leg of the subject. 

III. SIGNAL PROCESSING 

The block diagram of the elaboration sequence is re-
ported in Fig. 3. After a calibration block, the Power Spec-
tral Density (PSD) of the processed signal has been esti-
mated. The resulting PSD is described using a low-
dimensionality feature vector, which is fed as input to an 
Artificial Neural Network (ANN). The network has been, 
trained, independently for each subject, to discriminate the 
input patterns accordingly to the presence or absence of 
fatigue (i.e. before or after the physical activity).  

Software has been developed partly in C (acquisition and 
recording) and Matlab (calibration, spectral estimation, and 
pattern extraction), while training and test of the neural 
network have been performed using Weka [12] 

A. Calibration 

The calibration step has been performed using by detect-
ing the first and last samples of the acquired signal, which 
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on wrist

Accelerometer
on leg
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Fig. 1 Experimental setup 
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corresponds to periods where the subject is standing still, 
and an offset value, determined using the standard deviation 
of the signal compared with a threshold value determined 
experimentally. 

B. Spectral estimation 

 A parametric method has been used to estimate the 
Power Spectral Density (PSD) of the signal. The selected 
method is based on the application of an AutoRegressive 
(AR) model, with an all-pole model. The AR methods tend 
to adequately describe spectra of data that is "peaky," that 
is, data whose PSD is large at certain frequencies. In addi-
tion, the AR models lead to a system of linear equations 
which is relatively simple to solve. The estimation has been 
carried out using Yule-Walker equations. 

Spectral estimation using the AR model requires an ade-
quate selection of the model order which can be performed 
using different strategies. The optimal order of the AR 
model has been estimated, for each acquisition, using 
Akaike's Final Prediction Error (FPE) [13]. Accordingly to 
the results obtained with the FPE we selected a fixed model 
order for all measures, close to the average number of poles 
obtained with FPE criterion, and equal to 30 poles.  

C. Feature extraction and classification 

The positions of the poles of the estimated AR model 
have been used to evaluate the feature vector used to train 
the neural network.  

The poles have been ordered accordingly to their respec-
tive phases in the complex plane, and expressed in polar 
notation. The phase of each pair of complex conjugate poles 
represents the position of one of the peaks of the spectrum, 
while their modulus represents the sharpness of the peak. 
Therefore, a representative feature vector has been formed 
including the modulus and the phase of each pair of poles. 
In this way, we obtain a feature vector having 30 compo-
nents. 

 
The feature vector is fed as input to a neural network 

composed of 30 input units, 16 units in the hidden layer, 
and 2 units in the output layer. The units have sigmoidal 
activation. The network has been trained with the standard 
backpropagation rule, with adaptive learning rate. 

Due to the small number of recordings available on each 
subject, the network has been trained and tested using the 
leave-one-out method.  

For each subject, we evaluated the correct classification 
rate, as well as the sensitivity and specificity of the network. 

IV. RESULTS 

A visual comparison of the estimated PSD functions (see 
Fig. 4) indicates the spectrum measured after the training 
session presents sharper peaks and harmonic components. 
The absolute position of the peaks in frequency is related to 
the actual speed of the walking, and is highly varying across 
the different measures, also in the same subject. 

An overall evaluation of the obtained results indicates the 
average number of correct classification is approximately 
70%. However, as it can be expected, correct classification 
rates are different depending on the position of the acceler-
ometer, the type of the training, the age of the subject and 
the degree of training of the subject, as shown in Table 1. 

Accordingly to the reported results, the optimal position-
ing of the instrument is on the leg, which results in a more 
stable activity pattern during the walk. Moreover, there is a 
sensible difference depending on the age of the subjects, in 
both positions f the measuring device. Figure 5 shows the 
correct classification rates for subjects having different age, 
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measured with the instrument positioned on the leg, al-
though the difference is not statistically significant due to 
small group size and the high variance of the result.  This 
result can be probably be related to the reduced fatigue in 
younger subject with respect to older ones. 

The last row in table 1 indicates, however, that the degree 
of training of the subjects has a major influence on the re-
sults: if we include in the test only the well-trained subjects, 
independently on their age, the system is able to correctly 
classify more than 80% of the signals. 

V. CONCLUSIONS  

The presented approach shows a potentially useful appli-
cation to detect the presence of fatigue in a subject. The 
proposed method is suitable to be integrated in a portable 
device which can adapt to the specific activity patterns of 

the individual. 
Future work is aimed to give a more quantitative evalua-

tion of the amount of stress and/or fatigue in the subject, as 
well as increasing the data set to obtain more reliable esti-
mates and the evaluation of different spectral characteris-
tics. 
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Fig. 5 Classification accuracy for young (left) and older (right) subjects 

Table 1 Classification results overview 

Group 
Group size  

(individuals) 

Correct  
classification 

(%) 

All measures 42 67 

Accelerometer on leg 22 72 

Accelerometer on forearm 20 66 

Young subjects (age <= 30), leg 10 70 

Older subjects (age > 30), leg 12 72 

Young subjects (age <= 30), forearm 9 63 

Older subjects (age > 30), forearm 11 70 

Trained subjects, any age, leg 12 81 
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Abstract— To achieve 3D kinematic analysis of total knee 
arthroplasty (TKA), 2D/3D registration techniques, which use 
X-ray fluoroscopic images and computer aided design model of 
the knee implants, have been applied to clinical cases. However, 
in previous study, spurious edges and noises from the edge 
detection of the implant silhouette were erased manually, and 
initial pose setting for each X-ray image also needed intensive 
manual operations. It has been a serious problem for clinical 
application. This study presents a semi-automated estimation 
method for 3D kinematic analysis of TKA using X-ray 
fluoroscopic images, which includes techniques of the robust 
estimation and initial pose estimation based on data 
interpolation. In order to ensure the validity of the proposed 
method, in vivo experiments were performed. The results 
showed that the estimation accuracy and stability was 
sufficient in clinical application (the RMS error: 1 mm, 1 
degree, and automation rate: 76 %), and the feasibility and 
effectiveness of the proposed method was demonstrated. 

Keywords— Automation, Robust estimation, Initial pose 
estimation, 2D/3D registration, 3D kinematics. 

I. INTRODUCTION 

Accurate in vivo 3D kinematic analysis after total knee 
arthroplasty (TKA) is very important for understanding the 
complexity of knee joint mechanics after surgery and for 
evaluating the outcome of surgical procedures. To achieve 
3D kinematic analysis of TKA, 2D/3D registration 
techniques [1-4], which use X-ray fluoroscopic images and 
computer aided design (CAD) model of the knee implants, 
have attracted attention in recent years. The basic principal 
of these techniques is that a 3D object with a known shape 
and size is matched to a projected 2D image in order to 
determine the six degrees of freedom, or the position and 

orientation, of the object. These techniques are highly 
valuable for dynamic 3D kinematic analysis. However, 
these techniques have needed time-consuming and labor-
intensive manual operations in some process. 

In previous study, for particularly feature-based (contour-
based) 2D/3D registration techniques, only edge contours 
originated from TKA implants are assumed to be extracted 
from X-ray images before the 2D/3D registration. Due to 
the influence of bone or bone-cement close to TKA 
implants, however, edge detection methods extract 
unwanted spurious edges and noises in the real clinical 
images. Thus, time-consuming and labor-intensive manual 
operations are often necessary to remove the unwanted 
edges which did not originate from TKA implants. Intensive 
manual operations are also necessary when setting initial 
pose of TKA implants CAD model for not only feature-
based 2D/3D registration but also intensity-base 2D/3D 
registration. To set appropriate initial pose of the model 
with manual operations for each X-ray image is important 
to obtain the good registration results. However, the number 
of X-ray images for a knee performance is very large, and 
thus to set initial pose with manual operations is a problem 
for practical clinical applications. 

As for 3D kinematic analysis of TKA using X-ray 
fluoroscopic images, there is a strong demand for 
development of a method which does not require time-
consuming and labor-intensive manual operations such as 
removal of unwanted edges and initial pose setting. While it 
has been a serious problem for clinical application, no 
previous studies investigated the problem. In this study, we 
address the problem and propose a semi-automated 
estimation method for 3D kinematic analysis of TKA using 
X-ray fluoroscopic images. 
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II. METHODS 

To achieve 3D kinematic analysis of TKA using X-ray 
fluoroscopic images, a feature-based 2D/3D registration 
technique [2,4] is used. For the problem of unwanted edges 
and noises removal with manual operations, we incorporate 
robust statistics into 3D pose estimation of the implant 
model so as to perform accurate 2D/3D registration even if 
spurious edges and noises exist in knee implant images. For 
the problem of initial pose setting with manual operations, 
we semi-automatically estimate the initial 3D pose of the 
implant model using pre-estimated 3D pose of the model 
from some X-ray images (key frames) and the data 
interpolation with an approximate function. 

A. Conventional 2D/3D registration 

The used 2D/3D registration algorithm is based on 
feature-based algorithm [2]. In this study, to extract the 
knee implant contours from X-ray images, a Gaussian-
Laplacian filter and zero crossing method were applied [5]. 

3D poses of the implant model are estimated by 
minimizing the sum of Euclidean distances di between all 
projected rays and the model surface (Fig. 1). An objective 
function E is defined as follows: 

min
1

2
N

i
idE                       (1) 

where N is the number of contour points, and Euclidean 
distance di is distance from point qi on the projection rays 
(corresponding to the point pi on the contours) to the closest 
point si on the CAD model surface. 

As a method for minimizing the objective function E, we 
iteratively use an optimization technique, the Levenberg–
Marquardt nonlinear least square method [6]. A good 
function for determining convergence of the 3D pose of the 
model is given by root mean square distance (RMSD) 
which is defined as follows: 

NERMSD / .                      (2) 
 
 
 
 
 
 
 
 
 
 
 
 
Fig.1 3D pose estimation of the model from X-ray fluoroscopic images. 

B. Robust estimation 

To estimate 3D pose of the model successfully even if 
spurious edges and noises exist in contour image, we 
introduce robust estimation method called iterative 
weighted least square method. This method employs a 
weight function in order to reduce the influence of spurious 
edges and noises. The weight function is defined for each 
contour point, and optimization is performed after weight 
function is multiplied to di in the equation of the objective 
function E. Therefore, new objective function E’ is defined 
as follows: 

min)('
1

2
N

i
ii ddwE          (3) 

where w(di ) is the weight function. The value of the weight 
function is 1 if di is less than a threshold which is called 
robust standard deviation, and decreases as di increases in 
the other cases. In this study, according to the method by 
Besl et al [7], we use following function as weight function. 

At first and second iteration, 

sdds
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ii

i
i if/

if       1
)(                       (4) 

in the other cases, 
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where s is robust standard deviation which is recalculated at 
each iteration as following equation: 
 

}}{median{median4826.1 ii dds .        (6) 

 
In order to compute a good function for determining 

convergence of the 3D pose of the model, instead of RMSD, 
we introduce weighted root mean square distance 
(WRMSD) which is defined as follows: 

NEWRMSD /' .                       (7) 

C. Initial pose estimation 

To reduce time-consuming and labor-intensive manual 
operations of initial pose setting in large number of X-ray 
fluoroscopic images, we utilize an interpolation technique 
with an approximate function. First, for some X-ray images 
(key frames), initial poses are manually adjusted to be as 
close as possible, and 3D poses of the model are accurately 
estimated for each key frame. These key frames were 
appropriately selected from the 2D feature point of motion 
in the X-ray images. Next, the data of the 3D posses 
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Fig. 2 Algorithm of automated initial pose estimation. 
 
estimated for each key frame are interpolated with an 
approximate function. In this study, we employ a multilevel 
B-spline function [8]. Thus, we semi-automatically estimate 
the initial 3D pose of the implant model in X-ray images 
except for key frames. Fig. 2 shows the algorithm of semi-
automated initial pose estimation. “Addition processing of 
key frames” in Fig. 2 is a processing to increase the key 
frame data used interpolation by adding stable 3D poses 
data estimated. The stable 3D poses data are determined 
from the deviation of 3D pose estimation. By adding 
iteratively such key frame data, better initial pose are 
estimated, and as a result, a large number of accurate 3D 
poses of the model can be determined. 

III. EXPERIMENTAL RESULTS 

A. Validity of robust estimation 

To validate the stability of the proposed robust estimation 
method, an experiment using 11 in vivo images was 
performed. We evaluated the effect of robust estimation by 
comparison to non-robust estimation. For the experiment, 
we prepared two sorts of contour images. One image 
contained spurious edges and noises, and the other image 
didn’t (they were erased manually). We applied robust 
estimation method and non-robust estimation method to 
each image. Initial poses of the model were randomly 
chosen from within 3mm and 3 degree of the correct 
poses. As correct poses, we used the poses which were got 
by applying conventional method (conventional 2D/3D 
registration described) to the contour images which spurious 
edges and noises didn’t exist. In order to validate the  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Table 1 Success rate and F/T ratio of each image using robust estimation. START

END

YES

Data interpolation 
with a multilevel B-spline function

(initial 3D pose estimation) 

Determination of 3D pose 
or Recalculation

Addition processing 
of key frames ?

3D pose estimation for initial key frames

NO

Selection of initial key frames

3D pose estimation for X-ray images
except for key frames

Femoral Tibial
Success rate (%) F/T ratio Success rate (%) F/T ratio

Image 1 70 0.401 79 0.395
Image 2 91 0.398 44 0.613
Image 3 75 0.116 62 0.403
Image 4 72 0.108 47 0.508
Image 5 74 0.149 72 0.396
Image 6 83 0.184 64 0.677
Image 7 50 0.420 46 0.390
Image 8 42 0.217 58 0.403
Image 9 58 0.408 54 0.397

Image 10 75 0.191 49 0.409
Image 11 96 0.399 17 0.319
Average 71.5 0.272 53.8 0.446

  
 

Fig. 3 A contour image and the results of 3D pose estimation for the 
image. (a) A contour image with noises. (b) Result of non-robust method. 
(c) Result of robust method. 

stability, success rate was used. The success rate was 
defined as the rate of satisfying clinical required accuracy 
(error is less than 1mm, 1 degree except for translation 
perpendicular to the image). 

The result of the experiment is summarized in Table 1. 
F/T ratio (False/True ratio) in Table 1 shows quantitative 
spurious edges and noises, and is define as follows: 
 
 
 Number of contour points from TKA
(F/T ratio) = 

Number of contour points from spurious edges and noises

Number of contour points from TKA
(F/T ratio) = 

Number of contour points from spurious edges and noises

When robust estimation method was applied to contour 
images in which spurious edges and noises exist, The RMS 
error was less than 1 mm, 1 degree (except for translation 
perpendicular to the image), and the success rate was about 
60 % (average both of femoral and tibial component). On 
the other hand, when non-robust estimation method was 
applied to the same images, The RMS error was too large 
and the success rate was 0 %. Fig. 3 shows typical result of 
the experiment using non-robust and robust method. 

B. Validity of initial pose estimation 

To validate the effectiveness of the proposed initial pose 
estimation including the robust estimation (semi-automated 
3D kinematic estimation method), experiments using X-ray 
fluoroscopic images of 8 patients during knee motions were 
performed. Like in Section III.A, we prepared two sorts of 
contour images, and applied the semi-automated 3D 
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 kinematic estimation method to the image contained 
spurious edges and noises. The other image which spurious 
edges and noises didn’t exist was used as determination of 
correct poses to perform conventional method. In order to 
assess the performance of the method, automation rate (AR) 
was calculated. The AR was defined as the rate of satisfying 
clinical required accuracy and as follows: 
 
 (A

 
The results of the experiment by the semi-automated 3D 

kinematic estimation are shown in Table 2 for average both 
of femoral and tibial component. The RMS error was less 
than 1 mm, 1 degree (except for translation perpendicular to 
the image, Z-axis translation), and the AR was about 76 %. 

IV. DISCUSSION AND CONCLUSIONS 

In this study, we addressed the problem needed intensive 
manual operations such as removal of unwanted edges and 
initial pose setting, and presented a semi-automated 3D 
kinematic estimation method of TKA using X-ray 
fluoroscopic images. 

For the problem of unwanted edges and noises removal 
with manual operations, we proposed a robust method 
which can estimate 3D poses of the knee implant even if 
spurious edges and noises exist in knee implant images. 
This method employed weight function and reduced the 
influence of spurious edges and noises. In the result of the 
in vivo experiment for robust estimation, the 3D poses of 
the model were estimated with sufficient accuracy in 
clinical application without labor-intensive manual 
operations, and the success rate was about 60 %. On the 
other hand, the remaining about 40 % was not successfully 
estimated. One reason for this can be that initial poses of the 
model were randomly given in the experiment. When initial 
poses are randomly given, the implant model in the initial 
pose can be sometime set close to spurious edges and noises 

in the contour image. In such a case, large weight vales are 
added to noise or spurious contour points due to small 
deviation of its contour points, and as a result, the 
estimation of the model is not successfully performed. In 
this experiment, not a few estimation miss occurred in such 
a case. To estimate 3D pose of the model successfully, 
therefore, it is important to set appropriate initial pose. 

For the problem of initial pose setting with manual 
operations, we semi-automatically estimated the initial 3D 
pose of the implant model using pre-estimated 3D pose of 
the model from some X-ray images (key frames) and the 
data interpolation with a multilevel B-spline function. In the 
result of the in vivo experiment for a semi-automated 3D 
kinematic estimation method incorporated both the 
proposed robust estimation and initial pose estimation, the 
3D poses of the model were estimated with sufficient 
accuracy in clinical application without time-consuming and 
labor-intensive manual operations. Then, the AR of the 
method was about 76 %. Thus, present semi-automated 
estimation method for 3D kinematic analysis of TKA using 
X-ray fluoroscopic images is thought to be very useful for 
practical clinical applications. While improvement of the 
automation rate of the method is task that should be 
considered next study. 
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R) = 
(Total frame number to a patient) – (Initial key frame number)

(Frame number of satisfying clinical required accuracy) 
(AR) = 

(Total frame number to a patient) – (Initial key frame number)

(Frame number of satisfying clinical required accuracy) 

Table 2 RMS error and automation rate (AR) of average both of femoral
and tibial component for each patient using a semi-automated 3D
kinematic estimation method. 

Translation (mm) Rotation (degree)

X-axis Y-axis Z-axis X-axis Y-axis Z-axis

Patient 1 0.15 0.17 3.01 0.53 0.35 0.24 70 8 28 45.2

Patient 2 0.18 0.30 3.76 0.60 0.56 0.36 112 16 72.5 75.5

Patient 3 0.27 0.22 2.82 0.51 0.55 0.25 70 9 55.5 91.0

Patient 4 0.19 0.24 3.48 0.43 0.75 0.39 86 12.5 55.5 75.5

Patient 5 0.11 0.17 2.33 0.49 0.36 0.44 49 6 34.5 80.3

Patient 6 0.44 0.33 4.27 0.18 0.52 0.33 91 13 55.5 71.0

Patient 7 0.34 0.26 3.99 0.75 0.59 0.76 76 9 59.5 88.8

Patient 8 0.16 0.18 3.16 0.60 0.56 0.45 101 10.5 75 83.2

Average 0.23 0.23 3.35 0.51 0.53 0.40 81.9 10.5 54.5 76.3

Total
image

number

Initial
key

frame

Success
frame

number
AR(%)
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Abstract— Synchronized oscillation of smooth muscle cells 
tension in arterioles is the main control system of microcircula-
tion. An important autogenic vasomotion activity is recognized 
in the 0.1 Hz oscillations observed by means of power spec-
trum analysis of laser doppler flowmetry. Severe dysautono-
mia in diabetic neuropathy is correlated with the loss of 0.1 Hz 
vasomotion activity.  FREMS is a novel transcutaneous elec-
trotherapy characterized by sequences of high voltage and 
short width electrical pulses which vary both in frequency and 
width, but not in voltage. We have evaluated the changes in 
laser doppler flow in the volar part of the forearm before, 
during and after FREMS.  During FREMS application we 
observed an increase (p < 0.05) of 0.1 Hz power spectra, de-
spite the suppression of adrenergic cutaneous sweat activity. 
From these findings, we suggest that FREMS is able to syn-
chronize the smooth cells activity, inducing and increasing 0.1 
Hz vasomotion activity, independently from the adrenergic 
influence.  

Keywords— Vasomotion, blood flow, diabetes, FREMS. 

I. INTRODUCTION  

Vasomotion is an oscillation of vascular tone that is gen-
erated from within the vascular wall and is not a conse-
quence of heartbeat, respiration, or neuronal input.  

Smooth vascular muscles dilate and contract rhythmi-
cally with the aim to deliver oxygen to tissues surrounding 
capillary beds [1] and to determinate the effect of external 
factors on the intensity of the contraction [2], also in case of 
single arteries [3-5].  

Blood flow cyclic changes through the skin can be evalu-
ated non-invasively in human beings with the technique of 
Laser Doppler Flowmetry (LDF) [6-7]: the rhythmicity of 
these oscillations is considered to be a fundamental feature 
of tissues perfusion. The spectral analysis of the LDF signal 
has revealed five characteristic frequencies [8]: in addition 
to the cardiac and respiratory rhythms around 1 and 0.3 Hz, 
three frequencies have been detected in the regions around 
0.1, 0.04, and 0.01 Hz in human skin. It is suggested that 
periodic oscillations with a frequency of around 0.1 Hz (a-
waves) reflect intrinsic smooth muscle (myogenic) activity 

of blood vessels [9].The different spectral components are 
thought to modulate vascular smooth muscle cell activity.  

As a matter of fact, impairment of skin vasomotion has 
been observed in various clinical and experimental condi-
tions (including chronic venous insufficiency, diabetic 
polyneuropathy, etc).  

Recently chronic intermittent electrical stimulation has 
been shown to be able to significantly improve the endothe-
lial dysfunction of pre-capillary arterioles in ischemic rat 
ankle flexor muscles with an amelioration of nitric oxide 
production and reversal of vasoconstrictor response to ace-
tylcholine and restoration of vasodilation induced by bra-
dykinin [10]. A new method of transcutaneous electric 
stimulation has been recently proposed which, differently 
from traditional TENS, is characterized by sequences of 
specific voltage controlled electrical pulses (regulated at 
perception threshold), which vary in both frequency (F) and 
width (W). This technology is usually defined as Frequency 
Rhythmic Electrical Modulation System (FREMS). In this 
paper we report the variations of power spectrum laser 
Doppler flowmetry (Periflux System 5000 Perimed) of the 
skin blood flow induced by FREMS (Aptiva, Lorenz Bio-
tech Spa - Italy) applied on the skin volar surface of the 
forearm, with particular reference to the power in the 0.1 Hz 
vasomotion spectra range. The acquisition has been per-
formed in the volar part of the forearm before, during and 
after FREMS stimulation. 

The aim of the present study was to evaluate changes in 
the periodic oscillations of cutaneous blood perfusion in-
duced by FREMS stimulation, by using spectral analysis 
based on AR-Models of the laser Doppler perfusion signal. 
We hypothesized that exercise-induced changes in mi-
crovascular control mechanisms of the skin would result in 
differences in the spectral components and their correspond-
ing amplitudes in the regions around 0.1Hz. 

Periodic oscillations with peak amplitudes of around 1, 
0.3, 0.1, 0.04, and 0.01 Hz were demonstrated in the LDF 
signal and the outer limits of each spectral interval were 
determined so that they included the peak amplitude of each 
frequency both before and after the impulse application: (I) 
from 0.009 to 0.02 Hz; (II) from 0.02 to 0.06 Hz; (III) from 
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0.06 to 0.2 Hz; (IV) from 0.2 to 0.6 Hz; and (V) from 0.6 to 
2.3 Hz, respectively.  

The peaks were determined by a numerical procedure for 
detection of local maxima in the Power Spectrum, calcu-
lated with AR-Models. Our discussion was focused on the 
analysis of the frequency intervals (III) and (V) concerning 
respectively the vasomotion peak and the cardiac rhythm 
peak. 

II. METHODS 

A. Subjects 

Evaluation has been carried out on a group of polyneuro-
pathic type 2 diabetic patients whose sensitive conduction 
from the sural nerve could be evoked. The group was ini-
tially of 14 diabetic patients with symptoms suggesting 
polyneuropathy and dysautonomy (orthostatic hypotension, 
disturbances of intestinal peristalsis, hypoesthesia of lower 
limbs and chronic symmetric painful syndrome). However, 
in four subjects we were unable to evoke sensitive conduc-
tion from the sural nerve; this left the group with 10 pa-
tients, aged 63 to 75 years (mean = 68.3, SD = 3.36), 5 
women and 5 men, whose data could be analyzed. 

To characterize the group according to quantitative 
physiopathological parameters, patients underwent the fol-
lowing tests:  

1. Electroneurography of lower limbs, using a Medelec 
Synergy EMG/EP Monitoring System 2 channel appa-
ratus (Oxford Instruments Medical BP546, France), de-
tecting common peroneal, posterior tibial and sural 
nerve conduction on both sides. For each subject, this 
parameter has been calculated as the mean of four mo-
tor conduction velocities (MCV) and two sensitive con-
duction velocities (SCV). 

2. Autonomic cardiovascular reflexes: Valsalva ratio and 
maximal heart rate increment during the hand-grip test 
(%). ECG signal was recorded through two electrodes, 
one in the precordial region (IV intercostal space in 
V3), the other on the palm of the left hand.  

3. Evaluation of peripheral arteriolar elasticity, through a 
HDI/PulseWave CR-2000 (Hypertension Diagnostics 
Inc., Minnesota USA), able to noninvasively apply a 
Pulse Contour Technique providing an indirect quanti-
tative estimate of arteriolar elasticity (SAEI in millili-
ters per mm Hg ×100)  [11] 

This way the group was characterized as composed of 
elder patients, type II diabetes mellitus, moderate dysauton-
omy as shown by values of the cardiovascular autonomic 
reflexes, symmetric distal polyneuropathy as shown by 

peripheral nerve conduction measures, significant reduction 
of elastic compliance of peripheral arterioles. 

B. FREMS stimulation 

In the past 5 years, in the Institute of Endocrinology at 
Sacco Hospital in Milan, a new transcutaneous elec-
trostimulation technology, defined FREMS (Frequency 
Rhythmic Electrical Modulation System) has being devel-
oped [12]. 

It is characterized by quasirectangular negative electrical 
pulses with a defined maximal voltage according to the 
perception’s threshold of the stimulus (up to 300V). The 
pulses have variable timewidth (W) between 10 and 40 s 
and the frequency (F) of pulses generated (number of single 
pulse per second) varies from 1 to 1000 Hz. Differently 
from other applications, i.e. TENS, these two parameters are 
modulated in a pre-set format in order to supply a stimula-
tion sequence. Stimulation sequence is composed of differ-
ent phases which are defined as period of time (T) in which 
parameters W and/or F vary. 

The features of the system allow the following actions: 

1. high voltage stimulation is able to activate nervous 
cutaneous fibers without achieving painful threshold, 
because of the shortness of pulses. Moreover, it is pos-
sible to stimulate for several minutes without inducing 
thermo-electrical or galvanization effects in the tissue, 
also because of the use of non-ionized electrodes. A 
stimulation protocol lasts about 30 min. 

2. inducing a “firing” stimulation: the pulses sequences 
are able to generate activating mechanisms and/or bio-
logical functions modulation in the tissues according to 
a specific correspondence between stimulation fre-
quency and excitability of tissue. At constant voltage, 
the width of pulses regulates the intensity of stimulus. 

C. Experimental setting 

All subjects underwent polygraphic examination to esti-
mate the microcirculatory effects of the FREMS stimulation 
sequence. This study was approved by the local Ethical 
Committee. Subjects agreed to participate in the study after 
receiving careful information on the purpose of the research 
and the procedures involved. 

They all gave informed consent. During the 24 hours 
preceding the session, subjects abstained from alcohol, 
smoke, coffee, tea, or other drugs, except oral hypoglyce-
mics or insulin. Each subject lied on a comfortable bed, in a 
silent environment, with constant temperature and isolated 
from external noise and stimulation. 
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We recorded from the volar skin surface of the upper 
right limb through polygraphy the following parameters in 
the time domain: 

1. CC skin conductance, obtained through a CED 2502 
(CED Model 2502 Skin Conductance unit). As CC re-
flects the degree of palmar sweating, which is in turn 
the index of both endocrine and neural catecholaminer-
gic activation, we assumed this recording to represent 
the index of sympathetic activity acting on target tissues 
(sympathetic outflow).  

2. Blood flow velocity in the stimulated tissue obtained 
through a Periflux System 5000 (Perimed). 

3. Skin temperature at the dorsal forearm surface. 

We then applied FREMS stimulation electrodes between 
the laser-doppler flow probes. Two sequences were applied 
separated by a pause. After the stabilization of the observed 
measures was achieved, we recorded continuously the 
above mentioned parameters. 

III. SIGNAL ANALYSIS 

In the present work, we focused on the analysis of the 
blood flow signal recorded using the Periflux system. The 
remaining two signals were monitored in order to verify the 
presence of external factors which may alter the results.  

A. Preprocessing 

Data has been sampled at a frequency of 250 Hz, during 
the whole stimulation session. Recording started about 8 
minutes before the application of the first stimulation, and 
continued till about 8 minutes after the last stimulation. 

From each data track we extracted three different frames, 
corresponding to rest (before the first stimulation), a inter-
mediate situation (between the first stimulation and the 
second one) and a recovery phase after the last stimulation. 
Each frame has a length of approximately 8 minutes. 

The signal has been filtered with a high-pass Chebishev 
filter of order 6, to remove the zero frequency components, 
using a cut-off frequency equal to 0.02Hz. This filter also 
removes the frequency components related to intervals (I) 
and (II) which cannot be reliably observed with the selected 
frame length. 

In order to improve the resolution in the lower frequency 
range, signals have been low-pass filtered using a IIR Che-
bishev filter with a cut-off frequency of 5Hz, and subsam-
pled to obtain a sampling frequency of 10 Hz. 

B. Spectral analysis 

The power spectral density of the filtered and subsam-
pled signal has been estimated using an AutoRegressive 
(AR) model. Indeed, the evaluation of frequency compo-
nents which are related to vasomotion activity requires the 
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Fig. 1 Power spectrum of the blood flow signal, before the application of the stimulus (solid line), and after the application (dashed line). The main peaks 

which can be observed are (from left to right) vasomotion activity, respiration, and heartrate. It can be noted the increase in the vasomotion activity after the 
stimulation. 
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availability of high spectral resolution in the low frequency 
range, which is not present in traditional estimates based on 
Fourier Transform.  

The optimal order of the AR model has been estimated, 
for each data frame, using Akaike's Final Prediction Error 
(FPE) [13]. The FPE criterion provides a measure of model 
quality by simulating the situation where different models 
are tested on a different data set. According to Akaike's 
theory, the most accurate model has the smallest FPE. The 
optimal order has been evaluated by varying the model 
order between 1 and 80.  

The evaluation of the relative importance of the 0.1 Hz 
component has been performed by estimating a parameter 
R, defined as the radio between the maximum amplitude in 
the frequency range between 0.05 Hz and 0.2 Hz and the 
amplitude of the peak related to heart rate frequency, cen-
tred approximately around 1 Hz. 

C. Statistical analysis 

Due to the small number of patient used in the study, and 
to the large expected variability of the parameters among 
the patients, we resorted to evaluate the effect of the stimu-
lation by comparing values obtained after the application of 
the stimulus with respect to the value of the same parameter 
before the application of the same stimulus. 

To assess the presence of significant differences, a paired 
t-test has been applied. The level of significance selected for 
the test has been assumed equal to p=0.05. 

IV. RESULTS 

We observed a large variability between the different 
subjects as concerns the absolute values of the measured 
parameters. For this reason, we focus on the analysis of the 
variation of the parameters on each subject before, during, 
and after the application of the stimulus.  

An example of the resulting PSD is reported in Fig. 1 for 
a sample patient in the data set. It can be seen the estimated 
PSD clearly exhibits three characteristic peaks correspond-
ing to the expected frequency bands, related to vasomotion, 
respiration, and hearth rate, respectively. In most cases, the 
visual inspection of the resulting spectrum before and after 
the stimulation suggests the peak centred on the 0.1Hz fre-
quency is sharper and better defined. 

The statistical analysis indicates the present of a signifi-
cant increment in the measured values of R obtained be-
tween the rest situation and the post stimulation.  However, 
the larger spread of the values during the recovery phase 
makes the increment not statistically significant. 

V. CONCLUSIONS  

Our results indicate that FREMS sequences can induce 
reproducible vasomotion activity. Blood flow velocity in-
creased after the application of FREMS sequences, even 
though in diabetic patients the autonomous nervous system 
is impaired, and a significant increase of 0.1 Hz vasomotion 
activity happens.  This suggests that FREMS can directly 
activate the smooth muscle cells of microcirculation system.  

Analyzing the ratio between power spectrum at 0.1 Hz 
and blood flowmetry during FREMS stimulation can con-
tribute to a more in depth understanding of the role of 
autonomous nervous system in vascular activity 
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Abstract—We present a new approach for the simulation of 
radiofrequency (RF) ablation, which takes the vaporization of 
water into account. This vaporization has an important influ-
ence on the outcome of the ablation process due to the signifi-
cant smaller electric conductivity in the gaseous domain. 
Therefore the development of a gaseous domain around the RF 
probe leads to a decreased induction of heat into the surround-
ing tissue. We discretize the mathematical model by using 
composite finite elements to solve the resulting partial differen-
tial equations. A level set method is used for the tracking of the 
moving boundary between the tissue containing gaseous water 
and the tissue containing liquid water. 

Keywords—radiofrequency ablation, vaporization, phase 
change,  composite finite element, level set method. 

I. INTRODUCTION  

Radiofrequency (RF) ablation is a minimally invasive 
technique for the treatment of primary and metastatic tu-
mors inside the liver. An internally cooled probe is placed 
percutaneously inside the tumor. The probe contains elec-
trodes, which are connected to an electric generator which 
supplies a power of 25W - 200W at a frequency in the range 
of radio waves.  During the last years RF ablation has in-
creasingly become a popular alternative to surgical resection 
of the tumor (cf. [1]). For the understanding, the planning 
and the optimization of the intervention many scientists 
have considered a modeling and simulation of RF ablation. 
During RF ablation a variety of complex bio-physical ef-
fects take place which are modeled through a system of 
partial differential equations. Here we can mention only a 
few of the important effects: flow of electric current through 
tissue, Ohm resistance of tissue, heat diffusion in tissue, 
cooling through blood vessels on various scales, evapora-
tion of water from cells and interstitial volume, protein 
denaturation. An even greater challenge in the modeling and 
simulation RF ablation is posed by the fact that physical 
parameters influencing certain physical effects depend non-
linearly on other physical effects. E.g. the electric conduc-
tivity depends nonlinearly on the water content of the tissue 
but also on the cell's protein state. 

In the literature models of different granularity have been 
presented, which take a subset of these physical effects and 
the nonlinear relation between physical parameters and  
 

 

Fig. 1  The gaseous domain (gray) around the probe (black and light red) 
after 30sec at a maximal power of 60W. The surrounding blood vessels are 
drawn in red 

states of the system into account. For an overview on the 
recent developments and future challenges in the modeling 
and simulation of RF ablation we refer the reader to Berjano 
[1]. Most of the models discussed in the literature do not 
respect the vaporization of water during the ablation. Even 
if the vaporization of water is respected, simple heuristics 
are used instead of the corresponding system of physical 
equations. However the vaporization of water is one of the 
most fundamental effects accompanying RF ablation: Tem-
peratures in the vicinity of the RF probe quickly reach 
100°C at which water evaporates from the cells and the 
interstitium (cf. Figure 1). Consequently, the electric con-
ductivity, which depends heavily on the water content of the 
tissue, drops rapidly, which leads to an instantaneous rise of 
the tissue resistance, such that the electric generator cannot 
inflict power and thus heat any more. In summary, the vapo-
rization of water induces a very nonlinear behavior of the 
RF ablation process. 

In this paper we present an approach, which takes the va-
porization of water into account by solving a free boundary 
problem. This allows us to determine the area containing the 
gaseous water in which the electric conductivity is de-
creased enormously. We use a special type of finite element 
method, the composite finite element method, to deal with 
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the discontinuous electric conductivity across the interface 
between gaseous and liquid water. The interface and its 
motion is modeled by a level set equation. Our numerical 
experiments allow to visualize and to analyze the vaporiza-
tion for various configurations of probe and surrounding 
blood vessels. 

II. METHODS 

We consider RF ablation by a probe, which contains a 
single electrode (monopolar) and which is cooled internally. 
In the following, the probe is denoted by Ω , the elec-
trode by Ω , the gaseous domain by Ω , the liquid domain 
by Ω  and the boundary between Ω  and Ω  also referred to 
as the interface, by Γ  (cf. Fig. 2).  We use the notation Ω Ω  for the whole computational domain. 
The jump of a quantity  across the interface Γ is denoted 
with . 

For the electric potential  induced by the RF probe we 
consider the usual electrostatic equation [1] 0 ·     in   Ω\Ω  

with suitable boundary conditions. We set 1 on the 
electrode boundary and 0  on the domain boundary. 
This arbitrary choice of  at the electrode boundary requires 
a scaling of the electric power later. The parameter  plays 
an important role in this context: In the liquid domain  is 
continuous and lies between 0.4S/m and 0.8S/m, however in 
the vapor  has a value near zero.  This leeds to a jump of  
at the interface, which requires appropriate numerical  
methods. 

From the electric potential we can calculate the electric 
power density. Following [2] we have 

 

Ω | |       Ω | |Ω\Ω  

       4          1 Ω                     
 

where  is the inner resistance of the generator,  
the maximal power that the user sets up at the generator. 

 is the heat source, which is used in the heat transfer 
equation below.  

We obtain the temperature distribution  from the heat 
transfer equation. In the gaseous domain we use the classic-
al heat transfer equation, but in the liquid domain we have 
to respect an additional velocity field  

 

 

Fig. 2  The geometrical setting when an interface is present 

 

Fig. 3 Extent of the coagulation (gray) and the vapor (blue) around the 
electrode after 13min with a maximal power of 25W 

                  Δ    in    Ω  

· Δ      in    Ω  

 
On the interface Γ we set a Dirichlet boundary condition, 
because there the temperature equals the vaporization tem-
perature of water, i.e.  on Γ. On the probe boun-
dary we also set a Dirichlet boundary condition according to 
the probe's cooling temperature. Finally, on the outer do-
main boundary we set a homogeneous Neumann boundary 
condition. We use constant values for the material parame-
ters , ,  according to [3], thus neglecting the influence of 
the temperature. 

The evolution of the interface Γ is described through the 
Stefan condition (cf. [4]). This condition can be derived 
from the heat transfer equation by taking energy conserva-
tion on Γ into account and by assuming there is no velocity 
field in the gaseous domain [5]: 

 · · . 
 



Simulation of Radiofrequency Ablation Including Water Evaporation 1289

 

 

IFMBE Proceedings Vol. 25

 
  

 

 

Fig. 4  Plot of the impedance as a function of the time. Shown plots are for 
a maximal power of 40W (black) and 25W (red) 

Here,  is the interface velocity,  is the normal to the 
interface Γ. The parameter  is called latent heat. Since the 
liver tissue is a mixture of different materials and since we 
focus on the vaporization of water, we have set 1.5368 / , which corresponds to a water fraction of 
68% inside the liver tissue [3]. 

Taking also the mass conservation [5] on the interface in-
to account yields the mass flow  across the interface: 

 ·    on   Γ 
 

Using this mass flow we get the interface velocity 
 ·     on   Γ 
 

and the liquid water velocity at the interface 
 | · 1

 

 
from the Stefan condition. 

Assuming that the velocity field  is irrotational and that 
the liquid water is incompressible [5], we can extend the 
liquid water velocity at the interface into the whole liquid 
water domain by solving: 

 Δ 0    in    Ω  
 

On the interface we use an inhomogeneous Neumann boun-
dary condition, because the gradient of the potential in the 
normal direction equals the velocity we got from the Stefan 
condition: 

 ·     on    Γ 
 

From the potential  we get the velocity  by differentia-
tion: . Finally, the tissue damage is calculated by 
the well known Arrhenius formalism (cf. [3]). 

 

Fig. 5 Extension of the gaseous domain around the electrode after 30sec 
ablation time at a maximal power of  60W in the presence of an additional 
vessel 

For the discretization of our model we used the compo-
site finite element (CFE) approach from [6] for the partial 
differential equations. Other than classical finite elements 
composite finite elements do not need to resolve the geome-
try of the domain and the interface. The information of the 
geometry is than coded into the basis functions. Therefore 
we can use structured grids, which allow an efficient com-
putation. The geometrical details of domain and interface 
are built into the shape of the basis functions. For the track-
ing of the interface we use a standard level set method and 
the appropriate discretization (cf. [7]). 

III. RESULTS  

In this section we present the results of simulations of RF 
ablations in several settings. A domain with extent 
60x60x60mm is used, a probe with a radius of 1.4mm and 
an electrode length of  20mm. 

Our first experimental configuration does not contain any 
blood vessels. The resulting impedance curves from this 
calculation are depicted in Figure 4 for two different power 
settings of the electric generator. In fact, the curves show 
the same qualitative behavior as curves obtained by ex-vivo 
experiments [3]: 

 

Fig. 6  200mV isosurface of the electric potential after 30sec ablation time 
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1. At the beginning of the ablation the impedance 
is slightly decreasing. This is caused by the in-
creasing electric conductivity due to the heating 
of the tissue. 

2. When the vapor surrounds the electrode of the 
probe the impedance increases steeply.   

The outcome of this simulated RF ablation is furthermore 
visualized in Figure 3. We see that the  area containing the 
water vapor is very close to the electrode, while the coagu-
lation area is significantly larger. 

If we place an additional blood vessel close to the probe 
we can observe the interface evolution under the influence 
of the cooling effect of this vessel. The resulting vapor 
domain around the probe after 30sec ablation time is shown 
in Figure 5. The vapor surrounds nearly the complete elec-
trode except for a small part close to the vessel. Also the 
200mV isosurface of the electric field of this setting, which 
is depicted in Figure 6, has a characteristic feature: due to 
the absence of the vapor around the vessel the isosurface 
has an outgrowth. This is due to the high gradient of the 
electric potential in the gaseous domain. 

Applying our simulation model to a real segmented ves-
sel system (see Figures 1 and 7) instead of a single generat-
ed vessel leads to similar results.  

IV. DISCUSSION 

We presented a mathematical model that takes the vapo-
rization of water during RF ablation into account. We have 
integrated a free boundary problem into the simulation of 
RF ablation. Future work includes the incorporation of more 
stable time-stepping schemes suitable for stiff equations and 
which prevent from the oscillations that can be seen in the 
impedance graphs. 

Although our model is not evaluated in the RF ablation 
context, we used a standard benchmark, a test for the  law 
(cf. [8]) for a vaporizing static drop to assert the correctness 
of the model and the implementation. 

With future investigations with our model we aim at 
gaining more insight into the influence of vaporization onto 
the outcome of an RF ablation. The model presented here 
can serve as the starting point for an improved planning 
software as well as for an online monitoring and prediction 
system. In the distant future, such a tool could e.g. use ultra-
sound imaging to measure gas bubbles during a real RF 
ablation and match those with the prediction of an extension 
of our model. 

 

Fig. 7 Extension of the gaseous domain around the electrode after 30sec at 
a maximal power of 60W in the presence of a vessel system 
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Abstract— The purpose of this research is to enhance the 
methods used in biomechanical rehabilitation by combining 
virtual reality, artificial intelligence, motion capture and bio-
feedback instrumentation. During training, the subject wears 
3D glasses, in which virtual tasks (i.e. trajectories) are dis-
played to him. The subject is then asked to follow the virtual 
task displayed to him and match his own movement to it. Dur-
ing task performance, the subject's kinematics and electromy-
ograms (E.M.G.) signals are tracked and recorded by Vicon 
motion tracking system. We use an intelligent learning system 
to model on-line the performance of the subject. Once trained, 
the system changes and adapts the task displayed to the sub-
ject, producing a patient-specific task for better neuromuscu-
lar rehabilitation. Moreover, the system creates a more enter-
taining environment which increases the efficiency of 
physiotherapy, in adults and especially in pediatric. 

Besides physiotherapy, this system can be used in other ap-
plications, such as performance enhancement in sports train-
ing and as an educational tool in any application requiring 
precise and controlled movement and coordination. 

Keywords— Rehabilitation, virtual reality, artificial intelli-
gence, biofeedback, electromyogram. 

I. INTRODUCTION  

Rehabilitation helps a significant number of people eve-
ryday to recover from surgical operations, strokes, or inju-
ries. Physiotherapy strives to develop, maintain, and restore 
maximal movement and functionality to the injured organ. 
For good results, the physiotherapist has to tailor specific 
physical exercises that best fit the subjects' pathology and 
needs. Accurate repetitions of these biomechanical exercises 
are key points for successful physiotherapy treatment. 
Moreover, the physiotherapist must adapt the exercises as a 
response to the subject's performances. This adaptive physi-
otherapy is very difficult to perform online and is subjected 
to the trainer interpretation of the patient's performance. 

In the last decade, the use of virtual reality in neuromus-
cular therapy has exponentially increased. Virtual environ-
ment technology has been used to assist rehabilitation in 
neurological diseases [1, 2], for patients with balance disor-
ders [3], or even sports and musical performance enhance-
ment. The results obtained in the last few years with this 
technique have been very encouraging and researches even 
claim that motor learning in virtual environments can sur-

pass training in the real world (e.g. [4]). Virtual motor 
learning generates repetitive training with enhanced feed-
back (and even real-time feedback). Furthermore, studies [5, 
6] have shown that most patients are greatly motivated by 
the virtual reality therapy. In our laboratory, children have 
been strongly stimulated by the visual feedback and imme-
diately turned to be more cooperative during testing and 
training. 

In this paper, we introduce a virtual adaptive biofeedback 
rehabilitation approach that optimizes neuromuscular train-
ing using an artificial intelligence learning system that 
learns from real-time biofeedback and produces online new 
patient-specific virtual physiotherapy missions. With the 
help of a motion capture system and electromyograms 
(EMG), the system tracks at any time the kinematics of a 
subject and his muscles activation. The subject is exposed, 
via a head mounted display unit, to virtual tasks, which he 
then is asked to perform. A neural network is trained to 
respond to the subject's biofeedback information having the 
desired muscles activation and motions as references.  Once 
training is complete, the network calculates a new trajectory 
as biomechanical exercise, subjected to the previous per-
formance of the subject. This adaptive loop is repeated 
continuously, resulting in an online biofeedback-based 
adaptive rehabilitation virtual training system.  

II. SYSTEM DESCRIPTION 

A. Experimental Setup 

Using the Vicon motion capture system capabilities [7], 
we track the subjects' motions in real time and gather mo-
mentarily kinematic data. Markers are placed on the sub-
ject's body or on part of it (we first focused our study on the 
arms). During training, the subject is immersed in a virtual 
environment in which he is shown floating targets (see Fig. 
1). The subject is then asked to follow the motions of the 
targets with his pointing finger. His motions are continu-
ously recorded by the system while following the virtual 
missions presented to him. Moreover in order to record the 
subject muscular activation, we place electromyograms 
sensors on key muscles associated related to the motion. 
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Fig. 1 Experimental Setup 

B. An Inverse Model of the Subject 

In the first step, we use a neural network system in order 
to learn and analyze the subject's kinematics. Next is a de-
scription of the neural network system. 

We consider the subject as a model which receives as an 
input an exercise provided to him by the system and pro-
duces as an output kinematic signal (e.g. the trajectory of a 
limb),  as well as EMG signals. 

We use a neural network in order to generate an inverse 
model of the subject, that is: given a desired trajectory, the 
network generates a modified, patient-specific, trajectory 
for the subject to execute. The modified trajectory results 
from an evaluation of the best estimated inverse model of 
the "subject model" (see Fig. 2 and [8]).  

 

Fig. 2 Best Estimated Inverse of the Subject 

III. THE LEARNING SYSTEM 

A. Network with kinematic input only 

We begin with developing the design of exercises based 
on the kinematic data only. 

The universal approximation theorem for neural net-
works states that every continuous function that maps inter-
vals of real numbers to an output interval of real numbers 
can be approximated at any level of desired accuracy by a 
multi-layer feed-forward neural network with a single hid-

den layer having a sigmoid activation function. In our case, 
the network is designed to map the desired position and 
velocity of a marker placed on the subject, to another spatial 
point and velocity which correspond to the displayed exer-
cise.  Consequently, we need a system capable of mapping 
from R6 to R6. We assume the mapping to be a continuous 
function and use the approximation theorem to build a mul-
ti-layer feed-forward network with one hidden layer. This 
network has a generic architecture for all subjects. How-
ever, each subject will have his own tuned network. 

For training purposes, we start with a planar target trajec-
tory.  The subject is presented with this task and is asked to 
follow the target trajectory displayed to him. Concurrently 
the tracking system tracks and records his motions in given 
time intervals. This set of data serves as an input set to the 
network, while the corresponding exercises displayed to 
him serve as target outputs. The weights of each neuron in 
each of the network layers are then computed. We use Le-
venberg-Marquardt back-propagation learning method so 
that the error between the actual output of the network and 
the target output is minimized. 

The network which is used for a single marker contains 
therefore six input neurons and six output neurons: corre-
sponding to the position and velocity vectors. Next, the 
number of neurons in the hidden layer needs to be deter-
mined. This parameter also influences the runtime and 
therefore should be minimized. We performed a set of tun-
ing experiments where several subjects were given a cyclic 
trajectory as a task to follow while their motions were 
tracked. 

To train the neural network, we use the average trajectory 
r of all the K cycles performed by the subjects (Eqn. 1). 
The velocity of the input corresponding markers is com-
puted from smoothed differentiation of the markers trajec-
tory. The training input set P  is obtained by concatenation 
of the discrete position r and the velocity of the subject's 
marker, to form a matrix of 6 rows and n columns corre-
sponding to the number of discrete samples in one cycle. 

0 , 1 3,i n j∀ ≤ < ∀ ≤ <   
1

0

1
( ) ( )

K

j i j i
k

r t r t k n
K

−

=

= ⋅ + ⋅∑  (1) 

The performance of the network (per given number of 
hidden layer neurons) is checked by the mean of three error 
estimators. First, we simulate the network on the input train-
ing set P  and compare its output ( )Y P to the training out-
put set T. The first criterion c1 is the mean squared error 
between ( )Y P  and the exercise's trajectory and velocity T 
which were provided as the output training set (see Eqn. 2). 
The second criterion c2 points specifically at the error in the 
position of the marker, which is more relevant, in this re-
search, than the velocity error, and evaluates the average 
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distance between the network input and output trajectories 
(Eqn. 3). This latter parameter evaluates a measurable dis-
tance and is more explicit than the previous criterion, c1.  

( ) ( )( )
6 2

1
1 1

1
,

6

n

j i j i
i j

c T t Y P t
n = =

= ⋅ −
⋅ ∑∑  (2) 

( ) ( )( )
3 2

2
1 1

1
,

n

j i j i
i j

c T t Y P t
n = =

= ⋅ −∑ ∑  (3) 

For the computation of the last estimator c3, we ran the 
network for each of the K trajectory cycles generated by the 
subject's motion, i.e. the network computed, for each cycle 
k, the exercise ( )( )kY P that is likely to stimulate the sub-
ject to generate a trajectory ( )kP . In fact, the exercise sets T 
that produce those input sets are those used during the net-
work training. The averaged root mean square between T 
and ( )( )kY P was then calculated as c(k). The last criterion 
was then computed as the average, on all the cycles, of the 
mean squared errors c(k). This parameter reflects on the 
ability of the network to adapt to any trajectory, different 
from the ones in the training set.  (see Eqn. 4, 5). 
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Table 1 summarizes the results of the iterations per-
formed for each number of neurons in the hidden layer. One 
can also see there the magnitude order of the criteria de-
scribed above for the different sizes of layer. The parame-
ters c1 and c2 were found to behave similarly, i.e. the per-
formance of the network may be estimated only by 
consideration of the error in the exercise trajectory. As men-
tioned before, we are reluctant to define a hidden layer with 
a high number of neurons, and have to find balance in the 
trade-off between accuracy and time complexity. Further-
more, a high number of neurons increases the network sen-
sitivity to the inherent noise in the subject's motion. This 
phenomenon appears in Table 1, in the increase of c3 with 
the increase of the number of hidden neurons. We chose to 
use seven neurons in the hidden layer, in order to obtain 
good performance along with an acceptable runtime. 

During the training phase, the sampled trajectories and 
velocities were fed to the network in batch mode, i.e. the 
weights of the neural network layers were updated after all 
the samples were entered, and not successively. However, 
the performance of the network is improved when this step 
is repeated for several epochs. On the other hand, repeating 
the training too many times is time-consuming and often 
does not improve the results by much after a certain stage. 

The optimal number of epochs was found to be 50 for most 
subjects. 

Table 1 Number of Hidden Neurons Vs Error 

No. of Neurons in the hidden 
Layer 

1 - 3 4-9 10-19 20-50 

c1 – MSE >500 5-15 10-800 0.1-10 

c2 – RMS w.r.t. the average 
trajectory [mm] 

>100 3-15 15-100 0.05-4 

c3 – RMS, averaged on each 
cycle trajectory [mm] 

>50 10-25 20-50 30-50 

B. Network with kinematic and EMG signals as input 

In the second step of this research, we added the patient's 
biceps and triceps EMG signals to the input of the network, 
such that the new exercise would be designed with respect 
to the information on the muscles of the subject as well as 
the kinematic data of his limbs. 

The data provided by the electromyograms contain useful 
information that can be deciphered by signal processing. 
There are numerous ways described in the literature to ex-
tract this information from the EMG signal, including 
analysis in time or frequency domains. We used the work-
flow described in [9] to compute the envelope of the signal 
by processing in the time domain. The processed signal is 
needed at every instant in our application and the processing 
time has to be minimized; all the more since several signals 
are needed simultaneously. We optimize this processing 
using the processed signals from the precedent instant and 
reduce the processing time by 91%. This allows providing 
the subject with continuous biofeedback during the training, 
i.e. we display visual indication on muscle activation. 

The same method previously described is used to evalu-
ate the network, but now in addition to the 3D curve, the 
desired EMG performance specific to that trajectory should 
also be designed. We therefore determined a few desired 
cyclic trajectories for the limb of the subject and recorded 
the EMG performances of a dozen of healthy subjects. The 
average of this set of data is then used as the desired EMG 
performance over a specific trajectory, and fed as input to 
the neural network together with the trajectory of the de-
sired kinematic performance. 

The number of neurons in the hidden layer has been set 
to 17, according to the evaluation criteria which were previ-
ously used. 
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IV. RESULTS 

For the first network, the exercise trajectory designed by 
the network deviates by 15 millimeters per point in average 
from the exact trajectory. This average deviation is reduced 
to 3-5 millimeters per point when we apply a smoothing 
filter on the trajectory produced by the network. The net-
work succeeds by such to estimate the inverse model of the 
subject. 

In Fig 3, one can see that, due to the relative location be-
tween the target and the subject's eye, the task (in blue) can 
be perceived as a projection on a plane normal to the sub-
ject's line of sight. Nevertheless, the neural network system 
learned and corrected the projection, although far from 
being a linear phenomenon. 

Figure 4a demonstrates the capability of the network to 
adapt itself to the muscular information recorded from the 
electromyograms. Patterns characteristic to the desired 
signal appear within the performance of the subject on the 
exercise designed by the system. Frequency-domain analy-
sis shows how close the spectra of the desired and the actual 
performance signals are, and we found that in many cases 
the subject gives better performance on the network-
designed exercise than if he is directly shown the desired 
trajectory of his limb as an exercise (see Fig 4b) . A statistic 
study is currently being lead in order to validate those re-
sults. 

 

        (a)      (b) 
Fig 3 The exercise projection: (a) Side view, (b) Front view. 
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        (a)      (b) 
Fig 4 EMG Performance: (a) Time Domain, (b) Frequency Domain 

V. CONCLUSIONS AND FUTURE WORK 

In this paper we presented a generic artificial intelligence 
system able to learn subject kinematics and muscular behav-
ior and to generate a subject-specific physiotherapeutic 
exercise. The neural network is robust and gives very satis-
factory results for our test group. The network learns one 
subject's trajectory, and is capable to adapt itself to others. 
For training session no prior knowledge, models or assump-
tions were required. 

For now, we have tested the system on healthy subjects 
only, choosing to generalize it and validate it on other im-
portant features before testing it on pathological subjects. 
This tool, combining biofeedback instrumentation, virtual 
reality and artificial intelligence, may definitely help im-
proving the rehabilitation of patients in physiotherapy. 

REFERENCES  

1. Jack D, Boian R, Merians A S et al (2001) Virtual reality–enhanced 
stroke rehabilitation. IEEE Transactions on Neural Systems and Re-
habilitation Engineering, 9, pp. 308–318. 

2. Holden M K, Dyar T, Schwamm L et al (2005) Virtual Environment-
Based Telerehabilitation in Patients with Stroke. Presence: Teleopera-
tors and Virtual Environments, 14(2), April, pp. 214-233. 

3. Jacobson J, Redfern M S et al (2001). Balance NAVE: A Virtual 
Reality Facility for Research and Rehabilitation of Balance Disorders, 
In Proceedings of the Virtual Reality Software and Technology Meet-
ing, Banff, Canada. 

4. Todorov E, Shadmer R, Bizzi, E (1997) Augmented Feedback Pre-
sented in a Virtual Environment Accelerates Learning of a Difficult 
Motor Task, Journal of Motor Behavior, 29, pp. 147–158. 

5. Rizzo A, Kim G J (2005) A SWOT Analysis of the Field of Virtual-
Reality Rehabilitation and Therapy. Presence: Teleoperators and Vir-
tual Environments, 14(2), April, pp. 119-146. 

6. Kizony R, Weiss P L, Shahar M, Rand D (2006) TheraGame – a 
home based virtual reality rehabilitation system. In Proceedings of the 
6th International Conference on Disability, Virtual Reality & Associ-
ated Technologies, Esbjerg, Denmark, ICDVRAT/University of 
Reading, UK. 

7. VICON Motion Systems at http://www.vicon.com/ 
8. Karniel A, Meir R, and Inbar G F (2001) Best Estimated Inverse 

versus Inverse of the Best Estimator. Neural Networks, 14, pp. 1153-
1159. 

9. Langzam E, Isakov E, Mizrahi J (2006) Evaluation of Methods for 
Extraction of the Volitional EMG in Dynamic Hybrid Muscle Activa-
tion. Journal of NeuroEngineering and Rehabilitation, 3(27) 23/11/06. 

 
Author: Alon Wolf 
Institute: Technion – Israel Institute of Technology 
 Faculty of Mechanical Engineering, BRML 
City: Haifa, 32000 
Country: Israel 
Email: alonw@technion.ac.il 

IFMBE Proceedings Vol. 25

1294 O. Barzilay and A. Wolf



Can Patient-Specific Classification Improve the Accuracy of Sleep Apnea Detection
From the ECG?

C. Maier1, H. Wenz2 and H. Dickhaus3 

1 Department of Medical Informatics, Heilbronn University, Heilbronn, Germany  
2 Sleep Medical Center, Thoraxklinik at the University Hospital of Heidelberg, Heidelberg, Germany 

3 Department of Medical Informatics, University of Heidelberg, Heidelberg, Germany 

Abstract— This study deals with detection of sleep apnea
from the ECG and was motivated by the disproportional
additional effort which seems necessary to increase the
detection accuracy significantly above a level which is
reachable by comparatively simple decision strategies. We
suspected that inter and intra-individual variability caused by
confounding factors might be the root of the problem and were
interested in the improvement potential achievable by
individually optimized classification thresholds and additional
control for body-position.

In 121 patients we performed 140 registrations of poly-
somnograms (PSGs) and time-synchronized Holter ECGs
(sampling rate 1 kHz). The respiratory annotations of the
PSGs were mapped onto consecutive, non-overlapping epochs
of one minute duration and served as reference for apnea
detection from the ECG. We extracted mean absolute QRS
amplitudes from ECG lead I and used the energy of the
modulation in the frequency band 0.018 Hz - 0.047 Hz as
apnea-sensitive feature. Classification thresholds for three
different approaches were determined: A - global threshold for
the data set. B - individual threshold for each recording. C -
individual threshold for each body position within each
recording. The body position information was extracted from
the PSG. For each case the threshold value providing the
greatest overall accuracy was selected.

The global threshold yielded an overall accuracy of 75.5%
for epochs of 1 min duration. Record-individual thresholds im-
proved the accuracy to 84.5%, further advanced to 88.7% by
separate thresholds for each body position within each record.
The number of records with an individual accuracy below
70% decreased from 46 (case A) over 27 (case B) to 0 (case C).

In conclusion, the gain in performance observed in our
study highlights the significance of individual consideration of
confounding factors and suggests a way to advance the detec-
tion accuracy of sleep-disordered breathing from the ECG.

Keywords— Electrocardiogram, Sleep Apnea, Confounding
Factors, Individual Classification, Body Position.

I. INTRODUCTION  

Identification of sleep apnea from the nocturnally 
registered ECG has attracted considerable research interest 
in recent years. This is motivated by the promising prospect 
of being able to diagnose a highly prevalent disease with 

significant reduction of both quality and expectancy of life 
earlier and at the same time more comfortably and cheaper 
compared to the current gold standard of polysomnography. 

Normal and abnormal respiratory activity is known to 
elicit characteristic modulations of heart rate [1], QRS-
amplitude [2], and myogram interference [3] in the ECG 
which can be used to detect ongoing apnea. Most 
approaches in the literature make use of the often repetitive 
nature of respiratory events and are based on the extraction 
of spectral or correlation-based features from the 
aforementioned sources on a time-scale of 20s to 1 min, the 
fundamental period of these events. The energy in this 
frequency band is typically elevated during phases of 
disordered breathing [4]. Then, for consecutive epochs of a 
predefined duration – mostly 1 min or 30s – a binary 
decision is taken on the presence or absence of normal 
respiration. Finally, the severity of the disease in an 
individual patient is assessed by relating the number of 
abnormal epochs to the total duration of sleep. 

It is remarkable that the use of very basic classification 
strategies and only few - or even single - features can yield 
respectable average classification accuracy of around 80% 
consistently on different data sets [5]. On the other hand it is 
surprising that, despite of all efforts employing 
sophisticated classifiers and high-dimensional feature 
spaces, an approximate value of 85% appears to be an upper 
limit for automatic classification accuracy in the literature 
so far. Latest publications [6], where even additional 
information from nocturnal oximetry (7 features) is 
combined with no less than 72 ECG-based features, report a 
total allocation accuracy of 86% for epochs of 30s duration 
in 183 patients. Although this number is impressive, it 
should also be kept in mind that it is obtained by averaging 
over all patients; in a given individual, the accuracy may be 
considerably lower.  

We speculated that one of the principal reasons for this 
finding of ‘saturating’ classification accuracy might be the 
significant inter- and even intra-individual variability seen 
in the parameter series which underlie the classification 
process owing to their susceptibility to other confounding 
factors. The patterns and magnitude of heart rate variability 
vary greatly between patients and exhibit even intra-
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individual variation dependent on sleep stages and time of 
day. The same holds for the respiratory modulation of the 
QRS-complex which is affected by changes of body 
position during sleep as well as individual heart axis 
orientation and body geometry. 

Consequently, it may be asked to which extend an 
improvement of classification accuracy is achievable by 
individualization of the classification process and control of 
the most confounding influence factors. Using a single, 
easily interpretable spectral feature extracted from the QRS 
amplitudes of one ECG lead, and a simple classification 
strategy, our paper aims to show the limitation of global 
classification thresholds and estimates the improvement 
potential which lies in the use of individualized 
classification strategies and even further refinement by 
consideration of one of the major influence factors of intra-
individual variation, the nocturnal changes in body position. 

II. MATERIALS AND METHODS 

In 121 patients who were referred to the sleep medical 
center of the Heidelberg Thoraxklinik owing to suspected 
sleep disordered breathing, we performed 140 simultaneous 
nocturnal registrations of polysomnography (Alice 4) and 
Holter ECG (Mortara H12+, 8 ECG leads: I, II, V1..V6, 
sampling rate 1 kHz per channel). The polysomnograms 
(PSGs) were annotated for relevant respiratory events which 
were then exactly synchronized to the system clock of the 
Holter ECG [7].  

For this study, we scored the presence of disordered 
breathing in consecutive, non-overlapping epochs of one 
minute duration. A minute was counted as ‘apnea positive’ 
whenever it overlapped with an annotated respiratory event 
from the polysomnogram. We did not differentiate for the 
type of apnea or hypopnea. 

After suppression of power line interference by means of 
adaptive notch filtering, we detected QRS complexes in the 
Holter ECG and classified them according to timing and 
morphology using custom developed software. The results 
of these steps were manually reviewed and corrected if 
necessary. The ECGs were free of sustained supra-
ventricular arrhythmias like atrial fibrillation or atrial flutter 
but could contain significant amounts of ventricular ectopy 
in single cases. For the purpose of this study we restricted 
our analysis to ECG lead I which has been reported to be 
superior for sleep apnea recognition by several authors 
independently [5, 8].  

For each single QRS complex, we performed an 
individual baseline correction [7] and estimated the area 
under the ECG curve as mean absolute value in a region of 
120 ms centered at the QRS fiducial point. QRS amplitudes 

from ectopic or severely distorted beats were replaced by 
interpolated values in the further analysis. Finally, we 
equidistantly re-sampled the series of QRS amplitudes at 3 
Hz after cubic spline interpolation and applied a median 
high-pass filter of 100 s width (301 values) in order to 
suppress abrupt changes in the signal mean value related to 
changes in body position (cf. Fig. 1).  

We analyzed this signal in epochs of length 171s 
(corresponding to 512 data points at 3 Hz sampling rate) 
which overlapped in a way such that the beginning of 
adjacent epochs differed by exactly one minute. For each 
epoch we calculated one spectral energy value from the FFT 
of the epoch resulting in an equi-spaced series with an 
effective sampling rate of 1/min. Prior to taking the FFT, 
the mean of the segments was removed and a Hanning 
window was applied to reduce spectral leakage. The spectral 
resolution was 0.0059 Hz. As a marker of low-frequency 
power in the apnea-relevant frequency band we summed the 
log-power values of the third up to the eighth spectral 
component comprising the frequency band from 0.018 Hz 
to 0.047 Hz. The energy in this frequency band, assessed 
minute by minute, was finally used to classify the epochs 
into either apnea-positive or apnea-negative by means of a 
threshold. The annotations from the synchronized PSGs 
served as reference. 

To assess the potential benefit of individualized 
classification we performed receiver operating 
characteristics (ROC) analysis for three different 
approaches A, B, and C as follows: A - Global threshold for 
the total data set. B - Individual threshold for each 
recording. C - Individual threshold for each body position 
within each recording. The information on the body position 
was extracted from the polysomnogram. Alice 4 
differentiates between 9 positions: back, back left, left side, 
back right, right side, prone, prone left, prone right and 
upright. In each case A, B and C, the threshold value 
providing the greatest value of overall classification 
accuracy was selected. For case C, the minutes containing 
changes in body position were excluded from the analysis. 
Finally, we compared the accuracy values obtained by the 
three approaches. 

III. RESULTS  

Figure 1 shows the time course of the mean absolute 
amplitude of QRS complexes in lead I for a patient together 
with the body position as registered in the PSG. It is 
obvious that changes of the body position coincide with 
marked changes of the series’ mean value introducing a 
step-function-like character. Within the same body position, 
the fluctuations of the mean value are generally smaller; 
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however, the degree of variability can change considerably 
between body positions. 

Figure 2 summarizes the results for the total group of 140 
recordings. Application of a global threshold yields an 
overall accuracy of 75.5% (Fig. 2A). Selection of an 
individual threshold for each record improves the overall 
accuracy by almost 10% to a value of 84.5% (Fig. 2B). A 
further advancement of more than 4% to 88.7% is obtained 
by application of separate thresholds for each body position 
within each record. With respect to patient-specific 
accuracy, individual thresholds can reduce the number of 
records with an accuracy below 70% from 46 (Fig. 2A) to 
27 (Fig. 2B). Intra-patient stratification for body position 
can further reduce this number to 0 (Fig. 2C). 

IV. DISCUSSION AND CONCLUSIONS 

The results of our study demonstrate that there is 
considerable potential for improvement of identification 
accuracy of sleep-disordered breathing from the surface 
ECG by individualization of the detection process. To 
pronounce the effect, we restricted ourselves to a single 
spectral parameter extracted from a single ECG-lead, and 
the presumably simplest form of a classifier - a threshold. 
Consequently, the initial total accuracy of 75.5% for a 
single global threshold (Fig. 2A) is far from being 
practically useful. However, the increase of 9% obtainable 
by individual adaptation of the threshold (Fig. 2B) improves 

the performance to 84.5% which is an order of magnitude 
seen in far more complicated classifiers. 

This may indicate that not a systematic lack of 
information in the feature, or the information source itself, 
is a primary limiting factor for classification accuracy and a 
reason for its stagnation as exposed in the introduction. 
Rather, inter-individual variation and the susceptibility of 
the source for other confounding factors appear to 
contribute significantly to the problem. On a record-by-
record basis, at least the spectral feature used in our study 
seems to reflect the presence of sleep-disordered breathing 
much more uniformly and monotonously (Fig. 2B).  

Although the additional gain of 4.2% to a total accuracy 
of 88.7 %, which is achievable by application of separate 
thresholds for each body position (Fig. 2C), may appear 
comparatively small at first sight, its practical relevance lies 
in the improvement of the individual accuracy; proper 
consideration of the individual body position permits an 
accuracy of better than 80% for 124/140 = 89% of the 
recordings (Fig. 2C). The significance of stratification for 
body position is also supported by pathophysiological 
aspects since the occurrence of airway obstruction is often 
closely related to body position (Fig. 1).  

 
Fig. 1: Time course of the mean absolute QRS amplitude of lead I during 
minute 200-400 in the overnight recording of a patient. The background 

colors indicate different body positions as registered in the 
polysomnogram (green: back right, red: back, yellow: right side, blue: left 

side). Changes in body position are accompanied by abrupt step-like 
changes in the mean value of the signal. In the back position, elevated 

low-frequency activity is present owing to repetitive obstructive events. 

0

5

10

15

20

25

30

35

0

5

10

15

20

25

30

35

0 0.2 0.4 0.6 0.8 1
0

5

10

15

20

25

30

35

A

B

C

Allocation accuracy
N

um
be

ro
f r

ec
or

ds
N

um
be

ro
f r

ec
or

ds
N

um
be

ro
f r

ec
or

ds

Overall accuracy: 0.755

Intra-record accuracy
< 0.7 46 records
< 0.75 54 records
< 0.8 56 records

Overall accuracy: 0.845

Intra-record accuracy
< 0.7 27 records
< 0.75 28 records
< 0.8 46 records

Overall accuracy: 0.887

Intra-record accuracy
< 0.7 0   records
< 0.75 6   records
< 0.8 16 records

 
Fig. 2: Distribution of allocation accuracy ‘per record’ for the global 

classification threshold (A), record-individual thresholds (B), and body-
position individual thresholds (C). On the right hand side, the total 

accuracy value for the whole data set and the number of recordings with 
classification accuracy below the specified thresholds are given. 
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Fig. 3 also nicely demonstrates that the specification of 
total accuracy values requires cautious interpretation: a total 
accuracy of 84.5% for record-individual thresholds (Fig. 
2B) still implies that 27/140 = 19% of all records are 
classified with less than 70% accuracy. 

We were interested whether we could identify common 
factors in the most problematic records with respect to 
apnea recognition. A first review of those six records 
achieving 70%-75% accuracy for case C (Fig. 2C) indicated 
that indeed episodes with un-scored respiratory events 
appeared to be a major source of the problem in at least four 
out of the six records. Despite of fulfillment of the 
established criteria with respect to minimal duration and 
extent of reduction of respiratory flow and blood oxygen 
desaturation, the events were not counted by the PSG 
system owing to questionable ‘awake’-classifications of the 
respective epochs. This relates those cases to the problem of 
definition of sleep stages and respiratory events, and the 
associated ambiguity and inter-rater variability [9]. A 
discussion of this issue is beyond the scope of our paper. 
But importantly, the problems found do not systematically 
question or limit the adequacy of our approach. 

We clearly have to emphasize that our study just assesses 
the potential benefit of individualized classifiers. Although 
estimation of the body position seems feasible from the 
ECG alone even from single leads [10], so far, there is no 
algorithm for the construction of an optimal individual 
classifier and the determination of patient-tailored 
thresholds. Consequently, our next steps will focus on 
automatic segmentation of a patient’s ECG into segments of 
comparable and stable body-position, and the possibility to 
establish individual classifiers and thresholds in a kind of 
bootstrapping-procedure combining position-dependent and 
independent information from the RR-series, QRS-
amplitude modulation and myogram interference. We have 
to note that stratification for body position has already been 
suggested in sleep apnea detection from the ECG [11], 
however primarily with the aim to divide the series of RR-
intervals into segments which are then classified as a whole 
using predefined thresholds, and not to establish individual 
classifiers. 

It may be argued that more sophisticated classifier 
architectures and higher-dimensional feature spaces could 
more or less inherently solve the problem without the need 
for segmentation of body position or consideration of other 
factors. This however goes clearly at the expense of 
traceability and transparency of the classification and, to the 
best of our knowledge, still so far has not been able to 
improve the accuracy significantly beyond 85%. 

In conclusion, the gain in performance observed in our 
study is very promising, especially in view of the simplicity 
of the approach. It highlights the significance of individual 

consideration of confounding factors and suggests a way to 
further advance the detection accuracy of sleep-disordered 
breathing from the ECG. Its attractiveness lies in the 
introduction of well-founded yet manageable additional 
degrees of freedom into the classifier which are clearly 
motivated by physiological factors. This permits to keep the 
basis of the decision simple and traceable. Of course, for the 
future, further major confounding factors like age, gender, 
heart axis orientation, body-mass index, pre-existing 
diseases like diabetes [CinC05] and interfering medication 
call for appropriate consideration, too. 
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Dependable Vital Parameter Monitoring 
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Abstract— We present a novel approach for dependability 
analysis of medical devices. As focus, we considered vital pa-
rameter monitoring. The basic strategy relies on using me-
thods from system theory. For the first time not only the tech-
nical device but also the patient is taken into consideration. 
Including the patient requires prediction of physiology which 
is achieved by a real-time physiological simulation in a conti-
nuous time domain, whereby one of the main ingredients is a 
temporal reasoning element. The quality of the reasoning is 
expressed by a dependability analysis strategy. Thereby, ano-
malies are expressed as differences between simulation and 
real world data. Deviations are detected for current and they 
are forecasted for future points in time. By this method, pa-
tient specific differences in terms of physiological reactions are 
described, allowing early detection of critical states. The inter-
play of the different elements and the consequences are ex-
plained in a realistic model.  

Keywords—Physiological Simulation, Real-Time, Risk Assess-
ment, Patient Specific Modeling, Dependability 

I. INTRODUCTION 

Physiological modeling and simulation are very useful 
for various purposes e.g. medical education, medical train-
ing simulators, interventional planning and understanding of 
physiological phenomena therein; as well as for prognostic 
modeling. Usually, overall modeling is a complex task due 
to the multidimensionality of the problem (>4000 variables 
for quantitative circulatory physiology (QCP) [1]) and sub-
stantial uncertainty in the data, which is to be included in 
the model. Due to computational complexity, many ap-
proaches only apply population models and thus restrict to 
statistical information. Applying individualized physiologi-
cally based models including metabolism and transportation 
for different organs and tissues, however, allows for indivi-
dualized simulations. Compared with population model 
based simulations, these individualized approaches are thus 
expected exhibiting the same advantages as we see them 
when comparing physiological based pharmacokinetic 
(PBPK) [2] with population pharmacokinetic (PopPK) [3] 
approaches.  

By providing the new hybrid approaches combining sto-
chastic modeling with integrative systems, it is possible to 

provide realistic, patient individual and real-time capable 
simulations of physiological reactions to induced events e.g. 
given by medication or interventions. We present a novel 
methodology how approaches from system theory and de-
pendability analysis therein can be applied to use real-time 
physiological simulations for patient risk assessment based 
on standard monitoring of high frequency physiological 
vital parameter addressing intelligent monitoring systems in 
clinical workspace. 

 
II. STATE OF THE ART 

Literature shows various micro and macro models consi-
dering special physiological interactions in human body, 
most of them applying integrative models formulated by 
systems of ordinary differential equations (ODE) [4]. By 
Physiome [5] and QCP [1] a substantial step towards a plat-
form for overall physiological modeling was established. 
Despite the fact that these models support a general model-
ing language and allow building model data bases, they 
neither support real-time simulation nor overcome model 
complexity issues as well as uncertainty of model parame-
ters.  

Thus, stochastic approaches are considered in our ap-
proach as well. Especially dynamic Bayesian networks 
(DBN) [6] (as generalization of Markovian decision 
processes) are selected for medical simulations [7]. As 
shown earlier, the combination of integrative and stochastic 
approaches are well suited for real-time and realistic physio-
logical simulations [8], and thus are essential as a basis for 
our risk assessment approaches.    

System dependability, considered as a mixture of availa-
bility, reliability, safety, confidentiality, integrity and main-
tainability [9], is, unfortunately, not defined uniquely in 
literature and often it is system and mission specific dealing 
with errors, faults and failures. For dynamic systems, de-
pendability is formally specified by the description of sys-
tem behavior, such that the system trajectory remains in a 
certain predefined region/boundary [10]. Due to the fact that 
human factor is an important part of a monitoring system 
[11], diverse approaches consider the human in the context 
of dependability analysis [12]. Yet, no approach considers 
the patient’s dependability additionally to technical systems 
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so far. Even in the concrete field of patient monitoring, 
recent work on risk analysis only considers the system 
without patient [13]. We consider this as a systematic 
weakness, which we want to address and overcome with our 
new methodology by applying methods from systems 
theory in combination with dynamic simulations to provide 
a better and sophisticated way for risk assessment. The 
feasibility of our dependability strategy is demonstrated in a 
simulator environment extending a vital parameter monitor-
ing system from the intensive care unit (ICU).  

III. METHODS 

A. General Framework 

Fig. 1: System theoretical view of the problem setting  

Fig. 1 shows a patient monitoring represented in a sys-
tem theoretic way. The upper part of the diagram shows 
real patient block, being a black box model and including 
some observable and non-observable internal states. This 
block describes the physiology (behavior) of the patient, in 
other words the patient’s health states, which could be mul-
tiparametric. According to system dynamics – subsequent 
patient states are correlated to earlier ones – a dynamic 
feedback loop is necessary. As mentioned before, we are 
unable to observe and measure all patient internal parame-
ters, which is depicted by a patient observer block. In the 
lower part of the diagram a corresponding network is found, 
which is a description of the virtual model, being a simula-
tion model of the real patient. This system is, again, com-
posed of patient model block, a dynamic feedback, and an 
observer block. The patient model may be any mixture of 
time-invariant dynamic systems even containing non-
stationary probabilistic temporal models.  

If the virtual model is mimicking/simulating the real 
world perfectly, there will be no difference in both observa-
tions. A difference, however, is interpreted as error given by 
the simulation, which – as depicted in the intermediate layer 

– allows extending the monitoring by providing more know-
ledge about patient states and even extend to patient depen-
dability and risk analysis. Normally, if the virtual patient 
model is accurate and well suited, the error is a significant 
sign for a deviation between real patient states and virtual 
patient states. Such a deviation may be interpreted as a 
deviation from safety boundaries and hints towards possible 
safety critical situations.  

B. Dependability and Risk Assessment Model 

In clinical monitoring, a patient observer (Fig. 1) analyz-
es and monitors patient’s vital parameters, especially heart 
rate, blood pressure, oxygen saturation. Usually, these pa-
rameters are defined in a signal space S. By definition, mon-
itoring devices adjust alarms, when a parameter exceeds a 
certain limit or boundary in the signal space. This procedure 
induces a subspace ζ ≤ S, where the signal is representing a 
non-critical and safe state. If ζ is time invariant with regard 
to the system dynamics it represents a constant interval as 
depicted in Fig. 2.   

Fig. 2 : Signal space S , Safety boundaries ζ, Deviation from prognosis 
ε∂(t) and from safety boundaries εζ(t): In this graphical example the safety 
boundary is constant (example of HR alarm limits from ICU monitoring) 
but in principle they could change with regard to the system dynamics. 

We define the window dependability of a signal trajecto-
ry as shown in Eq. (1). tw is describing the time window of 
interest and εζ2(t) is the squared error given by the Euclidian 
distance of the signal value and a given boundary ζ. 
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This formalism has two impacts; on the one hand the
boundary ζ does not need to be a constant and on the other 
hand the integrative window shows how the boundary error 
is behaving over time. Additionally, dependability is de-
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fined with respect to a special mission [10]. In our case, 
stabilizing a patient’s health state by an intervention or a 
medication is describing exactly such a mission and corres-
ponding mission trajectories. For such a case, we define the 
mission dependability as given in Eq. (2). tm is describing 
the mission time which is given by the time for an interven-
tion or a medication. ε∂2(t) is the quadratic error, which is 
given by the Euclidian distance of the real signal value and 
the simulated virtual signal value.  

0

2 21 1
1 ( ) ( )
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Hereby, one focus is on the dependability during a cer-
tain event based mission (from a starting time t0 to an actual 
time t). The second focus lies on predicting dependability in 
future (from the actual time t to the prediction horizon tw). 
Thus, the formula consists of two parts; one error-formula 
for the past and one for the future. The error formula for the 
past can be interpreted on one hand as a measure for the 
quality of the simulation model. If the model is not simulat-
ing the real world accurately the error is large and the model 
is not well suited. By adding additional knowledge e.g. 
changing model parameters one adapts the model to the real 
world. This is either realized by user interaction or by ap-
plying multivariate optimization techniques. On the other 
hand if the model is designed well for healthy patients. The 
error term for the past is thus a good measure for the health 
state of a patient, taking time-variant information into ac-
count as well. Deviations to the health state is considered as 
reduced dependability like in system theory.   

In our architecture, as shown in Fig. 1, we assume that 
there is a model which simulates and predicts the dynamic 
time-invariant changes of a monitored signal. Generally, 
such models are rare, because one needs to know the trajec-
tory of the system states as well as the environmental influ-
ences. Therefore, probabilistic models are typically used to 
allow prediction of future system (in our case patient) states. 

 
C. Quality of Service 

According to our proposed architecture, it is possible to 
update the internal states of the dynamic system model by 
the knowledge of the real world observation. This process 
(which is called “smoothing” for probabilistic dynamic 
systems) will lead to another prognosis for the next progno-
sis time window horizon tw [14]. Assuming that we can 
apply Nw updates on the patient model within the time win-
dow tw will result in a measure for the quality of the predic-
tions for future outcome, as shown in Eq. (3). The quadratic 

error ε(i)
∂

2(t) is given by the Euclidian distance of the signal 
value and the predicted value ∂(i)(t) at time t for i=1..Nw 
model updates (smoothing) within in the prediction horizon. 
One has to consider that the entropy for probabilistic infe-
rence and thus the amount of uncertainty is increasing with 
the amount of reasoning steps Nw and the prediction time tw 

[15]. Generally, in our terms this will lead automatically to 
worst quality of service for the predictive model. 
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IV. RESULTS 

 

Fig. 3: Emulated vital parameter signals (ECG, IBP, SaO2) are detected by 
a monitoring system. An extended monitoring is supported due to the 
proposed methodology. Dependability and quality of service (QoS) are the 
major impacts of this method. 

Our system developed for real-time-physiological simu-
lations is using a hybrid approach applying ODEs and DBN 
for simulation of physiological interactions [5]. It is based 
on a hierarchical model description such that basic models 
for circulatory can be connected with e.g. models for drug 
interaction or interventional models as well. This system 
has been used to show the feasibility of the suggested ap-
proaches in a central monitoring environment.  

We prepared a setup for a virtual ICU monitoring envi-
ronment, as one can see in Fig. 3. A simulator dummy can 
simulate a real patient whose dynamics are represented by a 
set of models (e.g. circulatory system, medication, respira-
tion defined in a XML model library) and patient specific 
parameters.  

A similar simulation model is running virtually on the 
central monitoring system, while here the model parameters 
could be others. The virtual model updates internal states 
due to real measurements, emulated by the simulator dum-
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my. The model prognosis is analyzed regarding quality of 
service as well as dependability aspects for risk assessment.  

In Fig. 4 we use a case study to show the feasibility of 
our methods on a medication with epinephrine, which is e.g 
used for the treatment of bardycardia. On the one hand a 
simulation (basic circulatory system in combination with 
simple 3-compartment PBPK) is running to forecast a prog-
nosis for the effects on the heart rate (HR), on the other 
hand a similar simulation is running on the physiological 
simulator dummy to simulate the vital parameter in real-
time. The measured data are processed by a monitoring 
system and emulate real data, although they are not from 
real patients. The error between forecasted and real data is 
used to compute the dependability value for the HR, given 
by the induced medication event. In fact, the error here is 
due to different parameter (clearance factor) given by the 
patient physiological model.  

Fig. 4 Case Study: Effect of epinephrine on heart rate (HR) changes. One 
can see the forecasted HR due to the medication (Prognosis) and the real 

data extracted from the monitoring system. The error leads to a decreasing 
dependability value.  

V. CONCLUSION AND FUTURE WORK

Applying dependability analysis on the human patient
leads to interesting new methods for clinical monitoring. 
Physiological simulations are playing a key role in the pro-
posed architecture, as far as they are addressed to take into 
account patient individual parameters as well as model 
updating and reasoning abilities. Once such models are 
available, the reasoning of events as medication or interven-
tion for a specific patient based on the monitoring of vital 
parameter and other knowledge e.g. history, age and gender 
can be used for an individual risk assessment.  

By our methodology, we have shown that there is a gen-
eral framework to access the dependability of patient states 
without forcing fault-tree modeling or similar approaches 
known from the reliability/dependability analysis. On the 
one hand the dependability measure for future risk and past 

model differences is a new view on patient’s critical situa-
tions; on the other hand the quality of service is a measure 
for the applicability of the virtual physiological models.  

We are preparing in vivo experiments on rats to test our 
methodology for vital parameter monitoring based on dedi-
cational injection, showing how such a system can be used 
to develop better and more specific models for drug interac-
tions. As our approach is designed for general dynamic 
systems, future work will integrate these results to probabil-
istic dynamic systems to analyze the effect of uncertainty on 
the patient risk assessment.  
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Abstract— In this paper we report on the changes in blood 
pressure and heart rate variability and baroreflex function  
observed in 11 comatose patients before and after brain death. 
Spontaneous variability of systolic blood pressure (SBP) and 
pulse interval (PI, the reciprocal of heart-rate) were estimated 
by spectral analysis. Spontaneous baroreflex sensitivity (BRS) 
and baroreflex effectiveness index (BEI) by the sequence tech-
nique.  

Brain death was associated with significant spectral 
changes, including a generalized reduction in PI spectra and a 
decrease of the 0.1 Hz power in SBP spectra. No change was 
observed in the blood pressure power at the respiratory fre-
quency. BRS and BEI, values showed a high individual disper-
sion before brain death - although the group average was close 
to normal values. Five patients even showed BRS values mar-
kedly higher than normal. In all subjects the SBP/PI spontane-
ous sequences from which BRS was estimated almost com-
pletely disappeared after brain death.   

These changes occurring in the transition from the state of 
impending brain death to the complete inactivity of the brain 
stem provide an additional support to the hypothesis of a main 
contribution of the baroreflex to the genesis of the respiratory 
oscillation in the heart rate spectra and of the 0.1Hz rhythm on 
both blood pressure and heart rate variability. 

 

Keywords— Baroreflex sensitivity, heart rate variability, blood 
pressure variability, brainstem 

I. INTRODUCTION  

Brain death can be defined as an "irreversible cessation 
of all brain functions of the entire brain, including the brain 
stem" [1]. However, after brain death (BD) the heart is still 
beating and respiration is guaranteed by mechanical ventila-
tion. Thus investigation of the changes in the cardiovascular 
variables during the transition from impending brain death 
to the complete inactivity of the brain stem might provide 
insights into the role of the brain in the cardiovascular con-
trol. 

In this paper we review the results obtained in previous 
studies by our group [2,3] on the analysis of blood pressure 
and heart rate spectral components and baroreflex control of 
the heart in comatose patients before and after brain death. 

II. METHODS 

For this investigation we enrolled eleven subjects (age 21-
66 yrs) hospitalized in the Neurological Intensive Care Unit 
of Ospedale Niguarda. At the time of admission no patient 
had a medical history of neurological and cardiovascular 
disorders. All patients were in a coma grade 3-4, according 
to the Glasgow coma scale for brain injury. They suffered 
from cerebral hemorrhage or cerebral tumor. They received 
standard therapy to maintain physiological homeostasis, and 
were mechanically ventilated. Intra-arterial BP was meas-
ured by a catheter inserted into the radial artery, and record-
ed continuously from the time of admission up to the estab-
lishment of brain death and during the subsequent 
observation period of 6 hours required by law. For each 
patient we considered the fraction of BP recording including 
about 6 hours before and 6 hours after brain death. Systolic 
blood pressures (SBP) was identified on a beat-to-beat basis 
and the cardiac rhythm was derived from the BP wave by 
computing the pulse interval, PI, i.e., the time interval be-
tween consecutive systolic peaks. Because of instabilities in 
the cardiovascular control occurring close to the onset of 
brain death (due to vegetative storms or neurogenic spinal 
shocks) we excluded this portion of data. Thus our analyses 
focused on two separate segments of data, one before and 
one after brain death, (hereafter defined "Before-BD" and 
"After-BD" respectively). On average, the Before-BD and 
After-BD segments lasted about 3 and 4 hours respectively. 
On average, the After-BD segment started about 1 hour 
after the onset of brain death.  
 
Blood pressure and heart rate variability. SBP and PI series 
were split into 512s data-records and the FFT spectrum was 
estimated in each record. Then, the spectra falling in the 
Before-BD and After-BD segments were averaged to obtain 
a single spectrum for each condition. Spectral powers were 
integrated over the VLF, LF and HF frequency bands as 
defined by the Task Force of the European Society of Car-
diology and North American Society of Pacing Electrophy-
siology [4]. 
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Baroreflex function. The sensitivity of the baroreflex control 
of the heart (BRS) was estimated by the sequence technique 
[5,6]. In addition we also estimated the effectiveness of the 
baroreflex in getting the control of the sinus node in re-
sponse to a blood pressure transient through the assessment 
of the baroreflex effectiveness index (BEI) [7].  
 
Statistical analysis. For each parameter, the significance of 
the differences between the Before-BD and After-BD pe-
riods was assessed by paired t-test after a log transformation 
of the original data to obtain normal distributions. The level 
of statistical significance was p<0.01. 

Fig.1 - An example of SBP spectra in one patient before and after BD. 
After BD the power in the HF region is totally concentrated around the 
ventilation frequency.  

 

III. RESULTS  

BP and PI were lower after brain death. On average 
(mean±SD) SBP decreased from 175±46 to 122±23 mmHg; 
PI decreased from 778±208 ms to 586±120 ms.  

 
Table 1- Mean (±SE) of spectral power in the VLF, LF and HF frequency 
bands. * = significant difference (p<0.01) between Before-BD and After-
BD conditions 

 SBP (mmHg2) PI (ms2) 

 Before After Before After 

VLF 7.5±2.5 5.2±1.6 488±170 30±16* 

LF 4.6±1.4 0.2±0.1* 353±161 2±1* 

HF 15±5 4 4.4±1.2 2103±918 0.9±0.2* 

 
 
Blood pressure and heart rate variability. Table 1 shows 

the group mean values (±SE) of the powers in the 3 bands. 
The VLF power did not change significantly for SBP, indi-
cating that a consistent fraction of the slower components of 

blood pressure variability was still present after the brain-
stem death. On the contrary, PI power dramatically and 
significantly decreased in this band. The LF power de-
creased significantly for all SBP and PI series, showing that 
the "10-sec rhythm" was still present just before the occur-
rence of brain-stem death, and almost disappeared after 
brain death. Also the HF power in PI spectra decreased 
significantly (>99%) after brain death. It is worth noting 
that a certain power reduction in the HF band, although not 
significant, was also observed after brain death in  SBP. 
However, as shown in the example of Figure 1, after BD it 
was the power of the SBP spectral components surrounding 
the respiratory peaks to be reduced, while the power at the 
exact frequency of respiration (imposed by the mechanical 
ventilator) is unchanged or event increased with respect to 
the before-BD condition.     

 
Baroreflex function. Before brain death our group of pa-

tients was characterized by an extremely wide range of 
individual BRS values, spanning from 0 to 30 ms/mmHg, 
possibly reflecting the variety of their clinical conditions. 
When the individual estimates were averaged over the 
whole group the average BRS value was 10.7±2.6 
ms/mmHg, not too far from the average values observed in 
healthy subjects in awake condition (around 12 ms/mmHg) 
[8]. Five patients even showed BRS values higher than 
normal values.  

As expected, deactivation of the brain stem subsequent to 
the brain death led to the almost complete disappearance of 
the SBP/PI spontaneous sequences (their rate dropped from 
one sequence every 27 s observed Before-BD to one every 
25 min observed After-BD). Also BEI dropped from about 
12% before BD to less than 0.5% after BD. On the contrary, 
the blood pressure lability, as quantified by the average 
hourly rate of SBP transients, significantly increased After-
BD with respect to Before-BD (634 vs.772 SBP tran-
sients/hr). 

 

IV. DISCUSSION AND CONCLUSIONS  

The above results showed that deactivation of the brain 
activity leads to important changes in the spectral characte-
ristics of blood pressure and heart rate and in the indexes 
reflecting the baroreflex function. Comparisons of the data 
observed in the same patients before and after brain death, 
allow us to draw the following conclusions:  

BP and PI "ten-second rhythm".  A prevalent hypothesis 
to explain the 0.1 Hz oscillation in BP is that such a fluctua-
tion is generated by a resonance phenomenon due to time 
constants and delays in the baroreflex loop [9]. Thus the 

Before-BD After-BD 
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loss of SBP and PI power in the LF band observed after-BD 
is likely to reflect the opening of the baroreflex loop in-
duced by the deactivation of the cardiovascular centers in 
the brain stem.  

BP and PI respiratory oscillation. Arterial blood pres-
sure displayed a clear spectral peak at the respiratory fre-
quency imposed by the mechanical ventilator and this peak 
survived brain death. Our finding is in line with the preva-
lent hypothesis that BP oscillations in the HF band are pro-
duced by the changes in the intrathoracic pressure induced 
by ventilation through mechanical influences on venous 
return and cardiac output. On the contrary, deactivation of 
the brain stem resulted in an almost complete abolition of 
the HF power in PI spectra and thus of the respiratory sinus 
arrhythmia. These data are compatible with the hypothesis 
that the modulation of cardiac rhythm at the respiratory 
frequency is mainly generated by the baroreflex in the at-
tempt to buffer the ventilatory driven oscillations in blood 
pressure. 

Baroreflex function. Given the patient's health condition, 
the average baroreflex sensitivity was surprisingly high 
before brain death, approaching values observed in healthy 
subjects. We observed that in some patients BRS values 
were even higher that in control subjects. This may be ex-
plained by considering that if higher centres of the brain are 
damaged but the brain stem is still intact, the baroreflex 
may still work efficiently, with a sensitivity even greater 
than in the healthy condition, because of the absence of the 
inhibitory influences coming from higher centres. 
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Abstract— Vital signal monitoring based on Infrared ther-
mography is a new growing field of biomedical engineering. 
One important vital signal of interest in a clinical diagnosis 
system is the respiration rate that can be monitored based on 
the skin temperature profile associated with inspiration and 
expiration of the subject. This work presents a new respiration 
monitoring method that utilizes region-of-interest (ROI)-
processed infrared thermography images. A wavelet-based 
analysis method is introduced in order to identify a thermal 
variation zone which is cooled by expiratory airflow. Based on 
wavelet-decomposition, the overall performance of respiration 
monitoring showed a good performance in 8 tested adult sub-
jects and one infant.  

Keywords: infrared thermography, respiration monitoring,  
wavelet decomposition, ROI-processing, thermal variation. 

I. INTRODUCTION  

Vital signs are physical signals extracted from the body that 
can be utilized to assess proper physiological functioning, 
including heart rate, breathing rate, body temperature and 
blood pressure. Normal ranges of vital signs vary with age, 
sex, weight, exercise tolerance and body conditions [1]. In 
this work, the measurement of the breathing rate was consi-
dered. Aminian [2] showed that a piezoelectric device on an 
elastic belt can be used for non-invasive measurements of 
breathing rate in small mammals. However, this device is 
sensitive to motion artifacts.  
A Radar Vital Signs Monitor (RVSM) has been developed 
by Grenecker [3] and Geisheimer [4] that uses an active 
radar detector in which the reflected wave provides infor-
mation about the motion of the chest and body due to the 
cardiac and respiration cycles. Respiratory mask with ther-
mistor sensors, transthoracic impedance measurements, 
breath sounds analysis, electrical impedance tomography 
(EIT), body plethysmography and spirometric sensors are 
contact based. In addition, active radar devices have the 
disadvantage of being active transducers, that is, the energy 
that is focused may have harmful side effects on the indi-
vidual health and have diverse effect on biological tissue 
[5]. By contrast, passive infrared (IR) detectors which 
measure the emitted radiation energy from the objects pro-
vide an option for noncontact measurements of vital signs. 

Pavlidis et al. [6,8] used mid-wave IR (MWIR) sensors for 
the distant measurement of cardiac and breathing rates. In 
this work, the breathing measurement was based on the 
finding that the moistured air temperature during expiration 
is directly related to the respiration waveform but the exact 
shape is smoothed, shifted and noisy with respect to the 
actual respiration rate due to the diffusion-convection heat 
transfer process and air flow in the nasal cavity. The sagittal 
section of nasal cavity as shown in Fig.1 consists also of 
arterial mesh, which contributes to temperature variation of 
inhaled air.  

 
Fig.1 Sagittal section of the nasal cavity, which consist of arterial network 

which contribute to the convective heat transfer during the respiration 
phases (inspiration-expiration)  

As indicated, for breathing measurements Pavlidis used the 
expired and moisture air to measure the respiration rate. As 
a result, the subject must have a side-view orientation to the 
camera to visualize breathing-jet dynamics [7].  
Our work is related to that of Pavlidis and his group. How-
ever, while he used (MWIR) in our work long-wave IR 
(LWIR) thermography was used. Also, we focused on the 
temperature changes in the nasal region of the thermal im-
age in both front and profile views, which are induced by 
convective heat transfer of the respiratory jet. 
Also, Pavlidis et al. [8], used the raw thermal data directly 
to construct time-varying signals for each of the pixel from 
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the area of interest. This makes the signals extremely noisy 
due to ambient temperature variation of the surrounding 
region of interest (ROI). Averaging of these signals may not 
improve the signal quality as desired.  
In our work, the thermal images were examined at different 
points in time. All frames that carry information relevant to 
respiration in the ROI were selected. After these steps, the 
time varying signals from each point in the ROI were aver-
aged and continuous wavelet analysis (CWT) was applied. 
The resulting waveforms have been shown to yield excel-
lent results to identifying infrared thermography respiration 
signal (IRTR). A preliminary test was also performed in 
neonatal intensive care unit (NICU) to identify IRTR-signal 
as well. 

II. MATERIALS AND METHODS 

A. IR-Thermography acquisition  

The real-time dynamic Infrared thermogram was collected 
using a VarioCAM® hr-basic infrared camera (Fa. Infratec 
GmbH, Dresden, Germany) with a thermal sensitivity of 
0.05 C. This device allows IR Image transfers via an IEEE-
1394 Firewire data interface at a frame rate of 30 fps. The 
scaling temperature sensitivity scheme in the radiation 
range of 1-14 m was set to a range of 0-40 C. Preprocess-
ing steps and image scaling were done using IRBIS® profes-
sional software (Fa. Infratec GmbH, Dresden, Germany). 
The experimental setup of IR-Thermo-graphy respiratory 
monitoring is shown in Fig.2. 
 

Fig. 2. Experimental setup of infrared thermography respiration monitoring 
and image analysis based on ROI-processing system including a Variograf 

medical data acquisition system serving as a gold standard. 
 

The direct experimental procedure is as follow: 

1. The subject is seated in fixed-position 100-130 cm 
away from the IR camera, which is focused on the face 
as shown in Fig.2. 

2. Acquiring N IR thermography frames from the sub-
nasal region in the face for average time of 6 minutes. 

3. The nasal region of the face is manually selected as the 
(ROI) as shown in Fig.3 (a), and derivation of thermal-
time profile of the ROI as illustrated in Fig.3 (b). 

4. Computing the three-scale decomposition of each of the 
N-frames of thermal images and computing the mean 
value of ROI for each scale, and plot the average value 
with respect to time (frame) as displayed in Fig. 4 

5. Applying continuous wavelet (CWT) analysis on the 
resulting 1-D plots. 

 
B. IR-thermography preprocessing stage 

The acquired thermographic images were exported to 
MATLAB® for post-processing and pre-filtering stage. The 
mean-value was removed by moving-average filtering. The 
motion-compensation was conducted by using the trend 
remove function within the MATLAB® System Identifica-
tion Toolbox. The distance between the camera and the 
subject was limited to less than 150 cm in order to attenuate 
background infrared radiation from surrounding objects, 
and eliminate geometrically induced disturbances. 
The calibration process was done through reference physio-
logical measurements based on respiratory effort-belt induc-
tive transducer (Variograf, Fa. Becker Meditec GmbH, 
Germany), where the belt acquired breathing signals syn-
chronously to the infrared thermography acquisition. Thus, 
this setup allowed correlation between IR-TR signals and 
external inductive plethysmography signals serving as a 
gold standard.  

C. ROI thermography processing  

The temperature profile from the manually-defined ROI 
regions was used to derive the thermal-time variation of the 
respiration-jet to identify the inspiration-expiration phase. 
Due to the small signal amplitude, the omnipresent noise 
needs to be cancelled by proper signal filtering algorithm. In 
addition, the inter-frame spectral variation will have less 
effect on the wavelet transformation in further steps.  

D. Wavelet Thermal Image analysis 

In this work, the continuous wavelet transformation (CWT) 
as introduced in [8] was applied. The Debauchies (Db-
wavelet) function was used with three decomposition level. 
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Choosing of Db-wavelet instead of other function like; Haar 
, Biorthogonal and Morlet is because the Db-transformation 
provides a stable and accurate decomposition results for 
biosignals. Thus, the thermal variation function f(t) is trans- 
formed as follows: 

dttf
b

bt

aC
baCWT )(.

11
),(             (1) 

where  

   
)(

2

dC                                                 (2) 

and is defined by the Fourier transform of the wavelet func-
tion (t): 

dttit )exp()()(                                        (3) 

Eq.(2) implies that ( ) = 0 when  = 0. The function (t) 
is called the mother wavelet. By shifting in time and dila-
ting or compressing this function in the frequency domain, 
one obtains a set of self-similar functions 

a

bt
tba ))(,(                                                  (4) 

where a  -1 is the scale that provides dilating or com-
pressing, (b) is a time shift, and (t) is time. In contrast to 
discrete wavelet transform (DWT), big scales in CWT relate 
to the coarse representation of a signal, whereas small scales 
constitute its fine details [6]. 
The definition of CWT-entropy for IRTR-signal is as fol-
lows: 

a

apapWE )(log),( 2
                                               (5) 

where p(a) is probability distribution at level (a).     
The distribution can be approximated as: 
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aE
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where E(a) is wavelet energy at level j calculated by 

b

baWTaE ),()(
2                                                          (7) 

and total energy Etotal is,  
a

total E(a)E                                               

III. RESULTS 

A. Results for adult monitoring 

The results obtained from this experiment, shows an ob-
viously changes in temperature over the sub-nasal region. 
Fig.3   Illustrates a mean-temperature plot over the ROI-
defined region, the trace recorded by time scale of (thermo-

graphy-frame), where the frame rate of the IR-camera was 
30 frame-per-seconds (fps). As Fig.3 demonstrates, the 
temperature difference in the ROI was varied from (29.5 C -
32.5 C), which account for 3 C temperature variation be-
tween breath-in and breath out phase. By applying the con-
tinuous wavelet transformation (CWT) as introduced in 
Eqs.(1-4), the analysis results is displayed in Fig.4. The 
overall experiment results were shown in table.1, which 
tabulate the subject’s mean ROI-temperature, breathing rate 
and entropy. Moreover, to the percentage of detected pattern 

 
Fig. 3. ROI setting in the thermogram of a human subject (a). Time signal 

function f(t) of temperature changes due to respiration  (b). 

 
Fig. 4. 1-D continuous wavelet analysis of ROI temperature profile due to 
air flow-induced convective heat transfer (a) temperature time profile, (b) 
Coefficient plot of CWT, (c) coefficient line of decomposed respiratory 
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of the respiratory signals for the tested subjects. 
 
Table 1 comparison of performance analysis of IR-thermography 
processing of 8 human subjects. 
Inter-subject comparison of  respiration monitoring based on IR camera 

 
Subject ROI-mean 

temp[°C] 
Entropy 

( T) 
Detected 

pattern (%) 
Breathing 

rate [1/min-1] 

Subject1 33.31 0.336 93 14.96 
Subject2 34.05 0.317 92 12.19 
Subject3 33.17 0.411 93 15.24 
Subject4 32.52 0.362 89 13.83 
Subject5 32.94 0.408 94 13.07 
Subject6 32.94 0.408 94 12.26 
Subject7 32.94 0.408 90 12.01 
Subject8 32.94 0.408 92 14.59 

B. Results from neonatal monitoring on the NICU. 

While changes in convective heat transfer due to respiration 
in adults may be observed rather well using IR-
thermography imaging, respiration monitoring in preterm 
infant remains a challenge due to smaller tidal variation and 
several other complex interacting (e.g. intubation, face 
masks, head rotation, motion artifacts). 

 
Fig. 5 (a) Neonatal Infrared Thermography imaging inside neonatal incu-
bator with defined ROI around  the mouth opening, (b) fluctuating temper-

ature-time profile of the neonate during normal daily care activity. 
 
In this work, some preliminary results on neonatal respirato-
ry monitoring using IR thermography are provided. These 
measurements were conducted in the RWTH Aachen Uni-
versity Clinic Department for Pediatric and Adolescent 
Medicine, Section Neonatology.  Fig.5 (a) shows a snap-
shot of a neonate care setting inside an incubator with a 
female neonate wearing a face mask and an ROI-defined 
region surrounding her external mouth segment. The de-

rived temperature profile is shown in Fig. 5(b) with a tem-
perature drift due to the change in incubator internal tem-
perature. In the temperature signal derived from IR-
thermography, a temperature change between 0.5 C - 0.85 C 
related to respiration rate was visible. In addition, the inte-
raction of the nurse (like opening of the clapper) influenced 
the temperature profile.  

IV. CONCLUSION  

Infrared Thermography was shown to be a method capable 
of noncontact respiratory monitoring in adults and in neo-
nates. While other groups have introduced respiration jet 
monitoring before, the presented work focuses on changes 
of convective heat transfer at the infra-nasal region, induced 
by breathing in dedicated ROIs. So far, the presented me-
thod seems to work better in adults than in newborns, due to 
larger tidal volumes. Currently, the IR imaging device and 
the method faces some drift problems due to variation of 
background temperatures. This needs some improvements. 
The presented results are preliminary. The presented me-
thod needs further improvement (like e.g. automatic deter-
mination of ROI). Clinical studies will be necessary to ex-
plore the power under standardized clinical conditions.  
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Abstract

This research describes the progress of work 
in developing a system for automated 
detection of regional lung dysfunction in 
prematurely born neonates. EIT boundary 
measurements, observed at each lung region, 
are treated as a time series. The SPIRIT 
algorithm is used to extract local (regional) and 
global patterns from the datasets of healthy 
and ill neonates. The SAX technique is used to 
derive a symbolic representation of the global 
pattern signal. Current results are promising 
and demonstrate the possibility of characterise 

representation can then be used to train a 
discrete Hidden Markov Model (HMM) to 
automatically detect and characterise regional 
lung function. 

 
1 Introduction

Inadequate lung development is a major cause 
of death and disease in the newborn infants. 
This may be due to inappropriate development 
during fetal life, or due to premature birth 
where there has been insufficient time for lung 
development to occur. During fetal life the 
lungs are filled with a fluid that is produced by 
the lungs, which maintains the lungs in a 
distended state. The degree to which the lungs 
expand by this liquid is vital for normal lung 
development. Reductions in the degree of lung 
distension cause lung growth and 
development to cease, whereas increases in 
lung distension accelerate the normal growth 
and development of the lung. At the time of 
birth however, this liquid must be cleared to 
enable the newborn infant to initiate air 
breathing. Infants born prematurely or with 
inadequately developed lungs often require 
resuscitation and ventilation at birth. Although 
this is necessary for the survival of the 

premature infant, it often causes damage to 

dependence to mechanical ventilation.  

Electrical impedance tomography (EIT) is an 
imaging technique with potentially powerful 
applications in medicine. The principle of EIT 
is based on the measurement of voltages 
resulting from rotating injection of known small 
alternating electrical currents through 
electrodes attached on the circumference of 
an object [1-3]. The relative impedance change 
assessed with EIT is proportional to changes 
in lung volume [4-6]. Victorino & Amato [7] 
demonstrated a close relationship between 
regional change in lung aeration in adult 
patients, determined by CT and regional 
relative impedance change. Furthermore, it 
was suggested that homogeneity of ventilation 
could be predicted or assessed with EIT in 
order to prevent further augmentation of lung 
injury [6,8].  

The work described here considers the 
problem of finding irregular lung ventilation 
patterns by treating the direct EIT boundary 
measurements obtained in time as a 
multidimensional time series and detecting 
anomalous patterns in these measurements. 
In what follows, we will borrow concepts from 
time series analysis and speech recognition 
techniques to propose a system that detects 
abnormal lung function and identifies the lung 
regions involved. In detail, we will determine 
local patterns from multiple EIT regional 
measurement streams (i.e., RA, RL, RP, LP, 
LL, LA). These local patterns we will be used 
to derive a global pattern characterising the 
entire lung function for a specific neonate. We 
will repeat this process for all the neonates in 
the dataset. Next, we will use a technique to 
represent the extracted global time series 
patterns into symbolic representations and by 
doing so, somehow convert the problem into 
that of DNA or protein sequence finding. 
Hence, after obtaining symbolic patterns, we 
may use Hidden Markov Model (HMM) [9] 
structures to learn the pattern distributions for 
healthy and ill neonates and use these models 
as classifiers for incoming new data streams.  

2 Method and results

The first step in our approach is to treat EIT 
-evolving 

of the SPIRIT 
algorithm (streaming pattern discovery in 
multiple time series) [10] to determine patterns 
in the EIT signals. Given a collection of 
coevolving, semi-infinite data streams, 
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producing a value jtx , , for every stream 
nj1  and for every time-

SPIRIT works as follows:
a) Adapts the number k of hidden 

variables necessary to 
explain/summarise the main trends in 
the collection; 

b) Adapts the participation weights jiw ,  
of the j-th stream on the i-th hidden 
variable ( nj1  and ki1 ), so as 
to produce an accurate summary of 
the stream collection; 

c) Monitors the hidden variables ity , , for  
ki1 ; 

d) Keeps updating the above parameters 
efficiently. 

The participation weight vector iW  for the i-th 
principal direction is T

niii wwW ][: ,1, . The 

hidden variables  T

kttt yyY ],,[ ,1,  are the 
projections of tX  onto each tW ,over time, 

ntnititiit xwxwxwy ,,2,2,1,1,, :                (1) 

 

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 1. SPIRIT patterns for SX001:Top: 
Local, Bottom: Global. 

The  algorithm also adapts the number k of 
hidden variables necessary to capture most of 
the information. The adaptation is performed 
so that the approximation achieves a desired 

mean-square error. In particular, let 
T

nttt xxX ]~~[~
,1, be the reconstruction of tX , 

based on the weights and hidden variables, 
define by 

ktjktjtjjt ywywywx ,,2,,21,,1, :~   (2) 

 

 

 

 

 

 

 

 

 
 

 

 

Figure 2. SPIRIT patterns for SX002:Top: 
Local, Bottom: Global. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 3. SPIRIT patterns for SX002:Top: 
Local, Bottom: Global. 
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SPIRIT was applied to a data set consisting of 
16 EIT measurements of 750 samples, over a 
1 min interval. The signals were filtered with a 
Butterworth filter and then the rows of the 
waterfall plot were used in the SPIRIT 
algorithm. In our experiments, each row 
represents a time series and the first step is to 
find local patterns in them. Three sets of these 
patterns are shown in Figures 1, 2 and 3, for 
datasets SX001, SX002 and SX003, 
respectively. A global pattern is obtained by 
adding the local patterns together. The global 
patterns are displayed at the bottom of the 
Figures. We observe that SX03 appears to 
have more activation in the left and right lung 
regions with respect to the other two. 

The global pattern of SX003 shows a clear 
sinusoidal pattern, associated with inspiration 
and expiration, which may suggest that the 

 lung may be functioning properly. 
This is in contrast to the global patterns shown 
in SX001 and SX002. 

Figure 4: Symbolic representation of the 
global pattern signal for SX001. 

 

 

Figure 5: Symbolic representation of the 
global pattern signal for SX002. 

 

 

Figure 6: Symbolic representation of the 
global pattern signal for SX003. 

 

We use the SAX technique (symbolic 
aggregate approximation) [11] which allows a 
time series of arbitrary length to be reduced 
to a string of arbitrary length w. The 
discretization procedure is unique in that it 
uses an intermediate representation between 
the raw time series and the symbolic strings. 
The data is first transformed  into the 
Piecewise Aggregate Approximation (PAA) 
representation and then the PAA 
representation is converted into a discrete 
string. Having transformed the time series 
database into PAA, we apply a further 
transformation to obtain a discrete 
representation. Given that the normalized time 
series have nearly Gaussian distributions, we 

, which 
produce  equal-sized areas under the 
Gaussian curve. Once the breakpoints are 
obtained, the time series can be discretised as 
follows. We first obtain a PAA of the time 
series. All PAA coefficients that are below the 
smallest breakpoint are mapped to the symbol 
a

smallest breakpoint and less than the second 
smallest breakpoint are mapped to the symbol 
b  

The SAX algorithm was applied to the SX001-
3 data sets in order to get their symbolic 
representations. The results are shown in 
Figures 4-6. In this representation, 10 symbols 
are used. It should be mentioned that for this 
particular annotation, the original signal of 750 
samples was divided into 30 segments. This 
representation of the input signal is similar to 
what is currently used in Gene coding using 
HMMs. 

 

 

 

a
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3 Conclusions

A means of processing EIT boundary 
measurements for description of lung 
dysfunction was proposed. The SPIRIT 
algorithm is used to decompose the EIT 
signals into local patterns, which are then 
combined together to produce a global pattern 
describing lung function. Next, the SAX 
technique is used to discretise the continuous 
signal of the global pattern, and converts it into 
a symbolic representation, which can be used 
to train classifier models, such as HMMs. The 
proposed algorithms were applied on a dataset 
of 16 EIT measurements from prematurely 
born neonates, and demonstrated the potential 
of the research to produce a means of 
assisting clinicians in diagnosing lung function. 
Further experimental studies are required to 

symbolic representations associated with the 
underlying breathing patterns in neonates. 
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Abstract— In Adaptive Radiotherapy information about 
changes in patient geometry at the moment of treatment com-
pared to the planning data is required for repositioning or 
treatment plan adaption. Using state of the art procedures like 
rigid or stereotactical registration, translations and rotations 
of the whole patient can be considered. However, more com-
plex deformations need to be taken into account whenever 
conformity needs to be inreased. Taking place directly before 
treatment, adaption should take as little time as possible. 
Therefore the algorithm presented here combines a Free Form 
Deformation model that allows for fast local interpolation of 
the translation vectorfield and a two step template matching 
approach for fast local translation detection. An evaluation 
with four data sets has shown that computation times are 
acceptable and mean residual errors are below the voxel di-
mensions. 

Keywords— Registration, FFD, Template, Interpolation, 
Splines 

I. INTRODUCTION  

Adaptive Radiotherapy aims to improve dose conformity. 
Therefore, deviations of patient repositioning and anatomy 
between the initial planning CT and the control CT are to be 
detected and corrected for if necessary ([1]). State of the art 
is either to predefine safety margins that take these devia-
tions into account or to correct systematic errors by shifting 
the target point or generating a new plan if neccessary. If 
daily interfractional errors caused by positioning inaccura-
cies and internal organ movements are to be considered 
additionally, a CT scan is to be acquired and corrections 
(target point shift or replanning) are to be made directly 
before the irradiation.  

This adaption process should take as little time as possi-
ble and should not exceed 15 minutes ([2]). Therefore, most 
nonrigid registration algorithms are not suitable. An algo-
rithm for fast nonrigid registration has been presented and 
evaluated in [2]. It employs template matching and interpo-
lation by thin plate splines ([6]). The latter being a global 
approach, computation time increases disproportionately to 
the number of templates. In order to reduce interpolation 
time and allow for more templates to be used, a modified 
algorithm is presented here. Instead of arbitrarily placed 
templates and global interpolation it employs a Free Form 

Deformation model consisting of an equidistant control 
point grid with templates at the control point positions and a 
local translation vectorfield interpolation method. 

II. MATERIALS AND METHODS 

The Free Form Deformation approach (FFD) assumes 
solid objects to be embedded in a deformable space ([3]). 
Deformations are represented by translations of discrete 
control points and a global interpolation. If the control 
points are organized on an equidistant grid, local interpola-
tion methods can be applied alternatively. 

When using FFD in combination with local interpolation 
for medical image registration purposes, it will not be pos-
sible to obtain valid translation information for all grid 
points directly in most cases. Therefore three tasks are to be 
carried out in order to obtain a complete FFD deformation 
model:  

• Identification of promising grid points 
• Translation detection 
• Completion of the equidistant grid 

A. Identification of promising grid points 

Valid translation information for a particular grid point 
can only be determined if the surrounding template contains 
enough information. As image information is mainly deter-
mined by edges, the amount of edges contained by the tem-
plate is a suitable measure for the usability of a particular 
grid point. 

In [2] landmarks are placed directly on tissue edges for 
that reason. Here, grid points with fixed coordinates are 
classified instead in order to select those close to tissue 
edges. This classification is done by computation of the 
egde density 

en

N
ρ =    (1) 

of an environment of each grid point and applying a thresh-
old. N  denotes the number of voxels and en denotes the 
number of edge voxels. Edge voxels are identified by me-
dian and DoG (Difference of Gaussian) filtering followed 
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by binarization with a static threshold. Grid points that are 
classified as promising are called control point candidates. 
For the evaluation in III C the following settings are used: 

Grid step size 5 5 3× ×  px 

Median filter size: 3 3 3× ×  px 

DoG variances: 2 2
1 23, 11σ = σ =

Binarization threshold: 127(HU)  

Environment size 5 5 3× ×  px 

Edge density threshold [ ]t 0.2,0.25
ρ

∈

 
B. Translation detection 

A control point candidate is promoted to a control point 
if a valid translation vector describing the translation of its 
template can be determined. Therefore the cross correlation 
function of the template tΩ  taken from the control CT and 
a larger search region sΩ  taken from the planning CT is 
computed ([2]). If a pronounced correlation maximum ex-
ists (see fig. 2a), the difference of its position and the posi-
tion of the control point candidate represents the translation 
of the template. This computation is performed efficiently 
in the Fourier domain exploiting the affinity of correlation 
and convolution (2) and the convolution theorem (3): 

( ) ( )( ) ( ) ( )( )s t s tCC x , x x xΩ Ω = Ω ∗ Ω −  (2) 

( ) ( )( ) ( ){ } ( ){ }{ }
*1

s t s tx x F F x F x− ⎡ ⎤Ω ∗ Ω − = Ω ⋅ Ω⎣ ⎦  (3) 

( )t xΩ −  denotes the reversion of ( )t xΩ , F  and 1F−  are 
forward and inverse Fourier transforms and *[]  denotes the 
complex conjugate corresponding to the inversion of tΩ . 
The result is a discrete non normalized correlation function 
on a domain surrounding the control point candidate.  

 

   
Fig. 1 2D slices of typical cross correlation functions (normalized). Dark 
pixels represent negative correlation values whereas bright pixels represent 
positive values. The correlation function can either indicate a pronounced 
maximum (a), a degenerated maximum (b) or no recognizable maximum 
(c). Degenerated maxima appear whenever it is not possible to determine 
unique translations for all three dimensions, typically parallel to large 
surfaces (skin) or bones (femur / humerus). Functions of type (c) appear if 
the corresponding template and search region contain too little information. 

Three characteristic shapes of the correlation function 
can be observed (see fig. 2) analoguously to [4]. If a pro-
nounced correlation maximum exists (fig. 2a), the deter-
mined translation can be considered valid, whereas without 
any high correlation values (fig. 2c) no useful translation 
can be obtained. Obviously a simple correlation threshold is 
sufficient to identify these cases. The corresponding control 
point candidates are rejected.  

In order to identify degenerated correlation functions (fig. 
2b), the sufficient condition for local maxima is employed. 
Therefore the eigenvalues of the Hessian Matrix H at the 
position maxx  of the correlation maximum are computed.  
The second order derivatives in H  are obtained by applying 
numerical differentiation rules ([5]). Since H  is a symmet-
ric 3 3×  matrix and can be assumed to be regular, it has 
three real eigenvalues 1 2 3, ,λ λ λ  which are computed by 
solving ( )det H I 0− λ = where I is the unity matrix. The 
appearance of at least one nonnegative eigenvalue indicates 
that the corelation function is degenerated. This classifica-
tion is used additionally in order to be able to obtain more 
translation information by lowering the correlation thresh-
old in soft tissue areas without running the risk of mislead-
ingly accepting incorrect translation vectors. 
 
C. Completion of the equidistant grid 

A simple iterative method is used to compute translations 
for all grid points that are not yet control points: For each 
grid point a linear combination of the translations of the six 
direct neighbors is computed. During this iterative process 
the sum of absolute translation changes decreases exponen-
tially. It is stopped as soon as the sum of absolute transla-
tion changes during an iteration is below 1% relative to the 
first iteration. 
 
D. Interpolation 

The translation vectorfield representing the result of the 
registration is interpolated from the FFD deformation model 
using Tricubic Hermite Splines (THS). THS interpolation is 
superior to trilinear inerpolation with respect to interpola-
tion errors and smoothness of the translation vectorfield (see 
[7]). A single THS function is a tricubic polynomial 

[ ] [ ]

3
i j k

ijk ijk
i, j,k 0

a x y z ,a
=

Φ = ∈∑  (4) 

which is defined on a block-shaped domain given by eight 
vertices. The vertices are FFD control points. Since Φ  has 
a 64-dimensional coefficient vector a , a 64 64× linear 
system must be solved in order to obtain a . The necessary 

a b c

A Fast Nonrigid Registration Algorithm for Adaptive Radiotherapy 1315

IFMBE Proceedings Vol. 25



equations are set up using the vertex translations 

nt , n 0..7=  and their derivatives n,xt , n,yt , n,zt , n,xyt , n,xzt , 

n,yzt  and n,xyzt . These derivatives are computed using the 
three point midpoint method. They introduce smoothness or 
Hermite conditions – hence the name Hermite Splines. This 
interpolation is performed separately for each dimension. 
 
E. Evaluation data 

Four evaluation data sets of different body regions (see 
tab. 1) are used for visual and quantitative evaluation of the 
registration result. Each data set consists of a planning and a 
control CT with 256 256× Pixels per slice at a pixel distance 
of 1,95mm  and a slice distance of 3mm  plus a set of 
manually defined landmark correspondences (see table 1) 
for quantitative evaluation. For denoising purposes a slice-
wise 3 3×  median filter was applied to all CTs. 
 

Table 1  Evaluation data sets. 

Name and body region # slices # landmarks 

P1 (Pelvis, male) 54 58 

P2 (Thorax) 69 43 

P3 (Headneck) 72 73 

P4 (Headneck) 72 75 

III. RESULTS 

A. Performance 

Datasets P1 and P2 were used for an exemplary perform-
ance comparison of the FFD registration and the algorithm 
from [2]. This test has been carried out on a 3 GHz Pentium 
4 PC with 3 GB RAM. The following aspects of the initial 
configuration differred from that in I A: 

 

Grid stepsize 6 6 4× ×  px 

Grid point classification environment size 11 11 7× ×  px 

Edge density threshold t 0.04
ρ

=  
 

The same template sizes ( 7 7 5× ×  px), search region sizes 
( 19 19 14× × ) and correlation thresholds ( 0.8 ) have been 
chosen for both methods according to the suggestions in [2]. 

 

Table 2  Performance Comparison between the FFD algorithm (FFD) 
and the algorithm from [2] (C) for data sets P1 and P2. All units are given 
in brackets. 

 P1 FFD P1 C P2 FFD P2 C 

Candidate selection time (s) 18 29 15 24

# selected candidates 6207 3019 3926 2590

Matching time (s) 322 167 200 139

# successful matchings 1953 1355 2017 1669

Matching success rate (%) 31,5 44,9 51,4 64,4

Interpolation time (s) 8 341 8 631

total time (s) 348 546 223 794

 
Table 2 shows that interpolation time is reduced from the 

most important contribution to neglegibility. As well, more 
local translations (i.e. more successful matchings) are taken 
into account. However, the matching process takes more 
time and has a lower success rate. This is because more 
points with less information in their templates are classified 
as control point candidates due to the low edge density 
threshold. 

B. Modifications 

In order to increase the effectivity of the matching proc-
ess its configuration has been optimized and a two step 
registration method has been introduced: 

• A finer grid is used in combination with modified grid 
point classification settings (see section I A). This al-
lows control point candidates to be placed closer to tis-
sue edges and closer to promising positions in order to 
increase the matching success rate. 

• Two different correlation thresholds are introduced: A 
relatively high one (0.90) for grid points close to bones 
and a lower one for those located in soft tissue. The 
lower threshold is computed by scaling the high one by 
a factor, typically 0.9. 

• The matching process is performed two times. Tem-
plate matching assumes that deformations can be mod-
elled by local translations. This assumption becomes 
problematic whenever rotations or internal deforma-
tions inside the template are present. The idea is to re-
duce these problems in the first pass so that more con-
trol points are found in the second pass. With respect to 
performance issues this is made possible by the fast lo-
cal interpolation and new hardware (PC equipped with 
an i7-920 CPU and 6 GB of RAM) on which the algo-
rithm runs faster (see table 3). 

Table 3  Computation times of the modified algorithm. 

 P1 P2 P3 P4 

Total computation time (s) 86* 251 204 217
Total interpolation time (s) 7.5 10.6 10.0 11.6

* control point candidates on the skin surface have been discarded as they 
had no significant effect on the registration result. 
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C. Quantitative evaluation 

The four data sets mentioned in section I E have been 
registered with the modified algorithm in order to compare 
the landmark distances before and after the registration. For 
comparison purposes the evaluation results presented in [2] 
are added which were obtained with the same data sets.  

 

Table 4  Quantitative evaluation of the FFD algorithm and comparison 
with the algorithm from [2] (C). Mean errors (μ), variances (σ²) and 
maximum errors(max) are given separately for each dimension. All 
values are in mm or mm² (variance). 

Unregistered FFD C
x y z x y z x y z

μ 1.4 1.7 2.4 0.9 0.9 1.5 0.7 0.8 1.2
σ² 2.1 5.2 3.6 1.2 1.1 4.1 n.a. n.a. n.a.P1 

max 4.4 5.4 8.5 2.3 2.3 6.6 1.9 2.2 3.1

μ 9.0 2.5 3.2 1.1 1.0 1.1 1.1 0.6 0.9
σ² 7.4 1.7 3.5 1.3 0.7 1.5 n.a. n.a. n.a.P2 

max 14,2 5.4 8.3 4.7 3.2 5.3 3.2 2.0 2.9

μ 2.2 3.5 2.5 0.8 0.9 1.3 0.7 0.9 1.2
σ² 2.9 7.4 3.0 0.4 0.5 1.6 n.a. n.a. n.a.P3 

max 6.1 9.3 6.4 2.5 3.1 4.1 2.1 2.1 3.2

μ 1.1 7.7 2.1 0.8 1.3 1.2 0.6 1.1 0.8

σ² 2.2 32.2 6.0 1.0 2.6 3.1 n.a. n.a. n.a.P4 

max 4.4 19.2 6.3 2.8 4.6 6.2 2.0 2.9 3.0
 

As table 4 shows, both algorithms reduce mean errors well 
below voxel dimensions ( 1.95<  mm in x/y and 3<  mm in 
z direction).  In both cases a tendency to larger errors in z 
direction can be observed. In this evaluation some larger 
( 4> mm in x/y and 6> mm in z direction) maximum errors 
occurred after FFD registration. The respective landmarks 
were either located far away from control points  (P2, P3) so 
that displacements were not entirely compensated or in an 
area with rotations present (P1, several control points are 
located at the proximal femora which were rotated). In the 
case of P4 the errors appear in the region of the left tem-
poromandibular joint where a stereotactical mask and some 
artefacts are present.  

IV. CONCLUSIONS  

In this work a fast nonrigid registration algorithm based 
on an FFD grid, two pass template matching and local in-
terpolation has been developed and evaluated with regard to 
performance and precision. 

Performance: Compared to a similar algorithm with 
global interpolation, interpolation time could be reduced 
from the most important contribution to total computation 
time to neglegibility (< 6s for a single interpolation). Al-
most the whole remaining computation time is spent on 
template matching which has linear runtime complexity 

with regard to the number of templates. Even if the registra-
tion was performed twice, total computation times were in 
the range of 1.5 to about 4 minutes. 

Precision: A quantitative evaluation was performed us-
ing four data sets consisting of a planning and a control CT 
plus manually defined landmark correspondences. The 
observed mean errors were around 1mm in x/y and around 
1.3 mm in z direction. There is a general tendency to larger 
errors in z direction which can be explained by its lower 
resolution. Sporadic errors 4>  mm in x/y and 6> mm in z 
direction were observed in regions which are far away from 
control points, subjected to rotation movements, contain 
artefacts or show stereotactical equipment. 

With regard to performance the algorithm presented here 
is suitable for interfractional deformation detection. With 
mean errors well below voxel dimensions its overall preci-
sion appears to be acceptable. However there is still need to 
optimize translation propagation and deal with rotations, 
image artefacts and the presence of medical equipment. 
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QT variability versus sympathetic cardiac activity in patients with major 
depression and patients with panic disorder 
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Abstract— Beat-to-beat variability of the QT interval is a 
risk predictor of sudden cardiac death. Increased QT variabili-
ty was also reported in patients with major depression and 
patients with panic disorder and it has been suggested that QT 
variability is a marker of sympathetic cardiac activity. In this 
paper, I review these findings and discuss them in relation to 
directly assessed sympathetic cardiac activity by means of 
noradrenaline spillover. 

Keywords— QT variability, depression, panic disorder, nora-
drenaline, sympathetic nervous system 

I. INTRODUCTION  

The QT interval of the body surface ECG is a global 
marker of ventricular repolarization. Prolongation of the QT 
interval is an established risk factor for malignant ventricu-
lar arrhythmia [1]. In order to assess abnormalities in the 
spatial propagation of ventricular repolarization, the QT 
dispersion index has been proposed, but was later dismissed 
[2]. Quantifying temporal rather than spatial variations in 
ventricular repolarization, the analysis of QT interval beat-
to-beat variability has been introduced by Berger et al. [3]a 
decade ago. Several studies reported an association between 
increased QT variability and cardiac death in heart failure 
patients [3,4].  

Elevated sympathetic cardiac activity is a recognized risk 
factor and potential cause of sudden cardiac death [5]. As-
sessing sympathetic outflow to the heart non-invasively is 
of great interest as it is presumably the major contributor to 
arrhythmic events. 

Previous studies suggested that QT variability is reflec-
tive of sympathetic cardiac activity. In the following, the 
technical aspects of QT variability analysis and findings in 
patients with major depression and patients with panic dis-
order are discussed and compared to findings based on 
directly assessed sympathetic cardiac activity.   

II. QT VARIABILITY ANALYSIS 

A. ECG pre-processing 

Analysis of QT interval variability requires an accurate 
estimation of the QT interval duration for consecutive heart 
beats. Therefore, relatively noise-free ECG recordings and 
furthermore, the precise determination of the T wave end 
are essential. Berger et al. [3] proposed an elegant algorithm 
to reliably  measure the QT interval on a beat-to-beat basis. 
Here, the operator defines a template QT interval by select-
ing the beginning of the QRS complex and the end of the T 
wave for one beat. The algorithm then finds the QT interval 
of all other beats by determining how much each T-wave 
must be stretched or compressed in time to best match the 
template. In this way, a relatively robust estimation of QT 
interval is achieved, taking into consideration the whole T 
wave instead of commonly applied threshold techniques, 
which are based on determining the end of the T wave and 
are therefore sensitive to artifacts and noise.  

Furterh, the small magnitude of QT variability needs to 
be considered. Yeragani et al. [6] suggested therefore a 
sampling frequency of at least 500 Hz. Also, it has to be 
considered that the magnitude of QT variability depends on 
the ECG lead under investigation [7]. 
 
B. QT variability metrics 

Quantification of QT interval variability is generally hur-
dled by the dependency of the QT interval on heart rate—
ideally, the effect of heart rate on the QT interval should be 
removed. The debate on the optimum rate correction of the 
QT interval, starting with the correction formulas proposed 
by Bazett [8] and Fridericia [9] in the 1920s, is ongoing. 
Recent advancements are centered around the idea that rate-
correction of the QT interval should be performed indivi-
dually, based on intra-subject assessment of the QT/RR 
relationship, instead of applying a generic correction formu-
la.  
 Furthermore, the QT interval dependence on heart rate 
is complex and includes some long-lasting adjustments that 
take up to several minutes (QT/RR hysteresis) [10].  Indi-
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vidual rate-correction, such as proposed by Malik et al. 
[11], includes therefore a library of correction functions 
(e.g. parabolic, hyperbolic) and a heart rate memory, where 
the QT/RR regression model takes into account the current 
QT interval together with the current average RR interval, 
computed from the sum of weighted previous RR intervals.  

The QT variability measures originally proposed by 
Berger et al. [3], adopt a different strategy: Rather than rate-
correcting the QT interval beat by beat, the overall variance 
of the QT interval time series is related to the overall va-
riance of the RR interval. In this way, the QT variability 
index (QTVi) was defined as: 

   
QTVi = log( (QTvar/meanQT2)/(RRvar/meanRR2) ),   (1) 
 
where the numerator contains the variance of all QT in-

tervals (QTvar) normalized to the square of the mean QT 
interval (meanQT). The denominator contains the variance 
of RR intervals (RRvar) normalized to the squared mean 
RR interval (meanRR). The logarithm is taken purely for 
statistical reasons, i.e. to ensure a normal distribution of the 
otherwise skewed QTVi distribution. 

Alternatively, QT variability can be analyzed in the fre-
quency domain as: 

 QT/RR coherence—the average coherence between  
RR and QT power spectra in the frequency range of 0–
0.2 Hz, reflecting the similarity between slow oscillations 
in RR and QT intervals. QT/RR coherence ranges be-
tween 0 (no similarity) and 1 (identical). 

III. QT VARIABILITY IN PATIENTS WITH PANIC DISORDER AND 
MAJOR DEPRESSION  

Yeragani et al. [6] investigated short-term QT variability 
over 256 s epochs  in 36 patients with panic disorder and 18 
patients with major depression during rest in the supine 
position and during standing. Compared to a healthy control 
group, QTVi was significantly increased in patients with 
panic disorder and major depression. But there was no sig-
nificant difference between both patient groups. QTVi val-
ues during standing were higher than those measured in the 
supine position. 

 Holter ECG recordings in 22 patients with panic dis-
order showed higher QTVi values during night time com-
pared to those from a healthy control group [12]. Nortripty-
line treatment of 13 patients with panic disorder resulted in 
a significant decrease in QTVi [13]. 

IV. DIRECT ASSESSMENT OF NEURAL SYMPATHETIC CARDIAC 
OUTFLOW   

The gold standard for measuring sympathetic cardiac activi-
ty in humans is the sampling of cardiac noradrenaline spil-
lover from the coronary artery. Details on this rather inva-
sive procedure developed by Esler et al. can be found in 
[14]. Briefly, an angiographic catheter is placed under fluo-
roscopic control in the coronary sinus for blood sampling. 
Coronary sinus (CS) blood flow is then estimated from the 
double product (systolic blood pressure x heart rate), using 
the relation: CS blood flow = 18 + (0.02 x double product) 
as described previously [14]. During the catheter study, 
participants receive a tracer infusion of 3H-labeled noradre-
naline for the assessment of noradrenaline spillover in the 
heart.  

V. CARDIAC NORADREANLINE SPILLOVER IN PATIENTS WITH 
PANIC DISORDER AND MAJOR DEPRESSION  

Barton et al. [15] measured cardiac noradrenaline spil-
lover in 39 patients with major depression and found a bi-
modal distribution of sympathetic activity. Some patients 
had extremely high spillover values whereas others had very 
low noradrenaline spillover values. Treatment with seroto-
nin reuptake inhibitors (SSRI) resulted in a reduction of 
cardiac noradrenaline spillover in those patients who initial-
ly showed elevates spillover values. Patients with initially 
normal cardiac noradrenaline spillover  showed no spillover 
reduction after SSRI treatment. 

Wilkinson et al. [16] investigated cardiac noradrenaline 
spillover during rest in 13 patients with panic disorder. 
Cardiac noradrenaline spillover rates were similar to those 
from 14 healthy control subjects. 

VI. QT VARIABILITY VS SYMPATHETIC CARDIAC ACTIVITY  

To date, only one study compared QT variability with di-
rectly assessed sympathetic cardiac activity [17]. In a set of 
recordings comprising patients with major depression and 
patients with panic disorder, no correlation between the QT 
variability indices described above and cardiac noradrena-
line spillover was found. These negative results suggest that 
QT variability is not indicative of sympathetic neural out-
flow to the myocardium. In further support of this view, 
there is a discrepancy between the elevated QT variability 
reported in patients with major depression and in patients 
with panic disorder [6] and cardiac noradrenaline spillover 
levels, that appear to be normal in patients with panic dis-
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order [16] and elevated only in a subgroup of patients with 
major depression [15]. 

Previous assumptions on the relationship between QT va-
riability and sympathetic cardiac activity were based on 
observations made during sympathetic activation after post-
ural change from the supine position to standing and after 
pharmacological intervention with isoproterenol [18]. Both, 
orthostatic stress and isoproterenol were associated with an 
increase in the QT variability index, suggesting that QTVi 
reflects sympathetic cardiac activation.   

The reasons of the lack of association between QT varia-
bility and sympathetic cardiac activity may be manifold: 
The normalization of QT variance, corrected for the mean 
QT interval, to RR variance, corrected for the mean RR 
interval, does not take into consideration the complex rela-
tionship between heart rate and QT interval [10]. The disas-
sociation between QT variance and RR variance achieved 
with the QTVi formula might not be sufficient. Unpublished 
data by the author on QTVi during graded head-up tilt 
showed no change in QTVi after covarying for heart rate, 
suggesting that QTVi is strongly dependant on heart rate. 
Further, the small magnitude of beat-to-beat variability in 
the QT interval might be strongly affected by noise, even 
when sophisticated measurement algorithms are applied. 
Aside from these rather technical limitations and from a 
more physiological point of view, beat-to-beat fluctuations 
in the QT interval might not be considerably modulated by 
sympathetic neural outflow to the myocardium. A study by 
Mine et al. [19], however, found that propanolol infusion 
reduces the standard deviation of the QT interval during 
fixed pacing at 80 bpm, suggesting that sympathetic tone 
has an impact on QT variability. The vagal outflow to the 
SA node might, perhaps, cover these effects under normal 
conditions in sinus rhythm. Alternatively, there might be a 
discrepancy between the temporary fluctuations assessed by 
QT variability and the steady-state level of sympathetic 
outflow as quantified by cardiac noradrenaline spillover.  

VII. CONCLUSIONS  

QT interval variability is not significantly associated with 
the steady-state sympathetic cardiac neural outflow in pa-
tients with panic disorder and major depression. The phy-
siological foundation of QT variability requires further 
investigation. 
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Abstract—Arterial pulse is one of the most important bio-
signals monitored in clinics for diagnosing cardiovascular disease. 
Despite the many past efforts attempted to correlate characteristics 
of arterial pulse with cardiovascular diseases, the precise charac-
teristics of arterial pulse that best predict the risk of cardiovascular 
disease yet remain a subject of considerable debate. This is due to 
the fact that arterial pulse is sensitive to a variety of factors, in-
cluding both physical ones and physiopathological ones. Given a 
measured arterial pulse, the best way to uncover potential patho-
logical factors is to isolate the respective effects of different factors, 
which is, however, difficult to realize in practice. In this context, 
we develop a computational cardiovascular model, aiming to 
provide a mathematical platform for quantitatively studying the 
respective contributions of various factors to characteristics of 
arterial pulse. Such a model is obtained by adopting a multi-scale 
modeling method, where the arterial tree is described by a wave 
propagation model coupled with a lumped parameter description 
of the remainder. In this study, the model is examined by simulat-
ing arterial pulse changes associated with arterial stenoses and 
aging, and hemodynamics in the left brachial artery as the artery is 
subjected to a varying cuff pressure during oscillometric blood 
pressure measurement. Simulated results demonstrate that the 
model can reasonably capture the main characteristics of arterial 
pulses under the conditions studied. Particularly, the cuff simula-
tions reveal that the accuracy of oscillometric pressure measure-
ment is affected not only by the local arterial properties but also by 
hemodynamic conditions in the rest of the cardiovascular system.  

Keywords— Cardiovascular model, Arterial pulse, Multi-
scale modeling, Cuff, Oscillometric pressure measurement 

I. INTRODUCTION  

Arterial pulse has been recognized from antiquity as the 
most fundamental sign of life. In clinical practice, cardio-
vascular diseases are often diagnosed and the effects of 
therapy monitored and evaluated on the basis of interpreta-
tion of arterial pulse characteristics. Despite the many past 
efforts attempted to correlate characteristics of arterial pulse 
with cardiovascular diseases, the precise characteristics of 
arterial pulse that best predict the risk of cardiovascular 
disease yet remain a subject of considerable debate. From 
the wave propagation theory, the magnitude and contour of 
an arterial pulse are affected by a variety of factors, such as 
heart rate, cardiac function, and physical properties of the 
arterial system, etc. The contributions of theses factors to 

arterial pulse superimpose nonlinearly; therefore, one often 
finds it difficult to isolate the individual contributions of 
certain cardiovascular factors of interest.  

On the other hand, the accuracy of measurement is an-
other critical factor related to the clinical use of arterial 
pulse. At present, several noninvasive methods are available 
for detecting systolic and diastolic arterial pressures, such as 
the traditional auscultatory method and the oscillometric 
method. From the measurement mechanisms, the accuracy 
of these measurement methods may be influenced by both 
local arterial properties and global hemodynamics. This 
implies that a device well calibrated to statistical data may 
still show large measurement errors for a specific patient. In 
fact, this problem has already been recognized and con-
firmed with clinical data [1]; however, the factors that sig-
nificantly affect measurement accuracy and their respective 
effects remain not clearly understood. 

Regarding the limitations and difficulties of in vivo 
studies in addressing the aforementioned issues, modeling 
of the cardiovascular system is considered as a feasible 
approach. In the literature, many cardiovascular models 
have been developed and used to answer questions arising 
in clinical practice [2]; however, few previous models are 
suited to answer the questions raised in this study, as most 
of them have been geared to single-scale hemodynamic 
phenomena. The present problems compound arterial wave 
propagation, ventricular-arterial interaction, and global 
hemodynamics, therefore, a model able to account for 
multi-scale hemodynamic phenomena is more desirable.  

We recently developed a computational model for the en-
tire cardiovascular system with a novel multi-scale model-
ing method. The model accounts for global hemodynamics 
while reasonably describing wave propagation in the arterial 
system. It has been successfully applied to characterize 
arterial pulse changes associated with arterial stenotic dis-
ease [3] and aging [4] in our previous studies. In this pres-
entation, a brief introduction to these studies will be given 
to show how central and peripheral arterial pulses change in 
different physiopathological conditions. Subsequently, some 
preliminary results of simulations of an upper arm cuff 
contraction-relaxation maneuver will be reported to show 
the potential effects of aging on the accuracy of oscillometric 
blood pressure measurement.  
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Fig. 1 Schematic description of multi-scale modeling of the human cardio-
vascular system 

II. MATERIALS AND METHODS

A. Model description 

The method for representing the human cardiovascular 
system with multi-scale models is depicted in Fig. 1, where 
the arterial tree (consisting of the 55 largest arteries and the 
16 cerebral arteries which form the circle of Willis) is de-
scribed by a one-dimensional (1-D) model coupled with a 
lumped parameter description of the remaining system (in-
cluding the peripheral circulation, the heart and the pulmo-
nary circulation). In this modeling system, the 1-D model 
plays the role of describing arterial wave propagation while 
the 0-D model closes the 1-D model to establish a closed-
loop hemodynamic environment. This way, the effects of 
global hemodynamics are automatically incorporated in the 
description of arterial wave propagation.  

1-D arterial fluid dynamic equations: 1-D fluid dynamic 
equations for flow in an artery are derived from the mass 
conservation equation and 3-D Navier-Stokes equations [5].

The system of equations (1) is completed by a pressure-
area (P-A) relationship derived from the Laplace law for 
thin homogeneous elastic vessel wall [5].

1
)1( 0

2
0

0
0 A
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EhPP ,                                             (2) 

where A0 and h0 represent, respectively, the cross-sectional 
area and wall thickness at the reference state (U0, P0). r0 is 
the radius corresponding to A0. E is the Young’s modulus. 
is the Poisson’s ratio, here taken to be 0.5. 

Flow conditions at arterial bifurcations: Equations (1) 
and (2) describe blood flow in a separate artery. In order to 
extend the equations to the network of the arterial tree, 
suitable bifurcation conditions should be imposed to link up 
flows in each separate artery. In this study, the bifurcation 
conditions are expressed as the conservation of mass flux 
and the continuity of total pressure [5].
     Modeling of an upper arm cuff: Most noninvasive arte-
rial blood pressure measurement methods involve a cuff 
placed around one of the upper arms. Here, the role of a cuff 
is to alter hemodynamic conditions in the brachial artery to 
trigger measurable signals. In this study, the cuff is modeled 
by lumped parameters [6]. The cuff model is coupled to the 
cardiovascular model to generate cuff pressure oscillation 
signals. The P-A relationship given by equation (2) is no 
longer suitable for modeling the brachial artery as the arte-
rial portion under the cuff may collapse at high cuff pres-
sure. In this regard, a P-A relationship that covers a wider 
range of transmural pressure is adopted for the brachial 
artery [6]. Moreover, a Kelvin viscoelasticity model is in-
corporated in the brachial arterial model to attenuate unreal-
istic hemodynamic fluctuations.  

Lumped parameter model and governing equations: The 
remaining portion of the cardiovascular system is comprised 
by an enormous number of vessels and several organs. To 
handle the complexity, significant simplifications are made 
during model development, for instance, the 30 peripheral 
arteries are divided into seven groups with each of them 
leading to a block which represents a specific organ or tis-
sue (Fig. 1(top)). Each block is again separated into five 
serially arranged vascular compartments. And each com-
partment consists of a resistance element (R), a compliance 
element (C), and an inertial element (L) (Fig. 1(bottom)). 

0-D governing equations are formulated by requiring 
mass and momentum conservation at the blood volume (V)
and flow (Q) nodes. In Fig. 1(b), the C points represent V
nodes, and the points between the R and L elements are Q
nodes.A
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At a V node is, 
where t is the time, and z the axial coordinate;  is the den-
sity of blood; A, U and P are the cross-sectional area, mean 
axial velocity, and mean pressure, respectively; Fr is a coef-
ficient related to the viscosity of blood and velocity profile. 
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And at a Q node,
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Changes in brachial arterial hemodynamics: The simulated 
arterial cross-sectional area and pressure changes at three 
different locations relative to the cuff (upstream, middle, 
and downstream) for the young subject are shown in Fig. 3. 

The arterial cross-sectional area in the middle region (right 
under the cuff) exhibits the most marked oscillation, and the 
oscillation reaches the peak as the cuff pressure approxi-
mates mean arterial pressure. As for intra-vascular blood 
pressure, the most pronounced variations are observed to 
occur in the downstream region. As the cuff pressure in-
creases over the systolic pressure, downstream pressure falls 
rapidly to around 40mmHg due to a significant reduction of 
incoming flow from the upstream region. 

Here, Qj and Qj+1 are the inflow and outflow of the Vj node, 
respectively; and Pj-1 and Pj are the blood pressures up-
stream and downstream of the Qj node, respectively.  

Concerning the modeling of the heart and the pulmonary 
circulation, reader is referred to [7] for the details.  

B. Numerical methods 

The 1-D partial differential system is solved with the 
two-step Lax-Wendroff method. Equations describing bi-
furcation conditions are solved by means of a ‘ghost-point’ 
method combined with a Newton–Raphson method. The 0-
D ordinary differential equation system is solved with a 
fourth-order Runge-Kutta method. 0-1-D coupling computa-
tion is implemented at the interfaces for each time step. 
Reader is invited to see [3] for more details. 

Fig. 2. Simulated aortic and brachial arterial pressure pulses 
and left ventricular P-V loops at different ages (left) and in the 
presence of an aortic valvular or thoracic aortic stenosis (right). 

III. RESULTS 

A. Cardiac dynamics and arterial pulses under various 
physiopathological conditions 

The simulated aortic, brachial arterial pressure pulses and 
left ventricular P-V loops for different ages and in the pres-
ence of an aortic valvular stenosis or a thoracic aortic steno-
sis are presented in Fig. 2. The simulations well reproduce 
the well-documented characteristics of arterial pulses. It is 
found that the central and peripheral pressure pulses are 
affected in different ways by aging and stenoses. Moreover, 
the P-V loops show that the operation of the left ventricle 
changes dynamically with the variations in arterial load.  

B. Hemodynamic changes and oscillometric signals during 
an upper arm cuff contraction- relaxation maneuver 

The cuff maneuver is simulated by rapidly pumping air 
into the cuff bladder to elevate cuff pressure from 0 to 
around 170 mmHg in 3 seconds; and subsequently reducing 
cuff pressure slowly to 0 mmHg in 65 seconds. It should be 
noted that, in order not to confuse the effects of age-
associated arterial changes in the arm with cuff  and those in 
other regions, the physical properties of all the arteries in 
the tested arm are kept constant during the simulations for 
the young (25 years old) and the older subjects (85 years 
old).  

Oscillometric signals: The oscillometric signals (i.e., cuff 
pressure oscillation pulses) are obtained by high-pass filter-
ing the computed cuff pressure. The results for the young 
subject are shown in Fig. 4(top). The amplitude of the signal 
keeps increasing following cuff relaxation and reaches the 
peak when the cuff pressure approximates mean arterial 
pressure; thereafter, it decreases gradually. The normalized 
(by the peak value) cuff pressure oscillation amplitudes for 
the young subject are plotted against the cuff pressure to-
gether with those for the old subject (85 years old) in Fig. 4 
(bottom). It is noticed that both the systolic and the diastolic 
pressure characteristic ratios simulated for the young sub-
ject are remarkably higher than those for the old subject. 
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IV. DISCUSSION AND CONCLUSIONS 

The simulation results presented in this study demon-
strate that the proposed cardiovascular model is sufficient to 
capture the main characteristics of arterial pulse changes 
with variations in physiopathological condition. Particularly, 
the simulated results for the upper arm cuff maneuver reveal 
that, even with the same brachial artery, the accuracy of 
measurement may be affected by changes in the rest of the 
cardiovascular system (such as arterial stiffening associated 
with aging studied here).  

A distinct advantage of the present model is that it offers 
hemodynamic information in the entire cardiovascular sys-
tem, and, at the same time, allows us to easily change any 
parameters of interest whilst keeping others constant. In this 
sense, the model may serve as a useful tool for addressing 
issues difficult for in vivo studies. 
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Fig. 3. Simulated brachial arterial cross-sectional area 
(top) and pressure (bottom) changes at three locations  

Fig. 4. Simulated cuff pressure oscillation (top) and normal-
ized oscillation amplitude change with cuff pressure (bottom).  
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Abstract—In recent years, total disc arthroplasty (TDA) has 
increasingly been competing with fusion surgery for the surgical 
treatment of painful degenerative disc disease (DDD) of the 
lumbar spine. It is generally accepted notion, that increased 
mechanical stress on the motion segment adjacent to a fusion is a 
key reason for the development of adjacent segment 
degeneration. There is discussion, however, whether the 
biomechanical properties of the types of TDA currently 
available are similar enough to those of a native motion segment 
in order to avoid undesired side-effects, such as overloading and 
premature degeneration of the facet joints. Since some of the 
current models of TDA possess constrained kinematics, the 3-
dimensional center of rotation (CR) is of particular interest in 
such considerations. The biomechanical and mathematical study 
presented here is designed to investigate whether a valid 
mathematical model of the 3-dimensional center of rotation can 
be derived from biomechanical data. 

Keywords—biomechanics; spine; motion preservation, 
adjacent segment degeneration, total disc replacement, total 
disc arthroplasty. 

I.   INTRODUCTION  

Until some years ago, despite limited data as to the mid-
and long-term clinical outcomes, fusion surgery was the 
standard therapy for painful lumbar degenerative disc 
disease (DDD). Between 1996 and 2001, these procedures 
were being performed with an annual growth rate of 113 % 
(USA) and have reached a level of 200,000 operations per 
year 1. Adjacent level degeneration as a result of increased 
mechanical stress on the motion segment next to the fused 
segment is thought to be the single major biomechanical 
disadvantage of lumbar fusion surgery 2-5. While there are 
experimental indications that the free motion segment 
adjacent to a fused level indeed is subject to increased 
mechanical stress 6-10, other data suggest that this may not 
be the case or to some extent is dependent on the surgical 
technique 11 and the (correct) reconstruction of the sagittal 
profile 12. Total disc arthroplasty (TDA) is designed to 
surgically treat DDD while preserving motion, thus 
avoiding adjacent segment degeneration. The data from the 
US-American FDA trials with the Prodisc L and the Charité 
III indicate that these implants are not inferior to fusion 
during the trial period and that they may have some 

advantage over fusion with regards to postoperative 
rehabilitation 13, 14. As of yet, there are no long-term 
results from randomized controlled trials available for TDA, 
but there are first publications of undesired side-effects and 
failures from facet joint overload, accelerated facet joint 
degeneration and premature implant wear 15-18. This raises 
the question about the 3-dimensional center of rotation (CR) 
of such implants as compared to the native motion segment, 
since it is a major determinant of biomechanical 
comparability and compatibility. This study investigates the 
development of a mathematical algorithm for the use of 
biomechanical motion data for the modelling of the 3-
dimensional center of rotation for TDA. 

II.   MATERIAL AND METHODS  

A. Preparation of Spine and VICON 

A pedicle screw with 3 reflective markers will be 
inserted into vertebrae L4 to L1. This will be done for both 
the native and operated spine. An x-ray image of the 
operated spine is shown in Figure 1.  Six infrared VICON 
cameras will then be used to collect the three dimensional 
coordinates of the reflective markers. 

 

Fig. 1 Patient after hybrid treatment with stand-alone ALIF (Synfix®) at 
L5/S1 and TDR (Prodisc®) at L4/5 through a single anterior approach 
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B. MATLAB Description and Assumptions 

It has been hypothesized that the CR is not a fixed point 
within the lumbar spine. This stipulation requires that an 
iterative method be used. The iterative method is not 
necessarily a numerical solution though. It means that the 
data points are broken down into subgroups and the CR is 
solved for from each subgroup. The CR for each subgroup 
will be solved in the 2D space by a projecting down the axis 
that exhibited the least movement. Additional steps involve 
interpolating the projected curve using a spline function in 
MATLAB and then refining the curve by interpolating with 
x = cos(t) and y = sin(t). The CR will then be the 
intersection point of the normal vectors to this smooth 
curve. 

The primary and most important assumption is that no 
translational motion occurs during any of the subgroups. 
This is appropriate because the VICON cameras can collect 
data up to 200Hz, along with a slow bending of the spine at 
50mm/s, makes it possible to decompose subgroups without 
translational motion. A subsequent assumption which 
follows is that the data points of a subgroup can all be 
explained by a single plane. This is important when solving 
for the third coordinate of the CR. 

III.   RESULTS 

Figure 2(a) shows a very simplified case where the 
rotation and translation of the points are moving along the 
z-axis. The data was simulated by manually creating a helix 
in MATLAB. After applying the above mentioned 
algorithm, with the exception of a few outliers, the results 
were very consistent. Taking the outliers into account, a 
RMSD value of 2.1 is reported. It is appropriate to get rid of 
the outliers because it is reasonable to assume that the 
movement of the CR through space should be a smooth 
curve if the data is also a smooth curve. When removing the 
outliers in Figure 2(b), the RMSD decreases to 0.2 which is 
less than what is expected for the translation of the CR. The 
units were dimensionless in this case, but it could be 
compared to the millimeter scale that is used by VICON. 
This means that the algorithm should be able to within 
statistical error determine whether or not the CR is moving 
in the lumbar spine. 

 

Fig. 2 Using MATLAB to solve for the center of rotation of a helix. (a) 
The plot with all of the calculated values. The actual center of rotation is 
marked by a 'o' where the calculated is a 'x'. (b) The plot with the three 
main outliers excluded. The same symbols were used as in part (a) 

IV.   DISCUSSION 

Applying the algorithm to existing VICON data is more 
problematic though. Even though there has been success at 
the level of ideal data, it has been limited when using real 
3D captured data. The noise in the system, and also the high 
frequency of data collection pose problems for MATLAB 
because the data points are often times too close to one 
another. Close proximity of data points leads to problems 
because the algorithm is looking for an intersection point 
between two nearly parallel lines. This causes the problem 
to become poorly conditioned and difficult to solve 
analytically. A numerical solution should be attempted as 
well. 

V.   CONCLUSIONS  

By comparing how the center of rotation differs between 
the native and operated spines, it will allow us to analyze 
the change in shearing and torque forces that are being ex-
erted on the lumbar column. This allows for a long-term 
estimation of the effect on the adjacent segments of the 
implant.  
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Abstract—Human gait was observed by camera system to 
record the position data of main points on human body. The 
3D coordinates of the end of foot, ankle, knee, hip, pelvis, 
shoulder and wrist were stored. The simulation program of 
human gait was compiled at PC in language C++ using simula-
tion system CDCSIS. The program has an input data - length, 
mass and inertia moments for each part of human body. The 
data are transformed according to actual coordinates of points 
on the body. Then the moving and turning accelerations are 
calculated and joint forces and moments are determined ac-
cording to the d’Alembert’s principle. At the conclusion the 
noise is canceled. 

Keywords––gait, simulation of human gait, joint force, joint 
moments. 

I. INTRODUCTION  

If any implant is put to human joint we must know load-
ing of this implant. Very often the load of standing human is 
used but it is not very predicative. If the implant is designed 
according to the strength then a downfall search is suitable. 
If the fatigue occurs then it is possible to find the force of 
human gait in time. The object of this article is to determine 
the joint forces and moments in the course of gait. The 
downfall observing should follow as next part of research. 

The human body is divided to elements: foot, calf, femur, 
trunk and arm (humerus and radius part). The input data for 
computing algorithm has two types: the constant data for all 
body elements and data for specific movement. The con-
stant data are: 

• Mass and inertia moments of parts of the human body. 
• Lengths and widths of human body part. 

Measured data for actual movement: 
•  Coordinates of observed points.  

The observed points are: end of the foot, ankle, knee, hip 
pelvis, shoulder and wrist. The accelerations of observed 
points are calculated numerically. The accelerations of grav-
ity centers and rotation acceleration of human body parts 
are calculated from accelerations of individual parts. 

The moments of inertia are determined for femur and 
tibia plane and/or humerus and radius plane; respective 
perpendicular planes. The equilibrium equations according 
to the d’Alembert’s principle are written for each body 
parts. Three forces and three moments at each joint have to 

be calculated. The calculation of forces and moments starts 
from leg and/or arm ends. If these points are not in contact 
with floor the forces and moments are zero but they are not 
unknown. From the equilibrium conditions are determined 
forces and moments on the other side of body. If the end of 
the foot has a contact with floor then the forces and mo-
ments are not zero and the equilibrium condition for the 
whole human body must be considered.  

II. MATERIALS AND METHODS 

A. Motion Capturing System 

The Lukotronic MCU 200 camera capturing system was 
used for motion capturing. Each camera unit consists of 3 
single infrared cameras, that measure special movements of 
active infrared-markers in real-time. By means of the three 
single cameras the motions of the markers are determined in 
three dimensions [2].  

 

Fig. 1 Lukotronic MCU 200 camera system and model of the body with 
the positions of the active markers 

We placed eight markers on body anatomical landmarks. 
The system can capture eight markers at five meter distance 
from the camera. An angle of view of the system is 90 de-
grees.  Capturing frequency was set to 25 Hz. The system 
returns 3-dimensional coordinate of each marker. The origin 
of the coordination system is in the middle camera. 
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B. Motion Task Description 

In regard of using the camera system with the active 
markers, we had to adapt test task. The markers are placed 
on the left side of body and patient has to move parallel to 
the camera system. The task to the measured person was to 
stay, walk three steps and stay.  
 
C. Interpolation 

The active markers are not sometimes visible; therefore it 
was necessary to implement an interpolation. The interpola-
tion computes the missing position of the vanished marker. 
For the computation of vanished markers, we chose cubic 
interpolation.  

 

Fig. 2 3D-cubic spline curve. Black circles - captured markers. White 
circles - computed position of vanished marker 

III.   RESULTS 

The input data are 3D coordinates of the points on the 
body measured with camera system at regular time  
intervals. 

The average length of body elements and their mass and 
moments of inertia come into the program as constants.  
The length of the element is calculated from the measured 
coordinates. The constant values are corrected according to 
scale of average and measured length values. 

The accelerations of measured points are calculated nu-
merically from 
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where h is time step, xi-1, xi, xi+1 are values of coordinates in 
consecutive time points. 

The acceleration of gravity center is calculated from ac-
celerations of the end of body elements. 

The human body element, the end forces and the mo-
ments are illustrated on Fig.3. The distance of the gravity 
center from the left side is denoted as ai and from the right 
side is denoted as bi.  
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Fig.3. Part of the human body with end forces and moments 

The equilibrium condition of external and inertia forces 
is 

01 =−− + iiii maFF                                            (2) 

The moment equilibrium conditions are written for fe-
mur and tibia plane of the leg and for humerus and radius 
plane of the arm. Vector r1 is perpendicular to this plane.  
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where the index 1 denotes the start of the 1st element, the 
index 0 denotes the joint between two elements and the 
index 2 denotes the end of the 2nd element. The length of the 
vector 1r is equal to one, therefore its coordinates are cos α, 
cos β and cos γ for transformation to the 1r direction. The 

2r is a unit vector at the axis direction of the body element 
(the index 1 denotes the start and 2 denotes the end of the 
element) 
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The 3r is a unit vector perpendicular to the femur – tibia 
plane and/or humerus – radius plane 

213 rrr ×= .                                                             (5) 
The rotate acceleration vector has the following coordinates 
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The rotate acceleration ε1 according to vector 1r is 

11 .rεε = .                                                                  (7) 

The rotate acceleration ε2 according to vector 3r  axis is 

32 .rεε = .                                                                 (8) 
The inertia moments at the directions mentioned above are 

I1ε1,  I2ε2. 
The inertia moment is defined as 

222111 rIrIM i εε +=∗ .                                               (9) 
The moment equilibrium conditions are 

01211 =−−+Δ×−Δ× ∗
++ iiiii MMMFF ,           (10) 

where 11 ,,, ++ iiii MMFF are force and moment vectors at the 

start and the end of the element. Vectors 21, ΔΔ have the 
following coordinates 
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The distances between the center of gravity and the forepart 
(index 1) and/or the end of the element (index 2) are a, b. 

The forces and moments are calculated from the end of 
the leg (point 3 – the end of foot) and/or the end of the arm 
(point 6 – wrist). In the case, when the arm is not in contact 
with the floor, then 

0   ,0 66 == MF .                                                     (11) 
If the leg is not in contact with the floor then  

0   ,0 11 == MF  (for the point 1). 
If point 1 is in contact with floor and the 2nd leg is not, then 

∑−= iciamF ,3 ,                                                      (12) 

∑ ∑ ×−−= ∗
iciii amrMM ,,33 ,                               (13) 

where ica , is acceleration of center of gravity, ∗
iM  can be 

calculated from (9) and 

3,1,3 XXr iii −Δ+= , 

where iX are coordinates of point i. 
If both of the legs are in contact with floor (points 3 and 

8) then it is supposed that 03 =M and 3F  is nonzero; at 
point 8 only moment M8 is non zero, on the axis connecting 
points 3 and 8 and Fy8, Fz8. The moment equilibrium condi-
tion for point 3 is 

∑ ∑ =+−×−×− ∗ 0)( 388,,8,838 rMMamrFXX iiciic , (14) 

where 83, XX are coordinates of the points 3, 8. The vector  

8,8, XXr iiic −Δ+=  

is coordinates of element centers of gravity, where iX are 

coordinates of element starts and iΔ are local coordinates of 
gravity centers. The unit vector at direction from the point 3 
to the point 8 is 

( )3838
1 XX
l

r −=  , 

where l is distance between points 3 and 8. The vector equa-
tion (14) (3 scalar equations) has 4 unknowns – the vector 

8F  and the scalar M8, but we set F8x = 0. 

The force 3F  can be calculated from the force equilib-
rium condition 

∑ =−+ 0,83 iciamFF .                                          (15) 

III.   RESULTS 

 

Fig.4. Vertical forces of the ankle, knee and hip during the single step 
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The computer simulation according to the previous algo-
rithm was done. The program uses the simulation system 
CDCSIS having two parts: gait animation and joint forces 
and moments calculation. The outputs of the simulation are 
the time course of signals of joint forces and moments. The 
example of results - vertical forces is shown in the Fig. 4. 
The upper signal (Fig. 4) is the force at the ankle, the mid-
dle one at the knee and the bottom at the hip. The jump in 
the signal is in time moment when the leg has passed the 
contact with floor. The calculated values have the following 
intervals <minimum, maximum>: 

•  Ankle … <-4.00917 N, 600.531N> 
•  Knee … <-65.2798 N, 638.39 N> 
•  Hip … <-163.687 N, 541.9 N> 

IV.   DISCUSION 

The occurrence of results depended on the time step of 
measurement. The origin of inaccuracy is too large time 
step, numerical calculation of the 2nd derivation and signal 
noise.  The high-speed camera using is planed to follow 
research program. The body point acceleration will be 
measure with accelerometers.  

V.   CONCLUSIONS 

The used camera capturing system and the calculation 
algorithm will be used for human downfall simulation. The 
goal of next research will be determination of extremes of 
joint forces; the extremely forces will be used for implant 
design. The knowledge of the knee, hip and finger joints 
forces are very important in the mentioned cases. 
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Abstract—DIROlab is a MeVisLab based software and 
application environment for evaluation of study data originat-
ing from innovative imaging techniques and radiotherapy. We 
present the DIROlab concept with special emphasis on 
workflow adaption, automatic preprocessing, multimodal 
image visualization and, as a proof of principle, the interface to 
radiotherapy. Based upon the DIROlab system, software 
assistants are realized that help combine and assess informa-
tion from comprehensive clinical studies to gain a better 
understanding of the clinical relevance, the sensitivity, and the 
specificity of selected imaging techniques for given entities and 
diseases, especially to appraise their value for therapy 
optimization or prediction of therapy success. 

Keywords—DIROlab, software assistant, workflow, multi-
modal image viewer, functional imaging, radiotherapy. 

I. INTRODUCTION 

DIRO (Diagnostic Imaging and Radiooncology) is a 
research initiative conducted at DKFZ to evaluate new and 
innovative diagnostic imaging techniques and to assess their 
potential impact on radiotherapy. DIROlab is a MeVisLab 
[1] based software system to assess and analyze data from 
studies performed in the DIRO context. It is dual by nature: 
Firstly, it is a component based development toolkit for 
programmers using MeVisLab as a host system and heavily 
relying on its plug-in interface for method and algorithm 
development, and secondly, from a user point of view,  
DIROlab is a set of applications with a generalized visuali-
zation front-end. DIROlab incorporates the following four 
core design concepts to ensure a time saving workflow: 

i) A smart automatic preprocessing, including image 
registration and computation of parameter maps. 

ii) An intelligent handling and user specific presenta-
tion of available data. 

iii) Extensibility on an application and algorithm level. 
iv) A workflow supportive persistence. 

These concepts are the basic development paradigms for 
DIROlab. To advocate intuitive use, DIROlab offers a 
configurable graphical viewing front-end to the physician. 
The results from the task specific analysis modules - either 
executed in an automated preprocessing or interactively - 
are passed back to the front-end, which communicates with 
local and remote data sources. Data is accessed using the 
MeVisAP system, a software layer between MeVisLab and 
the DIROlab system, offering access to PACS systems and 
controlling the data preprocessing. The concept of DIROlab 
is modular such that future analysis toolboxes can be added 
flexibly. The viewing environment is patient based and 
displays images or associated information, such as structural 
information like organ models or annotations. DIROlab, 
driven by requirements from DIRO, offers analysis tool-
boxes for MR perfusion imaging (DynaLab, Fraunhofer 
MEVIS, Bremen), MR diffusion imaging [4,5], MR 
spectroscopy [3], and morphological image analysis, such 
as volumetric analysis. In this paper, we focus on automatic 
preprocessing, data handling and presentation, workflow 
persistence, and, exemplarily for a modular sub-application, 
on the interface to radiotherapy. 

II. MATERIALS AND METHODS 

The basic concept of DIROlab is shown in Fig. 1. The 
first step in the DIROlab processing chain consists of 
automatic and rule based data preprocessing. One important 
preprocessing application and key in any multimodal image 
analysis is robust image registration. Following the design 
concepts i) and ii), predefined combinations of images are 
registered automatically using a method optimized to the 
imaging modalities and the organ entity. Optimal methods 
and parameter sets are identified using [2]. The registration 
results can be inspected and interactively adjusted, if 
necessary (cf. Fig. 3). 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
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Fig. 1 The DIROlab concept: A versatile software framework for 
multimodal image visualization and processing. Supported imaging 
modalities are 3D/4D CT, MRI and PET. Radiotherapy is considered 
another imaging source. Upon the presence of new data, an automatic 
preprocessing is triggered. Applications for preprocessing are the 
calculation of parametric images using pharmacokinetic models and 
multimodal image registration. Original as well as derived data is available 
in an integrated yet flexible viewing environment. Basic manual segmenta-
tion tools are provided, as well as the possibility for creating persistent 
annotations and finding reports 

A. Automatic Preprocessing 

To identify the DICOM data imported from a PACS 
environment, the platform utilizes customizable descriptors. 
These descriptors are manually defined at installation time 
to suit the site specific imaging protocols. Descriptors 
inspect specific image attributes such as DICOM tags or 
image dimensions. They are the basis for the automatic 
preprocessing step. 

A preprocessing step, encoded by a configurable pre-
processing rule, such as registration of all images to a world 
reference through a specific method, is called for a given set 
of descriptors. All applicable rules are invoked after the 
DICOM data is imported and stored in the platform’s 
workspace, which also holds user and image specific data, 
such as personal settings or derived images, e.g. parameter 
maps calculated from original image data. All secondary 
data generated by the system is stored to the workspace.  

Thus, after data import, the workspace already contains 
as much information as possibly needed without a single 
interaction step. The platform provides manual inspection 
and correction facilities to ensure that the preprocessing 
steps were successful and, if needed, to adjust them. An 
ontology stores the relations of the information spaces, 
defined by the world coordinate space of each image. These 
relations are generated by the registration mechanisms, 
being automatic, semi-automatic or manual.  

B. Data Handling & Presentation 

We have implemented a fundamental concept for data 
presentation, which allows the user to concentrate on the 
reading of available data, while he immediately gets a 
presentation that suits his work habits. The three core 
components of this concept are the descriptor, the sub-
application, and the user dependent collection of 2D, 3D, 
and curve viewers, called hangings (cf. Figs. 2 and 3). 

It is descriptor dependent in the sense that a hanging is 
automatically chosen that best suits the available data. All 
predefined hanging setups are matched to available data, 
and the best score in terms of the fuzzy matching of data to 
be displayed by the ensemble of viewers is selected. 

It is sub-application driven because the selected sub-
application, e.g. for detailed inspection and processing of a 
specific dataset such as a diffusion tensor image, enforces a 
predefined viewer setup. 

It is, finally, user dependent by reflecting the personal 
requirements in order to most effectively manage the 
pending task. 

All this is achieved by allowing each user to adapt and 
define its hangings per sub-application in an editor envi-
ronment, which is activated on demand. This setup can then 
be saved to the workspace and thus be incorporated into the 
hanging matching and selection process for future studies. 

The embedding of additional sub-applications is an addi-
tional strength of our multi-application platform. It is 
specifically designed to plug-in new applications that are 
able to handle specific, descriptor dependent data. Such a 
sub-application only needs to define the required data types 
and to provide the algorithmic part. The display and 
persistence of the sub-application generated data is fully 
handled by the platform, including specific hangings and 
sub-application provided parameter panels. 

Furthermore, the presentation of data is also configurable 
and descriptor dependent, thereby distinguishing whether it 
shall be an underlay, thus defining the information space or 
world reference for additional image overlays or objects, or 
whether it is itself an overlay (cf. Fig. 2). For example, a 
parameter map, such as an apparent diffusion coefficient 
(ADC) map calculated from a DTI (diffusion tensor 
imaging) dataset, can be displayed as an overlay using a 
predefined look up table (LUT), which defines a common 
yellow-to-reddish color table, or as an underlay for further 
parametric overlays using its original grey values. This 
setup is also part of a hanging definition. 
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Fig. 2 DIROlab general purpose visualization hanging. On the left hand 
side, a list of all images, including a preview, associated to a selected 
patient is shown. Several overlays are shown on top of a pre-contrast 
T1-weighted MRI and a T2 FLAIR image of a patient with a high grade 
primary brain tumor. The inspectors on the left show the FA and ADC map 
of a diffusion tensor image, respectively. In the right column, parametric 
images, rCBF and MTT, from a MR perfusion study are shown 

 
 
 
 
 

 
Fig. 3 DIROlab manual registration and viewing hanging. Exemplarily, a 
patient with a primary brain tumor is shown. Base data set (red) is the 
radiotherapy planning CT. The overlay image shown in green is a T2 
weighted MRI volume. Images can be visualized by dragging the images 
into the viewer, either as base image or overlay image. Multiple overlays 
are supported. The hanging above is the default one for manual registra-
tion. The selected images can be moved manually (translation, rotation) 
and the resulting transformation matrix is stored upon pressing the save 
button. The registered image can then be further used in any other DIROlab 
sub-application 

C. Workflow Persistence 

Since a study examination may be interrupted, a persis-
tence mechanism is provided allowing the operator to 
proceed later on at the exact stage where he left the work-
station. Thus, the current situation is saved in the workspace 
when the user logs off. Additionally, the already observed 
diagnostic findings are visible to potentially other users, 
which will subsequently open the study. 

III. THE INTERFACE TO RADIOTHERAPY PLANNING 

The aim of the DIROlab radiotherapy interface is to 
exchange information objects with radiotherapy planning 
systems. These entities are accessible and visualized by the 
DIROlab viewing environment. Today’s standard data 
format in radiotherapy is the RT (radiotherapy) extension of 
the DICOM standard [6]. A full reference implementation 
of this standard is planned [7]. The most important DICOM-
RT objects (RT-Image, RT-Dose, RT-Structure Set, and 
RT-Plan) were partly implemented. The information objects 
themselves are implemented using ISO C++ as a class 
library providing an easy to use API. The private data 
structures of the radiotherapy planning system VIRTUOS 
developed at DKFZ [8] are also accessible in DIROlab.  

Figs. 4 and 5 display the viewing containers offered by 
the RT subsystem to be included in the RT hanging. They 
are oriented towards those views familiar to radiotherapists 
from clinical planning systems.  

 

Fig. 4 A planning CT data set for a patient with prostate cancer is shown. 
The dose distribution was calculated by the Oncentra Masterplan 
radiotherapy planning system from the approved radiotherapy plan, shown 
as color overlay. The planning structures are shown as a set of connected 
point lists (CSOs). This is one of the viewing containers offered by the RT 
sub-application. All information objects shown are DICOM-RT objects 
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Fig. 5 (a) Planning CT and calculated dose distribution for a prostate 
IMRT radiotherapy plan as calculated using VIRTUOS. The RT sub-
application calculates isodose lines in an arbitrary number of steps, e.g. ten, 
from the provided dose distribution and displays them as curve overlays. 
(b) 3D rendering of radiotherapy planning structures, dose distribution as 
overlay to the planning CT 

IV. CONCLUSION 

DIROlab is a novel software framework for the analysis 
of various kinds of multimodal medical imaging data 
combined with information from radiotherapy. It is de-
signed to facilitate and support the evaluation, the assess-
ment, and the transfer of new imaging techniques, methods 
or algorithmic developments into clinical routine. Special-
ized sub-applications address the task of analyzing specific 
complex data sets or combinations of different data sets. 
Such complex data sets, which often require some level of 
processing to become human interpretable, comprise MRSI, 
DTI, or imaging studies producing large amounts of data 
which have to interpreted based on modeling (MR perfu-
sion, dynamic PET imaging, etc.). The DIROlab approach 
ensures that all applications and results are available in one 
flexible viewing environment, allowing the correlation of 
information from different sources. The main concepts and 
analysis tools have been realized within MeVisLab and 
MeVisAP. The aim of DIROlab is to bridge the gap 
between fundamental research on new techniques and 
algorithms, their verification and validation on potentially 
large data samples in a clinical context, and ultimately their 
transfer into clinical routine. Special emphasis is put on 
bridging the gap between diagnostic imaging and  

radiotherapy, since multimodal diagnostic imaging becomes 
more and more important for therapy planning. It is a 
necessity to reflect these trends in upcoming generations of 
software assistants. Future work will concentrate on 
expanding the range of supported imaging techniques and 
modalities, of analytical sub-applications within DIROlab, 
and on improving the robustness and accuracy of fully 
automated cross-modality image registration techniques. 
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Abstract—Heart health is important for anyone everywhere. 
The electrocardiograms (ECG) and echocardiograms are 
common-used and critical clinical assessment of the heart. A 
classifier based on ECG and echocardiograms for identifying 
heart health and offering objective suggestion was proposed. 
Clinical data and cardiologists’ diagnosis were used to evaluate 
the classifier. The accuracy rate to identify heart condition 
between healthy and ill was about 90% and over. Among the 
heart disease trials, which of them indicates to cardiac resyn-
chronization therapy (CRT) can be distinguished with an 
accuracy rate of 75%. This work may facilitate clinical data 
reading and serve as a heart health consulter when needed. 
More factors will be investigated in future studies to keep 
upgrading the classifier. 

Keywords— classification, heart, electrocardiograms, echocar-
diograms, strain 

I. INTRODUCTION  

Heart disease is one of the serious healthcare issues eve-
rywhere around the world [1,2]. Global statistics show that 
heart disease as the underlying cause of deaths for about 
11.2 million people in 2002 [1]. Financially, the cost of 
heart disease is also heavy. For example, the medical budget 
for heart disease was 287.3 billion dollars in the United 
States in 2008 [2].  

 Physical screening for heart disease is always critical for 
early detection and early treatment. The traditional method 
to assess patients with suspected heart disease is by physical 
examination with clinical interview. With the progress of 
medical technology, more and more tools are available for 
examining heart function. For initial assessment, the elec-
trocardiograms (ECG) and echocardiograms are frequently 
chosen, because they are low-cost, non-invasive and real-
time.  

The information carried by ECG is about the electricity 
conduction in the heart. A normal ECG usually contains a 
P-wave, QRS-complex and T-wave. P-wave represents 
activity of sinus node and artrial depolarization, QRS-
complex shows ventricular depolarization, and T-wave 
demonstrates ventricular repolarization. When a patient’s 
ECG data are normal, low risk for being a heart failure 
victim can be expected [3].  

Using echocardiograms to assist in diagnosis and progno-
sis of heart disease has shown value. Comparing to physical 
examination, echocardiograms can achieve better accuracy 
on cardiac assessment especially about left ventricular (LV) 
function [4,5]. The most often used mode of echocardio-
grams for tracking LV tissue has been Doppler method. 
Recently, speckle-tracking techniques overcome the weak-
ness of Doppler method, which is incidence-angle-
dependent, to obtain radial ventricular strain from B-mode 
ultrasonic images [6]. Radial strain has been used for meas-
uring mechanical synchrony in LV and assessing responses 
after cardiac resynchronization therapy (CRT) [6].  

An intelligent classifier combining information of both 
ECG and echocardiograms to assess heart function is pro-
posed. The combination of ECG and echocardiograms al-
lows the electrical and mechanical characteristics of the 
heart can be evaluated together. The classifier translates 
multiple assessing parameters into an objective diagnostic 
result. Two diagnostic topics are set to construct classifiers: 
first, classifying healthy and heart disease data; second, 
separating heart disease data into which should and 
shouldn’t be referred to CRT. The accuracy of classification 
will be compared to experienced cardiologists’ diagnosis. 
By assisting clinical data reading, this work may serve as a 
heart health consulter.  

II. MATERIALS AND METHODS  

A. Database 

The data used for this study contain 46 trials of healthy 
person (7 cases) and 38 trials of patients with heart disease 
(10 cases). Among the heart disease data, 5 cases of them 
were suggested to receive CRT after assessing by experi-
enced cardiologists. Each trial contains both ECG and echo-
cardiograms recorded simultaneously by a Vivid7 Dimen-
sion (GE Healthcare Corp.) cardiovascular ultrasound 
system. All data are from routine clinical tests in Chang 
Gung Memorial Hospital. 
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B. Preprocessing and Feature Extraction 

The radial strain of each trial was obtained from the 
short-axis echocardiograms recorded in the level of middle 
LV via Speckle tracking techniques (EchoPAC Dimen-
sion ’06, GE Healthcare Corp.).  Speckle tracking is a me-
thod which separates the region of interest (image-areas 
with myocardial tissue) into several pixel-blocks and then 
tracks the motion of each block frame-by-frame. The spatial 
differentiation of the moving distance of blocks was 
counted as strain. For short-axis LV images, strains of 6 
standard LV regions (anterior, lateral, posterior, inferior, 
anterior septal, and inferior septal) can be acquired. 

The process of ECG and echocardiograms is as Figure 1. 
The timing of the 6 regional strains was matched to ECG. 
All radial strains were analyzed in a period of a ECG cycle, 
from the time of one Q-peak to the next Q-peak. The detec-
tion of ECG feature points, Q-peak, R, and S-peak, were in 
a semi-automatic mode. The points were firstly detected by 
a self-made analysis program (Fig. 1). After examined by 
visual inspection, locations of the ECG feature points could 
be shifted via control buttons on the graphical user interface. 
If any shift were made, all indexes and plots were renewed 
spontaneously. The indexes computed by the analysis pro-
gram were for constructing a classifier. 

 

 

Fig. 1 the graphical user interface for analyzing ECG and radial strains 

The indexes included the follows: 
 
Heart rate (HR): HR is an index which can be detected 

easily and is used commonly. HR is calculated as 1/RR, 
where RR is the period between 2 consecutive R-wave in 
ECG.  

Qpeak-Speak Area (QA): QRS-complex is related to ven-
tricular depolarization. Any delay in conduction around 
ventricular area can make QRS-complexes become wider 
[7]. To quantify QRS-complex deformation, QA is counted 
as the area between ECG curve and baseline from Q-peak to 
S-peak point.  

Time to peak difference (TD): For quantifying mechani-
cal synchrony of myocardial contraction in LV, TD is fre-
quently used. TD is the maximal time difference between 
peak strains.  

Time to peak standard deviation (TS): TS is an index as 
standard deviation of time-to-peaks in the 6 regional strains.  

Spetal-lateral Time to peak difference (SLT): SLT meas-
ures the time difference between the occurrence of maximal 
strain at the spetal and lateral wall of LV. 

Temporal uniformity of strain (TUS): TUS is created for 
transforming regional and temporal strain variance into a 
single index [8]. The formula of TUS is  

 

tt

t

SS

S
TUS

10

0   (1) 

S0 is the zero-order component and S1 is the first-order 
component after performing Fourier decomposition on the 
strain data over space and time, and t is time. 

C. Classification  

The support vector machine (SVM) was chosen to build 
classifiers by conducting a separating hyper-plane with 
maximal margin between data clusters.  

Two types of data selection were performed to construct 
classifiers. Firstly, all trials were used to build a classifier to 
identify healthy and heart disease signals. Secondly, only 
data from the heart disease cases were used to make a clas-
sifier for whether CRT was suggested.  

To evaluate how well the dimension of features can be 
reduced before classification, principal components analysis 
(PCA) was applied. The number of principal components 
(PCs) selected for making a classifier was based on the 
percent variability preserved (90% and 95%) after data 
reduction. A test was made to compare classifiers made by 
the indexes and PCs. 

For training and testing SVM classifiers, the dataset for 
classification were randomly assigned 50% of the total trials 
for training and the rest for testing. The training and testing 
procedure repeated for 30 times to avoid chance effects. For 
evaluating performance of the classifiers, accuracy rates, 
sensitivities and specificities were computed. 

III. RESULTS  

A. Normal vs. Heart Disease 

The accuracy rates, sensitivities and specificities for the 
classifiers to identify normal and heart disease data are as 
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figure 2. When applying all indexes to build a classifier, the 
accuracy rates, sensitivities and specificities are all above 
90%. After PCA, the dimension of data can be reduced to 2 
or 3. When choosing to use the first 2 PCs, above 90% of 
variability can be preserved (Fig. 3). When using the first 3 
PCs, above 95% of variability can be preserved (Fig. 3). 
The classifiers produced by the PCs have slightly low but 
comparable performance with the classifier created by the 
indexes. 

 

 

Fig. 2 the performance of classification for the normal and heart disease 
cases 

 

Fig. 3 the number of applied PCs and percent variability (all data) 

An example of results after classification is plotted in 
Figure 4. The data belonging to the normal cases (blue cir-
cles) are more concentrated in an area. The data of the heart 
disease cases (red crosses) are more divergent. A hyper-
plane (black line) conducted by SVM can classify most of 
the data correctly. 

 

 

Fig. 4 data distribution in 2PCs condition – the blue circles indicate normal 
trials; the red crosses mean heart disease data; the black line is a hyper-

plane generated by SVM  

B. Suggestion to receive CRT 

The accuracy rates, sensitivities and specificities for the 
classifiers made for CRT suggestion (yes/no) are as figure 5. 
When applying all indexes to build a classifier, the accuracy 
rates, sensitivities and specificities are around 75%. After 
PCA, the dimension of data can be reduced to 2 or 3. When 
the first 2 PCs are applied, above 90% of variability can be 
preserved. When taking the first 3 PCs, above 95% of vari-
ability can be preserved (Fig. 6). All parameter sets for 
building classifiers lead to comparable performance in clas-
sification. 

 

 

Fig. 5 the performance of classification for the heart disease data in an 
issue of CRT suggestion 
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Fig. 6 the number of applied PCs and percent variability (only the data of 
heart disease cases) 

A classification result of the heart disease cases is shown 
in Figure 7. A hyper-plane can be found by SVM to sepa-
rate trials from the cases that were (blue circles) and weren’t 
(red crosses) suggested to receive CRT. 

 

 

Fig. 7 data distribution in 2PCs condition – the blue circles indicate the 
trials are from the heart disease cases who were suggested to receive CRT; 
the red crosses mean the trials belong to heart disease cases who weren’t 
suggested to receive CRT; the black line is a hyper-plane generated by 

SVM 

IV. DISCUSSION AND CONCLUSIONS 

An intelligent classifier which can translate divergent in-
dexes into an objective diagnostic result is built and tested 
by this study. Both of ECG and echocardiograms parame-
ters are included in the classifier for containing both electri-
cal and mechanical properties of the heart. The performance 
of the classifier shows above 90% of accuracy on identify-
ing heart health condition, healthy or heart disease (Fig.2). 
Also, about 75% of accuracy rate can be attained for identi-

fying if the data fit cardiologists’ criteria for accepting CRT. 
These classifiers may facilitate assessment data interpreta-
tion to service the huge population of people who are heart 
disease suspected. 

Applying PCA for the indexes of the classifiers in this 
study demonstrates advantages. The reduced data dimension 
allows the interpretation of data can be visualized easier. 
Still, the performance of classification can be mostly pre-
served.  

For future study, the application of this work will be ex-
tended to different types of heart disease and CRT re-
sponses. Also, more clinical datasets and methodological 
comparisons will be included to keep elevating performance. 
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Abstract — Main cause of restenosis after balloon angio-
plasty is due to the stresses generated in the artery as well as 
from the stent artery interaction. Understanding the factors 
that are involved in this interaction, and the ability to evaluate 
the stresses that are formed in the artery, could help to lessen 
the number of failures. The goal of the present study is to 
develop computationally efficient numerical models for esti-
mating the Damage Factor (DF) as the contact stresses, and to 
investigate their influence upon stent design, artery and plaque 
parameters. At first the artery was taken as a hollow cylinder 
with homogenous, linear elastic properties of the material. 
Later, the artery was taken as a two dissimilar layers model, 
with non-linear hyper-elastic properties. The variation in the 
Damage Factor value as a function of the mismatch between 
stent’s and artery’s diameters is nearly linear, and as much as 
the diameter of the artery increases, the Damage Factor for the 
same mismatch decreases. For arteries with 75% blocking and 
mismatch of 1mm, the Damage Factor is 3.8. 
 
Keywords — Stent, Artery, Interaction, Numerical model, 

Damage Factor. 

I. INTRODUCTION  

At the final stage of the balloon angioplasty a stent is in-
serted into the artery. The stent keeps the internal space of 
the artery, the lumen, from decreasing, and for this end it 
requires a specific geometry and mechanical properties that 
would enable it to support the walls of the artery [1]. Main 
cause of restenosis after stent implantation is due to stresses 
generated in the artery by the stent [2, 3]. The mismatch 
between the stent and the artery diameters cause high 
stresses in the arterial wall as well as local injury of the 
artery. These factors cause formation of new layer (neoin-
tima) producing a narrowing of the arterial lumen and in-
crease the risk for a restenosis [4-6]. The mechanical inter-
action between the stent and the artery depends on its 
geometry dimensions and mechanical properties.  

The goal of the present study is to formulate numerical 
models in order to calculate the DF, a dimensionless pa-
rameter which defined as the value of the interface pressure 
normalized relative to a value of average blood pressure. 
Initially a plane two dimensional numerical model was 

developed. Later, a more sophisticated and accurate spatial 
three dimensional model was employed. Comparison be-
tween the results obtained for the two models showed that a 
good match exists. 

In recent years, many research works were published, 
where the blocked artery was considered to be consisting of 
several layers with non linear properties [7, 8]. Hence, addi-
tional two dimensional and three dimensional numeric 
models were formulated, in which the artery is modeled as a 
bi-layered structure with non linear constituents. In this 
latter case the comparison between the results obtained by 
the numerical models showed as well as before, good 
match. This agreement enables us to assume that it is feasi-
ble to compute the DF using a two dimensional model. The 
two dimensional model is “easy” to use and significantly 
faster, and enables us to receive results that are found to 
highly match the results received from the more accurate 
three dimensional model. Based on this assumption, we 
proceed to use the two dimensional model in order to com-
pute the DF for a collection of cases in which a stent is 
inserted into arteries with a varying blocking percentages 
and with diameters that are also changing. 

II. MODELS OF A STENT INSERTED INTO A HOMOGENOUS 
ARTERY WITH LINEAR ELASTIC MATERIAL PROPERTIES 

A. Plane Two-Dimensional Model of a Stent Inserted into 
an Artery 

The net structured stent which was selected first, for per-
forming this research, is the SciMED RADIUSTM stent. The 
two dimensional model was developed using the so called 
"strip theory" of structural mechanics, consider the cross 
section perpendicular to the longitudinal x-axis of the stent-
artery system (Fig. 1). The rotational cyclic symmetry of the 
domain, together with the symmetry of the loading being 
the internal pressure, allows us to consider a single sector 
ABCD (Fig. 2). 

The beams of the stent are tilted by an angle ( ) with re-
spect to the x-axis, but because this is a small angle (~ 010 ), 
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we assume that the beams might be considered as perpen-
dicular to the cross section plane. 

 

 
 

Fig. 1 - Cross sections location 
for a 2D model 

Fig. 2 - Artery and stent cross 
section at the middle of stent’s 
beam 

 
For the consider case, the 18 beams cross sections of the 

SciMED RADIUSTM Stent, are distributed along the inner 
circle uniformly. Consequently, the central angle of the 
sector ABCD is 360/18=20o. The dimensions of the inner 
and outer radii of this sector before the stent inserting are 
identical to the dimensions of a blocked artery after its infla-
tion. The stent strut is represented by a square cross section 
which is located in the center of the sector (Fig. 3). 

 

 
Fig. 3 - Two dimensional plane problem for a stent being inserted into an 

artery with the appropriate boundary conditions 

The radial stiffness of the artery is defined by its geome-
try, and elastic properties of the wall material. In contradis-
tinction, the stiffness of the stent can not be represented in a 
similar manner, and hence its radial stiffness was defined by 
adding a spring element. This element is hitched on the one 
end to a point O located at the center of the ring, and at the 
other end, to the stent’s beam (Fig. 3). The stiffness of the 
spring was computed in accordance with the radial stiffness 
of the stent, as determined by a numeric manner [9]. 
Boundary conditions appropriate for this problem were 
formulated, wherein the blood pressure acts on the artery’s 
“ring” at the inner radius at the areas in which a contact 
with the stent does not exist, and also on the inner radius 

line of the stent. In addition, a radial displacement was for-
mulated for the end of the spring, at a value that is equal to 
the mismatch that is defined by the difference between the 
stent and artery initial radii:  AS

r RRU 00
  (Fig. 3), where 

AR0  is the inner radius of the artery before stent’s insertion, 

and SR0
 is the outer radius of the stent at its free state. 

This situation simulates the displacements of the stent 
and the artery after the insertion of the stent, wherein the 
artery moves outwards and the stent moves inwards in the 
radial direction. The displacement of the stent is represented 
by the contraction of the spring. 

The solution of the problem enables to obtain the values 
of the displacements and the stresses in each point of the 
artery wall. For nodes located on the common contact line 
between stent and artery, average displacements and the 
stresses were computed. 

B. Spatial Three Dimensional Model of a Stent Inserted into 
an Artery 

In order to enable us to find the level of accuracy of the 
results obtained when using the two dimensional model, a 
three dimensional numerical model was developed and a 
comparison between the two sets of results for these models 
was made. 

The geometry of the three dimensional model was largely 
similar to the geometry of the two dimensional model, rely-
ing on the symmetric structure of the stent. The repetitive 
module of the artery is a 3D sector of a hollow cylinder with 
the central angle of 20o. The radii of the cylinder, the inner 
and the outer, are determined in a manner identical to the 
one employed for the two dimensional model. The axial size 
of the sector was defined in accordance with the length of 
the stent’s beam. The geometry of the stent’s beam is ob-
tained from a cylindrical envelope with suitable dimensions 
wherein the difference between the inner and outer diame-
ters of the envelope is equal to the thickness of the stent’s 
beam (Fig. 4). 

 
Fig. 4  - Geometry of an artery’s sector and a stent’s beam. 
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The mechanical properties of the stent and the artery ma-
terials were obtained in the same as in 2D case. The bound-
ary conditions were formulated as illustrated in Fig. 5. The 
stiffness of the stent is defined from the stent’s geometric 
shape, mechanical properties and boundary conditions. 

 

 
Fig. 5  - Boundary conditions as defined in the three dimensional 

model. 

C. Stent Inserted into an Artery with Linear Isotropic 
mechanical Properties – Numerical Results 

Table 1 presents the values of the DF for a 4.25 mm di-
ameter stent inserted into arteries smaller than it, with mis-
match values of 0.5, 0.75 and 1.0 mm (the recommended 
mismatch range). 

Table 1 - DF for a 4.25 mm stent with mismatch values of  0.5,  0.75 and 
1.0 mm. 

Artery diameter after being inflated   [mm] 3.25 3.5 3.75 

Mismatch - d   [mm] 1 0.75 0.5 

DF computed for a two dimensional model 3.85 2.98 2.1 

DF computed for a three dimensional model 3.8 2.95 2.11 

The difference (%) in the DF value between the 
2D and 3D numerical models 

1.32 1.02 0.47 

III. MODELS OF A STENT INSERTED INTO A BI LAYERED 
ARTERY WITH HYPER ELASTIC MATERIAL PROPERTIES 

In the following, we will examine whether the match be-
tween the results for the 2D and the 3D models, is obtained 
and valid also if it relates to the artery made up of two lay-
ers, healthy and plaque (diseased), with non-linear and hy-
per-elastic material’s properties. 

Once the Ogden model was selected as the model repre-
senting the strain’s energy W, the constants of the materials 
– the healthy artery and the plaque layer have to be found. 
In order to find these constants it is necessary to express the 

behavior of the material by a stress – strain diagram. This 
behavior was defined by using the data given in the paper 
by Holzapfel [7]. 

In this work the artery with a plaque layer is consider as 
tissue containing eight layers with different orthotropic 
hyper elastic properties (Fig. 6).  

 

 
Fig. 6 – Stress – strain diagram of the artery layers  

A – Adventitia,  M – Media, I – Intima, nos - non diseased, f/fm - fibrous, 
fl – collagenous, lp – lipid pool.  (based on Holzapfel, [7]) 

We are interested in computing the DF for the case of a 
stent inserted into an artery composed of two layers with 
hyper elastic properties. For achieving it, “the average val-
ues” were computed from a stress – strain diagram of the 
diseased and healthy layers (Fig. 6), and they were selected 
to represent the properties of the artery for those two layers. 

A. The Numerical Models 

Numerical models (2D and 3D) were developed, inter 
alia, in order to calculate the DF of an artery made of two 
layers with hyper elastic properties. These numerical mod-
els are similar to the models cited earlier, in which the ar-
tery was defined as homogenous, linear elastic matter, save 
for the differences that follow. 

The first difference is by the geometry of the artery 
which consists in this case made of two symmetric layers. 
The outer layer represents the healthy artery layer and its 
dimensions obtained from the ratio requirement between the 
thickness of the wall and the outer diameter of the layer that 
equals 0.09 before inflation [10]. The inner layer represents 
the plaque layer and its dimensions vary from artery to 
artery. Consequently, we calculate the dimensions of the 
artery layers at this stage in accordance with the assumption 
of non compressibility of artery wall. 

The second difference is related to the properties of the 
materials of the two layers, as already explained above. 

In the two dimensional model we referred to the artery, 
as to an entity that is made of two symmetric layers, 
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wherein both layers have properties of isotropic, non linear 
material. For that end, a geometry of two symmetric layers 
was formulated, wherein the inner layer is a layer with me-
chanical properties befitting a plaque layer, whereas the 
outer layer is a layer with the properties of the healthy layer. 
No sliding was defined between the two artery layers. 

The three dimensional model of a stent inserted into an 
artery made up of two layers is similar to the three dimen-
sional model of a stent inserted into an artery made up of 
one layer (Fig. 5). 

B. Results 

In order to examine the match of the DF between the two 
numeric models, the results of the models for cases of arter-
ies with 75% blocking into which stents of different diame-
ters were inserted, were compared. Fig. 7 depicts DF values 
for a 3.5 mm diameter artery. 

 

 
Fig. 7 - DF of a 3.5 mm diameter blocked artery (75%) as a function of the 

radial stent-artery mismatch. 

The two models are highly matched. The DF has higher 
values in the three dimensional model, wherein the mis-
match is smaller, and smaller values when the mismatch 
increases. 

IV. SUMMARY AND CONCLUSIONS 

The goal of this research is to suggest a numerical ap-
proach for calculating the contact stresses applied to the 
wall of the artery following the insertion of a net structured 
stent into it. Representation of the interface pressure be-
tween stent and artery was performed using a dimensionless 
parameter, the Damage Factor (DF).  

Two kinds of numeric models were examined - two di-
mensional and three dimensional, and a good match was 
obtained between them. This match enables one to use the 
two dimensional model for a fast computation of the 
stresses – which are rather a good approximation to the 
results that would have been received using the three di-
mensional, more accurate model. From the results obtained 

it was possible to conclude that: For arteries with small 
diameters – larger stresses are obtained relative to the case 
of arteries with larger cross section (for identical blocking 
and radial mismatch). A similar phenomenon was reported 
by Brand et al. [9, 11] wherein they treated different stents. 
The results we obtained can be applied by the designers of 
stent as well as by medical personnel for choosing the most 
suitable stent for a specific patient. Future research should 
include analytical/numerical derivation of DF for other stent 
types and investigation of the influence of plaque geometry 
and mechanical properties on the DF. 
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Abstract— To validate a Monte Carlo simulation of light 
propagation in the finger tip, reference transmission and pul-
sation spectra are required. To obtain them, the following 
method is applied: A fingertip is illuminated by halogen light, 
and the light that passes the fingertip is recorded by a spec-
trometer. By comparing a reference spectrum of the light 
source and the transmitted spectrum, the static transmission 
spectrum is calculated. Furthermore, from the variation of the 
transmitted light spectrum in time, a pulsation amplitude 
spectrum is deduced which contains the change of transmis-
sion due to the pulsation of arterial blood. This spectrum re-
sembles the in-vitro spectrum of the effective attenuation coef-
ficient of arterial blood. In a wavelength range from 600 nm to 
1300 nm, the methods described in this paper have shown to 
produce spectra which are suitable to serve as reference for 
the Monte Carlo simulation.  

Keywords— Non invasive, blood constituents, spectroscopy, 
pulse oximetry, Monte Carlo simulation 

I. INTRODUCTION  

Compared to in-vitro methods, optical, non-invasive de-
termination of blood constituents has many advantages: 
continuous monitoring is possible, it is painless, and the 
stress level for the patient is low. Currently, only ratios of 
concentrations, e.g. the oxygen saturation of hemoglobin, 
can be measured non-invasively with satisfying accuracy. 
Many approaches exist to determine total concentrations 
such as those of hemoglobin (Hb) or glucose (for an over-
view of Hb measuring methods see [1]), but so far, none of 
them found its way into clinical praxis. Regarding Hb, most 
methods show a good correlation to in-vitro reference val-
ues if test persons are healthy and measurement conditions 
are standardized, but they fail or show a decreased accuracy 
if conditions are not ideal [2].  

One reason for that is that optical pathways in tissue and 
light distribution are wavelength dependent due to light 
scattering. Therefore, a fundamental understanding of the 
optical processes in the tissue is necessary to improve the 
non-invasive determination of blood constituents. For this 
reason, a Monte Carlo simulation (MCS) of the light propa-
gation in the fingertip has been developed. From the photon 

pathways calculated in the model, composed measures like 
transmission and reflection can be derived, and their sensi-
tivity to various influences can be studied just by changing 
the model parameters.  

To validate the MCS, a comparison with empirical mea-
surements is necessary. This article describes a method to 
obtain reference data by using a white light source and a 
spectrometer for detection of transmitted light. Two types of 
spectra are recorded, a transmission spectrum of the finger-
tip and a spectrum of the relative change of transmission 
due to arterial blood pulsation. Besides serving as reference 
for the MCS, the second spectrum can be directly compared 
with spectra of optical blood parameters. Analyzing the 
differences can lead to a better understanding of influences 
like the wavelength-dependent optical path length on me-
thods for non-invasive determination of blood constituents.  

II. MATERIALS AND METHODS 

A. Background 

The principle of pulse oximetry is usually described by 
Lambert-Beer law with the help of a layer model which 
represents the tissue and the blood. If light of the intensity 
Iin passes a stack of Ns parallel layers, wherein each layer n 
has the absorption coefficient µa,n and the thickness dn, the 
intensity I1 of light that passed the whole model is 

∑ ⋅−⋅=
=

SN

n
nnaIn dµII

1
,1 )exp(    (1) 

If only one layer i, e.g. the one representing arterial 
blood, changes its thickness, the resulting intensity will be 

)exp()exp( ,
1

,2 iia

N

n
nnaIn dµdµII
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Δ⋅−⋅∑ ⋅−⋅=
=
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By dividing I2 through I1, all constant layers drop out of 
the equation:  

iia dµIIII Δ⋅−=Δ+= ,112 )/1ln()/ln( ,   (3)  

With the constant part of the transmission being IDC and 
the modulated part being IAC, equation 3 simplifies for 
ΔI << I: 
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It shows that relative changes of the intensity at different 
wavelengths are a measure for the optical properties of the 
changing layer. Ideally, the IAC/IDC amplitude spectrum over 
wavelength is similar to the spectrum of µa,i, scaled by layer 
thickness changes.  

In real tissue, neither the premises for using Lambert-
Beer law are fulfilled nor is the layer model an appropriate 
description. Nevertheless, the ratio of the relative changes at 
wavelengths of 660 nm and of about 900 nm can be directly 
mapped onto the arterial oxygen saturation SpO2 by an 
empirical calibration. The resulting accuracy for determin-
ing SpO2 is as good as 3 % [3].   

Due to light scattering, the parameter spectrum which is 
expected to be similar to the IAC/IDC spectrum of the finger 
is not the spectrum of the absorption coefficient µa of blood, 
but the spectrum of the effective attenuation coefficient µeff, 
which combines scattering coefficient and absorption coef-
ficient (s. Fig. 1). 

Fig. 1: µeff of blood (hematocrit = 45%, oxygen saturation 100 % resp. 
0 %). In-vitro data by inverse Monte-Carlo-simulation [4] 

Data underlying figure 1 have been acquired in-vitro by 
the LMTB GmbH, using an inverse Monte Carlo Simulation 
[4]. 

B. Data acquisition and processing 

For the acquisition of the IAC/IDC spectrum of the finger, a 
fingertip is illuminated by a fiber coupled white light halo-
gen source (Zeiss KL2500 LCD, IR filter removed). A spec-
trometer (Zeiss MCS600 with MCS601 UV-NIR and 
MCS611 NIR 1.7 hr cassettes) is used to measure the ener-
gy spectrum I(λ) of the light that passes the finger. The 
MCS601 cassette is configured to measure from 500 nm to 
λSep = 930 nm with a resolution of 0.8 nm, the MCS611 

cassette measures from λSep to 1600 nm with a resolution of 
3 nm. Recordings are taken for 60 s. As for integration time, 
an interval of 150 ms has shown to be the best trade-off 
between a high sample rate and low noise. Further data 
processing is done using MatLab® 2008a (The MathWorks). 

I(λ) is low-pass filtered (moving average filter over 20 
samples or 2 s), and the resulting spectrum IDC(λ) is sub-
tracted from I(λ) to get the AC-spectrum IAC(λ). Dividing IAC

by IDC leads to Irel(λ) (see Fig. 2). For denoising, Irel(λ) is 
filtered by a Gaussian low-pass filter along the wavelength 
axis (15 point width for wavelengths < λSep, 5 point width 
for wavelengths > λSep). 

Fig. 2: IAC/IDC over time and wavelength, 5 s-extract of a measurement at 
the small finger, noise-filtered.  

To obtain the amplitude spectrum of Irel(λ), a reference 
wavelength is chosen where the noise level is low (660 nm). 
The AC component of the signal at that wavelength is di-
vided by its RMS (root mean square) to get a reference 
plethysmogram. By linear regression, the amplitude ratio 
between that plethysmogram and AC signal at each other 
wavelength is calculated over 5 s-windows which overlap 
50 %. Subsequently, the area between the resulting AC 
amplitude spectrum and the wavelength axis is normalized 
to 1 for each 5 s-window. Finally, the median and standard 
deviation of this normalized amplitude spectrum is calcu-
lated over the whole 60 s recording. Hence, the result is the 
1d spectrum Irel,med that contains the median of the norma-
lized RMS pulsation amplitude. 

To record the transmission spectrum of the finger, the 
same light source and the same spectrometer are used, com-
pleted by a 30 mm Ulbricht sphere. A reference spectrum is 
recorded by positioning the emitter fiber directly in front of 
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the Ulbricht sphere’s window.  To get the transmission 
spectrum, the light emitting fiber is attached directly on the 
fingernail, and the Ulbricht sphere is placed underneath the 
finger tip. At every finger, 10 recordings with a length of 3 s 
are collected and averaged.  

III. RESULTS  

Figure 3 shows the pulsation spectrum Irel,med for the in-
dex finger (average spectrum over 10 recordings ± standard 
deviation).  

Fig. 3: Irel,med, the spectrum of the normalized RMS of IAC/IDC-Amplitude, 
over wavelength at index finger (solid line: average spectrum over 10 

recordins; dotted line:  average ± standard deviation, grey area: total range)  

Between 800 nm and λSep and above 1300 nm, the stan-
dard deviation increases, as spectrometer sensitivity and 
transmission respectively are low in that ranges. As figure 4 
shows, the spectra achieved from the different fingers are 
very similar in shape and resolution.  

Figure 5 shows the transmission spectra of the fingers. 
Below 600 nm and above 1400 nm, transmission is below 
the detection limit of the spectrometer, as virtually no light 
passes the finger. Near λSep at 930 nm, the sensitivity of the 
MCS601 spectrometer cassette is low. Therefore the spec-
trum is noisy in that range. 

 

Fig. 4: Spectrum of the normalized RMS of IAC/IDC-Amplitude over wave-
length for index, middle, ring and small finger (average spectrum over 10 

recordings)  

 

Fig. 5: Transmission spectra of index, middle, ring and small finger, 
average ± standard deviation over 10 recordings  

 

IV. DISCUSSION AND CONCLUSIONS  

For wavelengths between 600 nm and 1300 nm, the me-
thod described above provides transmission and pulsation 
spectra which are reproducible and plausible. For lower and 
higher wavelengths, transmission of the finger is too low to 
get applicable pulsation spectra.  
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The normalized pulsation spectrum Irel,med (Fig. 3) resem-
bles the µeff spectrum of arterial blood (Fig. 2) at high oxy-
gen saturation. Most non-invasive Hb measurement me-
thods at the fingertip use LEDs and are therefore based on 
discrete points of the Irel,med spectrum. To take the whole 
spectrum into account is a promising way to examine why 
these methods fail under certain conditions or on certain test 
persons.  

Both methods to acquire spectra – the pulsation spectrum 
as well as the transmission spectrum – show standard devia-
tions and a reproducibility that are much lower than the 
initial difference which is expected between Monte Carlo 
simulation and these measurements, therefore the spectra 
are suitable to produce reference values for validating the 
Monte Carlo simulation.  

Currently, the method is limited to test persons who 
show a high arterial pulsation. Resolution and signal to 
noise ratio (SNR) could be improved by coupling more light 
into the finger. As the halogen light source emits also at 
wavelengths above the range of interest, interference filters 
may help to reduce the heating of the finger. Hence, more 
light could be irradiated in order to increase the SNR. 

Next step to be taken are collecting data from different 
subjects and situations and comparing the spectra to the 
results of the Monte Carlo simulation. 

This project is granted by the German Federal Ministry 
of Economics and Technology (BMWi). 
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Abstract—A recent trend in medical virtual reality is to in-
clude information from multiple sources, especially about 
physiology, into one model and one single visualization. Com-
puter graphics must therefore deal with a huge amount of in-
formation in real time. The latest developments in computer 
graphics hardware allow not only implementing direct volume 
rendering on the graphics processing unit (GPU). The emerg-
ing compute languages enable us to address volume rendering 
problems of arbitrary complexity without being limited to 
formulating visualization techniques in an awkward fashion to 
match the GPU execution model. Utilizing the arising new 
possibilities we meet next generation’s demands in medical 
visualization. 

Keywords—volume rendering, raycasting, medical virtual 
reality, visualization, CUDA. 

I. INTRODUCTION AND RELATED WORK 

While techniques for visualization of anatomical 3D re-
constructions have been used in clinical practice for years, 
the future of medical applications is no longer oriented on 
showing images as acquired by medical technology. Added 
value arises from combining information from different 
sources as well as additional knowledge into one single 
presentation. From this fact arise today’s challenges in med-
ical virtual reality (VR) research.  

The fundamental tool for modern medical VR is volume 
rendering, the process of visualizing data stored aligned to a 
grid. The volume data can either be transformed into a set of 
geometries and subsequently rendered conventionally, or 
else the visualization is directly derived from the volume 
data set, which leads to Direct Volume Rendering (DVR). 
DVR offers higher quality images and a larger degree of 
freedom, since no data is lost during a transformation 
[Lev88]. 

Early attempts to interactively display volumes used tex-
ture mapped geometry [CN94], which is still very fast, but 
suffers from distortions and limited flexibility [LHJ99]. 
[Lev88] proposed an algorithm to accumulate volume inten-
sities along a viewing ray in a screen space pixel which is 
commonly known as raycasting. Nowadays GPUs allow 
visualizing volumes with this technique at interactive frame 
rates on consumer hardware [KW03, SSKE05]. 

A common approach to GPU-based raycasting is to ren-
der the front and back faces of the volume bounding box in 
a way that the color encodes the entry and exit points of the 
rays in the volume [KW03]. The actual ray traversal is then 
performed by a fragment shader, which reads the ray coor-
dinates from the two color buffers, fetches volume data 
from a 3D texture at regular sampling intervals, and applies 
a transfer function and color accumulation procedure. 

DVR also allows an efficient implementation of data in-
termixing, a posteriori image fusion [WFZ04] as well as 
focus and context techniques [HMBG00]. Multi-
dimensional transfer functions are proposed in [KNKI02]. 
DVR can be combined with geometric primitives like 
streamlines or additional pre-computed volumes for exam-
ple through texture advection [LGSH06]. 

But the end of this development has not been reached 
yet, and the ever increasing demand for high quality, highly 
flexible volume imaging has increased also, especially in 
the medical field. The volume visualization must correctly 
intersect or blend with geometric parts of the scene, for ex-
ample to correctly show surgery tools [BPVR08]. 

The next generation of direct volume rendering tools 
must be able to deal with multiple huge volumes and multi-
variate, high-dimensional data sets. This can hardly be 
achieved by straight forward extensions of the conventional 
CPU vertex/fragment shader model used in today’s imple-
mentations. While the fundamental technique for producing 
the visualizations will still be based on raycasting, the use 
of the emerging GPU compute languages (specifically, 
CUDA) allow the use of a new class of optimized algo-
rithms. This paper gives an overview of the prototype of a 
new CUDA-based visualization system currently under de-
velopment at Graz University of Technology. 

II. REQUIREMENTS FOR VOLUME GRAPHICS  

Information fusion from more than one medical imaging 
source introduces a new set of problems for visualization. 
Firstly, multi-volume visualization requires registration of 
multiple data sets, which is mainly a computer vision prob-
lem and not dealt with in this paper. Secondly, data in the 
different volumes may origin in the same diagnostic proce-
dure, but will often be acquired using multiple imaging 
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technologies and consequently require a multi-modal data 
approach. 

Data might be taken at different points in time. Time re-
solved medical data sets are for example flow examinations 
of the human vascular system or any kind of simulation. 
Hence, the visualization technique must be able to handle 
higher dimensional data sets with at least 4 dimensions. 

The raycaster also has to visualize diverse quantities 
which differ in their meaning as well as in their data format. 
These multi-variate data sets are not limited to one scalar 
attribute in their representation. Vector fields and tensor 
fields obtained for example in diffusion tensor MRI are 
common examples. 

Variations in data acquisition parameters and data 
sources lead to variations in resolution as well. Future chal-
lenges in medical applications proceed into the direction of 
multi-scale approaches. The corresponding computer graph-
ics challenge is a multi-resolution approach for the multiple 
volumes envisioned for the raycaster. Furthermore, polygo-
nal non-volumetric objects have to be considered during a 
volumetric representation if an interactive volume manipu-
lation is desired.  

Finally, the images to be processed are often large data 
sets. Previously discussed requirements, especially the ne-
cessity to show multiple overlapping volumes at the same 
time, increase the memory demand beyond any reasonable 
borders. Approaches to deal with the arising problems con-
cern out-of-core rendering techniques and real-time decom-
pression of data [SBH07].  

III.   CHALLENGES IN DESIGN AND IMPLEMENTATION 

While widely used GPU raycasting using pixel shader 
maps fit well onto the conventional graphics pipeline with 
programmable fragment processing, its flexibility is re-
stricted due to limitations of the underlying computation 
framework. Multi-volume rendering or combination with 
polygonal geometry can be implemented by means of depth 
peeling [Eve01], at the cost of significant memory band-
width consumption. However, technological progress in 
graphics hardware over the past years increasingly favors 
compute-intensive over memory-intensive applications. 
Since the raycaster kernel (transfer function and accumula-
tion) is relatively simple, the bus traffic will become the 
bottleneck when aiming at more complex scenes composed 
from multiple volumes and polygonal objects. 

A. Real-Time Raycasting Using CUDA 

We investigate the use of CUDA [NVI08] for advanced 
volume rendering. A CUDA application consists of a large 

number of concurrent threads (typically more than 1000), 
which are grouped into tightly coupled thread blocks. CU-
DA offers several benefits which are relevant in our con-
text: 
• Within each thread block, data can be cached and ex-

changed with other threads with extremely high band-
width (over 1 terabyte/second) and low latency (few nano-
seconds). If an application with an existing memory bus 
bottleneck can be rewritten to utilize these resources, per-
formance can be improved significantly. 

• The programmer has detailed control over the execu-
tion configuration (number of threads, size of thread 
blocks, synchronization mechanisms) and can optimize 
these parameters for a particular application. 

• The CUDA memory model is more sophisticated than 
its counterpart available in shader languages. The pro-
grammer can choose between different memory access 
units (e.g., texture and linear memory) and select the unit 
which is best suited for a particular task. Moreover, arbi-
trary write operations (scattering) are supported. This al-
lows overcoming the rather bizarre algorithms developed 
in the past to compensate for the lack of the scatter opera-
tion in shader languages. 

B. Multi-Volume Raycasting 

Unlike earlier multi-volume approaches, which resam-
pled all volumes into a common grid, we support true multi 
volume in order to avoid double interpolations and save 
memory in the case of mixed resolution volumes. Our pre-
ferred way to cope with overlapping volumes is to extend 
the commonly known raycasting integral  

 
by piecewise homogenous ray segments through the vol-
umes. Then the integral can be calculated within these vol-
ume segments with improvements like early ray termination 
or empty space skipping. To correctly include arbitrary ge-
ometry and to get homogenous regions, intersection calcula-
tions have to be performed. This is computationally not 
feasible for real-time applications. Therefore we propose an 
algorithm performed in several passes to identify unique 
volume and shape regions. The depth peeling step for multi-
volumes is outlined in Figure 1. 

The remaining step for our approach is to determine 
which homogenous volumetric region belongs to which 
three dimensional volume texture. This is done by a sepa-
rate assignment of orthogonal coordinates for the volumet-
ric objects and geometry. An intersection of two objects is 
represented as logical OR of the object’s coordinates. A 
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simple example for that coordinate scheme is also outlined 
in Figure 1. With these assumptions also geometry can be 
handled. If a ray hits the next volumetric region, and it is a 
polygonal object, it only has to accumulate the object prop-
erties like color to the current ray’s value.  

 

Fig. 1 Illustration of the depth peeling step and the subsequent ray casting. 
Every time a ray leaves a volume the corresponding ID of that volume is 
combined with a logical OR to the currently valid ID. The current ID is 
then used during the traversal of each ray to determine in which volume the 
values have to be searched 

The flow chart in Figure 2 outlines the essential parts of 
the resulting multi-volume rendering approach.  

 

Fig. 2 A schematic overview of the core components of our multi volume 
ray casting algorithm 

C. Handling Multi-Variate Data 

Multi-variate data sets can be visualized using a variety 
of techniques. Buerger et al. [BuHa08] give a good over-
view. Possible visualization techniques typically employ 
rendering of geometry, glyph and direct volume rendering.  

In the proposed rendering framework rendering multi-
variate data sets are handled in a way similar to  
multi-volume data sets. In contrast to multiple volumes a 
multi-variate data set can be considered as several congru-
ent data sets. Each attribute of the data set will be assigned a 

separate ID bit. Thus the depth peeling stage described in 
Figure 1 can be applied. Overlapping volumes can then be 
mixed arbitrarily with the desired attribute. 

D. Multi-Resolution 

Multi-resolution (or level of detail) is a well established 
concept in computer graphics to deal with data at different 
scales [LRC+03]. This is relevant in our context for at least 
two reasons. 

Firstly, we want to be able to investigate the data at vari-
ous degrees of detail. Both a coarse overview and a highly 
detailed rendering of small features are obtained from the 
same data structure. One way to accomplish this goal is by 
means of the wavelet transform [GLDH97].  

Secondly, data acquired by different techniques can 
largely differ in scale (for example, the geometric resolution 
of a histological image is several orders of magnitude 
higher than of an MRI data set). Despite this significant 
mismatch, we want to display those data sets concurrently 
to provide focus and context style interaction [HMBG00]. 

E. Multi-Dimension 

Multidimensional data mainly comes from time-resolved 
sources. The most obvious way is to update a multidimen-
sional volume at a certain time. Time steps can be derived 
from the real temporal distance in which the data was gen-
erated or from the real temporal distance multiplied by a 
constant, if the frame rate does not fulfill the sampling theo-
rem otherwise. The latter will result in a slow motion repre-
sentation of the data set. 

Most of the multidimensional visualization methods are 
straight forward. However, the challenge with multidimen-
sional data sets is the huge amount of data that must be han-
dled interactively. Since these data sets are much larger than 
conventional three dimensional data sets we have to either 
provide a fast out of core transfer of the data to the GPU 
when needed, or an adequate compressed/sub-sampled rep-
resentation of the data. 

F. Out-of-Core Rendering 

Massive data requires effective external memory meth-
ods, e. g., storage layouts based on space filling curves in 
order to maximize locality, as described in [Joy06]. Glatter 
et al. use M-ary balanced search trees and an attribute space 
Hilbert curve to distribute large multivariate data sets to a 
number of servers and to efficiently query portions required 
for rendering based on a particular multidimensional trans-
fer function [GMHG06]. 
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Realtime volume rendering requires all data necessary to 
render a single image to be present in (graphics-)memory, 
which can be achieved by employing LOD techniques and 
dynamically management of the active levels and corre-
sponding representations, as done in [LWPL07] in the con-
text of virtual autopsies. There a multi-resolution represen-
tation of the data set is created based on a flat blocking 
scheme. LOD selection is done based on a screen space 
error measure calculated after transfer function application. 
Higher resolution blocks are loaded for those data set re-
gions with the greatest impact on the output image until no 
more core memory is available. 

IV. CONCLUSIONS  

In this paper we have outlined a design for a next-
generation direct volume rendering engine. It will use CU-
DA to overcome the limitations of current shader based 
raycasting schemes, in particular by reducing the memory 
bandwidth introduced by the purely texture based storage 
schemes. The new approach will handle several advanced 
requirements simultaneously, among them support for mul-
tiple volumes, multi-modal, multi-variate and time-
dependent data sets. We have finished an early provide of 
concept, but the solution is not optimized, so it is too early 
to give performance results.  
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Abstract—The quantification of endogen evoked compo-
nents is an important tool for evaluation of information proc-
essing in the brain and thus of individual cognitive abilities. 
Unfortunately the conventional extraction of such components 
could be difficult or not succeed, especially in the case of 
pathologically modified brain activity. We present a technique 
for estimation of endogen transient evoked activity, using the 
pre- and post-stimulus power dynamics within the alpha and 
theta band in a single trial. The results of the developed time-
frequency based signal estimation method (TFSE) are demon-
strated in the case of P300 estimation. 

Keywords—time-frequency analysis, cognitive potentials, 
transient endogen components, alpha-theta power dynamics. 

I. INTRODUCTION  

The quantification of endogen evoked components is an 
important tool for evaluation of information processing in 
the brain and thus of individual cognitive abilities [1, 2, 3, 
4]. Both, the evoked and the induced activities can contrib-
ute significantly to the investigation of different electro-
physiological phenomena. Most signal processing methods 
are developed to estimate and analyze one of these types of 
activities. Their interplay is hardly used for estimation pur-
poses yet [5, 6]; although a significant improvement of the 
signal quality can be expected. This can be the case when a 
very high number of trials are needed for the conventional 
extraction of endogen evoked components or when the 
signal estimation fails. 

Our purpose was to develop a method for the estimation 
of transient cognitive evoked components, involving the 
analysis of the surrounding oscillatory activity.  

II. MATERIAL 

A. Paradigm 

A modified auditory oddball paradigm, consisting of tar-
get (1kHz, probability ≈ 0.2) and nontarget ( 2kHz, prob-
ability ≈ 0.8) stimuli was applied (Fig. 1). The interstimulus 
intervals were prolonged with the aim to be able to observe 
induced oscillations resp. idling activity. The subjects were 
instructed to respond to the target pushing a button with the 
right thumb. Additionally, to obtain higher alpha activity 
and to minimize potentially ocular artifacts the subjects 
were asked to keep their eyes closed during the whole  
session. 

 
 
 
 
 
 
 
 
 

 
Fig. 1 Stimulation paradigm 

 
B. Data 

We acquired polygraphic data, consisting of 28 EEG -
channels, one vertical EOG- and one horizontal EOG-
channel, one respiration- and one ECG-channel. The EEG 
channels were placed in accordance with the 10-20 interna-
tional EEG-system. The cutoff frequency of the anti-
aliasing filter was set at 70 Hz, the sampling frequency at 
500 Hz. 

 
 
 
 
 

 
 
 

nontarget trigger type“x“ 
 

target 

4.1s 4.1 s 

response 
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III. METHOD  

We found in our investigations, that in the case of suc-
cessful information processing in the corresponding brain 
structures, a power transition from higher to lower fre-
quency and back occurs in the time frequency distribution 
(Fig. 2). This transition is related to the target and occurs in 
non-pathological cases between subject specific frequencies 
in the alpha and theta band. The alpha behavior can be 
compared with the alpha blockade during the Berger effect 
in the visual areas. In our investigations, we expect an addi-
tional increase in the theta power during the alpha suppres-
sion and cognitive processing. This is related to the transient 
cognitive components. The expected dynamics can occur 
between lower subject specific frequencies, especially in 
cases with pathologically modified signals.  

 
A 

B 

Fig. 2 Example for time-frequency-distributions of a single trial (control 
parameter of the complex Morlet wavelet=15 (A) and 5 (B)) 

This described signal behavior underlies the developed 
time-frequency based signal estimation method (TFSE). It 
consists of the following steps:  

1) appropriate signal preprocessing; 
2) trial by trial computation of the time-frequency distri-

bution using complex Morlet wavelet with two different 
factors for improved computation for oscillations or tran-
sients; 
 

 
 

3) trial selection according to the above described power 
distribution dynamics;  

4) averaging of the selected trials; 
5) quantification and visualization of the estimated  

signal.  

IV. RESULTS 

The TSFE method was tested on sets including data from 
healthy subjects and patients with various cognitive im-
pairments. We demonstrate here the function of the TFSE 
technique using only single examples.  

As shown in Fig. 2 we obtain clear transitions between 
alpha and theta frequencies. The application of the two 
different parameters of the complex Morlet wavelet (5 and 
15) allows analyzes of the specific frequency as well as the 
time dynamics of the signal.  
 

Fig. 3  Signals at channels CPz and Pz estimated using the TFSE method 
(solid line) and the conventional method (dashed line) 
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A 

 
B 

 
Fig.4 Mapping sequences of the signals estimated using the conventional 
method (A) and the TFSE method (B); The mapping sequence interval 
represents the corresponding P300 wave duration (s. Fig 3 – gray bar for 
sequence A and black bar for the sequence B) 

Presented in Figure 3 are the P300 estimations as result 
of the conventional averaging and of the TFSE technique. 
The number of sweeps used for the averaging is to be em-
phasized. After the applied preprocessing and automatic 
sweep selection, 13 sweeps were used for the conventional 
averaging in this example. In the case of the TSFE tech-
nique only 6 sweeps were selected. Nevertheless this 
smaller number of sweeps a clear improvement in the am-
plitude and time course of the estimated P300 can be ob-
served. As demonstrated in the mapping sequences (Fig. 4) 
the spatiotemporal behavior of the signal is enhanced too. 

V. DISSCUSSION 

The power transitions, as presented in Fig.2, are charac-
teristic for healthy subjects. Similar behavior can be ob-
served for the signals of many epileptic patients too. On the 
other hand, in many cases, often patients with a long history 
of epilepsy, this power transition occurs in the theta band 
only. A verified group classification regarding this dynamic 
is not presently available. Therefore an initial individual 
investigation is necessary for determination of subject spe-
cific frequency parameters. To increase the resource effi-
ciency, the TFSE can be applied subsequently after failure 
of the signal estimation by the conventional averaging. 
Then again, comparing to the conventional averaging with-
out trial selection, the number of trials, necessary for suffi-
cient signal estimation can be reduced considerably using 
the TFSE method and so the acquirement time can be 
minimized. For real time application only the specific fre-
quencies can be controlled instead to analyze the complete 
time-frequency distributions.  

VI. CONCLUSIONS 

In this paper we present a technique for estimation of 
transient endogen evoked activity based on the pre- and 
post-stimulus power dynamics within the alpha and theta 
band. According to the TFSE method it is possible to ex-
tract and detect endogen components, e.g. P300, also in 
cases where the conventional averaging techniques fail. 

The efficiency of the method was demonstrated using 
data, acquired applying an acoustic odd-ball stimulation 
paradigm. Transferability to other paradigms is possible 
after initial investigation of the corresponding oscillation 
dynamics. 
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Abstract— Most non-invasive blood pressure measurements 
are based on either the auscultatory or the oscillometric tech-
nique. The oscillometric technique is based on some empiri-
cally derived criteria applied to the oscillometric index, which 
is defined as a certain characteristic physical property of pres-
sure pulses. In this study, we introduced a new type of en-
hanced oscillometric index obtained by a powered short time 
variance of the pressure data. Such a presentation shows sig-
nificant activity only below the systolic and above the diastolic 
blood pressure, which simplifies the criteria for automatic 
determination of blood pressure values, i.e., as in the case of 
the auscultatory technique, where only the presence and ab-
sence of pulses has to be detected. 

Keywords—blood pressure, auscultatory technique, oscillomet-
ric technique, short time variance. 

I. INTRODUCTION  

Most non-invasive blood pressure (NIBP) measurements 
are based on either the auscultatory or the oscillometric 
technique [1], [2]. Both techniques use an inflated cuff 
wrapped around an extremity and measure signals during 
cuff pressure deflation. 

The auscultatory technique uses the presence and ab-
sence of acoustic pulses (Korotkoff sounds) [3] generated 
by blood flow through an occluded artery. These sounds are 
usually detected by a trained observer with a stethoscope. 
The pressure level in the cuff is manually controlled and 
observed by a mercury sphygmomanometer. This technique 
is still the method of choice for NIBP measurements in the 
office [1].  

The oscillometric technique was first demonstrated in the 
late 19th century [4], but was not widely used until the 
availability of low-cost computing power with the advent of 
the microprocessor [5]. Now it is the most prevalent tech-
nique used in automated NIBP devices [2]. The oscillomet-
ric technique is based on arterial pressure pulses, called 
oscillometric pulses that are generated by arterial blood 
pressure (BP) pulsation in the cuff that occludes the artery 
during cuff pressure deflation [2]. Algorithms for automatic 
determination of the systolic (SP) and the diastolic (DP) 
pressure values are based on some empirically derived crite-
ria applied to the so-called oscillometric index [2], which is 
defined as certain characteristic physical properties plotted 
vs. the baseline cuff pressure. Typically, the envelope of 

peak-to-peak amplitudes is used as the oscillometric index. 
However, the algorithms used for detecting SP and DP are 
different from one device to another and are not revealed by 
the manufacturers [1]. 

The aim of this work is to find a possibly better method 
of oscillometric data analysis in NIBP measuring devices. 
We demonstrate a new presentation of an enhanced oscil-
lometric index obtained by a powered short time variance 
(STV) of the oscillometric data. This presentation shows 
significant activity only below SP and above DP values, 
which simplifies the criteria for the automatic determination 
of blood pressure values, as in the case of the auscultatory 
technique where only the presence and absence of pulses 
has to be detected. We introduce a new algorithm for auto-
matic detection of SP and DP using our newly developed 
STV oscillometric index and compare it with known algo-
rithms applied to oscillometric index based on peak-to-peak 
oscillation amplitudes, and finally evaluate these algorithms 
for 92 measurements performed on 23 healthy volunteers. 

II. METHODS 

A. Oscillometric index 

The oscillometric index is in general defined as an enve-
lope of a certain characteristic physical property of data 
obtained with the NIBP measuring device. In a previous 
study [6] we performed an extensive analysis of signals that 
can be recorded during NIBP measurements. Measurements 
were accomplished on a device designed by the LODE 
producer (Groningen, NL) for the EU-project “Simulator for 
NIBP” [7]. This device has both a compressor for cuff infla-
tion and a transducer for pressure detection built in a per-
sonal computer (PC), where also hardware and software for 
data acquisition was installed. We performed measurements 
on the upper arm cuff (Accoson, UK) with implanted piezo-
ceramic microphone with a diameter of 4 cm. In addition, 
we mounted between the cuff and the computer an OSZ4, a 
commercial automated NIBP device (Welch Allyn, USA). 
Altogether we made 92 recordings on 23 healthy volunteers. 
Using digital filtering described in  [6], we separated defla-
tion and arterial pressure pulses from the measured pressure 
data (Fig. 1a) and we extracted a high frequency audible 
part of the measured microphone data (Fig. 1b), which can 
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be related to the Korotkoff sounds observed in an ausculta-
tory BP measurements [3]. Figs. 2a,b show two types of the 
oscillometric index defined as envelopes of peak-to-peak 
oscillation amplitudes from Figs. 1a,b plotted vs. the pres-
sure level in the cuff (deflation). 

In this study we propose another method to represent os-
cillometric activity: power enhanced short time variance 
(STV) defined as the powered normalized variance of the 
measured data p(t) (see, Fig. 1a) at time subintervals of 
length ∆t 
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α α
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where N is the number of time points in ∆t (N = ∆t·fs, fs is 
sampling frequency), tk is a time point in the i-th ∆t and 

i
p is a mean value of measured pressure in that ∆t. Fig. 3 

shows the influence of the two parameters, ∆t and the power 
α, on the shape of the oscillometric index obtained from (1) 
(Evp – envelope of normalized peak-to-peak values of Vi

α). 
In the limit case (∆t→1/fs, α = 1/2), Vi

α is equivalent to the 
absolute value of the time derivative of the measured data. 
For larger ∆t, STV gives a measure of the rate of arterial 
pulse changes in a given time interval ∆t, or in other words, 
how much energy is transferred in ∆t between the arterial 
pulsation in the limb and the cuff wrapped around the limb. 
Using the heuristic method, we chose one half of average 

heartbeat duration (thb) as the most appropriate value of 
parameter ∆t. The curves in Fig. 3a show that i) above SP 
and below DP not much power is transferred, ii) a rapid 
change of transferred power is observed around SP and DP, 
iii) most of the power is transferred between SP and DP. 
Using the power α one could enhance the oscillometric 
index. As is demonstrated in Fig. 3b, significant activity is 
observed only in the interval between SP and DP for α ≥ 4. 

B. Algorithms and evaluation protocol 

Two general types of criteria are known in the literature 
[2]: one is based on the amplitude reading and the other on 
the derivative reading. They are called the height-based 
(HB) and the slope-based (SB) method. 

In the HB method, one has to know the characteristic 
height ratios, which are equal to the value of normalized 
oscillometric index where the BP in the cuff equals to SP 
and DP, respectively. In the related paper [8], we showed 
that these ratios are different for each type of oscillometric 
index. For the Epp index, we obtained averaged height ratios 
0.45±0.07 and 0.70±0.10 for the SP and DP, respectively. 
Using these height ratios in the case shown in Fig. 1a, we 
obtained (121/81) mm Hg estimates of (SP/DP) values. 

In the SB method, we first found the cuff pressure pm 
where the envelope reached its maximum height. SP and DP 
were then defined as the cuff pressure where the maximum 
slope of the envelope were reached in the increasing and 
decreasing part of the envelope, respectively. The slope is 

 
Fig. 1 a) Measured pressure data (left scale) and the arterial pressure
oscillations obtained by digital filtering (right scale), and b) high frequency
- audible part of microphone data. 

 

 
Fig. 2 Normalized oscillometric index obtained from a) Epp – the arterial
pressure oscillations (Fig. 1a), and b) Ekp – the audible part of microphone
data (Fig. 1b). Envelope of peak-to-peak oscillation values are displayed as
a function of cuff pressure (deflation) level. Vertical dashed lines denote
SP (119 mm Hg) and DP (80 mm Hg) values measured with OS4 device.  

 

 
Fig. 3 Influence of a) ∆t and b) α on the power enhanced STV index Evp.
Vertical dashed lines denote measured SP and DP values in mm Hg. 

 
 

IFMBE Proceedings Vol. 25

1358 V. Jazbinsek, J. Luznik, and Z. Trontelj



defined by a derivative of the oscillometric index. However, 
the oscillometric index represents a non-monotonic function 
due to the beat-to-beat variability of the pulse amplitude, 
artifacts, etc. Therefore the derivative can have many local 
extremes. To improve the prognostic value of the SB 
method, we introduced in [8] some constraints for estima-
tion of SP and DP. Using SB method with constraints in the 
case shown in Fig. 1a, we obtained (114/80) mm Hg esti-
mates of (SP/DP) values. 

For the power enhanced STV oscillometric index Evp, we 
introduced a new algorithm based on the presence and ab-
sence of signal activity. We called it a presence/absence 
(PA) algorithm. It consisted of two steps. In the first step, 
threshold values Ts and Td for SP and DP were determined 
from average background activities As above SP and Ad 
below DP as  

( ) ( )
s s d d

1   and  1T A T Aα α= + ⋅ = + ⋅ , (2)  

where α denotes a power in the enhanced normalized index 
V 
α (1). Average activities As and Ad were defined as the 

mean values of Evp for the first Nb heartbeats and the last Nb 
heartbeats, respectively. Nb was usually set to 3. From Ts an 
onset pressure Pon was found as the deflation level at which 
the envelope reaches Ts, and from Td an offset pressure Poff 
was found as the deflation level at which the envelope falls 
to Td. Pon and Poff were the first estimates of SP and DP. In 
the second step, we found maximum slopes Ss and Sd of the 
envelope just after Pon and just before Poff, respectively. A 
final estimate of SP was defined as the first pressure p(t) 
level in the cuff below Pon that fulfills the following condi-
tion: 

( ) ( )
vp hb vp s

3E t t E t S+ − > . (3)  

Similarly, DP was determined as the first pressure p(t) 
above Poff that fulfills: 

( ) ( )
vp vp hb d

3E t E t t S− + > . (4) 

Using PA method in cases of Evp (α = 4, ∆t= 0.5·thb) shown 
in Fig. 3b and Ekp shown in Fig. 2b, we obtained (118/81) 
and (120/77) mm Hg, respectively. 

Like in the related paper [8], we used a modified combi-
nation of BHS [9] and AAMI [10] protocols for the evalua-
tion of different methods for automatic determination of the 
SP and DP values. For the oscillometric index Epp based on 
the arterial pressure pulses (Fig. 2a), we applied the HB and 
SB algorithms to estimate SP and DP values. For the power 
enhanced STV oscillometric index Evp (α = 4, ∆t= 0.5·thb), 
see Fig. 3b, we applied PA algorithm to estimate SP and DP 
values. As in the BHS protocol we used grading criteria, but 
instead of using a certain percentage of readings falling 

within 5, 10 and 15 mm Hg of the reference values, we 
found the total number of cases falling within 1, 3, 5, 7 and 
10 mm Hg of the reference values. Results were classified 
into 6 grades according to the rule given in Table 1. For all 
estimations of SP and DP, the classification values VSP and 
VDP were found and a combined classification value VSP+DP 
was calculated using the following formula biased to the 
worse of the two classification values: 

SP DP SP DP
SP+DP

min(V , V ) 4 max(V , V )
V round

5

+ ⋅

=
⎛ ⎞
⎜ ⎟
⎝ ⎠

 (5) 

As in the AAMI protocol, we calculated |∆p| ± SD but we 
also included a calculation of the mean pressure difference 
∆p, which gives the average shift of the estimation regard-
ing the measured reference. In addition, we performed a 
linear regression fit of estimated vs. measured pressure 
values, which gives the linear correlation (r).  

III. RESULTS 

Fig. 4 shows bar charts of classification results obtained 
by the HB and SB methods applied to Epp envelopes and PA 
method applied to Evp. Table 2 displays some quantitative 
evaluation parameters for the cases shown in Fig. 4, such as 
C - the total number of cases classified as good (up to 5 
mm Hg difference between the estimated and the measured 
SP and DP), F - the number of failed cases (a difference 
above 10 mm Hg), r - the linear regression correlation, 
Δp ± SD - the mean difference and its standard deviation in 
mm Hg, |Δp| ± SD - the mean absolute difference and its SD 
in mm Hg, and Δpm - the maximum difference in mm Hg. 
The results show that all methods fulfills criteria for the 
BHS protocol [9] (at least 50% of readings falling within 5, 
75% within 10 and 90% within 15 mm Hg of the reference), 
as well as for the AAMI protocol [10] (tested device must 
not differ from the reference by a mean absolute difference 
|Δp| > 5 mm Hg or a standard deviation SD > 8 mm Hg). 
Comparison of the classification results obtained by differ-
ent methods show that for all these methods we obtained a 
high correlation (r > 0.9) with the measured SP and DP 
obtained by the OSZ4 device. The mean difference ∆p and 
the mean absolute difference |∆p| between the measured and 

Table 1 Classification of results 

Grade Value description absolute difference 
A 1 excellent 0 or 1 mm Hg 
B 2 very good 2 or 3 mm Hg 
C 3 good 4 to 5 mm Hg 
D 4 approximate 6 to 7 mm Hg 
E 5 bad 8 to 10 mm Hg 
F 6 fail more than 10 mm Hg 
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the estimated SP and DP values are for all these methods 
below 1 and 3 mm Hg, respectively.  The HB method gave 
the best results for all evaluation parameters displayed in 
Table 2 (for SP+DP estimates, C-85/92 cases were classi-
fied good, correlation r = 0.992 and |∆p|±SD = 2.0±1.9 
mm Hg). The other two methods, PA and SB, gave slightly 
worse evaluation results, (C-75/92, r = 0.986 and 
|∆p|±SD = 2.7±2.5 mm Hg) and (C-74/92, r = 0.983 and 
|∆p|±SD = 2.8±3.1 mm Hg), respectively. 

The results displayed in Table 3 show that the median 
values of SP and DP obtained by the HB, SB and PA meth-
ods gave the best match with the corresponding measured 
SP and DP. However, the median classification results were 
only slightly better than the results of the HB method ap-
plied to Epp (Fig. 4a and Table 2). Detailed statistics of the 
median values showed that in total 36, 36 and 20 cases for 
SP, and 56, 22, 14 cases for DP were selected from the 
results obtained by the HB, SB and PA methods, respec-
tively. The algorithm used in the OS4 device is not known 
to us, but the above results suggest that it is most likely that 
the HB algorithm is used in this device. 

IV. CONCLUSION 

We proposed a new presentation of the oscillometric in-
dex based on the power enhanced STV of measured pres-
sure data, which like in the case of Korotkoff sounds in 
conventional auscultatory method showed significant signal 

activity only in the region below SP and above DP values. 
We developed the PA algorithm for automatic determina-
tion of SP and DP values. Evaluation studies performed on 
92 recordings measured on 23 healthy volunteers showed 
that the proposed PA algorithm gave results comparable to 
results of the two known algorithms, HB and SB and the 
median values of SP and DP estimated by the HB, SB and 
PA methods gave the best match with the corresponding 
measured SP and DP. 
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Fig. 4 Bar charts of classification results for the a) HB and b) SB methods 
applied to Epp, and c) PA method applied to Evp(α = 4, ∆t=0.5·thb). Each bar 
in the plot corresponds to the total number of cases classified in a given 
group (A, B, ..., F) defined in Table 1. Results for the SP, DP and com-
bined SP+DP are denoted by an upward triangle, downward triangle and 
diamond, respectively. 

Table 2 Summary of evaluation results for different methods. 

Type BP C F r Δp±SD |Δp|±SD Δpm 
HB  SP 87 0 0.953 0.13±3.0 2.2±1.9 10 

applied to DP 86 0 0.954 -0.56±2.5 1.8±1.8 8 
Epp   SP+DP 85 0 0.992 -0.22±2.8 2.0±1.9 10 
SB  SP 82 5 0.9 -0.67±4.6 3.0±3.6 -18 

applied to DP 79 2 0.91 -0.68±3.6 2.7±2.5 -11 
Epp   SP+DP 74 1 0.983 -0.68±4.2 2.8±3.1 -18 
PA SP 80 0 0.95 0.18±3.6 2.9±2.2 10 

applied to DP 80 1 0.90 0.50±3.8 2.6±2.7 16 
Evp  SP+DP 75 0 0.986 0.34±3.7 2.7±2.5 16 

 

Table 3 Median evaluation results. 

BP C F r Δp±SD |Δp|±SD Δpm 
SP 87 0 0.961 -0.09±2.7 2.0±1.8 9 
DP 89 0 0.954 -0.43±2.4 1.8±1.7 -10 

SP+DP 87 0 0.993 -0.26±2.6 1.9±1.8 -10 
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Abstract— Computations of the characteristic impedance
are presented for various system parameters. We studied the
effect of stiffness, fluid and wall viscosity as well as the effect of
cross sectional area in the accuracy of new technique of deter-
mination of the characteristic impedance. The comparison of
characteristic impedance obtained by the classical method and
the new technique at the same physical and geometrical condi-
tion show that the new technique is more accurate. The new
technique provides values of characteristic impedance similar
to the true ones for all system parameters studied while the
characteristic impedance obtained by the classical method
depends on the system parameters.  We conclude that the new
technique can be a surrogate tools in computation of the cha-
racteristic impedance within the arterial system.

Keywords— Input and characteristic impedance, wave, reflec-
tion site, simulation.

I. INTRODUCTION

Wave reflection affects the distribution of pressure and
flow through a vessel. The role of reflection in the behavior
of the input impedance curve is generally recognized [1, 2].
A typical curve of input impedance shows with increasing
frequency a steep fall to reaches a minimum, succeeded by
oscillation between maxima and minima that becomes
smaller and smaller when increasing frequency [2]. Some
authors attributed the fall of impedance to a minimum value
to the presence of reflection [3, 4, 5]. Womersley suggested
that with increasing frequency the wavelengths become
shorter, hence the phase differences between backwards
components will increase and the reflection will therefore
tend to cancel out [6]. In agreement with this conclusion
some authors how recognize the reflection phenomena con-
sider that arterial reflections are not important due to the
effect of wave damping [7, 8].

The input impedance definite as the ratio of pressure to
flow at the entrance of the system depends on the terminal
impedance [9, 10, 11]. Hence, the characteristic impedance,
approximate by the high frequency values of the input im-
pedance in the frequency domain [12] will be influenced by
the system parameters. Moreover, approximate the characte-
ristic impedance to input impedance at high frequency

seems to be unreasonable due to the ratio signals to noise in
experimental data.

The focus of the present paper is in factor which has not
been studied in the previous work (Part I) where the authors
described a new technique permitting an estimation of the
characteristic impedance. We presents the results of a series
of computation of the characteristic impedance to illustrate
the effects of stiffness, fluid and wall viscosity as well as
the effects of variation of cross-section area of the vessel.

II. THEORETICAL FORMULATION

Governing equations and boundary conditions are linear.
Following a standard solution of the wave equation for
pressure P(t, x) and volumetric rates Q(t, x) distribution in
the tube we can write[6,13]:( ) ( ) ( )   = ( = 0) )

               (1)( ) ( ) ( )            = ( = 0) )
          (2)

Where  denotes the circular frequency of the forced oscil-
lation and is a real constant, c is the complex propagation
velocity and Y0 is the characteristic admittance. (1 )                  (3)

 represents the wave velocity in a non-viscous system, i.e.
Moens-Kortweg wave velocity.  is the Bessel function
as  given  by  Womersley  and (1 ) represents the fluid
viscosity and the boundary conditions.  represents the
effects of wall viscosity and  represents the viscoelastic
phase angle as a function of frequency [1]:[ ]                                                      (4)

The characteristic impedance for each harmonic can be
expressed as the ratio of the corresponding Fourier terms:

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1361–1364, 2009. 



= ))                                       (5)

Full detail of the mathematical method has been previously
presented in Part I of this work.

We consider a uniform tube of finite length L=44.3 cm,
loaded with a distal resistance of reflection coefficient K
(ratio of the magnitude of the reflected to incident waves)
and filled with a viscous fluid. A periodic impulse of fun-
damental frequency F0 = 1 Hz, is generated in the tube. The
number of harmonics constituting the signal was ‘n’ equal
to 14 harmonics. In the trials shown here several groups
were constructed by selecting a single parameter to change
while the rest parameters were held constant, allowing the
relative effect of each change to be evaluated. The parame-
ters required for flow and pressure calculation, called true
values, are: Fluid density =1050 kg/m3, vessel length L
=44.3 cm, vessel wall thickness h =0.5 mm, reflection coef-
ficient K0 = 0.46, base expanded radius R0 =2.4, 4.8, 7.2, 9.6
mm, fluid viscosity = 0.7 – 5.7 – 10.7 – 13.7 x10-3 Pa  s
and vessel modulus of elasticity E0 =3.6 – 10.1 – 16.5 – 22.9
x105 Pa.

The procedure study requires simultaneous measure-
ments of pressure and flow at one site and Fourier analysis
of each of the two sets into harmonics components. From
these simulated pressure and flow waveforms, the character-
istic impedance can be computed using equations (5). These
values of characteristic impedance, Z0 (A), were compared
to those obtained by the classical method (average of higher
frequencies input impedance values: Z0 (B)) and to the true
one Z0.

III. RESULTS

    In order to illustrate the effect of increasing wall stiffness
in the computation of the characteristic impedance various
values of stiffness are simulated.  In Figure 1, results are
shown for four values of stiffness (E0 =3.6 – 10.1 – 16.5 –
22.9 x105 Pa). From plot of characteristic impedance versus
frequency it is clear that the computed characteristic imped-
ance are in close agreement with the true ones over the
range frequency studied (1 to14 Hz). However, the

Fig. 1  Effect of wall stiffness upon input (o) and characteristic ( ) imped-
ance.

characteristic impedances computed by the classical method
(the average of the input impedance corresponding to har-
monic between 7 and 14 nth harmonics) and the new tech-
nique are given in Table 1. The comparison of computed
characteristic impedance by both methods to the true input
ones show that the new technique provide similar to the true
one while the classical technique provides values which are
different from true. Moreover, characteristic impedance
computed by the classical method depends on the stiffness
degrees.

Table 1: computed characteristic impedance for various wall stiffness:
New technique Z0 (A), classical method  Z0 (B) and the true one Z0.

E
(Pa)

Z0
(Pa.s.ml-1)

Z0 (A)
(Pa.s.ml-1)

Z0 (B)
(Pa.s.ml-1)

3.6 222.8 223.5 233.3
6.8 305.6 307.1 332.6
10.1 370.4 371.1 439.6
13.3 425.4 425.4 501.7
16.5 474.1 473.5 509.6
19.7 518.3 517.6 485.6
22.9 558.9 559.1 457.6
26.2 596.8 596.1 438.1
29.4 632.4 632.6 428.5
32.6 666.2 665.2 427.4

    In order to examine the sensibility of the new technique
to viscosity we simulated various value of fluid and wall
viscosity. Figure 2 displays the amplitude of both input and
characteristic impedance versus frequency for various fluid
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viscosity ( = 0.7 – 5.7 – 10.7 – 13.7 x10-3 Pa s).  It  can be
seen that the characteristic impedance obtained by the new
technique is similar to the true one (334 Pa.s.ml-1) for each
frequency (from 1 to 14 Hz) for all viscosity degrees exam-
ined.

Fig. 2  Comparison of the effect of different degrees of wall viscosity upon
input (o) and characteristic ( ) impedance.

Fig. 3  Comparison of the effect of different degrees of wall viscosity upon
input (o) and characteristic ( ) impedance. (a): =  2  , (b): =  8 ,
(c): = 14  and (d): = 20 .

Figure 3 show the effect of wall viscosity on the computa-
tion of the characteristic impedance by the new technique.
Four degree of wall viscosity are examined = 2, 8, 14
and 20 .  It  can  be  seen  that  the  effects  of  attenuation,  due
either to viscosity and wall viscosity on the input impedance

are of the same range. The fluctuation of the input imped-
ance are considerably reduced with increasing both fluid
and wall viscosity. However, no effect on the computation
of the characteristic impedance is observed. The computed
values of the last parameter are similar to the input one for
all values of fluid and wall viscosity examined.
     To  show  the  effect  of  variation  of  cross-section  in  the
computation of characteristic impedance we simulated vari-
ous radius (R0 =2.4, 4.8, 7.2, 9.6 mm). Results are shown in
Fig. 4. It can be seen that the increase of cross-section re-
duce considerably the fluctuation of the input impedance
which approaches the nominal characteristic impedance of
the system.

Fig. 4 Comparison of the effect of changing cross-sectional area upon
input (o) and characteristic ( ) impedance. (a): = 2.4  , (b):= 4.8 , (c): = 7.2  and (d): = 9.6 .

Table 2 provides values of characteristic impedances as
obtained by classical method (Z0 (B))) and those obtained
by the new technique (Z0 (A)).

Table 2: computed characteristic impedance for various cross-section.

R (mm) Z0
(Pa.s.ml-1)

Z0 (A)
(Pa.s.ml-1)

Z0 (B)
(Pa.s.ml-1)

2.4 574.2 575.1 667.5
3.6 208.3 209.2 229.1
4.8 101.3 101.3 110.8
6.0 58.1 58.5 65.4
7.2 36.8 36.8 40.1
8.4 25.1 24.8 25.4
9.6 17.9 17.5 17.2
10.8 13.3 12.3 12.7
1.2 10.2 10.3 10.1
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    The comparison of computed characteristic impedance by
both methods to the true ones (Z0) show that the new tech-
nique provides value in good agreement with true one for all
diameters examined. However, the classical technique pro-
vides true values of characteristic impedance for only large
diameters. The characteristic impedance computed by clas-
sical method becomes overestimated for small diameters
while the characteristic impedance calculated by the new
technique still in good agreement with the theoretical one.

The new technique of computation characteristic imped-
ance described above is although simple if compared to
previous methods [2, 14]. Only measurements of pressure
and flow rate at one location are necessary for the algorithm
to achieve the computation of the characteristic impedance.
It does not assume the knowledge of wall properties as did
previous methods which require more parameters than ne-
cessitated by our method. Moreover, we believe that the
method described in this work is well funded theoretically
and easy to implement experimentally. The accuracy and
validity of this method was demonstrated in the simulated
experiment done above. The computed Z0 (A), and the true
Z0, values of characteristic impedance were identical for all
reflection coefficient, lengths, cross-sectional area, viscosity
and stiffness studied. Moreover, this method has the advan-
tage that take into account the frequency dependence of
characteristic impedance in contrast to the classical tech-
nique which provide an average values. In addition the
value of characteristic impedance obtained by the classical
technique depend on the chose of range frequencies used
ton compute it and on the system parameters as shown
above.

IV. CONCLUSIONS

In conclusion, this study has shown that that new tech-
nique described on this paper can be a good tool to estimate
the characteristic impedance. The simulated experiments
show that the method provides true characteristic imped-
ance for all parameters system studied. The change in fluid
and wall viscosity, cross-section, reflection coefficient and
stiffness has no effect on the accuracy of the method. Com-
parison of classical technique and new allow as to conclude
that the new technique is more accurate for realistic applica-

tion. An in vivo testing of the accuracy of the method
beyond the scope of this work.
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Cognition Network Technology for Fully Automatic 3D Segmentation of Lymph 
Nodes in CT Data 
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Abstract—Definiens Cognition Network Technology is used 
to automatically segment lymph nodes in their anatomical 
context from CT data. Image analysis results of 28 patient data 
sets are compared to annotations provided by medical experts. 
Related to the annotations the sensitivity is on average about 
80% while the averaged false positive rate is about 2 per scan.  

Keywords—Image analysis software, CAD, lymph nodes. 

I. INTRODUCTION  

The fully automated detection and volumetric quantifica-
tion of lymph nodes in CT data enables radiologists to track 
rapidly and accurately the spread of cancer through the 
lymphatic system. Due to low contrast and high ambiguity 
of lymph nodes in CT data, the fully automatic segmenta-
tion has been moderately successful in the past [1]. How-
ever, more recently the Definiens Cognition Network Tech-
nology enables the context-dependent analysis of complex 
structures using an iterative, knowledge-driven approach to 
segmentation and classification [2]. In a joint project with 
the Clinical Radiology Department at the University Hospi-
tal of Munich the results of the Definiens analysis were 
evaluated on 28 data sets annotated by radiologists. It turned 
out that the lymph node detection performance of the par-
ticipating radiologist can be greatly improved using the 
developed software. Since the software’s false positive rate 
is very low, the radiologist is supported in a meaningful 
way when scanning through large volumes of data. Using 
the software the chance for a relevant lymph node being 
overlooked is considerably reduced as in many cases the 
search for lymph nodes in large data sets in particular under 
time pressure can be viewed as a “needle in the haystack” 
problem. Moreover, the volumetric measurements promise 
far greater precision to quantify tumor progression than the 
currently employed RECIST standard. 

II. MATERIALS AND METHODS 

A. Image Data 

So far 28 data sets of contrast enhanced MDCT studies 
of the chest and/or abdomen were selected randomly from 
routine clinical cancer staging. Axial images of 3 mm slice 

thickness and 1.5 mm slice distance were obtained. The data 
volume varied from 150 to 380 slices per patient. The data 
was read by one Reader on a PACS workstation, using 
exclusively axial images. The Reader was asked to report 
every lymph node greater than 5mm in maximum diameter, 
regardless of its possible pathology or clinical significance. 

 
B. Lymph Node Segmentation Algorithm 

The lymph node segmentation algorithm was developed 
in Definiens Developer, a commercially available software 
platform (see www.definiens.com for details). The algo-
rithm consists of two distinct parts. First an individual ana-
tomical model is extracted from the CT data set which com-
prises a fully automatic detection of muscles, fat (separated 
into abdominal and subcutaneous), bones (incl. spine, thigh, 
breast bone, and ilium), organs (lung, trachea, heart, kidney, 
liver, spleen, gullet, stomach, bladder, intestines) and major 
vessels (aorta, vena cava). Based on that model and utilizing 
the anatomical context, the lymph nodes are segmented in a 
second step.  

Lymph node candidates are segmented using a combina-
tion of 3D edge and region growing processes. The edge 
detection filter performs a cluster analysis in a 53 voxels 
kernel and returns the distance of the brighter to the darker 
cluster in colour and spatial space. This filter delivers an 
optimized robustness against noise due to its spatial compo-
nent. The filter is performed only in those regions of the 
image, which were classified as in the range of muscles and 
also “high-density” fat (Hounsfield unit greater than -50) 
and muscle (Hounsfield unit less than +200). Because many 
organs like the intestine were found in a previous step, we 
avoid detecting false positive lymph nodes in those regions. 
Based on the edge filter signal a threshold based segmenta-
tion generates objects wherein the object edges are located 
on the edge filter responses. A distance transformation in 
each generated candidate object enables the separation of 
object clusters. 

The found lymph node candidates are classified accord-
ing to their anatomical location in the body and according to 
the size. For each location and for small, medium and large 
lymph nodes different classifiers are used. We distinguish 
iliac, inguinal, aortic, mediastinal and axillary lymph nodes 
which leads to 15 different class descriptions. The Definiens 
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Cognition Network Technology utilizes Fuzzy descriptions 
to classify objects according to object properties and object-
object relations. To discriminate lymph nodes from muscle 
we utilize roundness, colour-contrast on the surface, stan-
dard deviation in colour, and relative surface area to 
fat/muscle/artery descriptors. The precise descriptor pa-
rameters vary with lymph node location and their size.  In 
particular, in the classifier for the lymph nodes we imple-
mented a size dependent contact area to fat and a location 
dependent threshold for the required calculated classifica-
tion probability. The latter can only be made use of when a 
context dependent approach is used and several relevant 
anatomical objects are segmented besides the objects of 
interest, in this case the lymph nodes. 

III. RESULTS 

We processed 28 data sets fully automatically with the 
described method. The found 371 lymph nodes are com-
pared automatically with an initial, three-dimensional anno-
tation of 188 lymph nodes provided by the radiologist. The 
software identified 150 lymph nodes correctly. All initial 
false positive lymph nodes were revised by a medical expert 
and rated either as false positive (55 artifacts or misclassifi-
cations) or missed by first radiologist (166 lymph nodes).  

Table 1 Lymph node (LN) detection evaluation 

Case Number Number 
of initially 
annotated 
LNs 

Number 
of found 
LNs 

Number 
of found 
LNs after 
revision 

Number 
of false 
positives 

1 1 1 5 1 

2 (Fig. 2 left) 5 5 20 0 
3 6 5 26 0 
4 2 2 8 5 
5 1 1 5 1 
6 2 1 24 1 
7 1 1 4 0 
8 2 0 2 0 
9  2 2 25 1 
10 4 4 8 1 

11 (Fig. 2 right) 3 2 19 7 
12 23 14 8 1 
13 51 43 28 10 
14 11 11 15 2 
15 10 8 12 2 
16  10 10 24 3 
17 2 1 1 3 
18 6 4 8 1 

19 1 1 0 0 
20 6 6 8 1 
21 6 6 17 1 
22 3 2 13 3 
23 7 5 7 2 
24 4 1 1 5 
25 0 0 0 0 
26 1 1 1 0 
27 6 4 16 2 
28 9 9 11 2 

Sum 185 150 316 55 

 
Therefore the automated system increased significantly 

the detection rate of the human reader (by 88%) whereas the 
false positive rate remains acceptable (2.0 / scan). For de-
tails see Table 1.  

In Fig. 1 we show the segmentation result as presented in 
the Definiens software. The segmented lymph nodes in the 
3D object view are rendered in cyan; one lymph node is 
selected using a red indicator. This lymph node was not 
annotated by the first Reader but found by the software. The 
screenshot shows selected objects from the automatically 
generated anatomical model: ilium (blue), bladder (yellow), 
spine (white), kidney (dark green), spleen (blue) and liver 
(red). 

 

Fig. 1 Screenshot of segmentation results with 3d object view, and axial, 
coronal and sagittal slice views (clock-wise) 

In Fig. 2 (left) the resulting segmentation of case #2 is 
shown. The software found 15 lymph nodes additionally to 
the first reader. The revised evaluation shows that all of the 
15 lymph nodes were found correctly; - in this case there is 
no false positive. 

Although the results are very encouraging, some prob-
lems remain. One of the largest sources for false positive 



Cognition Network Technology for Fully Automatic 3D Segmentation of Lymph Nodes in CT Data 1367

 

  
 

IFMBE Proceedings Vol. 25

 

 

objects is the missing detection of the subclavian artery. In 
Fig. 2 (right) we show in purple and cyan different types of 
detected nodes. In the upper right part of the image the 
artery was wrongly sub-segmented into lymph nodes. We 
will overcome that shortcoming in the next month by im-
plementing a dedicated artery finding algorithm in the ana-
tomical model component of the software. 

  
Fig. 2 Segmentation result for case 2 (left) and case 11 (right) 

IV. CONCLUSIONS  

The developed CAD tool has the potential to signifi-
cantly increase the number of detected lymph nodes, thus 
reducing the number of missed nodes, while keeping the 
number of false positives acceptably low. The high 3D 
segmentation accuracy promises detailed measurements of 

volume and shape which will improve the tumour staging 
methodology in terms of precision and objectivity. The 
successful segmentation of liver lesions in the MICCAI 
2008 segmentation grand challenge [3] and the work pre-
sented here shows that a solid segmentation algorithm for 
the generation of a personalized anatomical is a valuable 
basis for a variety of applications in radiology.  
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Abstract  Magnetic Resonance Spectroscopy is a powerful 
non-invasive diagnostic tool that is used in conjunction with 
MRI techniques to provide identification and quantification of 
biologically important compounds in soft tissue. However in 
diagnostic applications the underlying relations of the 
meas
account are too complex to be coded into simple decision rules. 
Moreover magnetic field homogeneity effects, measurement 
noise and sensor calibration issues induce distortion into the 
obtained spectra. In this work we focus on utilizing a state of 
the art support vector machine classification system to 
undertake the task of brain tumor classification. We aim at 
providing the human expert with easily interpretable 
probabilistic metrics to assist in the time, volume and accuracy 
demanding diagnostic process. 

Keywords  Magnetic Resonance Spectroscopy, MRS, Support 
Vector Machines, SVM 

I. INTRODUCTION  

Magnetic Resonance Spectroscopy (MRS) is a non-
invasive diagnostic tool, using non-ionizing radiation that 
provides greater information than MRI techniques alone, 
concerning the observation, identification and quantification 
of biologically important compounds in soft tissue. 
Although proton spectroscopy has been demonstrated in a 
number of organ systems (in particular, recent studies show 
promise for the use of proton spectroscopy in the diagnosis 
of prostate and breast cancer), the overwhelming number of 
applications have been in brain lesions, as it is a relatively 
easy region for shimming and lacks of motion artifacts [1]. 

Initial approaches to this problem [2,3] focused on 

ratios. Other methods have extended the above approaches 
to include nonlinear metabolite interactions of specific cases  
[4].  

Support Vector Machines (SVMs) are nonlinear pattern 
analysis models stemming from statistical learning theory 
[2, 5] whose performance and generalization ability has 
been verified in diverse application domains. Their 
advantages include automatic adjustment of model 
complexity, customized kernel designs and powerful 
learning capability of very complex feature spaces. The use 

of SVMs in conjunction with the discrimination capabilities 
provided by 3T MR scanners, allows for the utilization of 
more information in order to provide more accurate 
diagnostic decisions. 

 
Fig. 1 Overall MRS decision-diagnostic loop 
 
In this study we are using an extensive dataset of high 

resolution 3T spectra obtained from patients at the Larisa 
University Hospital. 

The MRS sensor data was preprocessed using standard 
statistical methods for outlier detection, normalization and 
mapping. The filtered dataset was used to train a Support 
Vector Machine classifier and the results evaluated by 
clinical experts. 

II. METHODS AND MATERIALS 

A. Dataset description

A total of 43 consecutive patients (24 women and 19 
men) with several brain lesions (tumors, epilepsy, multiple 
sclerosis, gliosis, leukoencephalopathy, meningiomas etc) 
were enrolled in this study before any surgical biopsy 
and/or resection. All patients gave a written informed 
document to ensure the safety of the exam. 1H-MR 
spectroscopy studies were performed using both automated 
Single Voxel and multivoxel (Chemical Shift Imaging) 
spectroscopy packages  with a 3-Tesla MRI whole body 

material administration.  
Data were acquired using point-resolved spectroscopy 

(PRESS) pulse sequence at both short TE (35msec) in 

MRS sensor patient Decision 
Support 
System 

Treatment  
plan 

SVM 
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single voxel technique and intermediate TE (144msec) in 
chemical shift imaging. Extracted spectra for each patient 
were concerned healthy and pathologic brain regions.  

 

 
Fig. 2 T2 MRS image and corresponding spectrum 

 
In order to differentiate among brain lesions or classify 

among stages of a disease, especially in tumor cases, spectra 
were evaluated according to peaks related with the main 
brain metabolite concentrations such as [NAA], [Cho], [Cr], 
[mI], [lipids+lactate],  [Glx complex] and ratios 
([NAA]/[Cr], [Cho]/[Cr], [mI]/[Cr], [Cho]/[NAA]), as 
different pathologic states reveal variations among those 
ratios and metabolite concentrations. 

The obtained spectra were preprocessed based on a 
standard protocol using jMRUI (java Magnetic Resonance 
User Interface) software package [9,10]. Spectral data 
acquisition was followed by Frequency selective signal 
removal (e.g. of water and lipids) and metabolites were 
quantified. In order to improve the quality of the 
quantifications we used prior knowledge on the MRS 
signals as much as possible. Prior knowledge was 
concerned with spectral parameters and instrumental effect 
when acquiring the signals. 

The free induction decays were zero filled to double the 
number of points. We applied Guzdow enhancement 
procedure [11] to reduce noise and SVD-bases filtering to 
remove unwanted peaks. Subsequently, fitted areas of the 
resonances of interest were calculated in the water suppress 
spectrum with the AMARES quantification algorithm. 

 
B. Classification

Primary classification analysis was performed using 
Support Vector Machine classifiers with nonlinear radial 
basis function (RBF) kernels implemented using the 
PRTools toolbox [7].  

The classification outputs were evaluated using a 10x 
cross validation scheme and 5% confidence intervals. 

Additional aspects of the problem that were evaluated 
included the relative prognostic power of specific subgroups 
of metabolite ratios and the possible improvement of the 
overall process through different preprocessing scenarios. 

III. RESULTS 

Initial results indicate that a nonlinear SVM utilizing 
jMRUI preprocessed data can reach accuracies in the range 
of 85% for the examined pathologies. However a more 
detailed evaluation of the models on an extensive dataset is 
under way in order to identify the covariates  relative 
predictive ability and possible interactions using Automatic 
Relevance Determination.  

From a physical aspect spectral resolution is strongly 
depended on high field strength, high field homogeneity, 
voxels tissue homogeneity and metabolites chemical shift 
degree at the region of interest. In particular, as high is the 
strength of the external high field, its homogeneity and the 
degree of chemical shift, then metabolite peaks are much 
more distinguishable and separated in a spectrum.  

During Single Voxel spectroscopy or Chemical shift 
imaging, the better the high field homogeneity obtained in 
the region of interest the more the metabolite peaks were 
separated leading to a good-quality spectrum. The choice of 
voxel position was critical in achieving high good quality 
spectra. It was obviously important to put the voxel in an 
appropriate place to detect pathology so as to ensure good 
shimming over the voxel. A FWHM of less than 10 in 
Single Voxel spectroscopy and less than 20 in CSI was 
ideal. 

Spectroscopy may be helpful in the differential diagnosis 
between various lesions such as tumors, multiple sclerosis, 
epilepsy etc. Metabolic characteristics can be distinguished 
among several brain lesions, suggestively, low-grade tumors 
and meningiomas show reduced NAA and elevated Cho. 
Metastatic lesions and high grade gliomas show resonances 
corresponding to lipids or lactate at central regions of the 
lesion and low levels of Cr. Spectra from multiple sclerosis 
(MS) plaque showed reduced NAA, various concentration 
of Cho, with Lac appearing occasionally, mI/Cr and Cho/Cr 
can be elevated. Almost the same metabolic profile as MS 
appeared in cases of leukoencephalopathy with low levels 
of NAA and high levels of mI. In cases of epilepsy, spectra 
from hippocampal region, showed reduced signal of NAA, 
decreased NAA/Cho and elevated mI and Glx. 
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IV. CONCLUSIONS  

parenchyma provides different metabolic profile. For 
instance, metastatic brain tumor is characterized by a high 
peak of lipid signal (high concentration) and low level of Cr 
concentration. However, variations among different spectra 
are often very subtle rendering extremely difficult for the 
metabolic profiles of several lesions to be differentiated.  It 
happens frequently that a neoplastic lesion metabolically 
resembles a non-neoplastic one, deriving spectra that look 
alike. Also differentiation among neoplastic lesions can be 
difficult as well. A prerequisite for 1H-MRS accuracy 
comprises the proper choice of voxel size and the 
appropriate positioning of it on the ROI as is of critical 
importance to achieve a good-quality diagnostic spectrum. 

The classification module exhibited promising 
performance and can be further enhanced by introducing 
customized SVM kernels and classifier fusion approaches. 

To conclude with, proton magnetic resonance 
spectroscopy is an important, non-invasive adjunct to 
anatomical imaging for the evaluation of brain lesion type 
or grade, for targeting and evaluating response to therapy, 
as well as understanding the mechanisms of success or 
failure of treatments. Thus, 3T admits the optimization of 
MRS procedure for the exportation of accurate results. 

ACKNOWLEDGMENT 

Research supported by EU project: BIOPATTERN (FP6-
2002-IST 508803).  

REFERENCES  

  
 

1. A.W. Simonetti, W.J. Melssen, M. Van der Graaf, G.J.  Postma,  A.  
Heerschap,  and  L.M.C.  Buydens (2003) A Chemometric Approach 
for Brain Tumor Classification Using Magnetic Resonance Imaging 
and Spectroscopy, Analytical Chemistry, 75:5352-5361.  

2. M.G. Kounelakis, M.E. Zervakis, M.E. Blazadonakis, G.J. Postma, 
L.M.C. Buydens, A. Heerschap, X. Kotsiakis Identification of 
significant Metabolic Markers from MRSI data for Brain Cancer 
Classification 8th IEEE International Conference on BioInformatics 
and BioEngineering (BIBE 2008) Athens Greece, 8-10 Oct 2008  

3. Jian, M. and S. Zengqi (2005). MRS Classification Based on 
Independent Component Analysis and Support Vector Machines. 
Proceedings of the Fifth International Conference on Hybrid 
Intelligent Systems, IEEE Computer Society.  

4. Lukas, L., A. Devos, et al. (2004). "Brain tumor classification based 
on long echo proton MRS signals." Artificial intelligence in medicine 
31(1): 73-89. 

5. Vapnik, V. (1995) The Nature of Statistical Learning Theory. N.Y.: 
Springer.  

6. Cristianini, N. and Shawe-
Support Vector Machines and other kernel-based learning me
Cambridge ; New York: Cambridge University Press. 

7. - A Matlab Toolbox for Pattern 
 

8. Van Gestel, T., J. A. K. Suykens, et al. (2002). "Bayesian framework 
for least-squares support vector machine classifiers, Gaussian 
processes, and kernel Fisher discriminant analysis." Neural 
Computation 14: 1115-1147. 

9. A.  Naressi,  C.  Couturier,  J.M.  Devos,  M.  Janssen,  C. Mangeat, 
R. de Beer, D. Graveron-Demilly, MAGMA, 12, 141-152, 2001. 

10. jMRUI project at http://www.mrui.uab.es/mrui/mruiHomePage.html 
11. R. Areste, R., Yang, Y., Hsieh, J. (2006) An Image Enhancement 

Procedure for 3D Visualization of Liver CT Data , Proceedings of the 
2006 IEEE Southwest Symposium on Image Analysis and 
Interpretation, pp.153-157. 

 
 
 

1370 Ι.Ν. Dimou et al.

  
 IFMBE Proceedings Vol. 25  

 



 

A Comparison between the Proliferation Rate of SAOS-2 Human Osteoblasts and 
BMSCs (Bone Marrow Stromal Cells) Using Mathematical Models 

D. Prè1,3, G. Ceccarelli2,3, M.G. Cusella De Angelis2,3, and G. Magenes1,3  

1 Dipartimento di Informatica e Sistemistica, Università degli Studi di Pavia, Pavia, Italy  
2 Dipartimento di Medicina Sperimentale, Università degli Studi di Pavia, Pavia, Italy 

3 C.I.T., Centro di Ingegneria Tissutale, Pavia, Italy 

Abstract—The aim of our work is to find a time scale factor 
between the proliferation models of SAOS-2 human os-
teoblasts, a tumorigenic osteoblasts-like cell line, and BMSCs 
(bone marrow stromal cells). In order to perform this study we 
previously took the two cell lines to the same differentiation 
stage, by using the deposition of calcium on cellular matrix as 
indicator. Afterwards the same number of cells for both the 
SAOS-2 and BMSCs were plated, and we followed the growth 
in number of cells for four weeks, by stopping and counting 
them at 0, 7, 14, 21 and 28 days after the beginning of the 
experiment. The results were analyzed by Matlab 7.1 software 
and we tested a sigmoidal curve fitting and a linear model for 
the two cellular growths. The errors between the data and the 
curve fitting were calculated. In order to find a coefficient to 
represent the scale factor between the proliferation of SAOS-2 
and BMSCs, the rate between the two amplification coeffi-
cients of the sigmoidal model and the rate between the two 
angular coefficients of the linear curves were calculated. The 
two scale factors are very similar (between 5.08 and 5.5) and 
we used this value to adapt the duration of the experiments 
previously completed on SAOS-2, to BMSCs. 

Keywords—Mathematical model, SAOS-2, BMSCs, cell  
proliferation. 

I. INTRODUCTION  

Several experiments of bone tissue engineering use 
SAOS-2 human osteoblasts as a first step of the studies on 
osteoblasts precursor cells, because of their high rate of 
proliferation and their availability [1-4]. However it is a 
tumoral cell line, so it is not possible to generalize the re-
sults obtained on SAOS-2 to the normal osteoblastic cell 
types. In fact, the proliferation and differentiation models of 
SAOS-2 cell lines are very different from the ones of 
BMSCs, a normal human stem cell line more useful to find 
a standard method of treatment on patients. So, it would be 
useful to identify a proliferation time scale factor between 
these two cell lines, in order to repeat the experiments on 
BMSCs with the right adjustments in duration with respect 

to the SAOS-2. We started this experiment on the compari-
son between the two cellular models because we had ob-
tained good results about mechanical stimulation to increase 
differentiation toward bone on SAOS-2 in tissue engineer-
ing [5]. Before the beginning of a new experiment on 
BMSCs it’s useful to understand if the duration of the 
treatment that gave good results on SAOS-2 can be ex-
tended in the right proportion for the BMSC in order to 
reduce even the differentiation period of this human  
cell line.  

II. MATERIALS AND METHODS 

A. Cell Cultures 

Two cell lines were used: SAOS-2 human osteoblasts and 
BMSCs. The first one is a tumorigenic cell line derived 
from an osteosarcoma of a caucasian female patient of 11 
years old, often used for its high rate of proliferation and its 
resistance. The BMSC are multipotent stem cells that can 
differentiate into a variety of cell types, both in vitro and in 
vivo, including osteoblasts, chondrocytes, myocytes, adipo-
cytes [6,7].  

 
B. Alizarin Red Test 

Alizarin red test was used as biochemical assay to deter-
mine, quantitatively by colorimetry, the presence of calcific 
deposition by cells of an osteogenic lineage. It is an early 
stage marker of matrix mineralization, a crucial step to-
wards the formation of calcified extracellular matrix associ-
ated with true bone. The intensity of the color, proportional 
to the calcium deposition, is measured with the Nanodrop™ 
(Nanodrop Technologies, Wilmington, USA) at a wave-
length of 595 nm. We analyzed the level of deposition of 
calcium every day after plating in order to begin the ex-
periment on proliferation models with the same differentia-
tion level for the two cell cultures. The level of Alizarin has 
been normalized to the number of cells. 
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C. Cell Counting 

In order to analyze the proliferation of the two cell lines, 
the number of cells was counted by Burker’s chamber. The 
cells were plated in 3 dishes with an Area of 9.52 cm² for 
both the cell cultures. To follow the evolution of the number 
of cells this analysis was performed after 0, 7, 14, 21 and 28 
days after the beginning of the experiment for both the 
SAOS-2 and the BMSCs. Cells was detached with Tripsin 
1X and resuspended in an appropriate volume of PBS. 

 
D. Experimental Protocol 

SAOS-2 is an osteoblastic-like cell line, and its differen-
tiation toward bone tissue is assured by its own nature. On 
the contrary, the bone marrow stroma consists of a hetero-
geneous population of cells that provides the structural and 
physiological support for hematopoietic cells. Additionally, 
the bone marrow stroma contains cells with a stem-cell-like 

character that allows them to differentiate into bone, carti-
lage, adipocytes, and hematopoietic supporting tissues, as 
explained before. So it’s essential to induce BMSC to be-
come bone. Subsequently, it’s useful to perform a prelimi-
nary experiment to understand the level of differentiation of 
the two cell lines in order to begin the experimentation on 
comparison between BMSC and SAOS-2 with the same 
initial conditions. We tested the cellular differentiation as 
the presence of calcific deposition by cells of the osteogenic 
lineage. So the Alizarin red test was used, as explained 
before. In this preliminary experiment we plated 5000 
cell/cm2 of SAOS-2 human osteoblasts in their medium 
(McCoy’s Medium) and the same number and concentration 
of BMSC in their differentiative medium (Mesencult Basal 
Medium with Osteogenic Stimulatory Supplement (Hu-
man), Beta-glycerophosphate, dexamethametasone and 
Ascorbic Acid). After the first two days the level of Alizarin 
red was measured every day for 10 days for both the BMSC 
and the SAOS-2, and the results are represented in Fig.1.  
After 4 days the SAOS-2 showed a normalized level of 
Alizarin red equal to 5, and the same level was observed in 
BMSC after 7 days of culture. After this preliminary analy-
sis, the experiment on the comparison between the two 
proliferation models was performed. After 4 days in a flask 
the SAOS-2 cells were plated in 3 wells with an Area of 
9.52 cm2 and a concentration of 5000 cells/cm2. The same 
procedure was applied to BMSC after seven days of seeding 
in a flask. The SAOS-2 cell line was kept in its MCoy’s 
medium for all the duration of the experiment. On the con-
trary, the medium of BMSC plates was changed after the 
first 7 days (the differentiation period) from the Mesencult 
Basal Medium with Osteogenic Stimulatory Supplement to 
the proliferative medium (Mesencult Basal Medium). The 
experiment was accomplished for 28 days after the reaching 
of the same level of Alizarin Red of the two cell lines (T0).  

 

Fig. 1 Representation of Alizarin red levels for SAOS-2 (blue line) and 
BMSC (red line). The green line represents the same level of Alizarin 

The number of cells was counted every week (T0=day 0, 
T1=day 7, T2=day 14, T3=day 21, T4=day 28).  The medium 
of both the cell lines has been changed every 4 days.  

 
E. The Mathematical Models 

After the collection of data, we tried to find a mathematical  
function in the time domain to model the growth of SAOS-2 
and BMSC. The mathematical function for BMSCs and 
SAOS-2 growth should be the same in order to be able to 
compare the two proliferation curves and to find a time 
scale factor. The software Matlab 7.1 was used to optimize 
the parameters of the function following the least squares 
method. In order to find the scale factor between the growth 
in number of SAOS-2 and BMSC we needed to compare the 
amplification factor between the two equations. First of all, 
we observed the shape of the data, and the models found in 
literature for some tumoral cell types [7, 8]. So a sigmoidal 
function was tested for SAOS-2 and BMSC growth [Eq.1]: 

 

)(1
)( btae

Aty −−+
=      [Eq.1] 

We used a function to solve nonlinear curve-fitting (data-
fitting) problems in the least-squares sense. This procedure 
was repeated several times in order to obtain the best fitting: 
the initial conditions for the problem were the coefficients 
of the output function after the previous curve-fitting. The 
error function was defined as [Eq.2]: 
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Where f(ti) is the evaluation of the sigmoidal function in the 
time i, and data (ti) is the data observed in time i. 

In order to get a percentage of the error on data, we 
evaluated another parameter [Eq.3]: 

))(( itdatasum
EEp =      [Eq.3] 

The scale factor, calculated as the rate between the amplifi-
cation factor of the two functions, has defined as 
A(saos)/A(bmsc) [referred to Eq.1]. 

The second function we considered was the linear one 
[Eq.4]: 

bmttN +=)(     [Eq.4] 

The errors were calculated as Eq.2 and Eq.3 even for the 
linear model. The scale factor between SAOS-2 growth and 
BMSC growth in the linear curve is the rate between the 
two angular coefficients m. 

III. RESULTS 

The sigmoidal models of cell proliferation are shown in 
Fig.2. The best fitting for the two sigmoidal functions is 
represented in Eq. 5 and Eq.6: 
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Where ys(t) and yB(t) represent the sigmoidal functions of 
proliferation for SAOS-2 and BMSC, respectively. 

The percentages of the errors between data and predictive 
sigmoidal functions are 2.4% for SAOS model and 9.8% for 
BMSC model. The rate between the amplification factors of 
the sigmoidal equations representing SAOS-2 and BMSC 
growth is 5.5.  

The two cellular types have been modeled even as linear 
functions (Figure 3), and the lines representing the best first 
order fitting for data (with the least square method) are 
described in Eq.7 and Eq.8:  

44 1016106.6)( ×+×= ttNsaos    [Eq.7] 

44 106.5103.1)( ×+×= ttNbmsc   [Eq.8] 

 
Fig. 2 Cell proliferation for SAOS-2 (blue line) and BMSC (red line) 
during 4 weeks of experiments and with an initial density of 5000 cell/cm2. 
The graph has been realized with Matlab 7.1, by applying a sigmoidal 
model on the two cellular growths 

The rate between the angular coefficients of the lines 
modeling SAOS-2 and BMSC cells growth is 5.08.  

The error between the linear function and data was calcu-
lated for both the cell lines and the percentages of these 
errors are 9.3% for SAOS-2 and 11.57% for BMSC.  

The percentage of the errors are greater than the normal 
threshold value (5%), but the models have been used just to 
find the scale factor, that is equal to the rate between the 
angular coefficient of SAOS-2 and BMSC and not as a 
predictive model of the cells growth. 
 

 
Fig. 3 The linear fitting for SAOS-2 (blue line) and BMSC (red line) 
growth. The stars represent the real data and the lines are the fitting with a 
linear model. The graph has been realized with Matlab 7.1 
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IV. DISCUSSION AND CONCLUSIONS 

This experiment was carried out in order to find a time 
scale factor to align the growth of SAOS-2 cells and of 
BMSCs in the same conditions (differentiation levels, con-
centration, culture mediums). This interest is mainly caused 
by the difficulty to generalize the results obtained on 
SAOS-2 to BMSCs, even if many researchers work with the 
tumoral cell lines as a first trial to understand the effects of 
treatments or drugs on osteoblastic cell lines. If some results 
have been obtained on SAOS-2 caused by a particular dura-
tion of treatment, the new experiment on BMSCs can’t be 
performed with the same duration, because of the different 
rate of proliferation of the two cell lines. The most fre-
quently mentioned models of cells growth are the sigmoidal 
function [8, 9] and the linear one [10, 11]. So these two 
different models have been tested and the two rate between 
the amplification factors were calculated. The functions 
representing the proliferation of SAOS-2 and BMSCs have 
not to be considered as predictive models for the growth of 
the two cell lines. We used the first derivative of the linear 
fitting to find the scale factor (equal to 5.08) between them, 
in order to amplify the duration of treatment on SAOS-2 of 
5 times to adapt the response for BMSCs cell line.  The 
sigmoidal model fits with the SAOS-2 growth but during 
the last week the error between sigmoidal function and 
number of BMSCs is more than 25%. In fact, while the 
SAOS-2 grow in more layers, the BMSCs begin to die for 
contact inhibition if the number exceeds the available space 
on a well. The rate between the two amplification factors of 
the sigmoidal curves is equal to 5.5, not so different from 
the rate in the linear modeling. 

By the knowledge of the temporal scale factor between 
SAOS-2 growth and BMSC growth, we were able to begin 
the experiment on the effects of some treatment already 
tested on SAOS-2 even on BMSC with the correct duration 
amplified of 5.08-5.5 times with respect to the treatment on 
SAOS-2. This study can be useful in bone tissue engineer-
ing, where the availability of stem cells is always limited 
and BMSC are too delicate to be used as a first trial of ex-
perimentation. 
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 Coherence analysis of frontal midline theta rhythm in EEG during 3-D maze task 
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Abstract— We examined electroencephalography (EEG) 
power spectrum and complex coherence in the theta band 
while the subjects were performing a three–dimension (3-D) 
virtual maze navigation tasks. 10 healthy male participated. 
The imaginary part of coherence was used to provide a func-
tional measurement of cortico-cortical communication. The 
coherence is also insensitive to false connectivity arising from 
volume conduction. The imaginary part of coherence analysis 
applied to a measurement EEG data in the section which fron-
tal midline theta rhythm (6 – 7 Hz) appeared during 3-D maze 
tasks. The results showed that the coherence in the theta band 
between regions of frontal and right temporal is positive dur-
ing 3-D maze tasks. This result suggests that the frontal mid-
line theta rhythm precedes the temporal activity. Our finding 
suggests that the connectivity between frontal and temporal 
was correlated with spatial navigation.  

Keywords— Frontal midline theta rhythm, Imaginary part of 
coherence, 3-D maze task, EEG, volume conduc-
tion. 

I. INTRODUCTION  

Frontal midline theta (Fm ) rhythm in the human 
electroencephalogram (EEG) is often evoked by conditions 
that require continuous attention to the performance of 
various mental tasks such as serial addition, video games, 
and spatial nabigation [1]. Fm  rhythm is a synchronous 
human brain wave front 6 – 7 Hz that appears in midline 
positive central region. It shows the peak magnitude in 
position Fz of the international electrode arrangment method. 
From the previous study, it was reported that the Fm  
rhythm had some functional roles in rat and epilepsy subject 
spatial navigation [2,3]. However, there has been 
uncertainty over the existance and functional roles of task-
depencent theta rhythm in healthy subject.  

Resently, much attention has been paid to interpretin 
rhythmic EEG activity in terms of brain connectivity. 
Probably the simplest and most popular measure of 
interaction at a specific frequency domain. The imaginary 
part of coherence is calculated and used as index of the 
functional connectivity between brain regions that is 
insensitive to volume conduction.  

We examined power spectrum and imaginary part of coherence 
in the theta band in EEG while the subjects were performing a 

three–dimension (3-D) virtual maze navigation tasks. 

II. METHODS 

Ten male subjects aged 21 - 24 years. Informed consent 
was obtained from them. 

Computer-generated 3-D mazes (Fig.1), having four dif-
ferent turning points (TP 6, 9, 12, and 15), were displayed 
on a monitor. The TP is the place where a subject decides 
going straight or turning to a certain direction (going 
straight and turning left or right) at an intersection or T-
junction. The subject’s aim was to navigate as quickly and 
accurately as possible from a starting point to a goal posi-
tion. Subjects traversed each maze in two modes, denoted 
Study and Test. In Study mode, red corridors directed sub-
jects through the maze. In Test mode, the red corridors were 
removed, forcing subjects to rely on a learned representa-
tion of the maze. Subjects navigated each maze ten times in 
Study mode, and then navigated the same maze in Test 
mode, the y traverse the maze ten times.  

EEG was recorded using a 19-channel electrode cap and 
recording locations were in compliance with the recognized 
Standard International 10-20 system sites. All scalp chan-
nels were referred to the linked earlobes. EEG signals were 
amplified and filtered using a band-pass filter with frequen-
cy range of 0.5 – 100 Hz. The amplified signals were sam-
pled at a rate 250 Hz.  

The imaginary part of coherence analysis applied to a 
measurement EEG data in the section which Fm  appeared 
during 3-D maze tasks. The coherence was used to provide 
a functional measurement of cortico-cortical communica-
tion. The imaginary part of coherence is insensitive to false 
connectivity arising from volume conduction [4]. The im-

 

 
               (a)                 (b) 

Fig.1. T-junction (a) and blueprint of sample 12-junction maze (b) 
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   power               imaginary part of coherence      power                   imaginary part of coherence 
(a) TP15                                                     (b) TP6 

 
Fig.2. Maps of power and imaginary part of coherence in the frontal midline theta rhythm (6-7 Hz) during TP15 (a) and TP6 (b). 

aginary part of coherence is calculated according to the 
following formula [4]: 
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where Xn and Yn are power spectrum of signal x and y.  =  
x y is phase difference between the signal x and y at the 

specific frequency.  

III. RESULTS 

Fig.2 shows maps of power and imaginary part of cohe-
rence in the frontal midline theta rhythm (6-7 Hz) during 
TP15 (a) and TP6 (b). The single large circle represents the 
whole scalp. At each electrode position, we place a small 
circle also representing the scalp and containing the cohe-
rence of the respective electrode with all other electrodes. 
The theta power in Fz is larger in the TP15 (difficult) task 
than in the TP6 (easy) tasks.  

The imaginary part of coherence between Fz and right 
temporal region is positive which means the frontal activity 
precedes the temporal one. 

IV. DISSUCUTION 

We examined EEG power spectrum and imaginary part 
of coherence in the theta band  while the subjects were 
performing a 3-D virtual maze navigation tasks. 

A frontal midline theta rhythm increased in power with 
increased task difficulty. This result agrees with our 
previous study by EEG [5].  On the other hand, the 
imaginary part of coherence in the theta band between 
regions of frontal and right temporal increased during 3-D 
maze tasks. This results suggest that the frontal midline 

theta rhythm are modulated by task variables, and greater 
connections between the cortex regions of the frontal – 
temporal increased during 3-D maze task.  

Therefore, this finding leads to conclusion that 
information processing in spatial navigation is related to 
regions of frontal and temporal. 
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Modeling biological systems in Laplace Domain for Synthetic Biology Design  
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Abstract— Synthetic Biology is becoming increasing impor-
tance in the field of medicine. Synthetic biology involves the 
use of engineering approach to design and construct biological 
systems using standard interconnected biological parts. These 
systems are constructed using a bottom-up approach while the 
design of the systems takes a top-down approach. During the 
design stage of the engineering cycle, models of the biological 
systems are constructed in order to study and predict the be-
havior of the engineered biological systems. The aim is to im-
prove the likelihood of obtaining the desired working systems. 
Models can be described using Ordinary Differential equations 
(ODEs). However, when the systems become more compli-
cated, it becomes increasing difficult to model the systems 
using ODEs. ODEs do not allow one to visualize the inter rela-
tionship of the variables. In this paper we present a methodol-
ogy based on control system theory to model such biological 
systems. The models will be represented in the Laplace Do-
main with non-linear characteristics of the systems included in 
the analysis.  

Keywords— Synthetic Biology, Mathematical Modeling, 
Laplace Transform. 

I. INTRODUCTION  

Synthetic Biology is gaining importance in the field of 
medicine. Synthetic Biology involves applying engineering 
principles to design and construct novel biological systems 
to solve important medical problems. Examples of such 
efforts in creating these systems include producing anti-
malarial drug precursor [1], and engineering bacteria to 
invade and destroy cancer cells [2]. 

In the engineering approach, design and modeling are 
two important stages in the creation of new biological sys-
tems [3]. These biological systems are built using standard 
biological parts which can be interconnected. There is now 
a registry of standard parts at MIT [4]. These parts/devices 
have specific functions, e.g. serving as an inverter. Hence, 
system’s design involves selecting the most suitable parts to 
achieve the desired specifications of the system. However, it 
is important to characterize these parts so that they can be 
used efficiently in building new systems [5].  
 Mathematical modeling could enable designers to study 
and predict the behavior of biological systems in silico. The 
purpose of modeling is to improve the chances of achieving 

a desired working system. Biological systems can be mod-
eled using Ordinary Differential Equations (ODEs). This 
deterministic approach of modeling biological systems has 
been shown to be effective in many cases [6, 7]. However, it 
is difficult to work with ODEs when the complexity of the 
biological systems increases. In control system theory, an 
algebraic approach is frequently used to overcome this dif-
ficulty. Control theory could provide a systematic frame-
work to study biology [8] and to design biological system. 
This generally involves transformation of ODEs into the 
Laplace (or s) Domain. Laplace transforms have been ex-
tensively used to study physiological control systems [9, 
10]. These systems are complex and non-linear in nature, 
similar to biological systems. This approach allows the 
systems to be described using block diagrams. A block 
diagram illustrates the signal flows of the actual system, as 
opposed to an abstract mathematical representation using 
ODEs. The use of block diagrams aids the understanding of 
the inter-relationships of the inputs and outputs of the vari-
ous components in the systems. These diagrams also show 
the flow of inputs and outputs. This is difficult to compre-
hend using ODEs.  

This paper presents a methodology to model biological 
systems using an algebraic approach by performing Laplace 
transformation and representing the systems using block 
diagrams. The aim is to have a systematic approach in mod-
eling and designing new biological systems using standard 
parts. Non-linear characteristics of biological systems are 
taken into consideration in the Laplace domain analysis. 
This allows a more realistic simulation of the actual bio-
logical system. Two biological examples (i.e. an inverter 
and a toggle switch) are used to demonstrate the methodol-
ogy. 

II. METHODS  

This section describes the derivation of the gene expres-
sion model into the S domain. We will first focus on gene 
expression with protein repression. Gene expression upon 
repression can be described by the following ODE 
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y
xKdt

dy
nn

   (1) 
 
where y refers to the output protein, x refers to the input 
repressor protein, K is the repression coefficient, n is Hill 
constant,  is the protein synthesis rate, and  is the protein 
degradation rate. 
 
By letting 

  nn xK     (2) 
Eq. (1) becomes 
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Because Eq. (3 )is a linear equation, Laplace transformation 
can be performed using Eq. (3) to obtain  
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Eq. (4) is a 1st order system (a simple pole) and it has the 
characteristics of a low pass filter. This system can be rep-
resented in a block diagram as shown in Fig.2. 
 

G(S)

Block 1
Non linear

Block 2
Linear

Y(s)X(s) )(s[ ]

[X]

 
Fig. 2. Block diagram representing gene expression with 
repressor x as the input and protein y as the output. 
 
Hence, referring to Fig. 2, Block 1 represents the non-linear 
component described by Eq. 2 and Block 2 represents the 
linear component of the gene expression.  
 Gene expression upon activation can be modeled in a 
similar manner. The difference lies in the non-linear com-
ponent. For activation, the non-linear component can be 
described by the following equation. 
 

nn

n

xK
x

    (5)

III. RESULTS 

A biological Inverter was used to illustrate the methods 
described in the earlier Section. Fig. 3 shows an inverter 
described using the BioBrick icons [4]. The biological in-
verter has proteins concentration as input and output. For 
the purpose of illustration, protein x is the input and protein 
y is the output. Protein x is a repressor to the promoter of the 
gene. Hence, when protein x concentration is small (i.e. 
low), protein concentration y will be large (i.e. high). When 
protein x concentration increases to a large value (i.e. high), 
protein concentration y will decrease to low.  

x y

promoter gene       
 

10

01

Y (Output –
Protein)

X (Input –
Repressor)

10

01

Y (Output –
Protein)

X (Input –
Repressor)

1: High Concentration
0: Low Concentration  

Fig. 3 shows a biological inverter. The promoter is re-
pressed by x. In the absence of x, y will be expressed. 

 
Matlab Simulink (The Mathswork, inc) is a powerful tool 

for control system analysis. Using Simulink, the models can 
be described using icons. Complex systems can be con-
structed by connecting the basic components in a systematic 
manner to achieve the desired system behavior. Fig. 4 
shows the Simulink model of the inverter. Fig. 5 depicts the 
transfer function of the non linear characteristics of the 
inverter.  Referring to Fig. 5, when the concentration of 
input x is increased, the output y (ie its concentration) de-
creased. This characteristic curve could be derived experi-
mentally. The equation parameters for this behavior can 
then be estimated using the experimental results [5].  

Block 1 Block 2

Fig. 4. Simulink model. 
 
Fig. 6 shows the simulation results using the Simulink 

model shown in Fig. 4. A step input function was used to 
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simulate the concentration of protein x. The input was set to 
a high value after t = 20. Referring to the figure, when the 
input of x was high, the output y starts to decrease. This 
displayed the behavior of an inverter.  
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Fig. 5 Transfer function showing the relationship between 
input to output. 
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Fig. 6. Simulation results of the inverter. Repressor was 
included at t = 20. Hence, output concentration decreases 
exponentially at t = 20. Using different input concentration, 
the rate of decrease varied. Because of the nonlinear com-
ponent in the model, this decrease was not linear. When 
input x was removed at t = 40, output concentration y in-
creases back to steady state. 
 
Transport delay can be easily added to the model to simu-
late the delay of the repressor reaching the promoter, as 
shown in Fig. 7. Fig. 8 shows the results of the simulation 
with varying delays of the input. 

 

 
Fig. 7. Simulink Model of the inverter with transport delay 
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Fig. 8. Results of the simulations with varying transport 
delay. 
 
A second example is the modeling of a biological toggle 
switch [9]. Fig. 9 illustrates an example toggle switch in 
which the output protein y1 represses promoter 2 and the 
output protein y2 represses promoter 1. This device can be 
represented by two inverters interconnected in a manner 
shown in Fig. 10. 

y2 = x1

promoter1 gene1

promoter2 gene2promoter2 gene2

y1 = x2

 
Fig. 9 Schematic Diagram of a genetic toggle switch. 

 
Fig. 10 shows the Simulink model of the toggle switch 
which was constructed using the fundamental inverter 
model developed in the earlier section. This toggle switch 
was constructed by connecting the output from the first 
inverter to the input of the second inverter, and the output 
from the second inverter to the input of the first input.  

 
Fig. 10 Simulink model of the toggle switch. 
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Fig. 11 shows the results from the simulation of the toggle 
switch model. Referring to the figure, the results showed 
that the toggle switch model displayed changes of states 
when the input changes. 

IV. DISCUSSIONS  

In this paper, we have shown that it is possible to de-
scribe the gene expression in the s domain and incorporate 
the non-linear characteristics in the analysis. We have dem-
onstrated this methodology using a biological inverter and a 
biological toggle switch. Matlab simulink was used to 
model these two devices. The model for a toggle switch was 
constructed using the model for inverter. This was achieved 
by connecting the inverter models to form the toggle switch. 
The strength of this approach are: (i) It allows synthetic 
biologists to describe the systems using block diagrams; (ii) 
It enables new system models to be built using fundamental 
parts; and (iii) linear and nonlinear components of the sys-
tems can be handled. This allows the models to be more 
manageable when the systems become more complex. Ex-
periments could be carried to characterize the standards 
biological parts which in turn provide the necessary parame-
ters values for the models [5]. Consequently, more accurate 
prediction could be achieved using the models to better 
design the biological systems. 
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Fig.11. Simulation results of the toggle switch. The results showed that the output toggles from one state to the 

other when the input changes from high to low.  
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Abstract— Radiotherapy is a major treatment modality in 
the management of cancer. In the last decade, advances in 
planning and dose delivery, and in image guidance and track-
ing have substantially widened the therapeutic window. How-
ever, changes in patient anatomy during the treatment limit 
the productive use of these new technologies. To further im-
prove radiation treatments, anatomical changes need to be 
modeled and accounted for. Non-rigid registration can be used 
for this purpose. In this paper we describe a novel flexible 
framework for non-rigid registration and present two applica-
tions of the framework. The first application quantifies anato-
my changes in head and neck patients due to irradiation. The 
changes were quantified on a local scale and were correlated to 
the dose received. The second application uses non-rigid regis-
tration to obtain tissue correspondence between cervix-uterus 
surfaces obtained for different bladder volumes. This corres-
pondence was used to build prediction models to predict the 
shape and position of the cervix-uterus for a given bladder 
volume. The latter can be used to assist in a daily online selec-
tion of the best treatment plan that is based on for example an 
ultra sound bladder volume measurement. Finally, we discuss 
the role of non-rigid registration to automate contouring. 
Atlas-based auto-segmentation is a promising application of 
non-rigid registration which dramatically reduces contouring 
time. Two approaches are evaluated that use atlas-based auto-
segmentation: a single subject approach and a multiple-subject 
approach. It was shown that the multiple-atlas approach sig-
nificantly improved the automatically generated contours for 
head and neck patients.  Overall, we conclude that non-rigid 
registration techniques are playing an increasingly important 
in modern radiotherapy techniques. However, it is important 
to realize that before non-rigid registration can be used safely 
and effectively the registration methods should be validated 
thoroughly. 

Keywords— Non-rigid registration, organ deformation, auto 
segmentation, radiotherapy. 

I. INTRODUCTION  

Modern radiation treatment (RT) techniques allow for the 
design and delivery of complex dose distributions, making 
an increase of the dose to target volumes and a better spar-
ing of normal tissue possible. However, anatomical changes 

in patients limit the benefits of these techniques. For exam-
ple, tumor shrinkage, organ deformation and internal mo-
tion introduce differences between the planned and actually 
received dose. Hence, in order to make productive use of 
the advances in modern RT, anatomical changes need to be 
managed, among others by tracking them using non-rigid 
registration techniques. In non-rigid registration, two data 
sets (such as computed tomography (CT) scans, magnetic 
resonance imaging (MRI) scans, etc...) are aligned by find-
ing a correspondence and a non-rigid transformation be-
tween elements in the two sets. The computed transforma-
tion can be used to investigate and assess organ motion and 
deformation to determine suitable margins that encompass 
the whole extent of organ motion, to perform automatic 
segmentation or delineation, and to map dose distributions 
to a common frame of reference. 

In this paper we will discuss three applications of non-
rigid registration techniques. The first is quantification of 
organ shape and position changes. Here, we will explore the 
example of the shrinking anatomy of head and neck patients 
due to the radiation treatment. The second application han-
dles the localization of cervix-uterus shapes by shape pre-
diction models based on the bladder volume. The third and 
final application is the use of non-rigid registration for atlas 
based auto-segmentation. In the next section we will first 
introduce a novel flexible framework for non-rigid-
registration that was used for the first two applications. 

II. NON-RIGID REGISTRATION IN RADIOTHERAPY 

A. A Novel Flexible Framework with Automatic Feature 
Correspondence Optimization for Non-Rigid Registration in 
Radiotherapy 

The core of the framework is an improved version of the 
Thin Plate Splines Robust Point Matching (TPS-RPM) 
algorithm1. The algorithm estimates a global correspon-
dence and a transformation between points that represent 
organs in two image sets. The TPS-RPM was improved by 
employing a novel correspondence filter that supports si-
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multaneous registration of multiple structures. The im-
proved method allows for coherent organ registration and 
for the inclusion of user defined landmarks, lines and sur-
faces inside and outside of structures of interest. 

  

 

Fig. 1 Registration results for the prostate and cervix-uterus case. Refer-
ence surfaces are shown in transparent colors and deformed surfaces are 
shown in solid colors. Note the different scales of the two cases. The first 

column shows the original overlap between deformed and reference surfac-
es. Second column shows the overlap between the transformed deformed 

surface and the reference surface. The third column shows the deformation 
vectors where, for visualization purposes, the structures were separated. 

The framework was optimized and evaluated for three 
sites with different degrees of anatomical changes: head and 
neck, prostate and cervix, using two cases per site. For the 
head and neck cases, the salivary glands were manually 
contoured in the CT-scans, for the prostate cases the pros-
tate and the vesicles, and for the cervix cases the cervix-
uterus, the bladder and the rectum. The transformation error 
obtained was below 1 mm for all the studied cases. The 
length of the deformation vectors were on average (± 1 
standard deviation) 6 ± 3 and 2 ± 1 mm for the head and 
neck cases, 7 ± 5 and 9 ± 2 mm for the prostate cases, and 
19 ± 12 and 15 ± 9 mm for the cervix cases (see Fig. 1). 
Distinct anatomical features were identified for each case, 
and were used to validate the registration by calculating 
residual distances after transformation: 1.5 ± 0.8, 2.3 ± 1.0 
and 6.3 ± 2.9 mm for the head and neck, prostate and cervix 
cases respectively. The inclusion of these anatomical fea-
tures in the registration process reduced the residual dis-
tances to 0.8 ± 0.5, 0.6 ± 0.5 and 1.3 ± 0.7 mm for the head 
and neck, prostate and cervix cases respectively. The inclu-
sion of additional anatomical features produced more ana-
tomically coherent transformations without compromising 
the overall transformation error. 

  

Fig. 2 Vector plot of the registered points of the parotid and submandibular 
glands and the tumor. 

 

B. Application 1: Local Anatomic Changes in Parotid and 
Submandibular Glands during Radiotherapy for 
Oropharynx Cancer and Correlation with Dose, Studied in 
Detail with Non-rigid Registration 

A total of 10 consecutive oropharyngeal patients were in-
cluded in this study2. The patients first underwent EBRT to 
a total dose of 46 Gy in 23 fractions, followed by a brachy-
therapy boost (20–22 Gy). Two intravenous contrast-
enhanced CT-scans were available for each patient, the 
planning CT-scan and a repeat CT-scan taken with the pa-
tient in the treatment setup position 2 weeks after the end of 
the EBRT. Before the non-rigid registration, the CT scans 
were first rigidly matched using the bony anatomy in the 
region of interest. The primary tumor and parotid and sub-
mandibular glands were manually contoured in both CT-
scans. 

The volume changes after treatment were measured. A 
transformation T was generated for each patient (see for an 
example Fig. 2). Note, T was determined for the glands and 
tumor of each patient simultaneously, and not for each or-
gan separately. To report the shape and position changes on 
a local scale, the surfaces of each organ were divided into 
six regions. The registered glands were grouped to differen-
tiate between glands that were part of a treated neck and 
glands that were part of a non-treated neck. 

The volume of all glands and the primary tumor de-
creased. The lateral regions of the irradiated parotid glands 
moved inward (average, 3 mm), and the medial regions 
tended to remain in the same position (Fig. 3). The irra-
diated submandibular glands shrank and moved upward. 
The spared glands showed only a small deformation (ap-
proximately 1 mm in most regions). Overall, the primary 
tumors shrank. The volume loss of the parotid glands corre-
lated significantly with the planned mean dose (p <0.001). 
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Fig. 3 Lengths of average 3D vectors and standard deviations for each 
region in millimeters. Arrows show projection of the average 3D deforma-
tion vectors in right, frontal, and left views. Solid lines represent irradiated 
glands; dashed lines represent spared glands. The external lateral walls of 
the glands were presented with gray shadows. The parotid and submandi-
bular glands were divided into two groups defined by the neck treatment: 
irradiated glands, belonging to treated neck, and spared glands, belonging 

to the non-treated neck. 

C. Application 2: Towards Online Image Guided 
Radiotherapy for Cervical Cancer: Accurate Cervix-Uterus 
Localization Based on Measured Bladder Volumes 

Already for decades, radiotherapy is a major treatment 
modality in the management of locally advanced cervical 
cancer. Since 1999, the survival rates have improved signif-
icantly due to the increased use of chemotherapy and hyper-
thermia combined with radiotherapy. The urge to limit side 
effects has driven the development and introduction of in-
tensity modulated radiation therapy (IMRT) for cervical 
cancer. At the same time, the use of computed tomography 
(CT), magnetic resonance imaging (MRI) and positron 
emission tomography (PET) improved the visualization of 
the primary tumor, tumor invasions, involvement of lymph 
nodes and healthy tissue. In contrast, the knowledge and 
management of the predominantly non-rigid organ motion 
in the pelvis and abdomen in relation to the treatment of 
cervical cancer is lying far behind. In particular, for some 
patients, bladder volume changes can have a major impact 
on the position of the cervix and corpus uteri and the small 
bowel. Large variations in the bladder volume during the 
course of external beam RT may therefore result in inade-
quate coverage of the treatment volume. Moreover, the 
relation bladder volume vs. cervix-uterus position is patient 
dependent. Reproducible bladder volumes during treatment 
have the potential to reduce internal organ motion but the 
bladder volume is difficult to control. To account for inter-
nal organ motion generous safety margins up to 30 mm are 
required which result in the irradiation of a large volume of 
healthy tissue. An alternative for the use of a large popula-
tion-based margin could be a patient-specific online image 
guided RT procedure. For example, if the location of the 
cervix-uterus would be predictable from measured bladder 

volumes the patient could be treated with an online image-
guidance protocol to select the best plan of the day from a 
library of pre-calculated plans. The bladder volume could 
be measured online by for example an ultra sound bladder 
scanner. The aim of this work was to investigate 1) whether 
the cervix-uterus can be localized based on measured blad-
der volume 2) to study the influence of radiotherapy on the 
bladder vs. cervix-uterus relationship. 

All 11 patients lay in prone position on a bellyboard. For 
each patient two series of CT-scans were acquired, the first 
before EBRT and the second after 40 Gy.  Each series con-
sisted of a full bladder CT-scan and four subsequent CT-
scans with a naturally filling bladder (empty to full). The 
planning CT is the 1st CT-scan of the 1st series. The cervix-
uterus and the bladder were manually contoured and 3D 
cervix-uterus surfaces were generated. For each patient an 
inverse-consistent version of the non-rigid point-based reg-
istration method was used to generate corresponding sets of 
points on all ten cervix-uterus surfaces. See Figure 4 for an 
example of a registration result. The average registration 
error was 0.2 ± 0.3 mm and the average inverse consistency 
error was 1 ± 0.9 mm.  

 

Fig. 4 Upper row) Example of registration of cervix-uterus: planning 
(transparent) vs. cervix-uterus for empty bladder after 40 Gy (color 

washed). Color wash shows the magnitude of displacement and the colored 
lines are the displacement vectors. Lower row) Predicted cervix-uterus 
surface (blue) vs. observed surface after 40 Gy (transparent brown) and 

predicted expanded with UM95 (yellow). Here UM95 = 5 mm. 

To generate a model based on a set of pretreatment regis-
tered surfaces the coordinates of the corresponding points 
on the registered surfaces included in the set were fitted 
with linear functions of the bladder volume. The input of a 
patient-specific model is the bladder volume and the output 
is a set of points that can be used to reconstruct a predicted 
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cervix-uterus surface. The model can be used to predict 
surfaces for other bladder volumes than available in the 1st 
CT scan series. See Figure 4 for examples of predicted 
cervix-uterus shapes. The model prediction error is defined 
by the uniform margin (UM95) with which it is required to 
expand the predicted shape to accommodate 95% of the 
volume of the observed shapes. 

The prediction error moderately increased with the de-
crease of the number of input surfaces (from 5 to 7 mm at 
planning and from 8 to 10 mm after 40 Gy for 5 to 2 input 
surfaces).  For 9/11 patients the bladder vs. cervix-uterus 
relationship was hardly influenced by radiotherapy (error 
range 6-7 mm). 

D.  Atlas-Based Auto-Segmentation of CT Images in Head 
and Neck Cancer 

The large number of target and critical structures that re-
quire manual delineation in head and neck cancer patients 
make contouring tedious and time costly. Automated seg-
mentation would lower the burden and allow more normal 
tissues to be included in treatment planning to fully exploit 
knowledge on dose-volume effects, use of high-dose IMRT, 
and inverse planning. In the following we evaluate a novel 
atlas-based automatic segmentation method and compared 
two different atlas selection strategies. 

CT data of 10 head and neck cancer patients (N0 and N+) 
was used. The data showed a considerable inter-patient 
variability in iv-contrast uptake, head pose, dental artifacts 
and use of a tongue depressor. An experienced staff member 
manually contoured individual levels I-V (both necks) and 
twenty OARs (salivary glands, chewing and swallowing 
muscles, and cord/brainstem). These contours were used to 
construct the atlas and were regarded as a gold standard. 
The hierarchical atlas registration consisted of 3 steps: li-
near registration, object-driven poly-smooth non-linear 
registration, and shape-constrained dense deformable regis-
tration. Dice coefficient (0 indicating no overlap, 1 is per-
fect agreement) and the mean surface-to-surface distance 
(STSD) between the auto-segmented structures and the gold 
standard were calculated to evaluate the accuracy. Atlas 
selection was studied by relating similarity metrics to the 
accuracy of the auto-segmentation. Two atlas-based auto-
segmentation approaches were evaluated (1) selection of the 
atlas patient with the highest similarity metric and (2) com-
bining multiple segmentations of all atlas patients into one 
segmentation. N+ levels were not used for multiple segmen-
tations and the leave-one-out cross validation method was 
used to remove bias.  

Figure 5 shows that OARs and neck levels were accu-
rately auto-segmented, although some editing of the auto-
contours is inevitable. The multiple-subject method per-

formed better. Similarity metrics did not or moderately 
correlate with the accuracy of the auto-segmentation (me-
dian R2 of 0.2, range 0.0 – 0.7). The mean Dice coefficient / 
STSD (mm) of the multiple-subject method was 0.74/2 
(salivary glands), 0.67/3 (levels), 0.71/2 (chewing muscles), 
0.50/2 (swallowing muscles), and 0.78/2 (cord/brainstem). 
Some manual editing of auto-segmented contours is inevit-
able. Nevertheless, the new algorithm for auto-segmentation 
will substantially reduce the clinical workload spent on 
organ segmentation. 

 

Fig. 5 Examples of single-subject auto-contours (yellow), multiple-subject 
auto-contours (turquoise) together with the reference contours (green). 
Left: level II, Middle: Parotid gland, masseter and pterygoid muscle, 

Right: Swallowing muscle. 

III. CONCLUSIONS  

The presented applications demonstrate that non-rigid 
registration has the potential to improve the accuracy and 
efficiency of modern high-precision radiotherapy. However, 
before the non-rigid registration methods can be used safely 
and effectively these new methods should be validated tho-
roughly. 
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Application of Multivariate Analysis to Detect Significant Change in MEG  
or EEG of Individual Subjects 

Iku Nemoto 
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Abstract—Application of multivariate analysis to detect a signifi-
cant change in individual evoked MEG is proposed. We used this 
method to compare the responses to standard and deviant stimuli in 
the so-called oddball paradigm.  The result suggests that the method 
works well with the sample size provided by the typical data collection 
for average evoked responses.  

 

Keywords— Evoked responses, MEG, EEG, multivariate 
analysis. mismatch responses 

I. INTRODUCTION  

A common method in MEG (magnetoencephalogram)  
and EEG (electroencephalogram)  is to measure responses 
to a repeated stimulus and average them to extract compo-
nents in MEG or EEG which are in synchrony with the 
stimuli.  The result is considered to be a response evoked by 
the stimulus.  For example, a large response at around 100 
ms after the onset of a sound is often observed in MEG 
sensor coils placed above the auditory field of each hemi-
sphere.  This response is often called N1m in MEG which 
corresponds to N1 (or N100) in EEG.  The peak amplitude 
of N1m is very often used to describe the response.  This is 
a standard method and hence results can be conveniently 
compared among researchers.   Mismatch field can be ob-
served associated with N1m when the so-called oddball 
paradigm is performed in which two kinds of stimuli are 
presented to the subject with different probabilities of oc-
currence.  Evoked fields in response to the frequent stimuli 
and to the infrequent stimulus are compared and the differ-
ence wave  form around the N1m is often called ‘mismatch 
field’ and is claimed to reflect the response to the novelty 
included in the infrequent stimulus. The technique of meas-
uring mismatch fields has been very popular for investiga-
tion of  auditory brain functions.   

However, as Naataanen and Picton put it [1], the peak of 
N1m is not the only point having information about the 
whole N1m wave; any other point may have as much or 
even more information than the peak. The problem is that 
there is not any clue as regards where important information 
exists other  than that there are peaks and dips.  This is one 
motive of the method proposed in the present paper.  Also, 
the problems of significance of evoked responses and of 

mismatch fields are sometimes neglected or treated in statis-
tically ambiguous ways.  For example, to state that there 
was a mismatch field, we need to see that there was a sig-
nificant difference in the waveform between the responses 
to the infrequent and frequent stimuli.  Group analysis for 
this comparison has been done properly by the method 
proposed by [2].  However, individual subjects’ data seem 
not to have been analyzed for their significance of mismatch 
fields.   

We dealt with mismatch fields to omissions of certain 
tones in the musical scale (submitted for publication).   The 
frequent stimulus was the complete C major scale and the 
infrequent stimulus was an incomplete C major scale lack-
ing one tone (we call it a ‘target’ tone) as shown in Fig.1.  
Different subjects responded more strongly to different 
target tones than to others.  While the result of group analy-
sis showed that the target tones which caused strong mis-
match fields corresponded to those considered important in 
music theory, individual differences were large and interest-
ing because they seemed to reflect musical background of 
the subjects. Therefore, we needed to have a means to detect 
significant mismatch fields in individuals.  

We here propose a multivariate analysis to be used for 
such purposes.  It is a straightforward application but to the 
author’s knowledge has never been systematically used in 
evoked field or evoked potential analysis.  Example data 
will be used to illustrate the dependence of power of detec-
tion on the sample size.  The proposed method seems to 
effectively detect mismatched fields and also differences  in 
mismatched fields for different deviant stimuli. 

 

 
(a) 

 
(b) 

 
Fig. 1. The complete C major scale (a) and an incomplete 

scale lacking the tone E.  Note that the tone D is doubled in 
length such the whole sequence differs at the target tone E. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1385–1388, 2009. 
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(b) 
Fig. 2. Average responses of one subject to the complete 

C major scale (thick curve in (a)) and to the incomplete 
scale in which F was doubled in length and G was omitted 
(thin curve in (a)). In (a) measurement of one channel is 
shown and in (b) rms of the differences between the stan-
dard and deviant responses measured by 12 channels is 
shown.  

 
 

II. METHOD 

A. Data Collection 

Subject: The data used in this paper were from one sub-
ject in our study (unpublished yet), a 24 year old male with 
no musical training.   

Stimuli: Oddball paradigm with standard and deviant  
stimuli being the complete C major scale (Fig. 1(a)) and an 
incomplete scale lacking one tone (Fig. 1(b)) was used to 
measure mismatch fields.  Each tone written as an eighth 
note lasted 200 ms. The stimuli were presented to the sub-
ject at 60 dB above the threshold of hearing .  

MEG Measurement: MEG was measured by Neuro-
mag122 in a magnetically shielded room at 512 Hz sam-
pling frequency.   The raw data were filtered by an FIR 
band-pass (1-40 Hz) filter of 200-th order before statistical 
processing and baseline treatment was done to each epoch 
using the 100 ms interval preceding it.  
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Fig. 3.  RMS difference waveforms of one subject for all 

the target tones (written in parentheses).  Only the 400 ms 
intervals starting at the onset of the target tones are shown.  
The thick horizontal bar roughly indicates the time interval 
from which nine equally separated time points were drawn 
to form the response vectors.   

 
B. Response Vectors  

   Fig. 2 (a) shows the average responses of channel 4 of 
Neuomag122 to the standard (thick line) and deviant (thin 
line) stimuli which lacked the tone G.  The vertical lines 
designate the 200 ms intervals for each tone.  The arrow 
between ‘F’ and ‘A’ indicates that the tone F continued 
during the interval allotted for the target G.  It is seen that 
the response to the deviant  stimulus deviated from the that 
to the standard in this interval indicating that there was a 
‘mismatch’ response to the omission of G.  Fig. 2 (b) shows 
the ‘rms difference’ whicdh is the rms of the  differences 
between the deviant and standard responses measured by 12 
sensor coils over the right auditory field.  A large peak is 
seen in the interval for the target G.  Each panel of Fig. 3 
was obtained similarly to Fig. 1 (b) except that only the 400 
ms period corresponding to the target and the next tones is 
shown.  The thick horizontal line in each panel starts at 80 
ms and ends at 280 ms of each period and indicates the 
interval used to form measurement vectors.  The following 
108-th order vector is called a ‘standard (or deviant, de-
pending on the stimulus) response vector’:  

C    D    E     F     G     A    B     C  

C  D    E     F     →    A     B    C  
(F) 
E       G 

(G) 
F        A 

(A) 
G        A (B) 

A        C 

0       0.2     0.4 
         t [s] 
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 fT

/c
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 (E) 
D        F (D) 

C       E 

C    D     E     F     →    A     B     C  
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x = (x1,.., xk ,...., x108)

xk = xi (t j )

k = (i "1) * J + j, i = 1,..., I

t j = 80+ 25( j "1), j = 1,...,J

I = 12, J = 9

  (1) 

where 

! 

t = 0  indicates the first point of the 200 ms time 
interval corresponding to the target tone, 

! 

x
i
(t) is the meas-

urement of the i – th sensor at time t.  The time increment 
between successive elements was set at 25 ms as indicated 
above.  This and the other parameters J and 80 [ms] can be 
modified for particular purposes.   

C. Statistical Analysis  

Let 

! 

x
n
,n = 1,2,...,N

S
be standard response vectors 

formed as above and 

! 

N
S
 be the number of standard epochs 

used for analysis. Also 

! 

y
n
, n = 1,2,...,N

D
are deviant re-

sponse vectors and 

! 

N
D

 is the number of deviant epochs 
used. The sample

! 

x
n
,n = 1,2,...,N

S
is assumed to be a ran-

dom sample of size 

! 

N
S

 from a p-variate (here we use 

! 

p = 108 ) normal population with mean 

! 

m
S
 and covariance 

matrix 

! 

"
S
, those for the deviant sample being 

D
m  and 

D
! . 

As we cannot hope for a very large deviant sample size 
compared to the vector size 

! 

p = 108 , we also assume that 
DS

!=! .  To test for the null hypothesis 
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calculate the test statistics [3]:  
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Under the null hypothesis 

! 

m
S

= m
D

, this statistic is distrib-
uted according to the F distribution with degrees of freedom, 

! 

"1 = p, "2 = NS + ND # p#1 .   
 
    Sample Size: A typical sample size for deviant response 
is 80 – 100, which is the usual number of epochs for averag-
ing.  The sample size of the standard is 300 - 400 accord-
ingly.  To see the effect of sample size, we selected the 
example data which included for each target tone run, 80 
deviant epochs of clean (|EOG| < 150µV, |MEG| < 3000 
fT/cm) data and 120-130 epochs not regulated for EOG 
interference.  In our separate study using ICA (indepencent  
 

  

Table 1 p-values for various number of standard epochs with the number of 
deviant epochs fixed at 108. 

 108 150 200 300 max 
D 0.05500 0.03564 0.00708 0.00162 0.00000 
E 0.13103 0.01834 0.02572 0.05604 0.00506 
F 0.30623 0.29478 0.02729 0.03849 0.01900 
G 0.00012 0.00011 0.0 0 0 
A 0.00629 0.00547 0.00442 0.00759 0.00001 
B 0.000805 0.00368 0.00093 0.00069 0.00056 
 

 
Table 2.  p-values as in Table 1 for 50 deviant epochs 

 100 150 200 300 
D 0.01516 0.00049 0.00002 0.00004 
E 0.12205 0.01890 0.01079 0.00532 
F 0.788810 0.35091 0.10065 0.11105 
G 0.02474 0.01563 0.00403 0.00008 
A 0.16189 0.01452 0.00648 0.00321 
B 0.21161 0.20330 0.14732 0.03658 

 

Table 3.  p-values for 80 deviant epochs. 

 80 108 150 200 300 
D 0.00724 0.0067 0.00082 0.00021 0.00015 
E 0.03824 0.00513 0.00018 0.00021 0.00017 
F 0.87257 0.73929 0.75273 0.30452 0.29224 
G 0.00760 0.00640 0.00622 0.00009 0.0 
A 0.27844 0.04131 0.01151 0.05061 0.01935 
B 0.23624 0.02565 0.00974 0.00914 0.00265 

 
 
component analysis), we found that EOG had little effect on 
the auditory evokedfields measured by the 12 channels used 
in this study.  Therefore, we included those data in the pre-
sent study.  

III. RESULT AND DISCUSSION 

Table 1 – 3 show p – values yielded by the F statistic de-
fined by eq. (2).  If 

! 

p <" , we conclude that there was a 
difference between the response vectors to  the standard 
stimulus (complete scale) and to the deviant stimulus (lack-
ing one tone) on the significance level of α. In Table 1, 2 
and 3, the sample size for the deviant stimuli was 108, 50 
and 80d, respectively.  108 is equal to the vector size.  Each 
column is for one sample size for the standard responses.  
The column marked ‘max’ in Table 1 forms a separate class 
of data utilizing all the samples available; the sample size 
for deviant stimulus was 120 – 130 and that for the standard 
stimulus was about 4 times as large.  This column may 
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serve as the limiting case.  It is seen that as the size increas-
es the statistical power of the test increases as shown by the 
smaller p values.  
    A typical number of epochs for averaging deviant re-
sponses is 80 – 100 whereas our response vectors are of 108 
dimensions. The formation of the statistical test using the F 
value in eq. (2) does not require a large sample size for the 
deviant responses as long as the assumption of equal co-
variance matrices holds because then the sample for the 
standard stimulus provides enough data for covariance es-
timation.   However, in [3] it is stated that “as a bare mini-
mum, the sample in each cell (group) must be greater than 
the number of dependent variables (108 in our case). It also 
states that ‘as a practical guide, a recommended minimum 
cell size is 20 observations” without specifying the vector 
dimension.  The results shown in Table 1 – 3 suggest that if 
we have deviant sample size as large as the vector size (108 
in our case), then the test has enough power with the stan-
dard sample size of 200.  If we have no more than 80 devi-
ant sample size, we can  manage fairly well but with 50, 
detection power will be quite limited.   

    On the other side, looking at the rms difference curve 
for target (F) and the p values in the cells of row F in Table 
1- 3, we wonder at the small values (0.01 – 0.05) for large 
sample sizes.  Was there really a significant mismatch field 
to omission of F? We should be careful about high signifi-
cance results obtained by a very large sample size also, 
because a very small difference could be detected using a 
very large sample. Whether the small difference means any 
thing at all would be a different problem.    

IV. CONCLUSION 

Multivariate analysis was proposed to investigate mis-
match fields in individual subjects. The example data show-
ed that the proposed method can effectively detect signifi-
cant mismatch fields using the raw data of oddball 
experiments having 80-100 epochs of deviant stimuli.  This 
method may also be used in detecting the difference in 
mismatch fields to different deviant stimuli in individual 
subjects.  Similar results were obtained for data of other 
subjects although our experience is not sufficient to propose 
a prototype method with recommended parameter values.  
Simulation studies are also necessary to clarify the sample 
size problem.   
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Osteoarthritic cancellous bone seems to orientate its 
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Abstract— It is important to understand the development of 
osteoarthritis to improve the medical approach to this disease. 
However, it is still not clear how this disease affects the 
mechanical behavior and structure of cancellous bone.

The aim of this study was to compare osteoarthritic
cancellous bone to non-pathologic bone in terms of mechanical 
behavior and structural parameters, using groups paired by 
bone volume fraction and patient age.

Thirty-eight cancellous bone specimens (seventeen for each 
group) were extracted, analyzed in micro-CT and 
mechanically tested. The results of the two groups were 
compared using a Mann-Whitney test. Furthermore, for both 
groups a linear regression was plotted between ultimate stress 
and minimum bone volume fraction. 

No significant difference was found between the two groups 
in ultimate stress or any of the morphometric parameters, 
except for the second normalized eigenvalue. 

Furthermore, no significant difference in slope or intercept 
point was found between the regression lines of the two groups.

These preliminary results seem to indicate that the 
trabecular structure of osteoarthritic bone compensates for the 
degeneration of its tissue by orientating itself in the direction 
of the main load.

Keywords— Osteoarthritis, cancellous bone, morphometric 
parameters, mechanical testing, strength.

I. INTRODUCTION 

Osteoarthritis (OA) is one of the most common 
musculoskeletal diseases found in the aged population. To 
improve the medical approach to this disease it is important 
to understand its development. Nevertheless, information 
about this pathology is still incomplete and its 
comprehension is a challenge yet not resolved.

Differences in mechanical behavior, structural properties 
and tissue composition of cancellous bone have been found 
between OA and non-pathologic bone along the years [1-3]. 
However, it has been shown that mechanical properties of 
cancellous bone are correlated to its bone volume fraction 
[4,5]. Similar correlations have been found between amount 
of bone and tissue structural parameters, in both non-
pathologic [6] and OA bone [2]. These dependences suggest 
that the mechanical and structural differences reported for 

OA bone might have been correlated to differences in bone 
volume fraction between the analyzed samples. Moreover, 
non-pathologic cancellous bone structure is known to have a 
dependence on age [7], this dependence has not been found 
in OA specimens [8]. For all these reasons, it is important to 
control the bone volume fraction of the specimens and the 
age of the patients from which the tissue samples are 
collected in order to understand how OA affects the 
cancellous bone tissue.

The aim of the present study was to investigate whether 
there were differences in mechanical behavior and structural 
parameters between OA and non-pathologic trabecular bone 
using groups paired by bone volume fraction and patient 
age.

II. MATERIALS AND METHODS

Seventeen femoral heads were collected from deceased 
persons (14 males, 3 females, age 69±12) without 
musculoskeletal disorders, to obtain a control group (CG). 
Another seventeen femoral heads were obtained from OA 
patients (9 males, 8 females, age 66±14), undergoing total 
hip arthroplasty. OA specimens were selected from an 
internal database [8]. These OA specimens were selected to 
have a distribution of bone volume fraction (BV/TV) and 
age as similar to the control group as possible, to reduce 
possible influences of these parameters on the trabecular
framework [4,5,7,8]. 

From each femoral head, a cylindrical specimen 
(diameter 10mm, height 26mm) was extracted, analyzed in 
micro-CT and mechanically tested in compression.

The specimens were extracted along the main trabecular 
direction (MTD) to minimize the effect of an off-axis angle 
on the mechanical properties, following a previously 
published protocol [9]. Specimens were examined by micro-
CT (model Skyscan 1072, Skyscan, Kontich, Belgium). The 
microCT analysis settings were: complete rotation over 
185°, tube voltage of 50 kVp, tube current of 200 mA, 1-
mm-thick aluminium filter for beam hardening reduction, 
field of view 20 mm × 20 mm and an isotropic pixel size of 
19.5 mm. The cross-sections images were stored in 8 bit 
format (256 grey levels), 1024 x 1024 pixels in size. To 
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calculate the structural parameters, the cross-sections were 
binarized using a uniform threshold (software “3D-
Calculator” Skyscan, Belgium), set according to a 
previously published protocol [10]. For each cross-section, 
a circular region of interest (ROI) with a diameter of 9 mm 
was defined, centered on the bone specimen, containing 
only cancellous bone. The volume of interest (VOI) over 
which the structural parameters were calculated was 
composed of a stack of 1000 consecutive ROIs, resulting in 
a cylindrical VOI of 9 mm in diameter and 19.5 mm in 
height [11].

The following structural parameters were calculated for 
each specimen (software “3D-Calculator”, Skyscan, 
Aartselaar, Belgium): BV/TV (used to match the groups as 
described above), trabecular thickness (Tb.Th) and 
trabecular separation (Tb.Sp) [12,13], minimum bone 
volume fraction (BV/TVmin) [11], structure model index 
(SMI) [13], normalized eigenvalues (H1, H2, H3), using the 
mean intercept length technique [14]. Since it was a 
requisite that the MTD, which corresponds to the 
orientation of the maximum eigenvector relative to the 
maximum eigenvalue, was aligned along the vertical axis of 
the scanned bone cylinder, the effective angular deviation of 
the eigenvector from the vertical axis was defined 
calculated and referred to as off-axis angle.

The specimens were cemented directly onto the testing 
machine (specimen free length=20mm) to ensure the 
alignment between the testing direction and the cylinder 
axis. An extensometer was attached to the central part of the 
specimen. Each specimen was compressively loaded until 
failure, with a strain rate of 0.01s-1 [5,15,16]. Ultimate stress 
(US) was defined as the first point where the stress-strain 
slope was zero.

A Mann-Whitney test was used to investigate whether 
there were differences in the calculated parameters between 
the two groups.

A regression analysis was done for the ultimate stress 
versus the BV/TVmin [11] splitting the data in CG and OA 
groups. The coefficient of determination (R2) was calculated 
for each regression. The regression lines of the split groups 
were compared by analysis of covariance (ANCOVA).

III. RESULTS

All results from the tests for the two groups are 
summarized in Table 1. As expected, no statistical 
significant difference was found in age and BV/TV between 
control and OA specimens, as these parameters were used to 
match the two groups Moreover, no significant difference 
was found in off-axis angle between the two groups. 

No statistically significant difference was found between 

the two groups in any of the other examined structural 
parameters (Tb Th, Tb. Sp, SMI, BV/TVmin, H1, H3), with 
the only exception being H2 (-3%, p=0.004)

Furthermore, no significant difference was found 
between the two groups in US. 

Table 1 Results from all the tests.

* The BV/TV values and age were used to pair the specimens
** Controlled to obtain values lower than 10°.

The regression plots for the two groups are shown in 
Fig.1. There was no significant difference between the 
slopes of the two regression lines for BV/TVmin versus 
ultimate stress (p=0.85). Furthermore, no significant 
distance between the two regression lines was found 
(p=0.55).
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Fig.1 Regression plots between US and BV/TVmin for the two groups.

Parameter CG OA p-value

BV/TV (%)* 30.4( 5.6) 29.9( 5.0) 0.96

Age (years)* 68.6( 11.8) 66.5( 14.4) 0.61

Off-axis angle (°)** 7.1( 2.7) 6.3( 3.0) 0.33

Tb.Th ( m) 137( 16) 143( 16) 0.21

Tb.Sp ( m) 327( 60) 349( 81) 0.72

BV/TVmin (%) 24.0( 5.0) 25.4( 4.5) 0.46

SMI 0.17( 0.62) 0.21( 0.33) 0.90

H1 0.41( 0.01) 0.43( 0.02) 0.07

H2 0.31( 0.01) 0.30( 0.01) 0.004

H3 0.27( 0.01) 0.28( 0.001) 0.70

US (MPa) 19.0( 5.8) 19.8( 5.5) 0.59
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IV. DISCUSSION

In this study, mechanical behavior and structural 
parameters of OA cancellous bone was compared to those 
of non-pathological bone. 
These preliminary results showed that there were no 
difference between the two groups in structural parameters, 
except for H2 that was significant lower for the OA group. 
However, since the eigenvalues were normalized, if one of 
them decreases, one or both of the other two should change 
as well. As a matter of fact, it cannot be excluded that H1

(p=0.07) would become significant different if raising the 
sample size. Furthermore, no significant difference was 
found in mechanical strength between the two groups. This 
result is not in line with other findings in the literature [2,3]. 
However, in those studies the two groups were not matched 
by BV/TV. Nevertheless, it has been widely proven that 
there is a degeneration of the OA bone tissue, both by 
changes in composition and in hardness. Consequently, a 
change in mechanical properties would be expected. A 
hypothesis to explain this might be the fact that a re-
orientation of the trabecular network seems to happen 
(changes in normalized eigenvalues). If more trabeculae are 
oriented in the main trabecular direction, then even if the 
material is less resistant, the structure will still resist as 
much as it did before. 

V. CONCLUSION

These preliminary results, seems to indicate that the OA 
cancellous bone structure orientates itself in the direction of 
the main loads to compensate for the degeneration of the 
trabecular bone tissue.
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Abstract— This paper describes the development of a meth-
odology for adventitious lung sounds classification using dis-
crete wavelet transform (DWT) and a classifier based in a 
radial basis function (RBF) neural network. The proposed 
algorithm classifies abnormal sounds into four groups: nor-
mal, continuous and discontinuous adventitious lung sounds, 
notifying the occurrence of both adventitious sounds. In the 
processing stage, the respiratory cycle is decomposed up to its 
10th decomposition level and the energy for each level is calcu-
lated. The resulting curves show different draws for each kind 
of adventitious sound. Therefore, those curves are used as data 
source for a RBF neural network, which acts as an automatic 
classifier. For the computation of the results, ten different 
mother wavelets was tested and a hundred neural networks 
was trained for each mother wavelet, in a total of a thousand 
neural networks trained. The results achieved a maximum 
performance of 92.36%, showing that the energy versus de-
composition level curves may be successfully used to classify 
the adventitious sounds.  

Keywords— Lung Sounds, Discrete Wavelet Transform, Neu-
ral Networks. 

I. INTRODUCTION  

Respiratory sounds are vibrations produced by the flux in 
the aerial ducts during the respiratory cycle. Pathologies 
may cause obstructions in these ducts, as consolidation and 
accumulation of fluid, which reflect directly on the sound 
produced during the air passage. Hence, the kind of adventi-
tious sound produced during the breathing has direct rela-
tion with the physiologic alteration which produced it and, 
consequently, with the associated pathology. The adventi-
tious pulmonary sounds are usually classified into two large 
groups: continuous and discontinuous [1] [2], being possible 
the occurrence of both in the same respiratory cycle.  

The continuous adventitious sounds are musical [3], with 
length normally larger than 100ms [4], and their presence is 
related to the partial obstruction of the respiratory passages 
[5] [4]. They are subdivided into ronchus, wheezes, stridor 
and squawks [1].  

The discontinuous sounds are short and explosive sounds 
with length lesser than 2ms. These sounds are produced 
both by explosive openings between two empty regions of 
the lung during a sudden equalization of the gas pressure 

during the inspiration and by the air bubbling through mu-
cus in the bronchi [6].  

The discontinuous adventitious sounds are also subdi-
vided into two specific sounds, fine and coarse crackles. 
These vary between themselves according to their length 
and, consequently, to their spectral distribution. These 
sounds are much characteristic in different phases of pneu-
monia, and in the initial phases coarse crackles are aus-
culted during the inspiration. These kind of sounds are also 
characteristic in chronic obstructive pulmonary diseases and 
bronchiectasis [7]. 

The objective of this research is the development and 
evaluation of a methodology for automatic classification of 
normal and continuous and discontinuous adventitious 
sounds [1]. This methodology is based on the appliance of 
discrete wavelet transform (DWT) to lung sounds and the 
calculus of the energy magnitude in each level of decompo-
sition, aiming to extract parameters which may be used in 
the detection and classification of adventitious sounds in the 
pulmonary sounds, inside the main groups of adventitious 
sounds.  

II. METHODOLOGY 

A. Pre-processing 

The non-linear bandwidth signal’s segmentation, which 
is resultant from the appliance of DWT, makes mandatory 
to all analyzed signals have the same frequency bandwidth. 
If this characteristic is not obeyed, the frequency sub-bands 
will present different intervals for signals with different 
sample rates. Therefore, in order to guarantee the equality in 
the frequency sub-bands of different signals, a routine of 
sampling frequency normalization was implemented.  

To accomplish this task, it was implemented an algo-
rithm that, based on the original sample frequency, calcu-
lates a low-pass FIR filter of 100 coefficients with cutting 
frequency in 3,5 kHz for working as a new anti-aliasing 
filter. As the maximum signal’s frequency limited to this 
value, it is applied a linear interpolation among the samples 
to normalize the sample frequency to 8 kHz.  
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B. Wavelet Analysis of Adventitious  Lung Sounds  

Initially, it was performed a preliminary analysis aiming 
to verify the properties of the signals of the pulmonary 
sounds through the process of multi-resolution analysis. In 
this study all respiratory sounds were segmented into respi-
ratory cycles, and every analysis was developed using the 
information contained in each respiratory cycle separately.  

Figure 1(A) shows the original signal and the detail coef-
ficients of a respiratory cycle containing discontinuous 
anomalous sounds, more specifically coarse crackles. The 
figure 1(B) shows the original signal and the detail coeffi-
cients of a respiratory cycle with wheezes, decomposed 
using the Daubechies 4 wavelet function. As seen in this 
figure, the respiratory cycles containing discontinuous 
sounds have a broader spectral distribution when compared 
to the cycles with continuous adventitious sounds. This 
characteristic is reflected in the detail coefficients with 
magnitude more significant at the first level of decomposi-
tion, related to the sub-band from 2 to 4 kHz, according the 
normalized sampling frequency applied in this methodol-
ogy. 

 
 

 
(A) 

 
(B) 

 Fig. 1 First level of DWT for a respiratory cycle containing coarse crack-
les (A) and wheezes (B). 

Increasing the levels of decomposition, the respiratory 
cycles with discontinuous abnormalities showed an increase 

of amplitude in detail coefficients for each level of decom-
position, according to the frequencies of continuous abnor-
mality present in the respiratory sound. In normal sounds 
the respiratory signal showed a bandwidth of relevant fre-
quencies around 30Hz to 1kHz, with the components of low 
frequencies presenting larger amplitude when compared to 
the components of high frequencies. This occurs, in this 
case, because the cardiac sounds assume a magnitude higher 
than the respiratory ones, being its magnitude much more 
intense during the acquisition.  

The spectral characteristics obtained in the detail coeffi-
cients for each group of adventitious sounds reflects directly 
in the energy distribution for each sub-band. Calculating the 
DWT until the 10th level and the energy contained in the 
detail coefficients for each level, it was obtained different 
curves, depending on the kind of adventitious sound.  

Discontinuous adventitious sounds have a larger spectral 
width. Therefore, the energy of these adventitious sounds is 
distributed evenly for all scales. Thus, as illustrated in fig-
ure 2(A), the resulting curve for this kind of adventitious 
sound has variation increasing almost linearly with the in-
creasing of the decomposition level. This characteristic 
shows that the main frequencies are still located in the lower 
spectral region, once the higher level detail coefficients 
represents the lower frequencies, but have an almost linear 
distribution in the higher frequencies. 

The continuous adventitious sounds, in figure 2(B), show 
small variation in the spectral distribution between the 
scales 3 and 9, related to the spectral band between 500 and 
7,8125 Hz. This shows that the presence of specific fre-
quency components, as its harmonics, excite linearly these 
scales, resulting in a planner curve with higher amplitude in 
this region.  

The normal sounds, represented in figure 2(C), in which 
the aerial flux is well distributed in the spectrum with 
prominence of the cardiac sounds in low frequency, have 
their main spectral components increasing almost linearly in 
relation to the scale increase, conversely proportional to the 
frequency, with prominence in the scales 7, 8 and 9, which 
characterizes the band of larger distribution of the cardiac 
sounds. 

The curve resultant from the presence of both adventi-
tious sounds, shown in figure 2(D), is similar to the super-
position of curves obtained for the continuous and discon-
tinuous adventitious sounds, containing a band with little 
variation between the scales 3 to 9, characteristic of the 
curve obtained for the continuous sounds and high ampli-
tudes in the lower scales, characteristic obtained for the 
discontinuous sounds.  
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Fig. 2 Typical curve of energy versus level of decomposition for each 
group of lung sounds.  (A) Discontinuous adventitious sounds, (B) Con-
tinuous adventitious sounds, (C) Normal lung sounds and (D) respiratory 
cycle containing both continuous and discontinuous adventitious sounds. 

The average is represented by grey bars and the standard deviation by 
black bars. 

 
The computation of the curves showed in figure 2 was 

made using records of 40 different individuals, with age 
varying from new-borne and elderly of 76 years. As the 
number of respiratory cycles in each record may vary from 
one to twenty, the total respiratory cycles analyzed repre-
sent 275, being 69 normal respiratory cycles, 54 containing 
continuous adventitious sounds, 116 containing discontinu-
ous adventitious sounds and 36, containing both anomalous 
sounds. The records used were obtained through reposito-
ries and clinical records [8] [9] [10] [11]. 

 
C. Experimental Results 

Aiming to verify which wavelet function, presents better 
results in the appliance of the proposed methodology, dif-
ferent wavelet functions were evaluated. Thence the evalu-
ated wavelet functions were: Daubechies 4 and 44, Symlets 
8 and 20, Coiflets 3, Discrete approximation of wavelet 
Meyer, Biorthogonal 3.7, 3.9 and 6.8 and Reverse Bior-
thogonal 3.7. 
      As there is a big amount of data to be evaluated, and as 
it is necessary to train a neural network for each tested 
wavelet function, it was chosen to implement a training 
algorithm that prioritized a minimum time of processing. 
Therefore, a RBF neural network for each wavelet family 
was built.  

As training algorithm, the procedure of fixed centers cho-
sen randomly in the training set was used, once this type of 
training is the one that has less computational time, speed-
ing up the training procedure and making possible the test 

and analysis of several neural networks in a short time in-
terval.  

The choice of standard deviations used in the Gaussian 
function of the RBF, was also evaluated inside the training 
set, varying this value linearly between 1 and 100 and 
evaluating the response of the neural network for each of 
these values. Hence, 1000 neural networks were trained, 
verifying the variation of 100 values of standard deviation 
for each one of the 10 families of wavelet functions evalu-
ated.  

The training set was composed by 11 respiratory cycles 
chosen randomly of each one of the groups, totalizing 44 
respiratory cycles used in this set. Thus, the set of training 
used represents 16% of the total set of respiratory cycles 
used in this study.  

With the results obtained with these trainings, it was 
draft an array, composed by the values obtained in relation 
to the wavelet function and to the standard deviation of the 
radial basis function. 

Table 1 contains the values which refer to the best results 
obtained in the classification by wavelet function. As the 
center each neuron was chosen randomly in the training set, 
the match for the training group was always 100%. Because 
of that, was evaluated only the results obtained in the vali-
dation set.  

The analysis of the obtained results shows that, in the 
evaluated set, all the mother wavelet functions were able to 
obtain more than 83% of match, and it was obtained an 
index higher than 90% for three of the tested mother wave-
let, with maximum value of 92.36% for the Biorthogonal 
6.8 wavelet.  

Table 1 Index of maximum match obtained by each wavelet function. 

Wavelet Function Match of validation 
set (%) 

RBF standard 
deviation   

Biorthogonal 3.7 88 27 

Biorthogonal 3.9 83,2727 42; 43 

Biorthogonal 6.8 92,3636 22; 25; 26 

Coiflets 3 89,8182 16; 17 

Daubechies 4 86,5455 20; 21 

Daubechies 44 89,4545 15 

Discrete Meyer 86,1818 14 

Reverse Biorthogonal 
3.7 

92 72; 73 

Symlets 8 90,9091 13 

Symlets 20 88 58; 59; 60 
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III. CONCLUSIONS  

In this study, a technique for parameters extraction from 
pulmonary sounds was developed through the DWT, which 
returns characteristic curves according to the kind of adven-
titious lung sound. Both the technique of data extraction and 
the wavelet functions were evaluated using RBF neural 
networks with fixed centers as classifiers, varying the stan-
dard deviation in a linear way and equal for all the wavelet 
functions. The obtained results in the classification showed 
best match indexes over 83% for all wavelet functions and a 
maximum index of 92,36% for the Biorthogonal 6.8 func-
tion. All the results were compiled using respiratory sounds 
obtained through repositories, being these ones recorded 
through different methods, and some of them were nor even 
specified. However, the present results did not show distinc-
tions among the recording methods inside the set of lung 
sounds in the training and validation sets, taking into ac-
count that pulmonary sounds suffered normalization during 
the pre-processing. However, the obtained values of match 
index in the recognition indicate that the neural networks 
RBF obtained may be used as method of automatic classifi-
cation, without the need of implementing other training 
methods.  

Finally, the developed methodology shows to be useful 
for the application in clinical practice, both in the support 
for the detection of adventitious sounds through the auto-
matic classification result and also in the temporal localiza-
tion of the occurrence of adventitious sounds, once the 
analyses is performed individually per respiratory cycle. 
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Abstract— Thrombosis and thromboembolism still plague 
cardiovascular prosthetic devices.  While it is known that areas 
of stasis and stagnation will result in thrombus formation, the 
potential for embolization remains unknown.  The local fluid 
dynamics, in particular, the local shear stress, play an integral 
role with embolization. A backward facing step model was 
used to investigate thrombus formation and embolization. 
Through the use of an in vitro blood loop with radiolabeled 
platelets, high and low Reynolds number flows were investi-
gated. In addition, computational fluid dynamics (CFD) simu-
lations under the same conditions and the same model dimen-
sions were executed with an added simulation involving a clot 
formed beyond the step to understand how clot growth affects 
the local flow.  The results indicate that areas of high Reynolds 
number flow produce substantial thrombus with both tech-
niques. The low Reynolds number flow with the blood loop 
showed no visible thrombus, but the simulations illustrated a 
recirculation zone suggesting potential for thrombus forma-
tion.  The simulated CFD clot formation showed a change in 
the local flow with an increase in shear stress suggesting em-
bolization might occur.  Further refinement in the CFD and 
more blood studies at higher Reynolds number are required to 
induce embolization. This work is an initial step towards un-
derstanding how thromboembolization and the local fluid 
dynamics are related. 

Keywords— Thrombosis, Thromboembolism, Computational 
Fluid Dynamics, Shear Stress, Cardiac Devices 

I. INTRODUCTION  

A major impediment to the successful use of cardiovas-
cular prosthetic devices is their inherent propensity for 
thrombus formation, caused by complex flows and blood-
contacting, synthetic, biomaterials.  Studies have shown that 
there is a relationship between flow and thrombosis, which 
can be affected by high shear rates, areas of stagnation or 
recirculation, and turbulence [1].  Thrombus formation, and 
resulting thromboembolism, have affected device perform-
ance including heart valves [2], vascular grafts [3], and 
ventricular assist devices (VADs) [4].  

The reduction in device related thromboembolic events 
used in the treatment of heart failure would benefit millions 
of people.  Historically, about 20% of patients receiving a 
VAD suffer from thromboembolic events [5], but through 

the use of textured biomaterials, this has been reduced [6].  
Asymptomatic cerebral microemboli have also been found 
in 34% to 67% of VAD patients, using transcranial Doppler 
[6,7].  

Prosthetic heart valves (PHVs), while quite successful, 
are still prone to hemolysis, platelet activation and throm-
boembolism.  Studies have reported that patients under 
anticoagulant treatment still develop thromboembolic com-
plications at a rate of between 0.7% and 6.4% per patient 
per year [8].  The PHV research area has clearly shown that 
blood damage, thrombosis, and fluid dynamics are all inter-
related. 

Since blood cells can be damaged or activated by fluid 
stresses, the levels of stress at which damage is incipient 
and the magnitude of stresses present in cardiac devices has 
been investigated.  It has been established that prolonged 
exposure to laminar shear stresses on the order of 1,500 
dynes/cm2 can cause lethal damage to red cells [9].  Hel-
lums and Brown [10] showed that there is a relationship 
between exposure time and the shear stress level required to 
cause hemolysis and platelet activation.  Although the 
mechanism by which turbulent stresses damage suspended 
cells is not well understood, it appears that Reynolds 
stresses above 1,500-4,000 dynes/cm2 are undesirable 
[11,12].   

Chronic platelet activation has been observed in patients 
with PHVs [13] and the associated thrombus formation have 
been recognized as a means for evaluating flow-induced 
blood damage [14]. Experiments have demonstrated thresh-
old levels for shear-induced platelet activation [15] at shear 
stresses (100-300 dynes/cm2) about one order of magnitude 
less than the corresponding hemolysis levels at the same 
exposure time [16]. 

Computational fluid dynamics (CFD) has been used to 
solve the backward facing step or sudden expansion prob-
lem [17]. This type of flow can be found throughout any 
cardiovascular prosthetic device, thus, making the flow 
regime useful for study with thrombosis as has been done 
with other biophysical phenomena [18,19].   

Clearly, the fluid dynamics developed due to cardiovas-
cular prosthetic devices severely influences the potential for 
blood damage and thrombus formation.  However, what is 
not clear is how susceptible the formed thrombus is to em-
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bolization.  As a result, we seek to understand the shear 
stress levels that would cause thromboembolization by 
integrating fluid dynamics (experimental and computa-
tional), thrombus growth development, and thrombus de-
tachment towards a computational model that influences 
cardiovascular prosthetic device design. 

II. MATERIALS AND METHODS 

 Two methods were used to correlate clot formation and 
fluid dynamics; platelet accumulation and computational 
fluid dynamics.  For the platelet study and in order to de-
termine the relationship between clot size, Reynolds number 
(Re), and local fluid mechanics, a backward facing step 
acrylic model was machined in two pieces (Fig. 1) with a 
step height of 2.5mm and radius of 5mm.  After the junction 
of the two acrylic pieces the model expanded to a cylinder 
with a 10mm diameter resulting in a step at that location.  
The model was then placed in series with Tygon tubing to 
pass through the roller pump (Cole Parmer). Six trials were 
conducted: three at a low Re (120) and three at a high Re 
(1160).  These flows correspond to velocities of 0.05 and 
0.5 m/s, respectively, in the upstream portion before the 
step.  Before each experiment the loop was primed with 
standard phosphate buffered saline to prevent hemolysis 
during filling. 

Whole bovine blood, anticoagulated with sodium citrate 
(4:1 ratio of blood to 4% sodium citrate solution), was ac-
quired in 1 liter quantities from Hemostat laboratories 
(Dixon, CA).  For each trial, 200 mL of blood was removed 
from the refrigerator and allowed to warm to room tempera-
ture in a water bath.  Fifty mL of this blood was taken and 
the blood was radiolabeled by mixing with 99mTc-bitistatin 
to label the platelets [20].  After 1 hour at room tempera-
ture, the platelets were centrifuged to separate them from 
unbound radiolabel, and resuspended in fresh plasma. When 
the labeling was complete, the blood was measured to have 
an average radioactivity of 2 mCi.  The labeled blood was 
then added to 150 mL of room temperature blood and 
swirled for 30 seconds in an Erlenmeyer flask.  In order to 
reverse anticoagulation, 7 mL of 580 mM CaCl2 solution 
was added to the 200 mL blood sample immediately before 
the loop was filled.  The blood in the Erlenmeyer flask was 
swirled for an additional 30 seconds. 

The model was imaged using a large field-of-view 
gamma camera (General Electric Medical Systems, Mil-
waukee, WI) interfaced to a NucLear Mac computer (Scien-
tific Imaging, Denver, CO). Throughout the duration of the 
1 hour flow test, images of technetium activity were ac-
quired using the 140-keV photopeak with a 20% window.  
Dynamic 128 x 128 word mode images were acquired every 

10 seconds for one hour.  At the end of this acquisition, a 
static image was acquired with a 99mTc source (syringe) 
placed near the step to permit location of the step in the 
dynamic series.  The loop was then emptied via displace-
ment with phosphate buffered saline and a final image of 
the loop was acquired.   
 Rectangular regions were drawn upstream of the step, at 
the step, and downstream of the step of the same time for 
activity analysis of each image frame.   The data were im-
ported into MS Excel for post processing.  The activity of 
the region drawn at the step was subtracted from the down-
stream region in order to eliminate background radioactivity 
and slight trial-to-trial variation in overall blood radioactiv-
ity.  These activity differences were then averaged and plot-
ted to determine a quantitative difference in clot formation. 

 

A)  

 

S=3h B) 
H=4h

Fig. 1 Schematics of the backward facing step: a) cross sections showing 
the step and downstream of the step, b) dimensions for the acrylic and CFD 

models 

 

Fig. 2 In vitro backward facing step model under the gamma camera 
during an experiment with flow moving right to left. 

For the CFD study, the backward facing step model 
shown in Figure 1 was used in a fully 3D simulation (Fig. 
3).  Three cases were generated to simulate thrombus 
growth directly downstream of the step.  Case 1 consists of 
the backward facing step while Cases 2 and 3 add steps of 
different sizes to simulate clot formation.  Case 2 contains a 
second step 50% the height of the initial step with height 
1.25mm and length 2.5mm, and is shown in Figure 3.  Case 

h=2.5m

L=80h L=80h 
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3 contains a larger second step 75% of the initial step’s 
height (1.875mm high) and 5mm in length, not shown.   

Grid generation was performed in GAMBIT 2.3.16 (Flu-
ent Inc., Lebanon, NH, USA).  High-quality tetrahedral 
grids were used with initial grid sizes being 1,024,385 cells, 
996,882 cells, and 1,110,741 cells, respectively.  The di-
mensionless sizes of the tetrahedral faces were 0.05. 
FLUENT 6.3.26 (Fluent Inc., Lebanon, NH, USA) was used 
to perform the CFD analysis.  The flow equations were 
discretized using a finite volume method and solved sequen-
tially using a segregated algorithm.  The pressure-velocity 
coupling algorithm was set to SIMPLEC.  A k-  model was 
chosen as the turbulence model and used when appropriate.  
The solution was converged when all residuals reached a 
value less than 1x10-8. 

The boundary conditions were a no-slip condition at the 
walls, a constant velocity for the inlet, and a pressure outlet 
condition for the outlet.  Four Re flows (120, 580, 1160, and 
1740) were chosen for each case.  The fluid was modeled as 
incompressible Newtonian, and the density was set to 1050 
kg/m3 and the viscosity set to 3.4 cP. 
 

A) B)  

Fig. 3 CFD meshes of two of the backward facing step simulations: a) step 
only and b) an additional step representing a 1.25mm high and 2.5mm in 

length clot. 

III. RESULTS  

Figure 4 illustrates a scintigram of the platelet accumula-
tion after one hour at the backward facing step (labeled clot) 
where flow separation occurs during low and high Reynolds 
number flows. Clearly, the high Reynolds number experi-
ment shows a larger separation, and resulting increase in 
platelet accumulation. Figure 5 demonstrates the averaged 
platelet activity at the step when the downstream back-
ground activity was subtracted for both the high and low 
flows. The low Reynolds number flow shows platelet activ-
ity within the noise.  However, the high flow condition 
showed a linear increase in activity over time indicating 
ongoing clot formation for the duration of the study. 

CFD simulations showed a large recirculation for the 
single step cases at all Re flows except the lowest one 
(Re=120), where a very weak recirculation zone developed. 
Figure 6A shows the lowest Re flow and with a recircula-
tion zone (bottom left hand corner) developing beyond the 
step. Figure 6B, with the simulated clot, shows the recircu-

lation to be very weak.  Figure 7A illustrates the flow at a 
Re=1160, which corresponds to the high Re flow in the 
radiolabeled platelet data (Fig. 4B).  Figure 7B presents a 
vector flow field of a simulated clot (1.25mm high, 2.5mm 
long). A small recirculation develops just past the step with 
a larger recirculation beyond the “clot.”   These recircula-
tion regions were confirmed with velocity profiles indicat-
ing magnitudes as high as 0.1 m/s in the recirculation zone. 
  

A)  

B)  

Fig. 4 A scintigram of radiolabeled platelet accumulation over 1 hour 
focusing on the step for a) low Re flow and b) for high Re flow. Note that 
flow is from right to left and the darker regions indicate increased activity. 
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Fig. 5 Radiolabeled activity where there is a steady, linear increase with 
the higher Re flow over the backward facing step when the downstream 

background is subtracted after 1 hour. 

IV. DISCUSSION 

 As we embark on efforts to understand how fluid shear 
stresses and thromboembolism are related, this effort pre-
sents initial studies designed to seek out that relationship.  
The in vitro blood studies demonstrated that at high Re flow 
(a velocity of 0.5 m/s), a separation occurs at the backward 
facing step where thrombus develops and increases in size 
over the one hour test.  Clearly, the thrombus counts in-
crease linearly and do not plateau suggesting that a point of 
embolization has yet to occur.  The low flow tests demon-
strate that a very small separation zone developed at 0.05 
m/s but was not sufficient to create a significant thrombus. 

These results were confirmed with the CFD simulations 
executed at the same Re. With the simulated clot growth, 
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Abstract— A system of digital acquisition and recording of 
sound was developed and a method for analysis was imple-
mented. The system is based on six electrets microphones, 
whose signals were amplified by a simple two-staged opera-
tional amplifier. The signals were digitalized at 11025 sam-
ples/s by an A/D PCI board installed on a PC and stored in 
ASCII format by a LabView interface. The signals were fil-
tered and decimated before the Sound Index (SI) was extracted 
in the Matlab environment.  With this system, the abdominal 
sounds of five volunteers (mean age 22.4 years, range 20 – 
25 years) were recorded, 15 min in the fasted state and 45 min 
after a lactic drink of 157 kcal. The minimum fasted period 
was 10 h. The six channels were positioned on the abdominal 
skin following anatomical reference points. The Sound Index 
analyses suggest increased sound activity after drink test.  

Keywords— Abdominal Sounds, Auscultation, Stethoscope, 
Sound Processing. 

I. INTRODUCTION  

The auscultation of body sounds is reported in papyruses 
as early as 1500 b.C. [1], being one of the oldest techniques 
applied as a diagnostic aid of the modern medicine, with 
various applications: Cardiac [2][3], Pulmonary [4] and 
Abdominal [5] auscultations. The last one can be helpful for 
the study of gastrointestinal diseases. 

With the development of the informatics and the signal 
processing techniques, digital systems of storage for further 
analysis of the sounds have emerged and are now wide-
spread[6][7]. 

Yamaguchi et al [8] show that in diabetes mellitus pa-
tients the gastrointestinal sounds have lower intensity com-
pared to healthy volunteers. These facts strengthen the po-
tential of the gastrointestinal auscultation test as a 
diagnostic method to detect abnormalities in gastrointestinal 
motility. 

Different groups have explored the digital detection of 
abdominal sounds with different purposes: Rennie et al[9], 
heart sounds and the energy consumption during movement; 
Tomomasa et al[5], migratory motor complex sounds; Ya-
maguchi et al[8], aid to the diagnosis of diabetes mellitus; 
and Verady et al[6] and Moghavvemi et al[7], fetal phono-
cardiography studies. 

Craine et al[10] performed a two-dimensional mapping 
of gastrointestinal sounds showing that the sound activity is 
higher in the right lower quadrant.  

II. MATERIALS AND METHODS 

A. Signal Acquisition Equipments 

Six pieces of PolyVinyl Chloride (PVC) were shaped as 
stethoscope bells, allowing the plugging of one electret 
microphone in each. The microphone signals were ampli-
fied by a two stage operational amplifier; with a 20 times 
gain (Fig 1). 

 

 
Fig 1 Electronic Module containing Operational Amplifiers, Micro-

phones jacks and A/D board out cable. 
  
The signal was acquired by an A/D PCI 16 bits board at 

11025 samples per second and recorded in an ASCII file 
trough a LabView software. 

B. Microphones Positioning 

The PVC bells with the microphones attached were posi-
tioned and fixed with an elastic tape on the volunteer abdo-
minal skin following positions defined by anatomical points 
(Fig 2). Channel 1 was positioned midway between the right 
anterior superior iliac spine and the umbilicus. Channel 2 
was positioned at the same height, just underneath the umbi-
licus. Channel 3 was positioned on the left side, midway 
between the right anterior posterior iliac spine and the um-
bilicus. Channel 4 was positioned above channel 1, at the 
same distance from the umbilicus axis. At this same axis 
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were positioned channel 5 and channel 6, above channels 2 
and 3, respectively. 

Fig 2 Microphones positioning 

C. Acquisition Protocol 

Five asymptomatic male volunteers fasted for at least 10 
hours of liquids and solids meals. All subjects were supine 
positioned, allowed to watch a DVD video, using earphones. 
The video was not emotionally-stimulating. The acquisition 
was done in a noise-free room. 

After fifteen minutes of recording in the fasted condition, 
the subject drank 180 g (157 kcal) of a lactic drink similar 
to yogurt. During the ingestion period, recording was 
paused. After that, 45 min were recorded. 

D. Analysis 

The analysis was done in a MatLab interface. The algo-
rithm used opens the file, applies an eight-order low-pass 
Chebyshev Type I filter with a cutoff frequency of 882 Hz 
and decimates it at 1/5 of the original sample rate, resulting 
in 2205 samples per second. Then a high-pass filter (3 dB at 
80 Hz) was applied in order to remove heart and breath 
sounds. After filtering the signal, a threshold cut was done 
rejecting all signals lower than 1/13.2 of the signal obtained 
with a 94 db sine wave of 1 kHz [5]. The Sound Index (SI) 
was calculated following Tomomasa et al [5], where three-
minute bins were used, with the sum of absolute signal 
amplitudes. Another way to analyze the data is calculating 
the SI-RMS (root mean square). In that case, the difference 
is that the value of SI-RMS is the root mean square value of 
the bins signal amplitudes. Both methods have been applied. 
The SI and the SI-RMS were plotted in function of the re-
cording time. The time zero on plots indicates when the 
fasted time ends.  

E. Equipment Calibration 

A sound meter calibrator (pistonphone) emitting a 94 db 
1 kHz sine wave was used to assure the sound level output 
from all microphones and channels would be the same. The 
signals were compared and weight calibration factors were 
calculated, avoiding differences caused by electronics or 
microphone efficiency. Then, before processing, the signals 
were multiplied by each weight factor.  

III. RESULTS  

The 94 db sine wave response was equal to 0.0788 V, so 
the threshold cut should be done at 0.0060 V. The weight 
factors obtained were 1.08069, 1.3397, 1.2621, 1, 1.0845 
and 1.0152 for the channels 1 to 6, respectively. 

Figure 3 shows a typical SI plot with the time after food 
ingestion in the horizontal axis and the Sound Index in the 
vertical axis. 

  

Fig 3 Sound Acquisition plotted as SI vs. Time. The ingestion of the 
drink test is at time zero on the plot. 

IV. DISCUSSIONS 

After visual inspection, all measurements show increased 
SI-RMS values on the channel 4, four of five measurements 
show increased SI-RMS on the channel 4 and 5 and three of 
five on the channels 4 and 2.  
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Gastrointestinal sounds are reported to be acquired in the 
abdomen vertical middle line [5], on the right side from the 
umbilicus [8], right lower thorax quadrant [10]. Even 
though the last one seems to be apparently different than our 
measurements, our results are not contradictory with it. The 
reason seems that they used only three recording points in a 
triangular arrangement: one close to the heart and the other 
two around the abdomen on the same horizontal line. There-
fore, they have covered the thorax while we used six record-
ing points covering exclusively the abdomen. In this way 
the right lower thorax is coincident with the right upper 
abdomen quadrant.  

The recorded and analyzed sounds were listened and rec-
ognized as gastrointestinal sounds by physician experts on 
abdominal sounds auscultations.     

V.  CONCLUSIONS  

With the system developed it was possible to record ab-
dominal sounds that match those already reported in litera-
ture.  

Although more acquisition would be necessary, the data 
suggested the main sites of gastric sounds are in the right 
upper and the middle abdominal region. 
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Abstract—An inverse method for identification of possible 
local ischemic lesions is presented. Body surface potentials 
recorded in conditions with and without manifestation of 
ischemia were used to evaluate changes in time integrals of 
surface potentials caused by changed repolarization of 
ischemic myocardial cells. Surface distribution of integral 
differences together with information on torso volume 
conductor was used to find an equivalent electric generator 
with one or two dipoles representing the ischemic lesions.  

Compact system for multichannel ECG measurement and 
evaluation with an intelligent battery powered data acquisition 
unit that enables simultaneous recording of up to 128 torso 
leads was developed. Active electrodes and optical connection 
to the controlling computer were used to achieve high signal 
quality and patient safety. Software for ECG acquisition and 
evaluation of isointegral surface maps was applied for location 
of one or two dipoles representing myocardium areas with 
changed repolarization.  

Body surface potential maps from 64 leads were recorded in 
10 patients at rest and during exercise on supine ergometer. 
Difference QRST integral maps computed by subtracting 
integral map at rest from the maps during exercise and 
common inhomogeneous torso model were used to find 2-
dipoles generators that best represented the difference maps. 
In 8 patients the found dipoles were in agreement with 
SPECT: in 3 of them 2 distinct dipoles that represented 2 local 
lesions or borders of a large transmural lesion were found, for 
another 3 patients one dipole was identified and in 2 cases no 
changes representing local lesions were found. One patient was 
not evaluated because his map could not be satisfactorily 
represented by the dipolar generator and in 1 case location of 
the dipole was not confirmed by the SPECT image. 

These results suggest that the method and device might be 
useful tools for non-invasive identification of local ischemia. 

Keywords—Noninvasive ischemia detection, body surface 
potential mapping, difference integral maps, dipolar model, 
compact ECG mapping device. 

I. INTRODUCTION  

Multi-lead recording of ECG signals and detailed 
analysis of surface distribution of cardiac potentials can 
help in more precise diagnostics of cardiac diseases [1]. 

Many studies in last forty years also showed that body 
surface potential maps (BSPM) together with information 
on torso volume conductor obtained from CT, MR or 
ultrasound imaging systems can be used in different types 
of inverse solutions for identification of normal and 
abnormal electrical sources in the cardiac tissue based on 
models of the cardiac generator [2].  

In this paper an inverse method for noninvasive detection 
of local myocardial ischemia using equivalent generator 
with one or two dipoles is presented and results of its testing 
on a group of patients are introduced. New compact device 
for high resolution BSPM recording and evaluation in 
which the method is implemented is also introduced. 

II. METHODS AND MATERIAL 

A. Noninvasive Identification of Ischemic Lesions 

The method for noninvasive identification of small 
ischemic lesions evaluates differences between surface 
potentials recorded in the same patient under conditions 
without manifestation of ischemia and during ischemia 
developed at stress or by progress of the disease. 
Differences within the depolarization - repolarization period 
can be topologically represented as one difference integral 
map (DIM) showing surface distribution of differences 
between integrals of ECG potentials over the QRST interval 
recorded in corresponding surface points. 

Assuming a multiple dipole generator and piecewise 
homogeneous torso as the volume conductor, boundary 
element method can be applied for computation of body 
surface potentials yielding a linear matrix equation. 
Computation of the DIM by subtracting the normal integral 
map from the integral map with ischemia is then equivalent 
to computation of an integral map for a difference multiple 
dipole generator Δs: 

Δp  =  A.si – A.sn  =  A. (si – sn )  =  A .Δs   (1) 

where Δp is the vector of computed values in the DIM, A is 
the transfer matrix representing the volume conductor, si 
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and sn are dipolar sources in the normal and ischemic 
myocardium and Δs represents dipolar generators in 
ischemic lesions; physically s represents time integrals of 
dipole moments of current dipoles. 

In the inverse solution a single dipole or a pair of dipoles 
was searched as the equivalent generator (EG) representing 
the small lesions. The inverse solution was based on 
singular value decomposition of a submatrix of transfer 
matrix A. The submatrix was created of columns of matrix 
A corresponding to every possible position of an EG located 
in predefined points evenly distributed within the modeled 
ventricular myocardium (N dipoles, N.(N-1)/2 dipole pairs). 

As the transfer submatrix for each dipole or pair of 
dipoles was strongly over-determined, unique solution in 
the sense of minimum least-squares criterion was always 
obtained. The best representative dipole or pair of dipoles 
with minimal rms difference (DIF) between the measured 
DIM and the map generated by the inversely estimated 
equivalent generator was then chosen. 

However, especially for dipole pairs, this criterion 
usually had no sharp minimum and several dipole pairs 
gave results with DIF varying very slightly from the 
minimum. Therefore also results with DIF within 1% 
difference from the best solution were analyzed. To identify 
the situation, that inversely computed dipoles represented 2 
lesions, two clusters of dipoles were created from the 
obtained dipole pairs by applying the modified K-means 
iterative algorithm for K=2 [3] based on Euclidean distance 
between the dipoles. Dipole positions of the dipole pair with 
smallest DIF value were used as the initial positions of the 
cluster centers. Dipoles from additional dipole pairs were 
then assigned to the cluster with nearest cluster center. 
Because dipoles from one pair should represent different 
ischemic lesion, they should belong to different clusters. If 
both dipoles were assigned to the same cluster, the pair was 
excluded from evaluation. At the end of every iteration, new 
cluster centers were recalculated from assigned dipoles and 
next iteration was started. If no more changes occurred 
during the iteration, the algorithm finished dividing dipoles 
into 2 clusters. The final gravity center of each cluster was 
considered as the center of an identified lesion and the mean 
dipole moment computed from all dipoles in one cluster 
was assigned to that lesion. At the end of the iteration 
process, the DIM was claimed to represent two distinct 
lesions only if all pairs of inverse dipoles have their dipoles 
located in different clusters. 

  
B. BSPM Recording and Evaluation 

Compact mapping device (Fig.1) was developed to 
obtain high quality multi-channel ECG recordings and to 
compute BSPMs suitable for advanced model-based 
diagnostic interpretation of mapped data.  

Modular data acquisition unit contains up to 9 measuring 
boards plugged into a motherboard with the microcontroller, 
USB interface and switched power supply module. Each 
measuring board enables to record 16 ECG signals 
measured relatively to a common mode sense (CMS) 
electrode. One of the boards is used for recording of limb 
leads signals R, L, F and contains also circuitry for the CMS 
electrode and driven right leg electrode that limits the 
current through the patient body to 50 μA and protects the 
patient in case of electrical defects. Additional protection 
circuit generates a power-down signal if the current remains 
close to 50 µA. Each low noise measuring channel (noise 
<0.75 μVRMS) is equipped with a DC-coupled 
instrumentation amplifier (gain 40) and a 22-bit Σ-Δ A/D 
converter. Sampling frequency can be set between 125 and 
2000 Hz, giving effective dynamic resolution between 19 
and 16 bits. ECG signals are sensed by disposable Ag-AgCl 
electrodes with active adapters. Their usage eliminates risk 
of patient infections and guarantees minimal polarization 
potentials and low noise induced in electrode cables. 

 

Fig. 1 Block scheme of the mapping system ProCardio 8: patient terminal 
with data acquisition unit and controlling notebook computer 

The data acquisition is controlled by a 16-bit CISC 
Fujitsu microcontroller. Its 4 UARTs and DMA controller 
are used to control the multi-channel measuring unit and to 
communicate with the host computer over an USB FIFO 
circuit that provides bidirectional data transfer with rates of 
up to 1 MB/s. A fiber optic USB extension cable is used to 
minimize capacitive coupling between the patient terminal 
and the USB port of the host computer. The patient terminal 
is powered by a Li-ion cell with advanced power 
management that allows its use for one working day without 
replacement or recharging. 

The system comes with ProCardio 8 software for data 
acquisition, consecutive signal processing and detailed 
evaluation of body surface potential maps that was 
developed mainly in Matlab environment. Measuring 
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module controls the data acquisition unit, checks electrode 
contacts, reads the data stream into PC, monitors ECG 
signals on the screen and stores them on disk as a GDF 
(general data format for biosignals) file. ECG processing 
module allows off-line signal filtering, baseline corrections, 
signal averaging and selection of desired time instants in the 
records. Processed ECG signals are used in the mapping 
module for computation and display of 2D or 3D surface 
potential maps, integral maps and desired difference or 
departure maps. Specific mapping algorithms for several 
lead sets were implemented. Finally, computed DIM 
together with information on torso volume conductor can be 
used by the module for computation of equivalent dipole 
model of the cardiac generator representing local ischemia. 
To simplify and speed-up the data recording, processing and 
evaluation, each user can predefine his own set of desired 
parameters and conditions for particular procedures using a 
set of menus.     

 

 
Fig. 2 Example of a real-time mapping window of the LiveMap software 

 
An alternative possibility for real-time recording, 

advanced signal processing and map visualization is offered 
by the LiveMap software package. This is particularly 
useful when dynamic changes in BSPMs should be used to 
control or stop the examination. The software was 
implemented in .NET environment and written mostly in C# 
language. Since the real-time processing and visualization is 
highly computationally demanding, the software was 
designed to take the advantage of multicore/multiprocessor 
computers and modern graphical adapters for massively 
parallel signal processing using GPGPU techniques, 
whenever it is possible. Implemented ECG signal 
processing includes baseline removal, optional band-stop 
filter for power line noise removal, recalculation of 

potentials relative to selected reference electrode and real-
time detection of fiducial points in ECG waves. Detected 
points are used for calculation of various signal parameters 
and can be used for selection of the part of the heart cycle 
that has to be mapped and displayed in real time. Together 
with a post-processing module that can subtract captured or 
recorded reference map and compute integral or averaged 
maps, also DIMs as described above can be computed and 
displayed in real-time. An example of the real-time 
mapping window is in Fig. 2. 

C. Experimental Data 

ECG signals from 64 leads were recorded in Department 
of Cardiology, Medical University of Warsaw in 10 patients 
with coronary artery disease at rest and during exercise test 
on supine ergometer with a stepwise increasing load from 
25 to 250 W. Integral maps of the QRST interval were 
computed from averaged ECG signals recorded at rest and 
during the exercise at load of 75 W. Maps recorded during 
excercise were corrected for changed heart rate between the 
measurements using direct QT measurement. Difference 
QRST integral map was computed for each patient and was 
considered as representation of possible local repolarization 
changes induced by the stress. Inverse solutions with one 
and two dipoles located in 164 possible positions within the 
ventricular muscle volume were computed to find the best 
equivalent generator producing the DIM. Common torso 
model with main inhomogeneities (lungs and heart cavities) 
was used in the solution.  

The results were compared with perfusion images 
obtained by single photon emission computer tomography 
(SPECT) in Department of Nuclear Medicine, Medical 
University of Warsaw and with findings from 
coronarography. 

III. RESULTS 

In 8 of the 10 examined patients the ischemic lesions 
were identified in agreement with corresponding SPECT 
images. For 3 of them the inverse solution identified 2 
distinct clusters of dipoles. They represented either 2 local 
lesions or borders of 1 large transmural lesion. For another 
3 patients one lesion represented by single dipole generator 
was identified. In remaining 2 patients no significant 
changes representing possible local ischemic lesions were 
identified in DIMs what was in agreement with SPECT 
results. Example of the inversely located clusters of dipoles 
in patient with 2 lesions located at base on the anterior wall 
of the left ventricle and in the middle part of the inferior 
wall is shown in Fig. 3. 
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One of the 10 patients was not evaluated because the 
obtained DIM could not be satisfactorily represented by one 
or two dipoles representing local ischemic changes. In 1 
case the obtained location of the ischemic lesion was not 
confirmed by the SPECT image. 

      

Fig. 3 Left: QRST integral maps at rest, during stress and their difference 
obtained from a patient with 2 lesions located at the base on the anterior 
wall and in the middle part of the inferior wall of the left ventricle. Right: 
Two projections of realistic ventricular model with corresponding inversely 
estimated clusters of dipoles representing locations of ischemic lesions 

 
Fig. 4 SPECT images of the same patient at rest and after stress showing 
decreased perfusion at the base on the anterior wall (73% to 64%) and in 
the middle part of the inferior  wall of the LV (80-83% to 77-78%) 

IV. DISCUSSION AND CONCLUSIONS  

Presented method is an extension of our previously 
reported approach [4] that was able to detect only a single 
lesion. Our previous attempts to detect local ischemic 
regions by using departure integral maps [5] showed that 

changes in BSPMs are small when compared with normal 
inter-individual fluctuations and can hardly be detected by 
departures from mean normal maps. The results obtained 
from 10 measured patients indicate that the suggested 
method provides a possibility to identify the presence of 
local ischemic lesions during exercise and to distinguish 
between one and two lesions in most cases. The experience 
with more measured data is needed in future. 

Only common model geometry of the torso was used in 
the present study. Use of individual torso geometry could 
improve accuracy of the lesions location [6]. 

The results indicate that the proposed method and the 
developed ECG mapping device could be useful tools for 
non-invasive cardiac diagnostics using common BSPM 
techniques and model-based interpretation of difference 
QRST integral maps. 
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Abstract— Purpose: To estimate the form of pressure gen-
erated by respiratory muscles (Pmus). 

Methods: 8 spontaneously breathing patients with Chronic 
Obstructive Pulmonary Disease were included. Respiratory 
system compliance and resistance were first preset to reason-
able values. The Kalman filter with Rauch-Tung-Striebel 
smoother was applied to assess the Pmus. The results were 
compared to the esophageal pressure (Pes). 

Results: High correlation was found between estimated 
Pmus signals and measured Pes signals ( 0.828 ± 0.083, mean 
± standard diviation). 

Conclusions: The form of Pmus can be well estimated with 
Kalman filter, which provides an insight of the pulmonary 
system in patients with spontaneous breathing. The lung in 
such patients may therefore be better supported by e.g. the 
PSV mode. 

Keywords— Respiratory muscles, spontaneous breathing, 
Kalman filter, lung mechanics 

I. INTRODUCTION  

To avoid ventilator-induced diaphragm dysfunction it is 
recommended [1, 2] to limit the use of controlled mechani-
cal ventilation and to apply spontaneous breathing as early 
as possible. But respiratory mechanics are needed for an 
individually optimized ventilator setting e.g. when support-
ing the patient in Pressure Support Ventilation (PSV) or in 
Proportional Pressure Support (PPS) mode. In spontane-
ously breathing patients the pressure generated by respira-
tory muscles (Pmus), mainly caused by the activity of the 
diaphragm, is no longer a neglectable driving force. Since 
the Pmus signal is time variant and shares different shapes 
among individuals, it cannot be modeled simply. The eso-
phageal pressure (Pes) or the transdiaphragmatic pressure 
(Pdi) are used to estimate the respiratory muscle effort dur-
ing spontaneous breathing [3, 4]. However, measurement of 
these pressures requires the placement of an esophageal 
balloon, which is an invasive procedure. To avoid this effort 

a number of approaches [5-8] have been developed. Some 
of them are based on the P0.1 maneuver, that rapidly closes 
the inspiration valve at the onset of an active inspiration 
effort of the patient for 100 ms. The airway occlusion pres-
sure at 0.1 second (P0.1) reflects the breathing muscle effort 
[5] but only for a very short period. Other attempts to evalu-
ate patient’s respiratory efforts either assume Pmus to be 
linear in a relative long period [6], to have certain pattern 
[7], or need to interrupt the normal ventilation process [8].    

Because the Pmus signal has no deterministic shape, a 
stochastic signal processing technique may be helpful to 
approximate this signal without measuring it. The Kalman 
Filter is an option for achieving this goal. In the present 
study, Kalman filter was used to depict the form of Pmus 
and to adapt to the variations of patients or the disease con-
ditions. 

II. METHODS 

A. Lung Model 

The analysis of respiratory system is normally based on 
the linear first order equation of motion:  

0)(/)()( PRtVCtVtPaw rsrs   (1) 

where Paw(t) is the airway pressure; V(t) is the lung volume 
integrated by , the airway flow; C)(tV rs denotes the respira-
tory system compliance; Rrs represents the airway resistance 
and P0 is the pre-existing pressure in the lung. In the pres-
ence of spontaneous breathing, respiratory muscle effort has 
to be taken into account. Eq. 1 is altered as: 

)()(/)()( 0 tPmusPRtVCtVtPaw rsrs      (2) 

B. Discretization of the model for Kalman filter algorithm 

The Kalman filter has both time update and measurement 
update equations, which are presented below 
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as measurement update equations [9].  and  are 
priori and posteriori estimate of x, respectively. 

x̂ x̂

In order to avoid setting Pmus to a deterministic shape, it 
is assumed that in a very short period Pmus=0 but  
is adjusted in every step according to fitting error. Therefore, 
in our specific application, A = 1, H = 1. The state of the 
model ( ) and measurement equation 

( ) are modeled in discrete time respectively as: 

musP̂

kk musPx ˆˆ

kk Pawz

11ˆˆ kkk wxx   (8) 

krsrskk vCVRVxz /ˆ  (9) 

The random variables  and  represent the process 
and measurement noise, respectively. They are Gaussian 
random noises: p(w)~N(0,Q), p(v)~N(0,R). Q and R are 
initiated as 10

kw kv

-5 and 0.01, respectively [9]. Since the Crs and 
Rrs are unknown, it is hard to calculate them along with 

 at the same time. Thus, CmusP̂ rs and Rrs were first set to 
certain guessed values. Considering the states of the patients, 
50 ml/mbar and 7 mbar/(L/s) were chosen for Crs and Rrs, 
respectively.   

C.  Rauch-Tung-Striebel smoother 

The Pmus estimation error can be minimized by consid-
ering the whole sequence of state . The Rauch-Tung-

Striebel smoother was realized by backward modifying  
in respect of past as well as future state [10]. For k=N, 

 and . For 0<k<N, 
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Since smoothing is a non-real-time operation, the 
smoother should not be included in real time application. 

D. Patients and statistical analysis 

8 spontaneously breathing patients with Chronic Ob-
structive Pulmonary Diseased (COPD) were included. Paw, 

 and Pes were recorded. Lung volume was integrated 
from V .  
V

Correlation coefficients between the estimated Pmus sig-
nals ( ) and measured Pes signals are calculated. Data 
are presented as means and standard deviations (SD). 

musP̂

III. RESULTS 

Table 1 shows the correlations between  and Pes 
signals in 8 different patients. High correlations ( 0.828 ± 
0.083) indicates that the form of  can very well char-
acterise Pes, or rather the real Pmus signal. 

musP̂

musP̂

Table 1: Correlation coefficients (r) between the estimated Pmus signals 
and measured Pes signals in 8 COPD patients 

T

Patient No. 1 2 3 4 
r 0.833 0.766 0.702 0.836 

Patient No. 5 6 7 8 
r 0.762 0.856 0.953 0.916 

Mean ± SD 0.828 ± 0.083  
 
Fig. 1 shows typical  compared with measured Pes 

signal in one patient. Two different signals share similar 
shapes.  

musP̂

  were used to reproduce Paw using Eq. 2. The 
typical result is plotted in Fig. 2. Almost no difference can 
be observed between the reproduced Paw and the measured 
Paw. 

musP̂
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Fig. 1: Comparison of estimated Pmus signal and measured Pes signal in 
one patient. Blue, estimated Pmus signal; and red, minus measured Pes 
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Fig. 2: Comparison of reproduced Paw (blue line) and measured Paw (+) 

IV. DISCUSSION 

In the present study, patient’s respiratory effort was char-
acterised using the Kalman filter approach. The form of 
pressure signal generated by respiratory muscles was ob-
tained individually. It provides an insight of the pulmonary 
system in patients with spontaneous breathing.  

The accurate determination of lung mechanics is still dif-
ficult even some methods were proposed [11, 12]. A real 
non-invasive, manoeuvre-free method is still missing. If the 

form of Pmus could be obtained, C and R could be calcu-
lated by adding the scale factor into Eq. 2. However, assum-
ing Pmus to have a certain preset form [7] will miscalculate 
the parameters. Therefore, the aim of the present study was 
to estimate the form of Pmus. C and R were first set to rea-
sonable values. Although error will be added to , the 
form of Pmus is barely distorted (Table 1, Fig. 1). We hy-
pothesize that the true Pmus signal may be reproduced by 
rescaling the estimated Pmus: 

musP̂

bmusPaPmus ˆ   (13) 

where a and b are rescaling factors;  is the error. Further 
study will be focused on finding the rescaling factors for 
individuals. Probable solution may be using P0.1 to indicate 
the right activity level of respiratory muscles since P0.1 re-
flects the breathing muscle effort. The  may be com-
pared to Paw during P0.1 maneuver. The similarity between 
these two signals indicates how good the guessed lung me-
chanics are. Then, lung mechanics in spontaneously breath-
ing patients may be calculated breath-by-breath by iterative 
trials of different C

musP̂

rs and Rrs.  
Kalman filter served as a robust tool for Pmus estimation. 

The results became more precisely by adding the Rauch-
Tung-Striebel smoother. Probability modeling of non-
invasive ventilation effects, such as leakage and changing 
mouth compliance, may benefit from this method. 
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A Method for Quantifying Sleep Eye Movements That Reflects Medication Effects   
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Abstract— Sleep studies capture a significant amount of 
physiological data.  Objective measures of sleep physiology are 
useful for tracking disease states and responses to medications.  
Eye movements are noted to change significantly in depressed 
patients taking medications such as fluoxetine. This paper 
describes a group of patients who used this medication, com-
pare to those who did not. Autoregressive (AR) coefficients of 
eye movements recorded during sleep have been derived and 
classified by means of discriminant analysis. The methodology 
which has been used for this classification includes eye move-
ment detection and evaluation of AR coefficients with fixed 
segments. The optimized model order of 28 has been derived 
by minimum square error inspection. AR coefficients are then 
derived on the basis of this optimized value. The results have 
been classified with a linear discriminant function. The overall 
average accuracy was 82.8% .The results demonstrate that eye 
movements can be quantified with this method, and further 
assessment of disease and medication states may reflect physio-
logical information that is not apparent to clinicians. 

Keywords— electrooculogram (EOG), autoregressive (AR), 
linear discriminant analysis (LDA), sleep, depres-
sion. 

I. INTRODUCTION  

Humans spent about one–third of their lives asleep. 
Sleep is categorized into non-rapid eye movement (NREM) 
and rapid eye movement sleep (REM). Each state has 
unique physiological characteristics including variations in 
brain wave patterns, eye movements, and muscle tone. Po-
lysomnography (a sleep study) captures this information 
with electroencephalographic (EEG), electro-oculographic 
(EOG), and electromyographic (EMG) recordings.  While 
sleep clinicians use this information in clinical management, 
there is a wealth of information that is not apparent to ca-
sual visual inspection. 

Sleep disorders often require assessment in a sleep la-
boratory. They frequently coexist with other medical and 
psychiatric conditions (e.g. cardiovascular disease, depres-
sion or diabetes) as well as different medication exposures. 

Many sleep state changes have been in clinical depres-
sion and with respect to medication exposures [1]. While 
rapid eye movement sleep eye movements have been of 
historical interest to clinicians, some interesting eye move-
ments are noted in NREM sleep after exposure to antide-

pressant medications such as fluoxetine [2], [3].  A way to 
quantify these changes may help detect patterns of physiol-
ogy and response to treatment that is not apparent to clini-
cians currently.   

Some previous work in the eye movement analysis has 
looked at electrocardiogram artifact elimination [4], [5], 
automatic sleep stage classification [6], [7], and wavelet 
analysis of EOG changes [8]. The classification of sleep 
disorder subjects on the basis of medication exposure by 
analyzing EOG signals is a novel method. This method can 
be used to extract physiological information about neurop-
sychiatric conditions. 

All-pole models are important for several reasons. First 
of all in some applications the physical process by which a 
signal is generated will result in an all-pole (autoregressive) 
signal. However, even in those applications for which it 
may not be possible to justify an all-pole model for the 
signal, one often finds an all-pole models being used. One 
reason for this is that all-pole models have been found to 
provide a sufficiently accurate representation for many 
different types of signals in many different types of applica-
tions. Another reason for the popularity of all-pole models 
is the special structure that is found in the all poll equations, 
which leads to fast and efficient algorithms for finding the 
all-pole parameters [9].  

   Suppose white noise ν(n) be filtered with a causal li-
near shift-invariant filter having a rational system function 
with all-pole filter of the form, 

∑                 (1) 

Which is called an autoregressive process of order and 
will be referred to as an AR( ) process. In other words, 
AR( ) is a wide-sense stationary process which may be 
generated by filtering unit variance white noise, , with 
an all-pole filter of the form of Equation 1[10].          

Burg algorithm has been used in this work to estimate 
AR coefficients. In the 1960s, He developed a method for 
spectral estimation known as maximum entropy method. As 
a part of this method, which involves finding an all-pole 
model for the data, he proposed that reflection coefficients 
be computed sequentially by minimizing the sum of the 
forward and backward predication errors [11]. 
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A discriminant function that is a linear combination of 
the components of  can be written as  

                                                  (2) 

 is weight vector and the bias or threshold 
weight[4]. A two-category classifier implements the follow-
ing decision rule: Decide if  and  if 

. Thus  is assigned to if the inner product  exceeds 
the threshold - and to otherwise [12]. If ,  
can ordinarily be assigned to either class [12]. 

Any assessment of diagnostic performance seems to re-
quire some comparison of diagnostic decisions with “truth.” 
The simplest measure of diagnostic decision quality is the 
fraction of cases for which the physician is correct, often 
called accuracy. Sensitivity and specificity represent two 
kinds of accuracy: the first for actually positive cases and 
the second for actually negative cases. Accuracy derives 
from them. Equations 3, 4, and 5 are the mathematic repre-
sentation of them. 

 

   (3)              

 

  (4) 

 

                                                                              (5) 
 
Medically, true positive means that the test indicates 

presence of the disease when it is in fact present. False neg-
ative means that the test indicates presence of disease when 
it is, in fact, not there.  is the prior probability of the 
actual presence of the disease in a case from population 
studied and  represents the prior prob-
ability that disease is actually absent in a case from the 
studied population [13].  

II. METHODOLOGY 

A. Data recording 

Eye movements of subjects are recorded during sleep as 
three EOG and two reference channels amongst other phy-
siological parameters. The sampling rate is 128 samples per 
second in this case. These AC channels are as follows: 
• LOC; a signal which is recorded by the electrode placed 

1cm below and 1cm left of the left eye of the subject 

• ROC; a signal which is recorded by the electrode 
placed 1cm above and 1cm to the right of the right eye 
of the subject 

• VOC; a signal which is recorded by an electrode placed 
1cm below the middle of the right eye of the subject 

• Mastoid Signals (A1, A2); signals recorded by an elec-
trode placed on the over a bony surface and used as ref-
erence 

Processing and analysis are performed on signal differ-
ences between an EOG signal and references as follows: 
LOC-A2, ROC-A1, and VOC-A1, which we will refer to as 
EOG signals in this paper. Sleep stage information of each 
subject called a hypnogram has been provided with full 
polysomnographic information by clinicians [14]. In this 
paper, three EOG channels of ten subjects, five normal and 
five abnormal (exposed to antidepressant medications that 
induce eye movements), have been assessed. Subjects pro-
vided written informed consent to analyze their signals 
under a protocol approved by the local research ethics 
board.   

B. Data Analyses 

The Eye Movement Detection Software (EMDS) which 
we developed divides our overnight EOG signals of each 
subject into six sleep stages by means of hypnogram (wake-
fulness, stage 1-4 and REM sleep). It also removes the val-
ues exceeding three standard deviations and normalizes the 
data within each sleep state. Left, right, up, and down 
movements are detected on basis of Table1. “+” is a local 
maximum and “-” is a local minimum.   

Table 1 Eye Movement Decision Table  

 Right Left    
 
Down 

 
Up 

LOC-A2 + - - + 

ROC-A1 - + + - 

VOC-A1 - + - + 

 
The software detects a movement if there is a combina-

tion of peak values according to Table 1. The time index of 
these maximums and minimums are not equal. If the soft-
ware decides only on the maximum and minimum which 
has the same time index, it will not detect a lot of eye 
movements. The peak values of LOC, ROC and VOC are 
compared in a defined window. The size of this window is 
15 samples and has been derived by investigation. On the 
other hand the threshold value has been defined. The reason 
for using a threshold value is to detect eye movement and 
not noise. The threshold value was derived as 0.3 for nor-
malized signal. The peaks which occur less than this value 
are presumed to be mostly noise.  
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In order to drive the AR model of stationary signals, the 
EOGs which are non-stationary are segmented to 300 sam-
ples, 150 samples before and 150 samples after detected 
movements, using fixed segmentation. Autoregressive (AR) 
modeling of detected eye movements has been derived by 
inspection through minimum mean-square values of the 
prediction error. The optimized AR model is inspected as 
28. Thereafter, the Burg method has been applied to derive 
AR coefficients of each movement type. All AR coeffi-
cients of all 10 subjects are grouped on the basis of sleep 
stages and type of movements: left, right, up and down.   

 Finally linear discriminant analysis has been applied to 
classify AR coefficients into normal and abnormal. This 
paper only considers the result of all sleep stages left and 
right movement classification. The sensitivity, specificity, 
and efficiency are shown in result Table 2-5. In deriving 
accuracy,  and  are both 0.5.  

III. RESULT 

The EMDS plots the raw and processed three EOG 
channels of detected movements.  

Table 2 Classification of LOC Left AR Coefficients 

Stage Sensitivity 
      (%) 

Specificity  
      (%) 

Accuracy 
      (%) 

Stage1 65.8 66.1 67.3 

Stage2 74.0 66.0 70.0 

Stage3 95.1 94.9 95.0 

Stage4 99.0 96.0 97.5 

REM 79.5 84.7 82.1 

Wakefulness 74.6 70.4 72.5 

Table 3 Classification of ROC Left AR Coefficients 

Stage Sensitivity 
      (%) 

Specificity  
      (%) 

Accuracy 
      (%) 

Stage1 67.8 77.5 72.7 

Stage2 87.6 79.9 83.8 

Stage3 93.5 93.1 93.3 

Stage4 96.6 89.1 92.9 

REM 74.6 95.0 84.8 

Wakefulness 79.3 72.6 76.0 

Table 4 Classification of LOC Right AR Coefficients 

Stage Sensitivity  
      (%) 

Specificity  
      (%) 

Accuracy 
      (%) 

Stage1 75.8 76.2 76.0 

Stage2 71.9 84.5 78.7 

Stage3 96.5 93.8 95.2 

Stage4 100 98.2 99.1 

REM 77.9 71.0 74.5 

Wakefulness 72.9 68.6 70.8 

Table 5 Classification of ROC Right AR Coefficients 

Stage Sensitivity 
      (%) 

Specificity  
      (%) 

Accuracy 
      (%) 

Stage1 77.7 72.1 74.9 

Stage2 72.0 84.8 78.4 

Stage3 96.5 88.5 92.5 

Stage4 97.2 96.4 96.8 

REM 77.0 97.5 87.3 

Wakefulness 78.4 73.4 75.9 

 
The EMDS also plots minimum mean-square values of 

prediction error. The AR model order of 28 and the segmen-
tation size of 300 samples has been derived by inspection of 
EMDS output plots. The result of discriminant classification 
has been shown in the above tables. 

IV. DISCUSSION 

EMDS can detect the eye movements of subjects during 
sleep and wakefulness. The output of EMDS includes de-
tected movements categorized as left, right, up, and down 
including the time of detected movement for each EOG 
channel. By inspection of the data, the size of segmentation 
as 300 samples and optimized model order of 28 have been 
derived. The AR coefficients (left and right) for 300 sam-
ples around each detected has been calculated and classified 
to represent whether the subject was exposed to an antide-
pressant. The sensitivity, specificity, and accuracies are 
mostly in the range of 70% to 99%. The overall average 
derived from averaging all accuracy is 82.8%. 

V. CONCLUSION 

The presented method is novel because it uses a sleep 
EOG dataset to classify patients on the basis of antidepres-
sant medication exposure. AR modeling used in this method 
has an advantage over zero-pole modeling since it is easier 
to implement.  
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Other advanced techniques such as wavelet assessment 
and advanced classifiers such as neural networks can be 
applied to EOG to extract further information for medical 
purposes. 
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Properties 

D. Schwenninger1, K. Möller2, M. Schneider1, S. Schumann1, and J. Guttmann1 

1 University Hospital of Freiburg, Section for Experimental Anesthesiology, Freiburg, Germany, 
2 University, Biomedical Engineering, Furtwangen, Germany 

Abstract—Mechanical ventilation, which currently is the 
main treatment for several respiratory diseases, is not yet 
optimized; i.e., it is still causing damage to the ventilated pa-
tients’ lungs. Ventilator settings are shown to correlate with 
the degree of damage. To optimize mechanical ventilation, a 
distinct knowledge about the behavior of the smallest lung 
structures, the alveoli, in vivo is required. 

This project involves the determination of the mechanical 
behavior of alveoli by means of an endo-microscopic system 
that is capable of visually recording the alveolar mechanics in 
vivo. The resulting videos are evaluated with automated image 
processing methods to determine the stress-strain relationship 
of the recorded tissue and specifically the stress-strain rela-
tionship of the visible alveolar walls. Preliminary results indi-
cate the potential of the current developed image-processing 
methods for automatic determination of tissue properties. For 
the first time, determination of mechanical properties of in 
vivo in situ lung tissue is within reach. 

Keywords—Endoscope, Lung, Alveoli, Microscopy, Young’s 
module. 

I. INTRODUCTION  

Mechanical ventilation is often the only possible thera-
peutical treatment of respiratory diseases like, e.g., the acute 
respiratory distress syndrome (ARDS) or acute lung injury 
(ALI). A ventilated lung is constantly strained mechanically 
due to the periodic transport of respiratory gases into and 
out of the lung. It was shown that this strain can cause addi-
tional damage to the lung [1]. The degree of the damage is, 
therefore, connected to the settings of the ventilator [2]. 

Current research activities try to establish settings, proto-
cols and methods of mechanical ventilation to minimize 
ventilator induced lung injury (VILI). The vast amount of 
possible settings and complex measurement methods—that 
are often not available at the bedside—need to be evaluated. 
Thus, adjusting the settings is a complicated research topic 
requiring immense resources. 

A realistic mathematical model of the human lung, which 
includes the behavior of the bronchi as well as the alveoli, 
might be helpful to reduce the number of experimental 
studies. Simulations might help to determine causal  

relations of different ventilator settings and harmful effects 
that would potentially induce VILI. 

To be able to create such a model, an exact and essen-
tially complete knowledge about the mechanical behavior of 
lung-tissue, such as alveolar walls, is required. 

This paper describes a way to determine this behavior by 
identifying the properties of subpleural lung-tissue in the 
form of the stress-strain relationship. 

To do this in vivo, it is important to keep the influence of 
the measurement method on the lung to a minimum. For 
this purpose, an endo-microscopic system [3] was devel-
oped. The use of this system does not require the opening of 
the whole thorax as is common in other established methods 
[4, 5] of alveolar-microscopy. Thus, the respiratory system 
will likely be less influenced by the microscopy. 

II. METHODS 

Endoscope

Inner trocar

Outer trocar

Measure-
port (Pfov)

Light-guide –
connector

Liquid out –
connector

Liquid in –
connector

Cover for
outer trocar

 
Fig. 1 Exploded drawing of the used endoscopic system 
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Fig. 2 Schematic overview of the whole project. The endoscope control that adjusts the pressure in the endoscope’s field of view (Pfov) and data-processing 
are shown as box-plots. The experimental data acquisition is shown as a schematic. See text for details 

The project includes the development and evaluation of 
the endo-microscopic system and the methods for comput-
erized determination of a stress-strain relationship based on 
the recorded microscopic video. Further, the experiments to 
gain the required video data from animal models need to be 
development and conducted in a statistically adequate num-
ber (cf. Figure 2). 

A. Endo-Microscopic System 

The endo-microscopic system consists of an endoscope 
(Schoelly fiberoptic GmbH, Denzlingen, Germany) inserted 
into two concentric trocars (cf. Figure 1). Saline solution is 
used as a flushing fluid and is pumped through the outer 
trocar and sucked out through the inner trocar. Its purpose 
is, in addition to its cleansing effect, to create a defined 
pressure at the tip of the system while recording micro-
scopic videos. 

The pressure in the field of view (Pfov – cf. Figure 3) is 
the difference between the input pressure and the suction 
pressure at the output. Such pressure is controlled via a PI 
controller running on an embedded system that uses the Pfov 
at the tip of the system as the controlled process variable. 
The pressure port, where Pfov is measured, is, via a tube 
along the outside of the inner trocar, directly connected to 
the field of view. The embedded system changes Pfov by 
adjusting the speed of the used gear pump’s motor to  

provide the suction at the liquid out-connector (cf. Fig-
ure 1). The liquid supply through the liquid in–connector is 
provided by hydrostatic pressure due to a height difference 
between the liquid source and the connector. 

The measurement PC—which is used to record all pres-
sure and flow data in the experiments—is able to communi-
cate with the embedded system via a serial connection, so 
that Pfov can be defined at any point in time from the opera-
tor of the PC or a program running on the PC. This means 
that Pfov can be adjusted to follow any required time-
dependent pattern Pfov(t). 

The opening of the outer trocar towards the lung is cov-
ered by a cap, as shown in Figure 1. This cap allows the 
liquid to flow directly into the inner trocar. It thereby affects 
the tissue less (which could otherwise, e.g., happen by liq-
uid that is pressed through the pleura into the lung), because 
the positive pressure is not directly imposed on the tissue. 

This also means that if the connected gear pump would 
reverse its pumping direction, liquid would be pumped into 
the thorax of the animal model. Since this would be un-
wanted, only negative values are allowed for Pfov. A nega-
tive Pfov is also required because it leads to an adhesive 
effect: The tissue is sucked slightly into the endoscope’s 
opening and its movement, due to the constant ventilation of 
the lung, is reduced. Only because of this adhesive effect is 
it possible to focus the endoscope on the tissue plane and 
retain this focus. 
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The illumination of the observed tissue is provided by a 
light guide that emits the circular light around the endo-
scopes tip. 

B. Determination of Stress-Strain Relationship 

The geometry of the endoscope’s field of view and the 
dynamics of the observed area have to be considered to 
precisely evaluate the video-data that is recorded with the 
endo-microscopic system. This is illustrated by Figure 3. 
Since the observed tissue is slightly sucked into the endo-
scope’s opening, it is—depending on the pressure condi-
tions—more or less deflected into the direction of the endo-
scope. 

The observed area, with raising pressure-dependant de-
flection (h), seems to increase in size due to its movement 
closer to the endoscope’s optics. It is, due to the deflection, 
also deformed, because it forms a spherical cap. Another 
effect due to the deflection is the movement of the area out 
of the endoscope’s focal plane. This makes the recorded 
videos appear more blurred with increasing h. 

Lung or
Bioreactor

Membrane

Field
of 

view

Endoscope

Outer
trocar

h

Inner trocar

PA

Pfov

 

Fig. 3 Function illustration of the endo-microscopic system’s tip. Arrows 
depict the flow of flushing-fluid 

The pressure-dependant deflection has to be determined 
to allow the quantitative evaluation of, e.g., the changes in 
size of alveoli over time. This determination is done by a 
fitting process. A frame that shows the tissue without de-
flection is used as a reference and is iteratively modified to 
match a frame that shows the same tissue in a deflected 
state. It adapts the following one after the other: magnifica-
tion, blurredness and deformation, to get the best match. 
The blurring is, thereby, simulated by artificially blurring 
the reference with a Gaussian filter. The sigma value of the 
Gaussian filter kernel is changed to match the already opti-
mally magnified reference. 

A possible movement of the tissue in the video would in-
fluence the result of the comparison of two frames. To 
avoid this, the movement is first detected via a cross-
correlation of the frames and then compensated. 

After the magnification factor is ascertained due to itera-
tively repeating the described steps until the values con-
verge, the deflection h can be determined using the known 
geometry in the field of view (cf. Figure 3). 

The optically-measured deflection, in combination with 
the pressure Pfov and the airway-pressure (PA) (cf. Figure 3), 
helps to determine the stress-strain relationship of the ob-
served tissue. It is evident that results include structures like 
pleura and the connected tissue such as alveoli, broncioli 
and accini. Calculations are based on a modified form of the 
method introduced by [6]. 

It is also planned to determine the stress-strain relation-
ship of the alveolar walls of subpleural alveoli that are visi-
ble in the videos. For this purpose, a method developed by 
[7] to determine the alveoli’s outlines is used. After  
compensating for pressure-dependant magnification and 
deformation, video-data is processed by automated image 
processing algorithms. The relation of these outlines to the 
pressure PA reveals a respective stress-strain relationship. 

C. Experimental Setting 

The endo-microscopic system will be used to determine 
the stress-strain relationships of lung tissue in living rats. 
The anesthetized animals are ventilated by a small animal 
ventilator (Flexivent, SCIREQ, Montreal). The measure-
ment PC upon being started, changes the ventilation of the 
animals’ lung. It is synchronously adjusting Pfov while the 
endoscope also synchronized, is recording the behavior of 
subpleural alveoli. The PC is, thus, synchronously recording 
the videos, Pfov, PA and the respiratory flow, as well as the 
measured vital signs, of the animal (e.g., ECG and O2-
saturation). This data is then evaluated to determine the 
stress-strain relationships of the tissue. 

The deflection’s effects on the recorded video have to be 
determined to be able to correct the video-data at a later 
point. For this purpose, PA is adjusted to have a constant 
value, so that the endoscope can be focused on the tissue 
while Pfov is kept 0. After such focusing, Pfov is continuously 
increased to a maximal value. The resulting recorded video 
contains the magnification of an adjusted PA with different 
Pfov-values. 

This process is repeated at least three times for different 
values of PA. This, later on, allows the estimation of a mag-
nification factor of the tissue for any combination of PA and 
Pfov by interpolating the measured magnification-values. It 
also allows the calculation of the tissues’ overall stress-
strain relationship. 

A similar process is used to collect the data that is needed 
for a stress-strain relationship of the alveolar walls. For this, 
Pfov is kept constant, while PA is increased step by step. The 
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recorded videos will show the pressure-dependant changes 
of the visible alveoli in form and size. 

III. RESULTS 

The resulting endo-microscopic system is developed and 
evaluated within an artificial environment before it is used 
in experiments with animal models. For this purpose, a 
bioreactor (as described in [6]) is modified so that the endo-
scope is facing a graphite stained silicon membrane instead 
of a lung. 

 
Fig. 4 Result of the fitting process for a video where the reactor-chamber 
was supplied with a constant flow of liquid 

The algorithm for deflection detection was tested in this 
system, and h was calculated using a video, where the 
membrane was continuously deflected by a constant flow of 
liquid into the bioreactor-chamber under the membrane. The 
calculated course of the deflection (cf. Figure 4) starts with 
a steep gradient that is soon getting flatter. Similar results 
were obtained in four consecutive experiments. 

IV. DISCUSSION 

As the preliminary results show, the process of fitting 
video frames with different deflection leads to reasonable 
results. With the known deflection h and a known pressure 
PA in the bioreactor, it is possible to calculate the stress-
strain relationship of the observed membrane. 

This fitting-process, together with the determination of 
the alveolar outline by automated software [7], is the basis 
of the planned project. Determining the stress-strain rela-
tionships seems, thus, possible, but the accuracy is restricted 
by several factors. 

In addition to the limited accuracy of the indirect meas-
urements such as the deflection and the size of the alveoli as 
well as limitations (e.g., noise and resolution) of the direct 

measurements like pressure and flow, there are the underly-
ing assumptions about material-properties: The mathemati-
cal calculations can only be accomplished based on the 
available data, when the material is isotropic and does, 
when stretched, not become significantly thinner. 

V. CONCLUSION 

The preliminary results of the fitting process support the 
basic idea of using an endo-microscopic system to obtain 
mechanical properties of an observed tissue. The stress-
strain relationships of in vivo observed lung tissue, and in 
particular of alveolar walls, based on this technique seem to 
be accessible. 
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Influence of ischemia on left ventricular depolarization in isolated rabbit hearts 
perfused according to Langendorff 
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Abstract— The aim of this study was to search for relation 
between electrical activity recorded from whole isolated heart 
and simultaneously from one cell. The QRS complex of elec-
trogram (ECG) corresponds to the depolarization of the ven-
tricles. The depolarization propagation is shown by monopha-
sic action potential (MAP) recorded at appointed place during 
experiment. Electrogram changes observed during ischemia 
should be accounted for changes on cellular level. MAPs and 
ECG were recorded simultaneously. The activation time (AP), 
defined as distance from the earliest QRS deflection to MAP 
upstroke, changes with duration of ischemia. The excitement 
propagation and conduction in ischemic heart takes longer 
time in comparison to non-ischemic myocardium.  

Keywords— Electrogram, monophasic action potential, activa-
tion time, ischemia, reperfusion, isolated rabbit 
heart. 

I. INTRODUCTION  

At present, the optical mapping is widely used in cardiac 
electrophysiology animal experiments. The principle of 
optical mapping is an application of voltage-sensitive dye 
(VSD) to examined tissue where it binds to a membrane of 
cardiac cells. Di-4-ANNEPPS is one of the stable dyes used 
for long-lasting studies of ischemia in isolated heart [1,2]. 

Ischemic and health tissue has different property and also 
time of depolarization with ongoing ischemia. Depolariza-
tion, measured on heart surface, can be realized by detecting 
ECG and MAP continuously [3].   

II. METHODS 

In this paper, the propagation of depolarization wave 
through the left ventricle of rabbit isolated heart is studied at 
the cellular level – electrogram (ECG) and monophasic 
action potential (MAP) recording is done at control condi-
tions and during experimentally induced global ischemia. 

The methods used in this project are unique – the elec-
trogram is recorded by touchless method on isolated hearts 
perfused according to Langendorff, MAPs are acquired by 
optical method based on voltage-sensitive dye (VSD) di-4-
ANEPPS (Molecular Probes, Oregon, USA). MAPs and 

three orthogonal ECG signals are followed at control condi-
tions and during three consecutive phases of ischemia and 
reperfusion. 

III. EXPERIMENTAL SETUP AND PROTOCOL 

Ten New Zealand rabbits were included in this study. Af-
ter deep anesthesia (i.m. application of xylazin and keta-
min), the hearts were excised from the chest and fixed on a 
Langendorff perfusion apparatus, filled with Krebs-
Henseleit (K-H) solution (1.25 mM Ca2+, 37°C) and placed 
in a thermostatically-controlled bath. The hearts were then 
perfused at the constant pressure (85 mmHg). After stabili-
zation of the preparation (control period), the hearts were 
perfused with voltage sensitive dye di-4-ANEPPS. The 
excess of the dye was then washed-out with K-H solution 
[4]. 

Electrograms were recorded during these phases: control 
period, staining with the VSD and dye wash-out. However, 
these three phases were not analyzed in this study. Next, 
global ischemia was introduced by stopping the perfusion 
for 10 minutes and MAPs and ECG signals were continu-
ously and simultaneously recorded. Then, 10 minutes of 
reperfusion followed. These two ischemic-reperfusion peri-
ods were repeated three times. Thus, the model of precondi-
tioning was set. For description of experimental protocol 
see Table 1. 

Table 1 Experimental phases T

Phase Duration 
[minutes] 

ECG 
recordings 

MAP 
recording time 

Control period 15   
VSD staining 15   
VSD wash-out 15   

Ischemia I 10   
Reperfusion I 10   
Ischemia II 10   

Reperfusion II 10   
Ischemia III 10   

Reperfusion III 10   
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ECG recording system consists of three orthogonal leads. 
Ag-AgCl disc electrodes are placed on the inner surface of 
the bath in which the heart is kept during the experiment. 
The changes of electrical field generated by the heart are 
recorded in a touchless manner (the bath is filled with solu-
tion) [5].  

MAP is recorded by the optical recording system, which 
is based on application of voltage sensitive dye (VSD) into 
the examined tissue. MAP is registered as changes in emit-
ted fluorescence, which is detected through flexible bifur-
cated fiber cable by common single photodiode detector. 
The setup contains light source for excitation of dyes, bifur-
cated optical fiber and photodiode detector. See details in 
[5]. 

The data acquisition card digitizes ECG signals and the 
preamplified MAP signals with 16 bits dynamic range, at 
the rate of 2000 samples per second. The signals are ac-
quired by a LabView compatible data acquisition multifunc-
tion card PCI-6250 (National Instruments, USA). 

All experiments described in this paper follow the guide-
lines for animal treatment approved by local authorities and 
conform to the EU law. 

IV. ANALYSED DATA 

ECG and MAP records were analyzed in each consecu-
tive minute of all three phases of ischemia and reperfusion. 
Representative recording of ECG during one heart cycle and 
corresponding MAP is shown in Fig.1. Time, measured 
from the earliest QRS deflection to the MAP upstroke, is 
defined as activation time (AT). Action potential duration 
(APD) is duration of MAP from upstroke to 90% repolari-
zation. Repolarization time (RT) is equal to the sum of AT 
and APD [2]. 

AT represents time necessary for spread of depolariza-
tion from atrioventricular (AV) node to the place of MAP 
recording, concretely on the left ventricle epicardium (see 
red mark in Figure 2). MAPs are recorded by optical 
method with optic fiber, which makes possible to register 
MAPs from area of 200nm in diameter. Black line high-
lights propagation of depolarization through ventricular 
septum. 

MAP for each minute of particular experimental phase is 
obtained by cumulation of all MAPs recorded in the course 
of the examined minute. The onset of segment with the 
whole MAP with a few samples in front of the upstroke was 
determined via R peak detection. 

 

 

Fig. 1  Simultaneous recording of ECG and MAP  

 

Fig. 2  Schematic illustration of the heart, left atrium (LA), right atrium 
(RA), left ventricle (LV), right ventricle (RV), sinoatrial node (SA), atrio-

ventricular node (AV) 

V. RESULTS AND DISCUSSION 

Cumulated MAPs for repeated ischemia phases are 
shown in Fig 3. The beginnings of x-axis correspond to the 
earliest QRS deflections in ECG signals. Marked motion 
artefact is present in MAPs in the first 6 minutes of ische-
mia I in selected experiment. Motion artefact decreased with 
ongoing ischemia. MAP in the first minute of ischemia I is 
marked by dotted line, than MAPs in the 2nd and the 10th 
minutes are marked by text to show motion artefact trend. 
In the second ischemic phase, maximum value of MAP is 
lower, motion artefact is presented in shorter period of time 
(first 4 minutes) and AT is obviously lengthened. During 
the third ischemic period, the amplitude of MAP is low and 
almost equal to noise, but increasing length of AT is clearly 
visible in the picture. However, it should be reminded that 
the shape and occurrence of motion artefact can be different 
in another heart.  
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Fig. 3  Cumulated MAPs in each minute of ischemia: from the top: ische-
mia I, II, and III 

 
The same comparison of MAPs and motion artifacts has 

been done for all phases of reperfusion - for details see Fig. 
4. The value of upstroke is not much increasing and motion 
artifact is present at the end of reperfusion. This finding 
might show on myocardial recovery during reperfusion 
periods. MAPs recorded during reperfusion III are not ana-
lyzable. 

ATs measured during all experimental phases (ischemia 
I-III and reperfusion I-III) are summarized in Table 2. AT1 
is AT measured in the 1st minute of each experimental phase 
and AT10 is AT measured in the 10th minute of the same 
experimental period. AT - defined as the difference be-
tween AT10 and AT1 - represents time delay of propagation 
of depolarization in each studied phase. 

Than, speed of depolarization propagation in ventricular 
tissue is calculated for trajectory of 20mm, which is ap-
proximately the distance from AV node to the place of 
MAP recording (see black line on Fig. 2). S1 – speed of 
propagation in the 1st minute of experimental phase, S10 – 
speed of propagation in the 10th minute of the same experi-
mental phase. S, defined as the difference between S10 and 
S1, demonstrates changes of speed propagation. 

 

 

Fig. 4  Cumulated MAPs for each minute of reperfusion: from the top: 
reperfusion I, II, and III 

 
Table T 2 Measurement of AT and S during ischemia and reperfusion

 

Phase AT1 
[ms] 

AT10 
[ms] 

 AT 
[ms] 

S1 
[m/s] 

S10 
[m/s] 

 AT 
[m/s] 

Ischemia I 16 23 7 1,25 0,87 -0,38 
Ischemia II 18 26 8 1,11 0,77 -0,34 
Ischemia III 20 35 15 1,00 0,57 -0,43 

Reperfusion I 18 16 -2 1,11 1,25 0,14 
Reperfusion II 23 20 -3 0,87 1,00 0,13 
Reperfusion III - - - - - - 

 
The presence of the motion artifact in MAPs made meas-

urement of ATD more complicated, but ATD was decreased 
with time, during ongoing ischemia and also reperfusion; 
see Fig 3 and Fig 4. 

Range of speed of propagation varies wildly in ventricu-
lar tissue from approximately 0,1 to 1 m/s. The above listed 
values are mean values that include the propagation within 
the cell as well as the delays at the gap junctions [6]. In our 
case, speed of propagation in rabbit heart tissue is 0,5-
1,3 m/s for trajectory of 20mm. Speed of propagation de-
creases with ongoing ischemia and increases with ongoing 
reperfusion. 
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VI. CONCLUSIONS 

The study of influence of ischemia on the left ventricular 
depolarization in isolated rabbit hearts perfused according 
to Langendorff is possible due to uninterrupted long-time 
MAP and ECG recordings. The method of loading the heart 
tissue with VSD used in our laboratory enables us to record 
MAPs continuously throughout the whole experimental 
period, at least for 60 minutes. MAPs recorded in this way 
in isolated rabbit hearts are comparable with records ob-
tained by classical microelectrode technique. Indisputable 
advantage of this attitude is the possibility to follow elec-
trophysiological changes during long periods of time, such 
as repeated ischemia-reperfusion phases of this classical 
preconditioning model, presented in this paper.  
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Abstract—Electrogastrographic examination (EGG) can be 
considered as a noninvasive method for an investigation of a 
stomach slow wave propagation [1][2]. The EGG signal is 
noninvasively captured by appropriately placed electrodes on 
the surface of the stomach. The typical range of frequency for 
EGG signal is from 0.015Hz to 0.15Hz. One of EGG signal 
analyzing method is based on a determination of dominant 
harmonic frequencies contained in the chosen segments of 
EGG signal. The dominant frequency is used for calculation 
base parameters of EGG signal. This paper presents the 
method to determine dominant frequencies and also shows the 
details of preprocessing of EGG signal for spectral analysis. 

Keywords—EGG, Power Spectrum, AR model. 

I. INTRODUCTION 

Nowadays the recording EGG signals is the standard 
method for the stomach examination. During the signal 
registration process the standard protocol is applied accord-
ing to the EGG Task Force recommendations [3]. The regis-
tration process usually includes 30 minutes phase before the 
standardized meal (preprandial period) and 30÷120 minutes 
phase after the meal (postprandial period). 

The typical range of frequency for EGG signal is from 
0.9cpm to 9.0cpm (cycle per minute). The analysis of EGG 
signal power spectrum density (PSD) allows to determine 
frequency distribution of EGG segments. 

A record of EGG signal is divided into 1 minute length 
segments, and a power spectrum density is calculated. 
Based on the EGG power spectrum density, evaluation of 
dominant frequency for maximum amplitude of the PSD is 
possible. 

The EGG signal is classified to one of the category ac-
cording to the dominant frequency: bradygastria 
(0.5÷2.0cpm), normalcy (2.0÷4.0cpm) or tachygastria 
(4.0÷9.0cpm). If determination of the dominant frequency 
by means standard 2.5dB threshold is not possible, the part 
of EGG signal is classified like an arrhythmia [4]. 

The registrations used in presented work were made in 
Department of Basic Biomedical Science, School of Phar-
macy, Medical University of Silesia in Sosnowiec. 

II. METHOD 

The EGG signals were recorded by means of the four-
channel amplifier which can be characterized by the set of 
the following parameters: frequency range from 0.015Hz to 
50Hz, gain k=5000, amplitude resolution - 12 bits, sampling 
frequency 200Hz per channel and signal amplitude range 
±2mV. During the signal registration process standard elec-
trodes were applied according to the standard [4], including 
four signal electrodes, reference electrode and ground elec-
trode. In this work the 72 minutes length 4 channel record 
of the EGG signal has been used. Preliminary filtration of 
the recorded signal was applied. The two signals were ex-
tracted from the joint recorded signal: the EGG and the 
electrocardiography (ECG). The EGG signal extraction 
were performed by application of the band-pass filter cover-
ing the range 0.015Hz÷0.15Hz [3]. The lower cutoff fre-
quency results from the high-pass RC filter applied in the 
amplifier hardware and digital fourth order high pass But-
terworth filter. The upper cutoff frequency results from the 
application of the digital fourth order Butterworth filter. 
Next the resample process was applied to obtained signal. 
The new sampling frequency has been set to 4Hz. The EGG 
signal has been divided into 60 seconds segments. Except 
the first segment, each of the segment included 10 seconds 
length signal of the previous segment. The spectrum analy-
ses was made for these segments of EGG signal. An exam-
ple of recorded and preprocessed EGG signal is shown in 
Fig. 1. 
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Fig. 1 The example of the four channel EGG signal 
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The spectrum analysis of the EGG signal was performed 
by the means of identification parameters of autoregressive 
model and estimation the power spectrum density. In AR 
modeling techniques the most important parameter is choos-
ing the proper model order. In presented paper the model 
order was chosen by using the Akaike information criterion 
[5]. The selected order of the model substantially influences 
the PSD shape. Details of the analyzed signal may by lost 
by selecting too low order of the model. Too high order of 
the model may caused that the power spectrum includes 
additional components that don’t exist in the analyzed  
signal. 

The Tukey window was applied to each of the one min-
ute length EGG signal segment. The coefficients of Tukey‘s 
window is given by the formula (1) [6]. The length of win-
dow (N) was set to 240, and α was equal 0.25. 
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The main role of the window is to damp out the effects of 
truncation of an infinite series. 

In this work the model order was calculated for the each 
segment of signal multiplied by the window. Next the coef-
ficients of the AR model was calculated by the means of 
Levinson-Durbin algorithm[7]. 

Because we are mainly interested in the base frequency 
and lower harmonics of the EGG signal, and don’t want to 
use high order models we applied prefiltering of the signal. 
We selected the 8th order Butterworth filter with cut-off 
frequency at 0.5Hz. The prefiltered signal was used again to 
calculate the new coefficients of the AR model. To enhance 
details of the PSD the new model order was increased by 
adding the constant value to the previous calculated model 
order. This value was set to 6. The PSD for all preprocessed 
segments was calculated. 

The dominant frequency was found for each segment. The 
dominant frequency is defined as a value of frequency for 
the highest peak of the PSD, in the range 0÷9cpm. For some 
shapes of the PSD, maximum of the PSD occurs for zero 
frequency. The examples of such cases are shown in Fig. 8. 
These cases require further examination to decide if zero 
dominant frequency should be included into classification. 

III. METHOD VALIDATION  

The test sinusoidal signals with known amplitude and 
frequency were generated. The frequencies were chosen to 

cover whole band of the EGG signal (0.5÷9.0cpm). The 
amplitudes were set similar to observed EGG signals (up to 
200µV). The length of test signals was set to 30 minutes. 
Next the PSD were calculated by the means of two meth-
ods: periodogram and AR modeling. The values of domi-
nant frequency were calculated: fPER for the PSD obtained 
by periodogram and fAR for the PSD obtained by autoregres-
sive modeling. The validation was made for the following 
set of frequencies: [0.5, 0.8, 1.1, 1.4, 1.7, 2.0]cpm for bra-
dygastria, [2.3, 2.6, 2,9, 3.2, 3.5, 3.8]cpm for normalcy and 
[4.5, 5.0. 6.0, 7.0, 8,.0 9.0]cpm for tachygastria. 

The results of the validation are presented in the Ta-
ble 1A for bradygastria, the Table 1B for normalcy and the 
Table 1C for tachygastria. These tables included also range 
of model orders calculated for the test signals. An example 
of model order distribution for the test signal (3cpm) is 
shown in Fig. 2. The model orders fluctuation was ob-
served. The fluctuations were dependent on the particular 
part of the EGG signal. The order1 (order of the model) was 
calculated according to Akaike criterion and the order2 was 
used for the PSD estimation. 
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Fig. 2 The distribution of AR model orders for the 3cpm test signal 

Table 1A The values of test and measurement parameters for bradygastria 

fTEST (cpm) 0.50 0.80 1.10 1.40 1.70 2.00 
fPER (cpm) 0.93 0.93 0.93 1.40 1.87 1.87 
fAR (cpm) - 0.72 1.07 1.45 1.80 2.17 
order1 5÷6 6 5÷6 4÷6 6÷7 3÷6 
order2 11÷12 12 11÷12 10÷12 12÷13 9÷12 

Table 1B The values of test and measurement parameters for normalcy 

fTEST (cpm) 2.30 2.60 2.90 3.20 3.50 3.80 
fPER (cpm) 2.34 2.87 2.81 3.28 3.28 3.75 
fAR (cpm) 2.38 2.69 2.95 3.23 3.54 3.88 
order1 4÷6 4 4÷6 4÷6 4÷7 3÷4 
order2 10÷12 10 10÷12 10÷12 10÷13 9÷10 

Table 1C The values of test and measurement parameters for tachygastria. 

fTEST (cpm) 4.50 5.00 6.00 7.00 8.00 9.00 
fPER (cpm) 4.69 5.16 6.09 7.03 7.97 8.90 
fAR (cpm) 4.53 4.97 5.97 6.96 7.87 8.90 
order1 4÷9 3÷6 2 3÷5 3÷7 4 
order2 10÷15 9÷12 8 9÷11 9÷13 10 
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The PSD for test signals [0.5, 2.0, 3.0, 7.0]cpm calcu-
lated by autoregressive modeling are shown in Fig. 3. The 
results show that the PSD calculated for the test signal 
0.5cpm does not include peak. This observation shows that 
the calculation of the dominant frequency may be incorrect 
in same cases. 
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Fig. 3 The overall power spectrum densities (AR model) for test signals 
(0.5cpm, 2.0cpm, 3.0cpm, 7.0cpm) 

The PSD for the test signals [0.5, 2.0, 3.0, 7.0]cpm calcu-
lated by periodogram method are shown in Fig. 4. 
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Fig. 4 The overall power spectrum densities (periodogram) for test signals 
(0.5cpm, 2.0cpm, 3.0cpm, 7.0cpm) 

The validation shows that the presented method of proc-
essing the EGG signal using autoregressive modeling gives 
better results then periodogram method. The autoregressive 
method provides proper spectral resolution and good accu-
racy of calculation of the dominant frequency. The main 
disadvantage of periodogram method for this application is 
poor spectral resolution, caused by limited number of sam-
ples in the data segment. 

IV. RESULTS  

The model order was calculated for the each segment of 
the recorded EGG signal multiplied by the Tukey window. 
The examples of calculated model orders for all segments of 
four EGG channels record are presented in Fig 5. 
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Fig. 5 The distribution of AR model orders for the four channel EGG 
signal 

The examples of the raw signal, windowed signal and its 
PSD for single segment are shown in Fig 6. 
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Fig. 6 The example of EGG signal, EGG signal after window operation 
and power spectrum density of signal 

The influence of using the prefiltering of the EGG signal 
on the PSD waveforms is shown in Fig 7.  
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Fig. 7 The power spectrum density for all segments of the recorded EGG 
signal 

The PSD waveforms are presented for all segments: on the 
left without prefiltering and on the right with prefiltering. The 
main peak is more clearly visible in prefiltered segments and 
is more suitable to identify the dominant frequency. 

For each segments of EGG signal the dominant fre-
quency was found. The distribution of dominant frequency 
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is presented in Fig 8. The percentage contribution of domi-
nant frequency within the range 2÷4cpm is shown on the 
right upper corner of each subfigure of Fig. 8. 
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Fig. 8 The dominant frequency distribution of recorded EGG signal 

The PSD for recorded four channels EGG signal calcu-
lated by autoregressive modeling are shown in Fig. 9. The 
PSD for recorded four channels EGG signal calculated by 
periodogram are shown in Fig. 10. 
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Fig. 9 The overall power spectrum density (AR model) for the four chan-
nel EGG signal 
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Fig. 10 The overall power spectrum density (periodogram) for the four 
channel EGG signal 

V. CONCLUSIONS  

The obtained results confirm that the method works 
properly and may be used for calculating dominant frequen-
cies of the EGG signal. During examinations the significant 
influence of window type on order of the model and the 
PSD shape was observed. 
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Abstract— To study the biomechanical changes that appear 
in different pathological cases and to establish the efficiency of 
some types of osteothomies with different fixation systems and 
prostheses, a special five degrees of freedom simulator for the 
knee joint was developed. A model of the knee joint bones of a 
patient with total knee replacement (TKR) was reconstructed 
physically by rapid-prototyping from CT scans and a real 
prosthesis with metallic femoral component, metallic tibial 
tray and polyethylene plate was mounted on the artificial joint. 
Joint loadings was reconstructed on the simulator for normal 
walking based on data recorded from patient using force and 
pressure plates.  Using a video analysis system, kinematics of 
the artificial joint from the simulator was recorded and used 
as input data for an explicit dynamics finite elements analysis 
of the tibial and femoral prosthetic components.  Value and 
distribution of the contact stress in the polyethylene tibial 
component was computed during the walking cycle proving 
that this methodology of non-invasive investigation of TKR is 
helpful for prosthetic research and development. 

Keywords— knee, simulator, contact, stress, computational. 

I. INTRODUCTION  

 Survivals time of total knee replacement represent to-
day a great concern for orthopedic surgeons and prosthesis 
designers too. Loosening of the component, and especially 
of the tibial one, is the most important cause of total knee 
replacement failure [1]. During the gait cycle, forces devel-
oped in the knee have a cyclic pattern and a value between 
10 and 30 Mpa, so the components of the artificial joint are 
subjects for intensive stress and secondary for major wear. 
At the level of total knee replacement, the mechanisms 
responsible for this are delamination, scratching, pitting and 
abrasion [1-3]. Our study combining non-invasive investi-
gation methods on a patient, a special develop knee simula-
tor and the finite element method, is trying to find the corre-
lation between total knee replacement kinematics and stress 
concentration at the level of polyethylene during the gait 
cycle. 

 
II. MATERIALS AND METHODS 

 
 Three-dimensional computational joint reconstruction 

(Fig. 1, a) has been achieved by serial slices obtained from 

computed tomography of the patient and also by radiogra-
phy of the joint after knee replacement. Images have been 
achieved using MRIco software in DICOM format, after a 
JPEG format conversion. The three dimensional models of 
the patient's knee bones were used to develop by rapid pro-
totyping using an Objet Eden 260 3D printer, an artificial 
human knee.  The femoral metallic components and the 
tibial metallic tray with polyethylene plate were mounted on 
the plastic components (Fig. 1, b) using medical cement. 

 

a 

b

 c 
Figure 1. Three dimensional CAD models for the TKR joint of the 

patient (a), the prosthesis components and the artificial joint with implants 
mounted (b), the artificial femur and tibia with implants and strain markers 

mounted (c). 
 

On both components of the joint three HBM LY strain 
gages were placed for data recording during the simulation. 

In order to study the biomechanical changes that appear 
in different pathological cases and to establish the efficiency 
of some types of osteothomies with different fixation sys-
tems and prostheses, a special 5DOF simulator for the knee 
joint was designed and developed in our labs. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1427–1430, 2009. 



The knee simulator has a new design, based on Purdue 
Knee Simulator with several improvements. Our simulator 
(Fig. 2), that is patent pending, allow an unconstrained flex-
ion/extension motion between femur and tibia, with hip and 
ankle joints attached to the frame and to the ground. The 
resultant loads on the knee are reactions to the simulated 
quadriceps muscle and the applied external loads at the 
simulated hip and ankle, as shown in (Fig. 2 b).  This con-
struction allows the applied loads combined with the articu-
lar geometry of the knee to determine a natural behavior of 
the joint. 

a b 

 c 
Figure 2. The CAD design (a), resultant loads on the joint (b), and 

the knee simulator developed 
 
 There are two degrees of freedom between the femur 

and simulator frame: vertical translation of the hip and flex-
ion/extension rotation that are fixed relative to the translat-
ing hip sled. The hip sled is constrained by two vertical 
precision rails attached to the frame, and the load that simu-

lates the body weight (max. 200 kgf) is provided by a 
pneumatic cylinder. 

The flexion-extension rotation (±65 ) is imposed through 
the quadriceps muscle simulated by an actuator fixed to the 
femur. The action of the quadriceps actuator cause an exten-
sion moment about the knee that extended the hip as well. 

The ankle sled provides four degrees of freedom between 
the tibia and the ground. A universal joint gives the flexion-
extension and adduction-abduction of the tibia at the ankle. 
The universal joint also rotate about a vertically oriented 
axis (±20 ). The ankle assembly is free to move on a medi-
al/lateral direction (±7.5 mm). The motion of the ankle sled 
is controlled with the adduction-abduction load actuator 
(max. 1000N). 

The tibia is free to abduct-adduct, and this motion is de-
pendent on the medial-lateral translation of the ankle sled 
since the femur is fixed in the frontal plane. Internal-
external rotation of the tibia is controlled with a rotational 
actuator (max. 45 Nm) working about a vertically oriented 
axis translating with the ankle sled. 

The ankle-flexion moment developed by a rotational ac-
tuator (max. 55 Nm), applies a torque about the flexion-
extension axis between the tibia and the ankle sled. The 
actuator translates medial/laterally and rotates about a ver-
tical axis with the tibia. 

Testing was done with artificial knee and prosthetics. 
The plastic femur and tibia were mounted in aluminum 
fixture on stainless steel tubes.  Both tubes include a three 
axis force and a torque sensor allowing a closed-loop feed-
back control. 

Load profile for medial-lateral and torque actuator for the 
ankle joint on the simulator was obtained using coupled 
AMTI/RSSCAN force/pressure plates. Using Anybody 
software and Gait Model (Aalborg Univ.), a computation of 
the quadriceps load (Fig. 3) and ankle flexion moment dur-
ing walking cycle was performed.  The patient lower mem-
ber segments dimensions, body weight and foot center of 
pressure constitutes the input data for the Anybody model. 

 

  
Figure 3. Anybody model and quadriceps muscle values (N) during 

the walking cycle. 
 
During the simulation with the artificial plastic knee 

model, the computed forces magnitudes for all pneumatic 
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actuators were halved over the entire walking cycle to pre-
vent damage to the model. The computed pressure value set 
was also adjusted slightly to account for differences be-
tween the synthetic and biological materials and for the best 
joint components surface congruency during movement. 

The movement of the joint in the simulator was recorded 
using two high speed (100f/s) Basler cameras and the sys-
tem for images acquisition and analysis, SIMI Motion 
(SIMI Reality Motion Systems GmbH). The exact kinemat-
ics data for the artificial joint have been obtained and in the 
last stage of image processing the cinematic curves have 
been outlined (Fig. 4, a,b). 
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Figure 4. Knee joint kinematics data obtained on the simulator rec-

orded and analyzed using SIMI Motion: translations (a), rotations (b).  The 
3D finite elements model of the femoral component and tibial polyethylene 

and boundary conditions (c). 
 
The finite elements model of total knee prosthesis surfac-

es has been developed using a Ansys/LS-DYNA on pre-
vious described three-dimensional model (Fig. 4, c). To 
facilitate the analysis, the computational cost has been lo-
wered by separating from the model only the femoral im-

plant and polyethylene tibial element.  The initial conditions 
are computed for a step made in 0.5 seconds. 

The contact/impact conditions are modeled basing on 
supposition that at the contact moment, the two surfaces 
take over the same distortion speed on impact direction. 
This way, the moment of impact is separated from the rest 
of dynamic analysis and the serial impulse equations devel-
oped allowing propagating the values (solutions) over this 
moment, introducing initial conditions from which the anal-
ysis can be continued. The polyethylene erosion phenome-
non may be quantified introducing the results obtained for a 
movement cycle in mathematic formulas which calculate 
the quantity of material removed by friction depending on 
contact pressure. 

 
III. RESULTS 

 
Correlation between TKR  kinematics and tibial polye-

thylene loading have been determined for two different 
moments, 15º and 20º of flexion, corresponding to mid 

stance of the gait cycle (Fig. 5). 

a 

b 
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d 
Figure 5. Results (MPa) for 150 (a,b) and 200 (c,d) flexion angle: 

contact pressure (a, c) and shear stress (b, d). 
 

Table 1. Values (MPa) for contact pressure, shear stress, anterior-
posterior stress, axial stress, medial-lateral stress and peripheral stress. 

 

15º of flexion 20º of flexion 

Contact pression Internal compartment  14, 5 9,46 

External compartment  8,9 7,76 

Shear stress   Internal compartment 3,2 2,97 

External compartment 2,49 1,98 

A – P stress  Internal compartment 12,8 6,79 

External compartment 8,4 5,21 

Axial loading  Internal compartment 14,01 9,29 

External compartment 11,7 7,45 

M – L stress  Internal compartment 8,07 7,97 

External compartment 8,07 4,11 

Peripheral loading  Internal compartment 7, 05 4,3 

External compartment 4,24  2,4 

  
 

III. CONCLUSIONS 
 

Polyethylene loadings are highest for 15º of flexion; this 
position corresponds to the mid stance of gait cycle.  For 
comparison we have used a second position of 20º of flex-
ion. For the first position (15º of flexion), contact pressure 
in the medial compartment is 14.5 MPa, and is correlated 
with axial loading (14.01 MPa). For 20º of flexion, contact 
pressure is 9.46 MPa and the axial loading is 9.29 MPa 
(Table 1).  

The association of axial loading with anterior-posterior 
stress is responsible for the initiation of abrasive wear of 
polyethylene. The value of stress developed in this direction 
are also maximal in the internal compartment (12.8 MPa), 
for 15º of flexion. Delimitation of polyethylene result from 
association at the same level of shear forces with the pre-
vious 2 forces, mentioned ahead. For 15º of flexion, shear 
forces at the level of medial compartment have a value of 
3.2 MPa.  

 This pattern of stress distribution is similar also at the 
level of external compartment, but at an inferior value. The 

difference between two compartments is related to the pres-
ence of the varus moment at the level of internal compart-
ment in the unipodal weight bearing. 

The presented simulator and the overall research metho-
dology are designed as a complex system for the study of 
the biomechanical behavior of bone components of the knee 
joint in different pathological cases, for different types of 
movement. This system can be also used for the fatigue and 
wear study of some types of the prosthesis and of the os-
theosynthesis devices.  

The simulator can be used for research activities, pros-
thetics testing, and teaching classes. Future studies using 
knee simulator will provide an enhanced understanding of 
how and where stress and movement produce wear and 
fatigue into the implant, with direct influence on extending 
the life period and functionality of artificial knees. 
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Abstract— A semi-automatic point-based 3D-2D registra-
tion approach to register computed tomography (CT) data 
with coronary angiograms using digitally reconstructed radio-
graphs (DRR) is presented. It allows us to augment the coro-
nary angiograms with pathologies (e.g. calcifications) found in 
CT data with an automated analysis tool that was previously 
developed in our department. We also present an efficient 
method to enable a backprojection from 2D into 3D space and 
to detect overlapping vessels. First qualitative results are pre-
sented. 

Keywords— Cardiology, Registration, DRR, Angiogram, CT 

I. INTRODUCTION  

The new generation of multi-slice computed tomography 
(MSCT) scanners makes it possible to obtain high-
resolution images of the heart and enables a non-invasive 
analysis of the coronary arteries in order to detect calcifica-
tions and stenosis and thus improves the diagnosis of cardi-
ovascular malfunctions.  We have developed a tool to ana-
lyze the coronary arteries and evaluated it in a clinical study 
[1]. However, the current gold standard for detecting steno-
sis and calcifications is an invasive cardiac catheterization, 
where a contrast agent is injected into the coronary arteries 
and x-ray images are gathered in order to inspect the vessels 
(this process is called coronary angiography). We assume 
that in the near future the diagnostic of the vessels will be 
done using non-invasive CT and that only the intervention, 
if necessary, will be done in a catheter laboratory or in an 
operation room of a heart surgeon. This assumption is not 
unrealistic. A steadily increasing number of hospitals are 
already using CT for diagnostic purposes and papers suc-
cessfully investigating CT for this use case were published 
(e.g. [2]). A combination of preoperatively gathered CT 
data and operatively gathered x-ray images (so called coro-
nary angiograms) will further enhance the trust in CT for 
the assessment of coronary arteries. We have developed a 
tool to carry out a registration of both modalities to augment 
coronary angiograms with pathologies found in MSCT data 
with an automated analysis tool that was previously devel-
oped in our department.  A cardiologist can use this to get 
additional 3D visualization support during or after a cardiac 
catheterization [3]. A heart surgeon can use all the given 

information to pre-plan where he wants to apply the bypass 
by selecting appropriate places and exporting them to a file 
that can be imported by an intra-operative navigation sys-
tem to find these places during the bypass operation.  We 
are currently developing a prototype of such a navigation 
system that is similar to the system described in [4], but 
based on an electromagnetic tracking system. 

This paper is organized as follows. The next section de-
scribes related work. Section 3 explains the used methods 
and section 4 presents results and discusses them. Finally 
section 5 concludes this paper. 

II. RELATED WORK 

When developing applications that combine and use in-
formation gathered from different modalities, registration 
plays an important role. The goal of the system described in 
[5] is to use Computer Assisted Surgery to support the im-
plantation of a stent in the case of aortic aneurysms. They 
use a fiducial based registration to match the 3D CT volume 
to the intraoperative x-ray image. For that they adhere ex-
ternal markers on the chest. Then the markers are detected 
in both the 3D CT volume and in the 2D image using image 
thresholding, region growing and contour detection tech-
niques. Finally they get the transformation matrix that 
matches the obtained 3D points with the corresponding 2D 
x-ray points and use it to initialize the 3D volume in an 
adequate position.  

The work presented in [6] deals with similarity based 
2D-3D registration of coronary angiograms. It is worth 
mentioning that the comparison for the registration is made 
between binary images instead of gray scale images. In a 
first step a 4D model of the heart is obtained to create a 
simulation environment composed of realistic 2D and 3D 
images. They are using 3D computed rotational angiogra-
phy comprising separate left and right coronary arteries 
(LCA, RCA) animated with cine angiograms to create the 
simulation environment. The 3D coronary tree of the 3D 
volume is semi-manually segmented from one time frame of 
the 4D model. Once this is done the intraoperative angio-
grams (DRR in the simulated environment) are generated 
from both the LCA and RCA 4D model. They are further 
processed using multi-scale segmentation and then merged 
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to get a binary image. To carry out the registration, the 
binary projection of the extracted coronary tree is compared 
with two binary angiographies by means of the entropy 
correlation coefficient. Finally, the downhill simplex me-
thod is used for the optimization of the translation and rota-
tion parameters that will be applied to the 3D volume.  

In [7] the authors studied how to avoid the problem of 
local minimas that occurs in high-dimensional image regis-
tration. They use the vessels centerline as feature for a fea-
ture based registration. For the segmentation of the vessels 
they use a global thresholding method to obtain a skeleton 
and represent it by a set of spheres with the centers set to 
the coordinates of the skeleton points and radii equal to their 
distance transform values which represents the distance to 
the closest boundary. After creating a DRR of the 3D vo-
lume, the sum of squared differences is used to get the 
transformation matrix necessary to carry out the registra-
tion. The optimization method consist of calculating the 
result of the cost function in a low resolution environment, 
optimizing it with Powells method, and doing a final opti-
mization with the best obtained transformation matrix in the 
high resolution environment. 

 

Figure 1 Surrounding tissues of the heart are removed in order to have 
a free sight to the surface of the heart and the segmented vessel (orange). 
The yellow arrow is a marker that the surgeon has set preoperatively in our 
cardiac analysis tool. On the bottom of the image a part of this tool can be 
seen. The surgeon sees the segmented vessel drawn as a straight line. The 
yellow arrow is a marker. The blue arrows show automatically detected 
calcifications. 

III. METHODS 

A. Overview 

After the DRR and an ‘alignment map’ of the vessel cen-
terlines are generated, both, the DRR and the angiogram are 
displayed to the user. Then, three corresponding point-pairs 
on the vessels have to be selected. Afterwards the selected 
points in the DRR are aligned to the alignment map. Then a 
3D-2D point-based registration in three steps, each imple-
mented as a closed form solution, is carried out. The result 
is augmented with additional information that was obtained 
from an automated analysis of the coronary arteries. 
 
B. Automated Analysis of Coronary Arteries 

Cardiac CT data normally contains non-cardiac structures 
such as ribs, lungs or the sternum. These structures obscure 
the view to the heart, but an isolated heart is necessary to 
make a visualization of the coronary arteries on the surface 
of the heart possible (big image in fig. 1). To remove the 
obscuring structures we use a ray based method described in 
[8]. After removing non-cardiac structures a segmentation 
of the coronary arteries (red tubular structure in fig. 1) is a 
necessary step before an automated analysis can take place. 
We use a tracking based segmentation algorithm called 
‘corkscrew’ [9] that provides, beside the segmentation of 
the vessel, the centerline which we need in a later step. The 
image on the bottom of fig. 1 shows automatic detected 
calcifications which can be exported to a file and used later 
to augment coronary angiograms with this additional infor-
mation.  

 
C. DRR Generation 

First a preprocessing of the original CT data is necessary 
to avoid insufficient results due to non-cardiac structures 
and large cardiac cavities (e.g. ventricles and atria). After 
non-cardiac structures have been removed, the cavities are 
still a problem, because they are, like the coronary arteries, 
filled with contrast agent and thus occlude the coronary 
arteries in the generated DRRs. To remove the cavities from 
the extracted heart a partition (labels) of the anatomical 
structures by automatically selecting thresholds using Ot-
su´s method is obtained. A thresholding operation on the 
labeled CT data removes everything but the highest label 
that correlates with both the cavities and the arteries. After-
wards the coronary arteries are removed by applying an 
erosion operation followed by a neighborhood filter along 
all the three orthogonal axes. Finally a dilation operation is 
applied to restore the original size of the cavities. The result 
is used as a mask to remove the cavities from the extracted 
heart. A maximum intensity projection (MIP) based on ray 

1432 K. Drechsler and C.O. Laura

  
 IFMBE Proceedings Vol. 25  



casting to create a perspective projection is then carried out 
to generate the DRR to simulate a coronary angiogram. Our 
method is described in greater detail in [8]. 

 
D. Alignment Map 

The original CT volume is used to segment the coronary 
arteries and their corresponding one-voxel thick centerline 
with the algorithm described in [9]. Because we need the 
centerline of the vessels already during analysis, we get 
them without any additional computational costs. 

The 3D centerline voxels are then projected into 2D 
space with the same parameters used for creating the DRR 
(with the difference that we use a formula for perspective 
projection while the DRR is created using ray casting). The 
alignment map contains the projected 2D points and the 
corresponding 3D points of the centerline. Fig. 2 shows the 
described  method in a schematic diagram.  

The alignment map enables the backprojection from 2D  
into 3D space. When the user selects a point (within an 
adjustable radius) on a vessel in the DRR it will be aligned 
to the nearest point on the alignment map. And because we 
stored for every 2D point on the alignment map the 
corresponding 3D point, the backprojection is just a matter 
of looking up a value in an array and thus possible in 
constant time. 

Furthermore the alignment map enables the detection of 
overlapping vessels that the user should avoid to select 
because of ambiguity during backprojection. In the case of 
overlapping vessels more than one 3D point is stored to-
gether with the 2D point. The detection of overlapping ves-
sels is also possible in constant time. 

 
Figure 2 The principle of creating an alignment map which enables the 

backprojection from 2D into 3D space and the detection of overlapping 
vessels is shown. 
 
E. Registration 

To register both modalities the rotation, scaling and 
translation parameters must be obtained. Therefore the 2D 
points selected in the DRR are backprojected into 3D space 
(we call them D1, D2 and D3). This is possible because the 

points were aligned using the alignment map. A naïve solu-
tion is now to iteratively transform the 3D points somehow, 
project them into 2D space and compare them with the 2D 
points selected in the angiogram (A1, A2 and A3) and repeat 
these steps until the 2D point-pairs match.  We have imple-
mented a smarter solution to solve this problem which con-
sists of three successive steps, each implemented as a 
closed-form solution taking the perspective projection into 
account: 

The first point-pair is registered using a simple transla-
tion between the two points. Therefore D1 is orthogonally 
projected onto the line formed by the focal point F and A1. 
The distance between D1 and its projection is the desired 
translation and is applied to D1, D2 and D3 (the translated 
points are called D1, D2 and D3). 

The second point-pair is registered through rotation and 
scaling of D2 around D1. Therefore the plane containing A1, 
A2 and F is generated. If D2 is rotated then the geometrical 
object that is described is a sphere. For our calculations it is 
important to note that the intersection of the sphere with the 
plane is a circumference and all points on it are perspective-
ly projected onto the line L formed by A1 and A2. Thus, if 
we rotate D2 so that it is on the circumference and scale it 
around D1 then the perspectively projected point will move 
along L and this makes it possible to accurately register the 
second point pair. The best results are obtained if we rotate 
D2 such that the required scaling is minimal. The scaling is 
minimal if D2 after rotation has minimal distance to the line 
formed by F and A2. The found rotation and scaling is ap-
plied to D1, D2 and D3 in addition to the previously applied 
translation (the transformed points are called D1, D2 and 
D3). 

The third point-pair is registered by rotating around the 
axis that is formed by D1 and D2. A rotation of D3 around 
this axis describes a circumference. The best results are 
obtained if D3 is rotated such that the distance between D3 
and the line formed by F and A3 is minimal. 

Note that these three steps can also be implemented as an 
iterative algorithm that would be computationally more 
expensive and thus slower. 

Finally the found transformation is applied to the CT vo-
lume and the final registered DRR is generated. 

IV. RESULTS & DISCUSSION 

Figure 3 shows the initially displayed DRR and coronary 
angiogram (top row) and the results after registration and 
augmentation of the results with found calcifications (bot-
tom row). It can be seen that the arrows in the middle of the 
angiogram are very well aligned with the vessels. However, 
some of the arrows in the upper part of the angiogram show 
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a misalignment (especially the first three). We identified the 
following reasons. First, the heart phase in both modalities 
could be different, e.g. the heart in one modality is fully 
contracted while the heart in the other modality is not. This 
could be due to the fact that we had no information about 
the heart phase in our data and selected an angiogram with a 
slightly wrong heart phase.  Second, the ‘lens’ of the x-ray 
system could introduce some kind of distortion. This would 
make it necessary to calibrate our system and either remove 
the distortion from the angiograms or introduce them in the 
DRR. Third, the user could have selected points that are not 
corresponding very well which would lead to a visible reg-
istration error. We assume that the misalignment of the 
arrows is mainly due to the first reason mentioned. The 
shape of the vessels in that area look different. It looks like 
the vessels in the angiogram are compressed compared to 
the DRR. This could be an indication for different heart 
phases. Further evaluation is needed. 

V. CONCLUSION & FUTURE WORK 

We presented a 3D-2D registration algorithm using digi-
tally reconstructed radiographs and three point-pairs to 
register cardiac CT data with coronary angiograms that is 
adequate to augment the coronary angiogram with addition-
al diagnostic information. Further work will contain im-
provements and an extensive qualitative and quantitative 
evaluation of the proposed system.  

 
 

 

 
Figure 3 The initially generated DRR (top left) and the coronary angi-

ogram (top right) are not registered. After registration found calcifications 
are displayed in the registered DRR (bottom left) and angiogram (bottom 
right). 
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Abstract— In this paper we present the evolution of a quan-

titative movement analysis methodology for epileptic seizures. 

With this improved method we analyzed 20 seizure video se-

quences, 10 classified as automotor and 10 as hypermotor, 

from 17 different patients. The results obtained show we could 

classify all (100%) of the hypermotor seizures solely based on a 

quantified movement parameter – called movement extent -

extracted with our method. Other quantitative parameters 

were also studied. This striking result paves the way to the 

contribution of quantitative movement methods in automated 

epileptic seizure detection systems.  

Keywords— epilepsy, semiology, movement quantification, 

video-EEG analysis.  

I. INTRODUCTION  

Seizure semiology, i.e. the study of the signs a patient 

presents during epileptic seizures, is a well-established 

procedures in the evaluation of these patients [1]. Of these 

signs, movement is the main source of information for epi-

lepsy diagnosis. For example, it is known since the pioneer-

ing days of epileptology that unilateral clonic seizures point 

to a seizure onset in the contralateral hemisphere. Abdomi-

nal auras followed by seizures characterized by oral and 

manual automatisms (automotor seizures) are highly sug-

gestive of temporal lobe epilepsy [2]. Several ictal signs 

such as unilateral dystonic hand posturing or forced version 

of the eyes and head have been described to point to a sei-

zure onset in the contralateral hemisphere [3,4,5,6]. How-

ever, seizure semiology analysis is usually performed by 

visual inspection of ictal movements through the review of 

videocassettes in a qualitative way.   

A reliable ictal movements quantitative analysis method 

was needed. We have been engaging this challenge for 

several years and could provide some contribution to the 

establishment of such a method [7, 8]. Furthermore, several 

clinical studies of our group showed its usefulness for clini-

cal diagnosis, of which [9, 10] are examples. Based on these 

results we now present further evolution of our line of work 

where the automated identification of a seizure type solely 

based on quantified movement parameters could be ob-

tained within a set of 20 seizures.  

II. POPULATION AND METHODS 

A. Population 

From the University of Munich Digital Video-EEG Da-

tabase (UMDVD) we selected 20 video sequences contain-

ing 10 hypermotor and 10 automotor seizures (as clinically 

defined by Lüders and Noachtar [1]) from 17 different pa-

tients. The patients’ mean age was 36 years (range 19-53y) 

in the hypermotor seizure group and 41 years in the automo-

tor seizure group (range 32-59y). Epilepsy syndromes in-

cluded temporal lobe epilepsy (n=6), parieto-occipital epi-

lepsy (n=3), frontal lobe epilepsy (n=1), paracentral 

epilepsy (n=1) and focal epilepsies which could not be fur-

ther localized in (n=6). 

  

Fig. 1: Schematic of video setup used (from [8]) 

B. Video setup 

The video setup used follows the IFCN recommendations 

on long-term monitoring in epilepsy [11], presenting the 

patient in the field of view, seated on a bed and usually 

found in many Epilepsy Monitoring Units (EMU). The bed 

has its back part lifted to make the patient’s upper body face 

a PAL video camera and an infra-red light source. A geo-

metrical model for this setup was developed and is pre-
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sented in Fig. 1. Seizure video sequences were digitized at 

25 fps and with a 700x526 pixel resolution using a MPEG4 

compression technique [12]. This setup was already pre-

sented elsewhere [8] and the maximum error found with a 

proper reference selected in the video scene was 8%. 

C. Movement quantification 

Movement quantification was performed by tracking 

fixed points of the patient’s body, using a frame-by-frame 

software application reported elsewhere [7]. In the case 

reflected markers were attached to the patient’s body (as 

depicted in Fig. 3), an auto-tracking algorithm was used to 

speed-up the process that was described in the same publi-

cation of our group. 

 

D. Quantification Parameters 

In the present study we used this method to extract the 

2D movement coordinates (x,y) of 3 points of the patient’s 

body: trunk centre (T) and the left and right wrists. For 

further analysis we took only the most active wrist (W).  

The wrist movement extent, average and maximum speed 

were computed for all 20 video sequences. These parame-

ters were analyzed and compared between automotor and 

hypermotor seizures using the Wilcoxon rank sum statistical 

test [13]. 

 

 

Fig. 2: 2D coordinate system (x,y), trunk (O1), right wrist (O2) and left 

wrist (O3) patient body points were tracked resulting on the depicted 2D 

tracings. The definition of the movement extent parameter is based on the 

determination of 4 different points in a 2D trajectory (doted square). 

Movement extent: The movement analysis of the wrists 

and trunk of a patient during a seizure is depicted in Fig. 2. 

The movement extent measure (ME) of the most active 

wrist is defined by selecting the 2D extreme points of the 

movement trajectory (P1 … P4) and computing the corre-

sponding area of the formed rectangle, as indicated by the 

dotted line in Fig. 2.  

 

 

Fig. 3: Patient video frame with infra-red reflective marker (arrow) on her 

wrist (a) and a geometric model used for the correction of the trunk (T) 

movement influence in the wrist (J3) trajectory, given the upper limb joint 

structure (b). The wrist movement extent (a3) is corrected from the move-

ment of the trunk, considering negligible the movement of the elbow joint 
(J2). 

In Fig. 3 a) we present a case with reflective markers (ar-

row) and a joint model of the trunk-arm body segments. In 

Fig. 3 b) ME parameters are schematically represented 

where a1 represents the extent of trunk movement and a3 

the extent of wrist movement. Given the human arm joints’ 

structure, any trunk movement (equivalent to J1 movement) 

will influence the wrist movement represented by J3. Thus, 

to obtain a correct wrist movement, we have to subtract any 

influence of trunk movements from the resulting wrist tra-

jectory. To cope with this problem we developed the fol-

lowing correction algorithm: given the 2D coordinates of 

the most active wrist (Wi) and the trunk (Ti) for the n video 

frames of a seizure obtained from the movement quantifica-

tion procedure of our method, we assume that movements at 

J1 affect much more the real J3 trajectory than movements 

at J2 and propose a “corrected wrist movement” trajectory 

(Wci) given by: 

 

 (1) 

 

This correction corresponds to subtraction of the trunk 

movement trajectory from the wrist movement.  

Such a case is presented in Fig. 4 where we show the raw 

(a) and corrected (b) trajectories of the right wrist move-

ment during a seizure of the patient shown in Fig. 1. We 

then can define the corrected movement extent (MEc) of the 

wrist as being the square area covered by its corrected posi-

tions. As can be depicted in Fig. 4, the corrected area is 
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larger (2148 pixel ) than the raw area (1965 pixel ) due to 

the errors induced by the trunk movement during the sei-

zure. 

 

 

Fig. 4: Results of a movement extent computation in its raw (a) and cor-

rected (b) version, using the proposed algorithm. 

Movement speed: To compute wrist speed during the sei-

zure we performed the derivative of the covered distance in 

function of the frames (that represents the time instants 

sampled by the video system). If we define Mi as the points 

of a given trajectory, D(Mi) as the distance operator over a 

movement trajectory and the deriv [D(Mi)] as the derivative 

operator, we can obtain the corresponding movement speed 

(Si) by computing, 

 

(2) 

 

From this parameter we can extract, for each seizure, the 

maximum (max S) and the average wrist speed (avg S) by 

applying equation (2) to the corrected wrist movement 

(Mi=Wci). 

III. RESULTS  

In Fig. 5 we present the 2D movement tracings of a hy-

permotor and an automotor seizure of two different patients 

of the studied group. 

We applied the presented quantification parameters to the 

20 seizure videos (10 hypermotor and 10 automotor) as 

previously described. The results can be depicted in Table 

1. 

 

Fig. 5: Movement tracking results of a hypermotor (a) and an automotor 

(b) seizure from two different patients. 

Table 1:  Results of the movement quantified parameters and their 

comparative statistical analysis for 10 hypermotor and 10 automotor 

seizures from 17 different patients. 

 

 

The analysis of wrist movement extent showed that this 

parameter was greater in all the hypermotor (median 45597 

pixel
2
) than in the automotor seizures (median 2304 pixel

2
, 

P<0.001).  This result means we can separate automatically 

all the hypermotor cases from the automotor solely through 

this quantified movement parameter. Average speed (me-

dian 70 pixel/s vs. median 36 pixel/s, p<0.02) and maxi-

mum speed (median 902 pixel/s vs. median 223 pixel/s, 

p<0.001) were significantly faster in hypermotor than in 

automotor seizures. 

To better illustrate these results we present in Fig. 6 the 

scatter plot between the corrected wrist movement extent 

(MEc), in a log scale, and both average (avg S) and maxi-

mum (max S) wrist movement speed.  
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Fig. 6: Scatter plots of the corrected movement extent (MEc), in log scale, 

of the 20 seizures versus maximum (max S) and average (avg S) wrist 

speed.  

A clear separation between hypermotor and automotor 

seizures can be obtained by MEc, with a threshold of 10 000 

pixel
2
 (achieving 100% accuracy) and with a maximum 

wrist speed parameter at 500 pixel/s (achieving 90% accu-

racy – only one automotor seizure would be wrongly classi-

fied). For the average wrist speed, no clear automatic sepa-

ration can be obtained. These results are in accordance with 

the Wilcoxon rank sum test that scores a less significant 

value for the latter parameter than for the remaining. 

IV. CONCLUSIONS  

After introducing quantified movement analysis in epi-

lepsy [7,8], our group has shown that it could be relevant to 

some clinical issues in epilepsy semiology [9,10]. In this 

paper, we now could present its potential for automated 

seizure type classification. We show that some quantified 

movement parameters can be quite discriminative in sepa-

rating two different types of seizure, paving the way to their 

use in future automated seizure detection systems. 

The present 2D method has some limitations. To keep 

the errors at a reasonable level, only movements performed 

approximately in the plane perpendicular to the camera 

incidence ray (R, in Fig. 1) should be considered. Moreover, 

the frame rate (25 /s) is not enough for some faster move-

ments we can observe in some more violent seizures. 

To overcome these limitations, we are already working 

on a new 3D system we will present to the scientific com-

munity in the near future.  
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Analysis of Biomechanical Interactions of Water with Mb and RNase Proteins
through Thermostatistical Methods
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Abstract— In the present paper a biomechanic
study of the protein hydration process has been
done, through the construction of a statistic me-
chanic model. The partition function of one protein
is constructed, the study of many proteins inside
an aqueous environment are done using a connec-
tion with the Macro Canonical ensemble and finally,
the state equation was determined with the parti-
tion function Z. The particular case of the Mb and
RNase proteins is studied, finding that the Mb has
a great affinity with water and the RNase not so
much, determinig the realization of their biological
functions.

Keywords— Thermodymamics, Classical statistical
mechanics, Protein hydration, Myoglobin, Ribonu-
clease.

I. INTRODUTION

The proteins are macromolecules formed primarily of carbon,
hydrogen, oxygen, and nitrogen. Other elements like sulfur,
phosphorus, iron, magnesium and copper are incorporated.
They can consider themselves polymers of small molecules
that receive the name of amino acids and are the unity of
monomers. The amino acids are joined by peptic links that
are covalent links established amongst the carboxyl groups of
an amino acid and the amine group of the following, creat-
ing the separation of a water molecule [1]. In this work two
proteins have main relevance [2]:
1. Ribonuclease (RNase), is an enzyme that works as a cat-
alyst in the hydrolysis of the RNA. The ribonucleases are
very common, which result in very short life spans for any
RNA in an unprotected environment. The RNase plays a
predominant role in many biological processes, including the
angiogenesis and auto incompatibility of plants with flowers
(angiosperms).
2. The Myoglobin (Mb), is a muscle hemoprotein. A rela-
tively small protein constituted by a polypeptic chain of 153
amino acid residues that contain a hemo group with an atom
of iron, and whose function is oxygen transportation and stor-
age. The mayor concentrations of myoglobin are found in the
skeleton muscle and the cardiac muscle, where large quanti-
ties of O2 are required to satisfy the energetic demand. In the
myoglobin most of the hydrophobic amino acids are found in
the interior and many of the polar residues are exposed in
the surface.

To study the water-protein reaction the following para-
meters have to be taken into consideration [3]:

Table 1 Parameters of the Mb and RNase proteins
Protein μ(kJ/mol) εl(kJ/mol) b(kJ/mol)

Mb 185 13,5 17,55
RNase -1000 16 2,5

Where μ is the Chemical potential, εl is the energy gained
due to the generated field by the water molecules and b is the
constant of molecular establishment with water. It is well
known that living organisms contain a large percentage of
water in their organisms, and the proteins play a predom-
inant role in their function, principal reason to study the
chemical process of hydrating proteins. To achieve this ob-
jective, techniques of Classical Statistical Mechanics will be
used making their respective correspondence with thermody-
namics.

II. CONSTRUCTION OF THE PHYSICAL MODEL

Consider a compound of proteins of the same type added to
a determined quantity of water. A protein has a momen-
tum of electrical dipole that interacts with the dipole of the
water molecules, generating thus an electrical field (E); this
field is introduced under the ice-like behavior model of water
molecules around the non polar surfaces.

A. Approximation to a single protein

It is considered that the function of statistical distribu-
tion is determined by the distribution of Maxwell-Boltzmann,
in other words, the number of atoms in the energy interval
U and U + dU is given by [4]:

dN = Cexp(−Uβ)dU (1)
Where β = 1

kT
, k is the Boltzmann constant, T is the ab-

solute temperature and C is a constant. On the other hand,
the energy gained by an atom due to field E is:

U = −�p · �E (2)
In differential form you obtain that the energy gained is:

dU = pEsin(θ)dθ (3)
Where θ is the angle between the electrical field E and

the dipolar momentum p. Substituting 3 in 1 you get that:

dN = Cexp(pEβcos(θ))pEsin(θ)dθ (4)
In that way the amount of orientated proteins in an an-

gle dθ depends of magnitude and the direction of the applied
electric field, which means that the distribution of the pro-
teins depends of the applied electric field.
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B. Hydration effect in one protein

Two different types of interactions that a protein could
have in an aqueous environment are considered. The interac-
tion with the electrical field (E) and an interaction by pairs
with the electrical dipoles of the water molecules [5], it means
that a sole protein possesses an effective energy described by
equation 5.

Ue = Udip + UE (5)

Where Udip is the energy obtained by electrical dipolar
interaction with the water molecules and UE is the energy
obtained by the effective electrical field. These two energies
are given respectively by the equations 6 and 7 ;

Udip =
1
2
bm2 (6)

where b =
P

ij Jij is the constant of molecular coupling,
m is the dipolar momentum and 1

2
appears so that don’t do

an over counting

UE = mEcos(θ) (7)

is the energy that an electrical dipole gains in presence
of an electrical field E.

III. STATISTICAL STUDY OF THE SYSTEM

The physical system in consideration is a protein immersed
in an aqueous medium, with external energy flux (by means
of the electrical field) but without particle flux, such system
is described in an optimum way by the Canonical ensemble.
But the physical system in reality consists of many protein
structures immersed in water and with thermo dynamical ef-
fects due to the own pH of the solution. This is why the
Macro Canonical ensemble in which the fugacity represents
the effects of the pH, is employed; so the study of the phy-
sical system of one protein is done and connects statistically
with the Macro Canonical ensemble [6].

In the canonical ensemble the partition function is given
by:

Zcan =
Z Z

exp[−βUe]dΩ (8)

Where dΩ = sin(θ)dθdφ is the differential of the solid
angle. Substituting 5, 6, and 7 in 8 you get:

Zcan =
Z Z

exp[−β(
1
2
bm2 + mEcos(θ))]sin(θ)dθdφ , (9)

Zcan =
4π

βεl
exp[−1

2
βbm2]sinh(βεl) (10)

Where εl = mE, is the maximum energy obtained by the
electrical dipole.

Doing the connection with the Macro Canonical ensemble
[7] the function of Macro Canonical partition is:

ZMC = exp(exp[
μ

kT
]
4π

βεl
exp[−1

2
βbm2]sinh(βεl)) (11)

The Macro Potential is calculated in the following way:

Φ = − 1
β

ln(ZMC) , (12)

Φ = − 4π

β2εl
exp[

μ

kT
]exp[−1

2
βbm2]sinh(βεl) (13)

By the way, being M the extensive variable and E is the
intensive one. The total dipolar momentum of the solution
can be calculated as:

M = − ∂Φ
∂E

= −m
∂Φ
∂εl

(14)

Substituting 13 in 14 the result is:

M =
4πm

β2ε2l
[βεlcosh(βεl) − sinh(βεl)]exp(β(μ − bm2

2
)) (15)

And the number of particles can be calculated from:

N = −∂Φ
∂μ

(16)

Substituting 13 in 16:

N = − 4π

βεl
sinh(βεl)exp(β(μ − bm2

2
)) (17)

This equation shows that when μ is positive and the tem-
perature increase the number of particles increase, too. On
the other hand, when μ is negative the number of particles
decrease when the temperature increases. This behavior is a
result of the relation between the values of effective energy
(εl) and chemical potential (μ) for Mb and RNase proteins.

IV. GRAPHICAL ANALYSIS

A study of the dipolar momentums results using graphsof
the Table 1 data will done.
Being εl the intensive variable and M the extensive variable
of the thermodynamical system, you get that equation 15 is
the state equation, for it describes the behavior of the exten-
sive variable in terms of the intensive one, taking the temper-
ature T (β = 1

kT
) as a parameter. Figures 1 and 2 represent

the state equation for two types of proteins: RNase and Mb,
respectively. Figures 1 and 2 show that the dipolar momen-
tum grows as the field increases, which is an expected result
because the more intense the field, it manages to guide more
dipoles in its direction. On the other hand, Figure 2 shows
that when the temperature increases the dipolar momentum
suffers a drastic decrease, but a radically opposing behavior
can be observed in Figure 1 where the dipolar momentum
increases considerably when the temperature increases. Be-
sides, Figure 2 in relation to Figure 1 presents much bigger
values (various orders of magnitude) revealing that the Mb
protein presents an electrical response much bigger that the
RNase.

Due to the orders of magnitude present in Figure 1 and 2,
the Figures number 3 and 4 were done in logarithmic scale:
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Figure 1: M vs εl for the RNase

Figure 2: M vs εl for the Myoglobin

Figures 3 and 4 show the fact that for the Myoglobin
the dipolar momentum diminishes with temperature and the
RNase presents a totally opposing behavior. The behavior
to T = 300K has been graphed too that corresponds to the
temperature near to the environment one.

Figure 3: Ln M vs εl for the RNase

Figure 4: Ln M vs εl for the Myoglobin

The fact that the Mb diminishes its dipolar momentum as
it increases the temperature, could be evidence that in high
temperatures the thermal stir creates a random orientation
of the molecular dipolar momentums, generating thus the
diminishing of the macroscopic dipolar moment. On other
hand, RNase decreases its dipolar momentum when temper-
ature increases, this behavior is a result of the diminution in
the number of particles (17) when the temperature increase
and if the chemical potential is negative. This result indicates
that when the temperature increase are less particles at the
same volume, and for this reason the dipolar momentum of
the substance increases slightly.

V. CONCLUSIONS

The dipolar momentum of the Mb and RNase increases
when the electric field increases, which is one of the principal
characteristics of an electric system. Mb’s dipolar momen-
tum decreases when the temperature increases, this behavior
is the result of the random reorientation of dipolar momen-
tums at high temperatures and as a result of this the macro-
scopic dipolar momentum decreases. On the other hand,
RNase’s dipolar momentum increases when the temperature
increases, this behavior is a result of the disminution in the
number of particles (17) when the temperature increases if
the chemical potential is negative. This result indicates that
when the temperature increase are less particles at the same
volume, and for this reason the dipolar momentum of the
sustance increases slightly. Figure 1 shows that the Mb has
high values of dipolar momentum (M), which indicates an
hydrophilic behavior, consequence of its biological function
of carrying oxygen to the muscles. Also, an important result
is that at high temperatures the capacity to interact with wa-
ter decreases. Figure 2 shows that the RNase doesn’t have a
strong interaction with water, which evidences a hydropho-
bic behavior that is consistent with its biological function of
made hydrolysis to the RNA.
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Abstract— The increased vulnerability to fracture during 

growth period is one of the major health problems. The benefi-

cial effects of vitamin K2 (VK2) and mechanical loading on 

bone were evaluated in growing rats. Material properties in 

cortical bone and microarchitecture in cancellous bone in 

tibiae were measured by Fourier transform infrared mi-

crospectroscopy and CT, respectively. Dietary supplementa-

tion of VK2 (22mg/kg/day) for 9 weeks from the age of 5 to 14 

weeks increased hydroxyapatite crystallinity, as well as volume 

fraction and thickness of trabecular bone. Loading (1Hz, 

0.5kgf peak, 530s/day, 3days/wk) with time-off (a 10-s unload-

ing interval between 20-s loading periods, a 1-wk unloading 

period between 4-wk loading periods) over the same period did 

not affect these parameters irrespective of VK2 treatment. 

Thus, bone formation during growth period may be augment-

ed by the intake of VK2. Loading with a more effective mode 

or larger amplitude will be needed to stimulate bone formation.  

Keywords— Bone quality, Vitamin K2, Mechanical loading, 

Microscopic analysis 

I. INTRODUCTION  

Bone is vulnerable to fracture during growth spurts be-

cause the maintenance of bone strength does not keep up 

with bone radical extension. The decrease in physical activ-

ity and a biased or imbalanced diet in recent years impair 

healthy bone development and increases the vulnerability to 

fracture of juveniles, posing a danger of an increase in os-

teoporosis risk in the future [1,2]. 

It is reported that decreased intake of vitamin K2, indis-

pensable to calcium binding to bone matrix, leads to the 

depression of bone quality, interfering with the acquisition 

of expected bone strength [3]. Thus, this study was under-

taken to examine the beneficial effects of vitamin K2 and/or 

light mechanical loading on material quality of cortical bone 

and cancellous bone architecture in growing rats. 

II. METHODS AND MATERIALS 

A. Animals and tissue preparation 

Sixteen female Wistar rats at 5 weeks of age, weighing 

108 to 139g (CLEA, Japan), were divided into two groups, 

VK2 and ND (n=8 each), fed with normal diet with and 

without vitamin K2 treatment, respectively. Vitamin K2 

(menatetrenone; Eizai, Japan) was given as a dietary sup-

plement (35mg/100g of the diet). The actual intake of 

menatetrenone was 22mg/kg body weight per day. Distilled 

water was given to the animals ad libitum. These rats were 

kept for 9 weeks on a 12-hour light/dark cycle at 25ºC and 

60% humidity with ad lib access to food and water. 

During the feeding period, both groups underwent 

mechanical axial loading of the left tibia in the first and last 
4 weeks, 3 times a week. The load was applied as a quasi-

haversine wave with a peak load of 0.5kgf, a frequency of 

1Hz for 530s but with a 10-s unloading interval between 20-

s loading periods. At the end of the 2nd loading session, 

blood and urine samples were obtained for measurements of 

-carboxylated and undercarboxylated osteocalcin (Gla- and 

Glu-OC) by sandwich enzyme-immunoassay (EIA). The -

carboxylation of OC increases its affinity to hydroxyapatite 

(HA) in bone tissues. Urinary deoxypyridinoline (Dpy), a 

bone resorption marker, was also measured by EIA. Body 

weight increased by 67±8% and 71±8% in VK2 and ND, 

respectively, in 9 weeks. Then, all rats were sacrificed and 

the right and left tibiae were removed, cleaned of soft tissue, 

and processed for the subsequent measurements. 

The animals used in this study were treated in compli-

ance with the guiding principles for the care and use of 

animals published by the American Journal of Physiology. 

Protocols of the experiments were approved by the institu-

tional animal care committee. 

B. Fourier transform infrared (FTIR) microspectroscopy 

 The tibia was embedded in polymethylmethacrylate, cut 

transversely at the midportion of the diaphysis, and polished 

with Nos. 1200 and 4000 abrasive paper and then 0.05-μm  

alumina particles using a fine buff. After rinsed with dis-

tilled water, samples were dried in a desiccator at 50ºC. 

 Infrared spectra were recorded on an FTIR spectrometer 

IRPrestige-21 attached with an AIM-8800 microscope 

(Shimadzu, Japan) with a resolution of 4cm
1
.over the range 

of 700-4000cm
-1

. The accumulation was 50 scans. The 

measurements were carried out at inner, middle, and outer 

layer regions of 50 50μm
2
 in the anterior and posterior 
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parts. The spectroscopic parameters calculated were min-

eral-to-matrix ratio and HA crystallinity. 

C. Microfocus X-ray CT 

Cross-sectional views of the tibial metaphysis distal to 

the growth plate were obtained by microfocus X-ray CT 

(SMX1000 with a VCT unit, Shimadzu, Japan). The pixel 

size and the slice thickness were both 16 m and thus the 

volume space was divided into cubic voxels of 

16 16 16μm
3
. Images were binarized based on Otsu 

threshold, and raster scans were performed to separate corti-

cal and cancellous bone regions. The structure parameters 

presented here were trabecular bone (TB) volume, TB vol-

ume-to-tissue ratio, and TB thickness, determined from 80 

consecutive slices. 

III. RESULTS  

 Serum Gla-OC and Glu-OC did not differ between VK2 

and ND (281.6±36.4 vs. 255.7±30.8 and 198.0±50.0 vs. 

227.7±38.7 [ng/ml]). However, the ratio of Gla-OC to total 

OC (Gla-OC+Glu-OC) was significantly higher in VK2 

than in ND (0.59±0.06 vs. 0.53±0.04). No difference was 

found in urinary Dpy excretion between VK2 and ND 

(179.9±32.0 vs. 162.4±35.3 [nmol/mmol Cr]). These result 

show that the dietary intake of VK2 augments bone forma-

tion activity but has no effect on bone resorption activity. 

In right (unloaded) tibiae, the HA crystallinity was higher 

in VK2 than in ND (Fig.1). In left loaded (tibiae), however, 

the VK2 effect on HA crystallinity was not significant. 

Loading did not affect the HA crystallinity. The mineral-to-

matrix ratio did not differ between VK2 and ND, and was 

unaffected by loading. 

 

Fig. 1  Hydroxyapatite (HA) crystallinity. ND, normal diet; VK2, vitamin 

 K2 treatment; R, right (unloaded) tibia; L, left (loaded) tibia. 
  *P<0.05 vs. ND-R, Mann-Whitney test. 

In right (unloaded) tibiae, the TB volume, TB volume-to-

tissue ratio (Fig. 2), and TB thickness were higher in VK2 

than in ND. In left loaded (tibiae), however, the VK2 effect 

on these structure parameters was not significant in these 

structural parameters. These parameters were also unaffect-

ed by loading. Cortical bone volume did not differ between 

VK2 and ND, and was unaffected by loading. 

 

Fig. 2  Trabecular bone (TB) volume-to-tissue ratio. ND, normal diet; 

 VK2, vitamin K2 treatment; R, right (unloaded) tibia; L, left 
 (loaded) tibia. *P<0.05 vs. ND-R, Mann-Whitney test. 

IV. CONCLUSIONS  

The dietary intake of VK2 during growth period will be 

useful for promoting bone formation and strength with in-

creasing HA crystallinity and trabecular bone gain. In this 

study, an additive or synergetic effect of VK2 and loading 

on bone formation was not found. Loading with a more 

effective mode or larger amplitude will be needed to stimu-

late bone formation. 
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Abstract––Varicose meandering is based on three 
prerequisites 1) short circuiting arteriovenous anastomoses 
(AVAs) transmitting from the arterial system, 2) higher inflow, 
3) acting in a’weak wall’ system. Material & methods. Tortuous 
varicose specimen with identified AV-anastomoses obtained at 
microsurgical dissection were filled with silicon rubber and a 
hardener. The casts were used for production of translucent vein 
models. In these true-to-scale varicose vein models where AV-
anastomoses were replaced by Venflon® cannulas the effect of 
simulated ’arterial jets’ on flow was visualized by colored 
streams and birefringent technique. Flow velocity was recorded 
with laser-Doppler-anemometer. Visualizing studies in the vein 
models showed whirls and flow separa-tion. Shear stress on the 
interior wall was calculated(0,54 Pa). There was great difference 
between the smooth grazing appearance at steady flow and the 
more ungentle effect of the pulsatile ’arterial jets’ on the interior 
wall appearing already at lower flow rates. Effect of flow on the 
endothelium was studied by Scanning Electron Microscopy 
(SEM). 

Conclusion: The wall shear stress of only 0.54 Pa was 12 
times greater than the corresponding strain in a straight vessel 
of the same diameter with laminar flow(0.54/ 0.045 Pa). This 
small shear is appropriate to affect the wall by way of NO 
stated to be released from endothelial cells on account of 
pulsatile flow and shear stresses < 1.0 Pa. NO is vasodilating 
and suppresses the smooth muscle cell proliferation of the vein 
wall. The perturbation theory valid for meandering formation 
in distensible tubes and rivers means that a very small 
disturbance of flow influences the wall of a not rigid vessel to 
bulg in a sinusoid manner according to the simplified formula 
flow velocity = w2/E. Increasing quotient e.g. due to decreased 
wall(E) strength will be reflected by successive sinusoid 
dilatation or bulging accompanied by elongation which forces 
the vein to coil inbetween locking afferent tributaries. 

Keywords––AV shunting, pulsatile flow, shear stress, Nitric 
Oxide, varicose coiling. 

“Flowinduced shear stress is the principle 
hemodynamic force associated with the endothelium, 
sensitive to pulsatile flow releasing vasoactive NO 
bathing vascular smooth muscle cells” Davies:1989 [1]. 

I.   INTRODUCTION 

The AV shunt theory promotes the occurrence of increased 
forward arterial inflow[2,3], decreased vein wall strength[4] 

and the importance of Arterio-Venous Anastomoses(AVAs)  
2 – 0,1 mm or smaller[5]. The forward AV-inflow directly 
into the venous return system explains recordings of high 
varicose skin temperature(35 ±1 C) recorded even in eleva-
ted limbs when superficial venous flow is drained[6]. Venous 
distention and valve insuffiency appear secondarily to 
hereditary weakness and increased arterial inflow trans-
mitted by AV-anastomoses. Vein wall affection and endo-
thelial changes could be expected where these small arterial 
’jets’ inject into the vein. Light Microscopy confirmed AVAs 
to varicose veins and their transition through the wall[7], 
dilation and thinning of the wall opposite and adjacent to the 
entrance of the AVAs. Multinuchleated cells indicated 
hemodynamic stress. On the presumptive and alternative 
hypothesis that varicose veins could be caused by small AV-
anastomoses[8,9] flow studies were performed with laser-
Doppler-anemometer(LDA) equipment in translu-cent true-
to-size varicose vein models. Inflow through simu-lated AV-
anastomoses to varicose vein models showed flow separation 
and vortices indicating shear stress near the interior wall[10]. 

II.   DESIGN 

A.    Key Methods of Experimental Flow Study 

Thermography, colored stream paths, birefringent 
technique, LDA measurements, Scanning Electron 
Microscopy(SEM).  

THERMOGRAPHIC MAPPING of varicose skin heat 
with Thermovision 680® Medical(AGA Sweden) to locate 
AVAs [11] which were excised with adjacent varicose 
veins. These vein segments were filled with silicon(RTW 
110) mixed with a hardener and the vein wall was corroded 
with 30% KOH With the obtained core, casts were created 
and used to pre -pare translucent one-to one true to scale 
models of varicose veins(Fig.1). Flow behaviour in these 
models was visualized by   1) colored stream paths under 
steady flow conditions and  2) birefringent technique with a 
photoelastic apparatus (Tiedeman apparatus with crossed 
polaroid filters) at pulsa-tile flow. Velocity fluctuations, 
flow separation points and secondary flow relative to the 
simulated entrances of AV -anastomoses and afferent 
tributaries could be visualized. 

O. Dössel and .  (Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
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Measuring velocity of the stream passing these sites with 
laser-Doppler-anemometer(LDA) the shear force acting on 
the interior wall could be calculated[12]. This shear was of 
such a low magnitude that it could affect the wall arousing 
interest about its morphology and the endothelial lining. 
Endothelial patterns weres studied in an attempt to corre-
late to different flow velocities. 

B.   Morphology. Coiling varicose specimen with venous 
tributaries and connecting AV-anastomoses were excised. 
Segments embracing sites where tributaries and the postu-
lated AVAs entered the veins, the wall around and opposite 
the entrances were chosen for Scanning Electron Micro-
scopy(SEM) of endothelial patterns. Selected specimens 
(n=4) were fixed in glutaraldehyd phosphate buffer, critical 
point dried, coated with 500 Å gold layer, examined in a 
Philips 525 SEM at an acceleration voltage of 10 – 20 kV.  

C.   Experimental set up for LDA measurements. A1-
component 5mW He-Ne laser(wave length=632,8 nm) in a 
forward scattered light system(BBC-Goertz) mounted on an 
x-y-z moving table equipped with a stepping motor. 
Translucent silicon vein models were placed in a Plexiglass 
box in glycerin water with the same refraction index as the 
model so that the laser beam was not reflected. Inside the 
model  and the circulation system also glycerin water with 
added titan particles[12]. 

III.   RESULTS 
Visualizing studies in translucent varicose vein models 

showed whirls and flow separation. At steady flow 8-16 
ml/min in the ‘main’ vein and 2-3 ml in the simulated AVA 
the ‘jet’ stream grazed the vein wall opposite the AV-
entrance. It diverted mixing with the main stream further 
down. At pulsatile conditions the AV‘jet’ touched the wall 
already at a flow of 0,5 –1,0 ml/min. indicating greater force 
acting on the wall. Measuring flow by aid of the LDA-
equipment the shear force acting inside the vein could be 
calculated. Very low forces and shear stresses(0,54 Pa) [12] 
were found on the interior wall opposite the entrances of the 
simulated AVAs. This low value was 12 times greater than 
the idealised flow (0,045 Pa) in a straight tube(without added 
AV-flow). SEM-mor- phology (n=4) showed uneasy whirling 
cell patterns(Fig.2) small and large defects of the endothelial 
lining uncovering collagen structures beneath (not shown in 
enclosed figures). In straight veins with undisturbed laminar 
flow (n=2/2) elongated endothelial cells(ECs) in the direction 
of flow were seen reminding of shark skin patterns(Fig.3). In 
inflow zones from AVAs (n = 2/3), endothelial cells were 
rounded -  presenting an uneasy pattern and vortex like 
appearance found in protuberances in the direction of the AV 
stream (n = 2/4)(Fig.2). At unsteady multi-directional flow, 
the general impression and cell pattern appeared. 

IV.   INTERPRETATION 

The very low shear stress(0,54 Pa) [12] found at the wall  
 

Fig.1 Rigid polyester resin varicose vein model true-to-size 

QuickTime och en
TIFF (LZW)-dekomprimerare
kr‰vs fˆr att kunna se bilden.

 
Main flow left to right, simulated AVA-flow through metal cannulas (6 x 1 
mm) for colored stream path studies 

uneasy with small and large defects of the endothelial 
lining. It confirmed hemodynamic effects as dilation, 
excavation or vein wall thinning opposite or adjacent to the 
AVAs (n=3/4), (indicating that NO could be released and 
active).Endothelial cell(EC) defects with denuded basal 
membrane uncovering collagen structures beneath small or 
wide spread (n=3/4) were also recorded. 

Fig. 2 Scanning Electron Microscopy at low flow shear disturbance This  
area inside a phlebectasy is situated opposite the mouth of an AVA where  
vortices can be expected(203x) 

QuickTime och en
TIFF (LZW)-dekomprimerare
kr‰vs fˆr att kunna se bilden.

 
Rounded cells situated in the direction of pulsatile inflow. Cell pattern reminding  of 
pebbels  at a shore. Sensation of whirling movements  in underwater seaweeed. At 
higher magnification preserved microvilli seen on the  
cell surface indicated high quality  resolution of the SEM. Lower  right corner deposit of 
fibrin. 

increasing quotient w2/E  due to decreased wall strength 
(E) as in aortic atheromatosis or varicosis will be reflected 
by of the vein model opposite the entrances of the simulated 
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AVAs was of such a low yet relevant magnitude that it 
could affect the wall and the endothelial cells in vivo to 
release Nitric Oxide(NO). Rounded ECs with an uneasy 
pattern reminding of pebbles at a shore and with vortex like 
appearance reminding of seaweed(Fig.2) appeared at sites 
where experimental flow studies in models indicated a very 
small shear(<1 Pa is the magnitude below which endothelial 
cells appear rounded  and >1 Pa when they elongate[13]). 
Such multi-nuchleated endothelial cells indicate the 
presence of hemodynamic stress (flow separation and 
vortices) which could be caused by pulsatile flow  and low 
shear stress from AV-jets affecting the recipient wall. 

The prerequisites, AVAs and pulsatile flow, we trust on 
account of 18 years(1975 -1993) experience of micro 
surgical dissection[14,15]. AVAs transmitting arterial blood 
to varicosities could explain the overlying increased skin 
heat, used preoperatively to determine their site by 
thermography facilitating location of incision for surgery 
[11]. Pulsatile flow and shear stress affect the endothelial 
cells to release Nitrous Oxide(NO) in arteries. In accor-
dance with NO being released by pulsatile flow in 
arteries[16] it is suggested that pulsatile flow transmitted to 
veins through AVAs could similarly release NO in veins. 
NO is synthesized by way of NO-syntas from L-arginin. NO 
binding to guanylatcyklas in smooth muscle cells increase 
production of cyclic GMP thereby relaxing myosin 
filaments accompanied by vessel dilation and reduced 
platelet adhesiveness. NO also has inhibiting mitogenic 
activity suppressing smooth muscle cell proliferation [17].  

Soft surface roughness (resembling our ‘shark skin 
pattern’ endothelium of the SEM laminar flow specimen) 
(Fig.3) was studied experimentally by B. Karemo & J 
Fransson at the unit of Maritime Fluid Mechanics, 
Technical University of Gothenburg. They called attention 
to observations that soft surface roughness as found in the 
skin of sharks decreases friction by 5 – 6 % i.e. increases 
speed through water. Their experiences will be tested to find 
out if speed of aircrafts and hulls of ships will increase, 
furthermore to test if fluid transportation and capacity is 
enhanced when insides of tubes are made similar rough. As 
there is a strong resemblance with the smooth appearance of 
elongated endothelial cells in vessels with undisturbed flow 
we strongly believe that this pattern increases speed of 
blood in human vessels(Fig.3.).  

The perturbation theory valid for meandering formation 
in distensible tubes and rivers means that a very small 
disturbance of flow affects the wall of a  not rigid vessel to 
bulge in a sinusoid manner on account of interaction 
between flow velocity(w2) and wall elasticity (E = 
elasticity of the vein wall). Applied on biological vessels 

sinusoid dilation and bulging. In the elapse of time the 
bulge increases, the vessel elongates between afferent 
venous tribu-taries and AV-anastomoses. The final result is 
coiling veins and phlebectasies with afferent tributaries and 
AVAs joining at the convex bend similar to afferent streams 
joining exter-nal bends of meandering rivers. 

V.   SUMMING UP 

The endothelial lining and its role in vascular dilation.  
There is unmistakeable evidence for Nitric Oxide(NO) 

being released from endothelial cells on account of shear 
forces [1,18,19] and especially by pulsatile flow[16] when it 
concerns arteries. AVAs exist and mediate pulsatile flow to 
the veins[7,15]. It is reasonible to believe that the AV shunt 
streams give rise to disturbed flow behaviour with reverse 
flow and vortices causing low shear stress(0.54 Pa) 
affecting endothelial cells. Morphology by Light (LM) & 
SEM micro-scopy has proven AVAs to veins and their 
transition through the wall. Findings at Scanning Electron 
Microscopy correlate with the site where simulated AV 
streams affect the interior varicose wall by shear stress at 
flow studies in varicose vein models. Biofluid mechanically 
seen dilation and elongation of a vessel may appear on account of 
interaction (=increasing quotient) between flow velocity2 (w2) and 
wall elasticity(E). Dilation of the wall is enhanced by NO released 
from endothelial cells by pulsatile flow and shear stress. NO also 
suppresses smooth muscle cell proliferation. This fits with 
thinning of the vein wall and morphologic observations of 
the smooth muscle being split up and replaced by 
connective tissue[21] less resistant to strain. 

Fig. 3 The endothelial lining from a vein with laminar undisturbed flow 
showing  a ‘shark skin’ similar pattern 

QuickTime och en
TIFF (LZW)-dekomprimerare
kr‰vs fˆr att kunna se bilden.

 
Magnification (203 x ) Longitudinal folds with rounded slightly elongated 
cells aligned in the flow direction(right to left) from a vein wall with 
peaceful appearance illustrating undisturbed laminar flow. 
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Abstract—Fluorescence video angiography has recently 
been introduced in neurosurgery. Such videos are analysed by 
a new software to allow quantitative characterization of the 
blood flow during neurovascular operations (clipping an aneu-
rysm, treatment of an angioma). For these purposes the fluo-
rescence dye Indocyanin Green is given intravenously. After 
activation by a near-infrared light source the fluorescence 
signal is evaluated by the software. Reference measurements 
by using a flow phantom were performed to verify the quanti-
tative blood flow results of the software and to validate the 
software algorithms. The analysis of intraoperative videos 
provided characteristic biological parameters allowing their 
implementation in the flow phantom. Under certain conditions 
the experiments with the help of the flow phantom showed, the 
results of the software parameter identification algorithmus 
are within the range of parameter accuracy by the reference 
method.

Keywords— flow phantom, Indocyanine Green, fluorescence, 
blood flow velocity, neurosurgery 

I. INTRODUCTION  

Fluorescence angiography is an established method to as-
sist the surgeon in controlling the perfusion during 
neurovascular operations e. g. the clipping of an aneurysm 
or treatment of an angioma. The blood flow in cerebral 
vessels is visualized by the fluorescence of the dye Indo-
cyanine Green (ICG) after activation by near-infrared light. 
The intraoperative software-based analysis of digital fluo-
rescence video data allows the quantification of the flow 
velocity and the flow volume. 

The aim of this study is to analyze the software accuracy 
and to validate the algorithm. The interpretation of in-
traoperative video data provides specific parameters, which 
are reproduced in the flow phantom. Hence, it is possible to 
compare adjusted flow velocities with the results of the 
software under simulated biological conditions. 

II. METHODS 

A. The Software 

The mean blood flow velocity v can be determined by 
detecting the transit time  the bolus needs to travel a known 
distance s along the vessel. Based on the increase of the 
intensity signals in two points, the algorithm calculated the 
time interval between the intensity curves (two-point-
method) (Fig. 1). Two methods for the determination of the 
transit time from the time interval are applied.  

Defined points: Seven points at the same relative inten-
sity are defined. The corresponding points in the two curves 
are compared and the mean value of the seven transit times 
are calculated (Fig. 2a, b).  

Cross-correlation: Determination of the transit time  by 
calculation of the maximum of the cross correlation func-
tion (Fig. 2c, d). 

dttytxRXY )()()(

The range of tolerance of the velocity determined by 
software is defined with ± 20 %. This random error is calcu-
lated by the absolute measurement error ± 1 frame and the 
necessary number of 5 frames between the both intensity 
curves. So, the minimal transit time  is limited by this 
5 frames and image frequency of the recording system.  

The size of the used filter represents the degree smooth-
ing of the intensity curve.  
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Fig. 1: Defined measuring section of blood transition visualized by an in-
vivo fluorescence image of perfused blood vessel (a), curve progression of 
the intensity in the starting point and endpoint and curve fitting with spe-
cific filter size (b) 

Fig. 2: Method of defined points, x: t/s, y: intensity (a), determination of 
the transit time for defined points, x: relative intensity, y: transit time /s 
(b), method of cross-correlation, x: t/s, y: intensity (c), determination of the 
transit time for cross-correlation, x: transit time /s, y: power (d) 

B. Flow Phantom 

The flow phantom consists of the following components: 
pump, measuring tool, a system for application the ICG-
bolus, vessel phantoms, and the flow medium (Fig. 3, Fig. 
4). The pump produces a continuous flow. An impeller 
water meter is detecting the volume rate. ICG binds to the 
plasma proteins in blood. Therefore ICG is applied in the 
flow phantom after dilution in protein suspension (protein 
“80+ Proteinkonzentrat”, company Alex, Germany). The 
vessel phantoms are silicon or glass tubes with diameters 
ranging from one to five millimeters. Laminar or turbulent 
flows can be generated by the pump in the flow phantom. 
The velocities are between 14 cm/s and 220 cm/s.  

Fig. 3: Schematic of the flow phantom 

Fig. 4: Construction of the flow phantom 

C. Reference Point Measurement  

Additionally in-vivo measurements are carried out during 
neurovascular operations. Perfusion is detected by an ultra-
sonic transit-time flowmeter (company Transonic Systems 
Inc., NL). The maximal volume flow over several heart-
beats corresponds to the systolic flow.  

III. RESULTS 

A. Measurements at the Flow Phantom 

The velocity determined by the software and the meas-
ured velocity within the flow phantom show reproducible 
deviations; vSOFTWARE is at the factor k more than vPHANTOM
(Fig. 5, Fig. 6). The k-factor depends on the depth of pene-
tration of the near-infrared light into the flow medium, the 
flow medium’s properties (absorption, scattering), the di-
ameter of the vessel phantom and the flow characteristics 
(laminar, turbulent). These influencing factors were verified 
by theoretical simulation (Table 1). 

a                                             b  

a                                             b  

c                                              d  
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Table 1: Calculated and simulated k-factors by different diameters and 
different flow characteristics 

method: measurement simulation 
laminar: 

d = 1.6 mm 1.1 1.0 
d = 3.2 mm 1.4 1.31 
d = 4.0 mm 1.6 1.38 
d = 5.0 mm 1.5 1.42 
non-laminar: 

d = 3.2 mm 1.1 1.05 
d = 5.0 mm 1.2 1.05 

Fig. 5: Comparison of calculated flow veocities by software model and 
measured flow velocities at the phantom, diameter d = 3.2 mm, laminar 
flow, method of defined points  

Fig. 6: Comparison of calculated flow veocities by software model and 
measured flow velocities at the phantom, diameter d = 3.2 mm, laminar 
flow, method of cross-correlation 

B. In-vivo Measurements 

During surgery the ultrasonic flowmeter measures the 
volume flow V’ULTRASONIC, not the flow velocity. To enable 

the comparison V’ULTRASONIC and V’SOFTWARE, V’SOFTWARE is 
calculated from vSOFTWARE and the diameter dVESSEL.

The parameter minimal transit time  and the maximal 
lengh of the measuring section s due to size of operation 
field limit the maximal determinable flow velocity by the 
software (Table 3). 

Under certain conditions the deviation V’ is less then 
10 % (Table 2). In particular these conditions are a suffi-
ciently long distance s between starting point and end-
point, and the following settings of the software: analysis 
method cross-correlation, filter size between 22 and 28, lead 
time 1 second minimum. 

Table 2: Results of an in-vivo measurement, measuring section s between 
11.7 mm and 12.0 mm, analysis method cross-correlation 

no. of 
measuring 

section 

volume flow 
V’ULTRASONIC

(ml/min) 

difference between 
V’ULTRASONIC and 
V’SOFTWARE (%) 

velocity 
vSOFTWARE

(cm/s) 
1 108.55 -1.2 10.0 
2 102.8 4.2 9.47 
3 97.35 9.2 8.97 
4 102.94 4.0 9.48 
5 100.41 6.4 9.25 
6 105.61 1.5 9.73 

Table 3: Ranges of the estimated parameters at the phantom- and in-vivo 
video data

 flow phantom 
in-vivo 

measurements at 
4 patients 

vessel diameter (mm) 1 - 5 0.8 – 4.8 
measuring section (mm) 140 - 160 4.5 – 16.7 
max. vSOFTWARE (cm/s)  
(20 % tolerance) 80 8,4 

IV. DISCUSSION 

In summary the results are within an acceptable range, 
regarded from clinical point of view. The differences be-
tween the velocity compared from software and the phan-
tom are described by the k-factor. In-vivo up to a flow ve-
locity of 10 cm/s the software volume flow is equal to the 
reference volume flow measured by current recording tech-
nique. The velocity, which can be modelled by the software 
algorithm from video data, is limited due to the short meas-
uring section in vivo due to the small craniectomy section. 
This distance  s limits the transit time . This causes the 
main difference between phantom and patient recording. 
Another major difference between experiments and clinical 
measurements is the intensity curve progression due to 
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pulsative flow in the patient and continuous flow in the 
phantom. 

The accuracy of the ultrasonic flowmeter is ± 15 %, a 
range which needs to be reduced. Furthermore the repro-
ducibility of the software results must be ensured. Therefore 
it is necessary to identify and integrate specific patient pa-
rameters and to adjust the measuring section of the phantom 
to patient conditions. 

V. CONCLUSIONS 

Integration of pulsatile volume flow in the phantom will 
lead to optimized software settings. The level of intensity 
maximum in the flow phantom can be adjusted to patient 
level by using blood as flow medium. Also the utilization of 
blood instead of protein suspension provides findings about 
the penetration of near-infrared light and as a consequence 
defines a maximum vessel diameter for measurements. The 
further development of the flow phantom requires new 
components e. g. heating system, pulsatile pump, suitable 
measuring tool and ultrasonic compatible tubes. 
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Abstract  Analysis of contrast agent uptake using Dynamic 
Contrast Enhanced MRI (DCE-MRI) might help to distinguish 
between different tissue types and benign and malign tissue 
state. It can be applied to localize primary or recurrent pros-
tate cancer. After therapeutic intervention, e.g. radiotherapy, 
potential recurrences need to be detected as early as possible. 
A follow-up examination and comparison of contrast agent 
dynamics in the prostate before and after radiotherapy can 
provide insight into tumor progression.  

This paper presents a workflow and a suitable software ap-
plication which support follow-up analysis of DCE-MRI pros-
tate images before and after radiotherapy. Its main focus lies 
on automatic rigid image registration to calculate a transfor-
mation between the follow-up image and the baseline image. A 
set of 16 registration results was rated independently by three 
radiologists. After registration two-dimensional ROIs defined 
on the baseline image can be transferred to the follow-up im-
age using the determined transformation rule. The presented 
approach allows for evaluation of corresponding ROIs without 
altering the original DCE-MRI data of both data sets. 

Keywords  Rigid image registration, follow-up study, DCE-
MRI, prostate, radiotherapy. 

I. INTRODUCTION  

Dynamic-contrast enhanced MRI (DCE-MRI) is a func-
tional magnetic resonance imaging technique, which moni-
tors contrast agent uptake over a short period of time after 
contrast agent injection. Speed and magnitude of contrast 
agent uptake can provide information about type and malig-
nancy state of the respective tissue. The evaluation of DCE-
MRI images follows the subsequent scheme. For a defined 
region of interest (ROI) drawn by the radiologist a time-to-
signal curve is calculated. Descriptive or model based pa-
rameters are calculated by fitting a function to the time-to-
signal curve. Popular models for contrast agent dynamics 
include the Brix model [1] and Tofts model [2]. As pre-
viously described, those models generate parametric images 
which are most frequently visualized as color overlay to the 
morphological T1-weighted MR images [1-4]. Commonly, 
mean parameter values and deviations are not considered 
for individual voxels but for ROIs. 

DCE-MRI has become a widely used tool for the diagno-
sis of cancer [4]. In the last years several studies showed 
that DCE-MRI improved primary localization of prostate 

cancer and also localization of recurrent prostate cancer 
after external beam therapy compared to T2-weighted im-
ages alone [5,6]. Potential recurrences of a cancer after 
radiotherapy need to be detected as early as possible. It is 
well known that prostate tissue, in particular the peripheral 
zone, becomes hypointense after radiotherapy in T2-
weighted images. Since the tumor and fibrotic areas are 
hypointense in T2-weighted images too, it is very difficult 
to differentiate these tissue types in T2-weighted imaging. 
The DCE-MRI acts as an additional diagnostic criterion to 
distinguish benign and malign tissue. Previous studies 
showed significant changes of pharmacokinetic parameters 
in the prostate cancer tissue after radiation therapy [7]. Thus 
DCE-MRI has the potential to assist the early identification 
of tumor recurrences in the prostate. 

A correct alignment of the data sets is most important for 
an objective and reliable comparison of ROI content. Basi-
cally, the presented workflow for follow-up analysis of 
DCE-MRI prostate data before and after radiation therapy 
consists of two subsequent steps. First, a rigid registration 
of the baseline and follow-up DCE-MRI image is per-
formed. Second, ROIs drawn on the baseline image are 
transferred to the post-therapeutic image using the deter-
mined transformation rule.  

Prostate image volumes prior to and after radiotherapy 
are potentially tilted. Occurring tilts are up to 35 degrees. 
This happens because image orientation is chosen indepen-
dently at the time of image acquisition such that the prostate 
can be completely imaged in a short period of time.  

Image registration characterizes the process of finding a 
transformation between two images which maps points 
from one image to the corresponding points in the other 
image [8]. The reference image stays fixed during registra-
tion while the template image is transformed until it is 
aligned to the reference image. A rigid registration applies 
translation and rotation to fit the template image to the ref-
erence image, i.e. six degrees of freedom in 3-D. 

This paper focuses on the concept and implementation of 
a software application which supports the workflow of 
comparing pre and post therapeutic DCE-MRI images of the 
prostate. First tests on patient data samples indicate that 
there is a significant change in perfusion model parameters 
which might allow for an early detection of prostate tumor 
recurrence. 

O. Dössel and .  (Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1452–1455, 2009. 



II. MATERIALS AND METHODS 

Without available image registration and automated 
transfer of ROIs radiologists had to draw ROIs manually in 
both datasets [6,7] which is to be avoided due to various 
reasons. Manual ROI definition is always subject to indi-
vidual variability and thus leads to increased errors of 
measured results. Moreover, if ROIs are bound to slice 
orientation and slice orientation is different before and after 
radiation therapy, drawn regions do not cover corresponding 
areas even if ideally drawn. Besides, in a follow-up study 
patient positioning can be different and needs to be cor-
rected. 

The registration algorithm described below, as well as 
the approach used for transfer of ROIs are implemented 
using the research and development platform MeVisLab [9]. 

 
A. Image data and data loading 

An automatic rigid registration method was tested using 
16 DCE-MRI image pairs of patients suffering from pros-
tate cancer. The baseline image was acquired prior to radio-
therapy while the follow-up image was generated approx-
imately four months later. Both datasets were acquired 
using the same imaging protocol. However, as stated before, 
the slice orientation of the images can be different since it is 
determined only at time of the examination (see figure 1 top 
right).  

The field of view of the data sets is 20.0 cm x 12.5 cm in 
plane and in most cases 39.9 cm along the axial direction, 
but up to 72 cm along the body axis could be observed. The 
images were acquired using a highly anisotropcic voxel size 
of (0.78 mm)² x 3.99 mm. The four dimensional data sets all 
have 25 time frames recorded over a time period of 4.5 
minutes. For registration, the first time frame, i.e. pre con-
trast, of each DCE-MRI series is extracted and used for 
registration.  

Prior to registration patient ID, name and birthdate of the 
image pair are checked to avoid non-compliant use. Fur-
thermore the correct assignment of reference image (pre-
therapeutic) and template image (post-therapeutic) is as-
sured. 

 
B. Image registration 

Images are transformed rigidly and in 3-D. Rigid trans-
formations are global transformations which cannot com-
pensate for local deformations. However their great advan-
tage is that they are orthogonal transformations, i.e. they do 
not distort the image and they preserve lengths and angles. 
Furthermore, by using homogeneous coordinates a rigid 
transformation can be added to the world matrix of the im-

age by simple matrix multiplication. The world matrix de-
scribes the mounting of the image volume, voxel size and 
image orientation and can be extracted from the respective 
DICOM tags. This approach enables persistent storage of 
the transformation and guarantees that the acquired image 
data is not interpolated. Due to the highly anisotropic voxel 
size and the different orientation of template and reference 
in some of the data sets interpolation could introduce large 
errors. 

Both images are placed into a joint world coordinate sys-
tem by using the information from the respective world 
matrices. Before automatic registration, the image volumes 
are roughly aligned based on their centers of gravity.  

The automatic rigid registration of the whole field of 
view of the data sets is based on a Levenberg-Marquardt 
optimization of the Normalized Mutual Information (NMI) 
similarity measure. In the registration process, the template 
image is interpolated using linear interpolation. Usually, 
after registration, the interpolated template image is applied 
for further investigations. However, here only the obtained 
transformation matrix is stored. It is subsequently used 
together with the original acquired image data as described 
above. A multi-resolution strategy with three levels and a 
scale factor of 0.5 is implemented to achieve high computa-
tional performance of the rigid registration and prevent 
stopping in local similarity maxima. Due to the coarse axial 
resolution of approximately 4 mm, scaling does not refer to 
the axial direction. The registration algorithm stops auto-
matically according to termination criteria presented by 
Gill, Murray and Wright [10].  

The registration application allows for manual correction 
of the registration if automatic results do not satisfy the 
user. 
 
C. Transfer of ROIs 

The application offers tools to support manual segmenta-
tion of the images. After successful registration, ROIs are 
drawn on axial slices of the pre-therapeutic data set. For 
each drawn ROI seed points and path points are stored in 
world coordinate space. A seed point is one manually de-
fined point in the structure which is connected with other 
seed points via interpolation. This creates path points be-
tween seed points resulting in a closed curve [11]. 

ROI transfer to the follow-up image is achieved by mul-
tiplication of the inverse of the transformation matrix (ob-
tained as result of the registration) by the seed point coordi-
nates of the ROI. 
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Fig. 1 Pre-therapeutic image with ROI (top left). Post-therapeutic image 
after registration and reformatted to pre-therapeutic orientation with ROI 
(bottom left).  Post-therapeutic image in its original orientation with trans-
ferred ROI. ROIs are dashed in case they proceed in another slice (bottom 
right). 3-D visualization of tilted slices with drawn ROI (top right). 

 
Two principal methods to visualize (transferred) ROI da-

ta are shown in figure 1. The first alternative is that trans-
formed ROIs can be placed as overlay on the follow-up 
image in its original orientation. This leads to dashed ROI 
contours indicating that the ROI continues in another slice 
(see figure 1 bottom right). The second alternative is to 
reformat the registered follow-up image according to the 
baseline image and place the drawn original ROIs upon. 
Although this is not the method of choice for evaluation it 
allows a rough visual comparison of the tissue located in-
side the ROI. However, interpolation effects due to the 
reformatting of the follow-up image to the orientation of the 
baseline image are visible (see figure 1 bottom left). 
 
D.  Evaluation of data inside ROI 

After successful registration and transfer of ROIs, para-
meter maps using the model of Brix [1] are calculated by 
DynaLab software (Fraunhofer MEVIS, Bremen, Germa-
ny).  

As mentioned above, reformatting of the images is not 
the preferable option for evaluation purposes since the im-
ages have approximately 4 mm slice thickness. This results 
in strong interpolation artifacts and might distort the overall 
result. The method of choice is to adapt the ROIs which are 
drawn on the baseline image to the slice orientation of the 
follow-up image. For each voxel of the follow-up DCE-
MRI, it is evaluated if the voxel center lies inside or outside 
the ROI. On this basis, statistics about parameter values 
inside the ROIs can be generated for images before and 
after radiotherapy and compared with each other. 

III. RESULTS 

Registration results were evaluated visually mainly ac-
cording to the quality of matching of the prostate itself, but 
also in regard to visible bone structures such as the pelvis. 
Two radiologists highly experienced in prostate imaging (A 
and B) and one generally skilled radiologist (C) rated the 
registration results using a grading scheme between 1 and 3 
whereas 1 means unusable, 2 means minor corrections re-
quired and 3 means result usable as is. Their ratings are 
shown in table 1. A mean rating higher 2.5, indicating satis-
factory results, was achieved in 11 out of 16 cases. In 5 
cases major corrections were required and the radiologists 
preferred the use of manual registration. 

Table 1 Rating of results and runtime 

No. Rating A Rating B Rating C Runtime (in s) 
1 1.0 2.0 1.0 57.3 
2 3.0 3.0 2.0 21.0 
3 3.0 3.0 2.5 12.6 
4 3.0 3.0 3.0 23.1 
5 3.0 3.0 3.0 15.6 
6 2.0 3.0 2.5 8.7 
7 1.0 1.0 1.0 18.4 
8 2.0 3.0 2.5 9.5 
9 3.0 3.0 3.0 16.1 

10 3.0 3.0 3.0 32.7 
11 1.0 1.0 1.0 40.2 
12 3.0 3.0 2.5 13.5 
13 1.0 1.0 1.0 57.3 
14 3.0 3.0 2.5 23.6 
15 2.0 3.0 2.5 5.1 
16 1.0 2.0 1.5 16.2 

 
Automatic registration took 23.2 seconds on average as 

can be seen in table 1 and it is therefore superior to manual 
registration which took 50 seconds on average.  

First tests with the described workflow indicate a change 
in perfusion model parameters as can be seen in figure 2. 

IV. DISCUSSION 

The presented workflow was tested successfully in the 
context of DCE-MRI prostate images before and after radia-
tion therapy. To our best knowledge automatic registration 
of DCE-MRI data sets of the human prostate for follow-up 
comparison is not yet published to date. Hence, a novel 
workflow could be presented although automatic rigid reg-
istration is an already well-known technique. 
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Fig. 2 Pre-therapeutic image with ROI and parameter map (top left). Post-
therapeutic image after registration visualized by reformatting to pre-
therapeutic orientation with ROI and parameter map (bottom left). Corres-
ponding time-to-signal curves for white ROI which shows different curve 
progression prior to (top right) and after (bottom right) radiotherapy. 

Automatic rigid registration is faster than manual regis-
tration and it generates objective and reproducible results 
which are not affected by inter-operator dependencies. The 
presented registration results are in their majority consi-
dered appropriate for subsequent use in the analysis without 
further modifications. However, an investigation of data 
sets where registration was classified insufficient is needed. 
It is planned to improve parameter presets of the registration 
algorithm and to test obtained registration parameters using 
a larger amount of data sets. 

Using rigid registration on prostate data sets a perfect and 
simultaneous match of prostate and bone structures is not 
possible in general, since the prostate can become smaller 
during radiation therapy while bone size stays fixed. Fur-
thermore bladder and rectum filling and the use of an endo-
rectal coil in parts of the data can introduce a local tilt of the 
prostate compared to surrounding structures. A masking of 
the prostate area in the images could be an improvement of 
the presented algorithm to reach good prostate alignment if 
it is tilted locally with respect to other organs or bone struc-
tures. Anyway rigid registration can provide a sufficient 
alignment as rated by the radiologists. Moreover, rigid reg-
istration and transfer of ROIs in the presented manner ena-
ble a comparison of pre- and post-therapeutic data without 
alteration of the images. 

In the future it might prove helpful to apply non-rigid 
registration additionally. However potential errors due to 
interpolation and alignment improvements must be ex-
amined and judged in this case.  

V. CONCLUSIONS 

Automatic image registration is a prerequisite for objec-
tive analysis of follow-up studies in radiologic imaging. 

However, interpolation errors which can be introduced by 
image processing must be considered carefully. 

In the presented case of DCE-MRI images of the prostate 
before and after radiation therapy, it is possible to perform a 
satisfying automatic rigid registration and a transfer of ROIs 
without alteration of the original acquired image data. 

Future work will attempt to further decrease the fraction 
of cases where manual interaction is required. 
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Evaluation of basic techniques for Seizure identification 
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Abstract—Signal power evaluation in a time-frequency 
analysis has been reported as useful in automatic seizure detec-
tion in the long term electroencephalogram procedure. In this 
paper we present the initial results for an automatic seizure 
detection Matlab-based tool being developed. It tries to recog-
nize some seizures clues, such as amplitude/frequency increas-
es and rhythms between 3 and 20 Hz, all of them lasting at 
least 10 seconds. The increases in the power ratios alpha/delta 
and alpha/theta are used to flag events that are likely to be 
Seizures. The envelope trend is used to determine increases in 
the peak to peak amplitude. The cross-correlation analysis 
enables the comparison between 2 EEG channels. 

Keywords— Seizure, Detection, Epilepsy 

I. INTRODUCTION  

Epileptic seizures happen in the presence of intense 
electrical activity in brain neurons. Epilepsy is described by 
sudden recurrent and transient disturbances of mental state 
and/or movements of the body being a very common neuro-
logical disease, acting over about 1% of world population or 
50 million persons [1] [2] [3] [4]. Long-term electroence-
phalogram (EEG) is used to monitor patients using conti-
nuous multi-channel (e.g., 19 or more) EEG machines and 
video recordings over extended period of time from hours to 
several days [3]. Thus allowing for in-depth EEG off-line 
analyses [3] [4]. This data allow the neurologist to deter-
mine whether or not such seizures are of epileptic source 
and the kind and position of the activity in the brain. Eva-
luating long-term monitoring data is typically a tedious 
activity and prone to evaluation mistakes when long term 
data are continuously analyzed by an observer [5]. The 
automatic detection of unusual EEG activity can significant-
ly reduce the epileptic signal analysis effort by pointing 
regions of signal out to the observer and saving him/her the 
time of analysis. Several algorithms, as for example the 
spike detection algorithms, have revolutionized the detec-
tion of epileptic seizures [5]. Since events as eye blink, 
chewing, and motion artifacts often contaminate the record-
ing [5] [4], it is necessary for the interpreter to make sure 
that the flagged events do not result from such events, 
known as artifacts. It is usually made by the video recording 
that is provided with the EEG data. Our goal is to analyze 
simpler tools, in order to know their real importance to the 
seizures detection. Commonly used methods include density 

spectral arrays, color spectrograms, total power in certain 
frequency bands, ratios of power in certain bands to the 
entire spectrum of EEG power, compressed spectral arrays 
and spectral edge [6]. The most useful methods for seizure 
identification include increases in the amplitude of total 
power, increases in power in specific frequency bands (i.e. 
6-14 Hz), increases in alpha/delta [6] and alpha/theta ratios 
[4]. 

II. METHODOLOGY 

A. Acquiring data and data features 

EEG data in the format SIG (from Stellate ) was recorded 
from 3 patients in “Hospital de Clínicas – Curitiba”, all of 
them with epilepsy. The EEG data was loaded into 
MATLAB through an interface provided by Stellate. The 
SIG files allow the reading of several features from the EEG 
recording, such as channels names, channels types, montage 
names, duration of the recording, time of recording and so 
on. The montage set Double Banana is utilized in our stu-
dies, since it is usually used by neurologists in the seizure 
identification. All the channels have the sampling frequency 
at 200 Hz. For the calibration, the input signal x is bounded 
between -50uV and 50uV. The output signal y=4000*x is 
bounded between -0.2V and 0.2V.  The data from all the 
channels in the montage set Double Banana were analyzed. 
The montage set Double Banana includes 18 channels with 
electrodes in the frontal, central, parietal, temporal and 
occipital regions. 

 

Fig. 1 Channel Fp1-F7 
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B. Time-Frequency analysis 

 
Fourier, Gabor and Wavelet Transforms are a few exam-

ples of processing made in EEG signal analysis [4]. The 
Fourier Transform enables power computation for the vari-
ous frequency ranges. However, Fourier Transform pro-
vides no time information for the frequency patterns com-
puted [4]. In this paper we use the Fourier Transform. In 
order to overcome the loss of the time information we 
created a matrix with dimensions Time X Frequency. The 
signal was divided in windows with 2600 samples moving 
170 samples at each step. For each window was calculated 
the Fast Fourier Transform and then stored into the corres-
pond row. The FFT function is: 

 

 

Where  is the Nth root [8]. 
This matrix is shown in the figure 2 for the channel F7-

T3. 

 

Fig. 2 Power in channel F7-T3 

It was used Hanning in order to reduce the noise that ap-
pears due to the evaluation of FFT in windows [7][8]. 

 

where w(n) is the Hanning window and the window length 
L=N+1. The hanning window is multiplied by the signal 
window before the evaluation of the FFT. 

Frequencies are classified in bands and their relative or 
total power and their distribution constitute the main quan-
titative method of analysis of the EEG [4]. Delta rhythms 

are sign of deep sleep stages (1 – 3 Hz) [4]. Alpha rhythms 
(8 - 12 Hz) show in adults during wakefulness, under relax-
ation and mental inactivity conditions. They are most sub-
stantial in occipital locations [4]. Theta rhythms ( 3 - 8 Hz ) 
are raised during sleep and are very important in infancy. 
High theta activity is unusual and it is related with brain 
disorders [4]. 

Seizures tend to have increased amplitude and/or in-
creased frequency compared to background EEG activity. 
They are usually rhythmic and composed of similar wave-
forms with frequencies between 3 and 20 Hz. These fre-
quencies generally increase during the seizure. They usually 
last more than 10 seconds. Detection of any part of a seizure 
(beginning, middle, or end) is sufficient, since all flagged 
segments will be reviewed by a specialist [6]. 

Following these clues, Figure 2 shows clearly that around 
270s a seizure starts in the patient, since that the power of 
frequencies near 6 Hz clearly increases, as represented with 
the colors yellow and red. These power increases are also 
sustained, once that the colors tend to drag along time. 

 
C. Frequency bands analysis 

The power calculation in a specific band of a channel 
was made through the cumulative sum of FFT squared. 

Pband sizewindow
 

Where sizewindow is the number of samples in each window, 
 is the sampling frequency and Pband is the power in the 

band for the specified window. 
Each window is composed by 220 samples moving 100 

samples per step. The evaluation of the power enables the 
interpreter to know if the signal has great increases in am-
plitude, typical from convulsive seizures. 

 

Fig. 3 Power in the bands 
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The ratios Alpha/Theta and Alpha/Delta (Fig 4) can be 
used to flag some potential events that are likely to be non 
convulsive seizures. The events are flagged when the ratio 
overtops the threshold defined by the user. It is also likely 
that the muscular activity disguise the seizures. Fig 4 shows 
some potential non-convulsive Seizures when the ratios 
have big increases. During convulsive Seizures, the ratios 
apparently do not change. It is also possible to determine 
whether the seizure starts at a specific place and then 
spreads, through the comparison of ratios from several sev-
eral channels. 

 

Fig. 4 Power ratios 

Nevertheless, this ratio analysis should be combined with 
other tools, such as time-frequency analysis and envelope 
trend, in order to increase the number of acceptances. 

 
D. Envelope Trend analysis 

Another known method to help in the Seizure identifica-
tion is the Envelop Trend. The envelope trend slices the 
EEG into blocks of specific length, and detects all waves in 
the EEG. The peak to peak amplitude in each wave is eva-
luated and then plotted. Since seizures usually have increas-
es in amplitude (Fig 5), the peak to peak amplitude will 
increase. Since seizures usually have the property of being 
sustained, Fig 5 shows that after 250 a seizure is ongoing, 
because of the clearly increase in the variation. 

 

Fig. 5 Envelope Trend 

E. Cross-correlation 

Due to its coherence, a Seizure can be also analyzed 
through the resemblance of different channels. A compari-
son between 2 channels can be made using the cross-
correlation. For discrete functions, the cross-correlation is 
defined as:  

 

The signal in each channel is divided in windows with 
256 samples moving 200 samples at each step. Then the 
cross-correlation is evaluated for each window. All these 
evaluated vectors are concatenated and shown at fig 6. 

 

Fig. 6 Cross-correlation 

Once again, when the cross-correlation is bigger than a 
pre-defined threshold, the event is flagged as a possible 
seizure. 

III. CONCLUSIONS 

The Time-Frequency analysis enables the interpreter to 
spot some seizures clues, such as rhythms, increases in 
power and sustained activity. The increases in the ratios 
Alpha/Theta and Alpha/Delta can help in the detection of 
non convulsive Seizures. The envelope trend shows increas-
es in the peak to peak amplitude and can be useful in the 
seizure identification. The cross-correlation spots some 
events that are likely to be seizures. 

These tools should be used together, in order to aid the 
EEG Interpreter in the seizure identification. 
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Abstract—The non-invasive assessment of hemodynamic 
parameters has been a permanent challenge posed to the scien-
tific community. The literature shows many contributions to 
this quest expressed as algorithms dedicated to revealing some 
of its characteristics and as new probes or electronics, featur-
ing some enhanced instrumental capability that can improve 
their insight. 

A test system capable of replicating some of the basic prop-
erties of the cardiovascular system, especially the ones related 
with the propagation of the arterial pressure wave (APW), is a 
powerful tool in the development of those probes and in the 
validation of the various algorithms that extract clinically 
relevant information from the data that they can collect.  

This work describes a test bench system, based on the com-
bination of a new programmable pressure wave generator with 
a flexible tube, capable of emulating some of these properties. 
It discusses its main characterization issues and demonstrates 
the system in a relevant case study.  

Two versions of the system have been set up: one that gen-
erates a short duration pulse-like pressure wave from an ac-
tuator operated in a switched mode, appropriate to system 
characterization; a second one, using a long stroke actuator, 
linearly operated under program control, capable of generat-
ing complex, including cardiac-like, pressure waveforms. This 
configuration finds its main use in algorithm test and  
validation. 

Tests with a new piezoelectric probe, designed to collect the 
APW at the major artery sites are shown, demonstrating the 
possibility of non-invasive precise recovery of the pressure 
waveform. 

Keywords—Hemodynamics, test bench, arterial pressure 
wave, impulse response, deconvolution. 

I. INTRODUCTION  

The non-invasive assessment of the arterial pressure 
waveform (APW) has been, and still remains, a major quest 
to the scientific community.  

In fact, all clinically relevant hemodynamic parameters 
can be directly connected to its morphology and the litera-
ture has been dominated by the discussion of methods to its 
assessment by non-invasive means. Over the last few years, 
authors have centered their efforts in the algorithmic inter-
pretation of APW signals obtained either invasively, with 
catheterized manometers [1, 2], or with different types of 

non-invasive probes (electromechanical, optic, ultra sound 
and others) placed at the major artery sites, in which case 
the signals are transformed representations of the APW. 

Most of the work of these authors evolves in two direc-
tions: one related to the efficiency of the algorithm in ex-
tracting selected clinically relevant parameters and a second 
one dealing with probes and electronics developments. 

In both cases, a test bench capable of reproducing the 
major hemodynamic properties of the cardiovascular sys-
tem, including the variability of its primary ventricular 
action, is an invaluable tool for measuring and validating all 
developments. 

The physical properties of the media in which waves 
propagate must be taken into consideration. Latex vessels 
have been studied by Walker et al [3], proving their ade-
quacy in providing a reliable method of producing physio-
logically accurate test segments for use in a range of arterial 
flow models. 

Test benches dedicated to pulse wave velocity (PWV) 
measurement have been described based on different sens-
ing technologies and algorithms: Hermeling et al [4] study 
PWV over short arterial segments using an ultrasound based 
bench system and focusing the foot-to-foot class of algo-
rithms; Swillens et al [5] describe a sophisticated phantom 
for pressure and flow wave simulation and measurement, 
using linear wave separation and wave intensity analysis. 

Several authors address wave separation studies, a major 
issue in hemodynamics, using data collected in special pur-
pose test benches. Feng and Khir [6] report on an algorithm 
to separate the velocity waveform into its forward and 
backward directions, tested with the measured diameter of 
flexible tube’s wall and flow velocity. Wang et al [7] use 
data from a bench model that produces a solitary wave, that 
can be repeated reproducibly, to demonstrate the efficiency 
of wave intensity analysis in wave separation.   

Ebenal et al, also introduce a mechanical model of the 
cardio-systemic circuit system [8] and discuss energy as-
pects of the heart activity. 

Our work demonstrates a test bench with the possibility 
of generating a programmable pressure waveform capable 
of mimicking the variability of a range of clinically relevant 
situations. It also demonstrates the possibility of recovering 
the propagating pressure waveform using non-invasive 
sensors and the adequate signal processing tools. 
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II. THE TEST BENCH SYSTEM 

Figure 1 depicts the main components of the test bench 
system. An 82 cm long silicone rubber tube (Lindemann, 8 
mm inner diameter, 0.5 mm wall thickness) is kept under a 
DC pressure level of 52 mm Hg by piston P at its right ex-
tremity, monitored by pressure sensor PS (Honeywell  S&C 
- 40PC015G1A ). 

The dynamic pressure wave is generated at the other ex-
tremity of the tube, by an actuator (ACT) driven by a high 
voltage power driver (HV). A rubber membrane interface, 
R, terminates the tube at this end.  

Depending on the algorithm and on the sensor under test, 
two different configurations have been implemented and 
tested: a fast, short stroke one driven by an electronic 
switcher, for determining impulse responses; the second is a 
long stroke configuration, driven by a high-voltage linear 
amplifier dedicated to generating arbitrary pressure  
waveforms. 

In the first configuration, a 70 μm stroke actuator (Pie-
zomechanik, PSt-HD200/10/45 VS 15) driven by a power 
switcher (Piezomechanik, HVP200/50) is used. 

For the second, a 700 μm actuator (Physik Instrumente 
GmbH, P-287) is connected to the high-voltage linear am-
plifier (Physik Instrumente GmbH, E-508).  

Both configurations are controlled by an Agilent 33220A 
arbitrary waveform generator (WG) that also delivers the 
synchronizing signal that triggers the data acquisition  
system (DAS). 

The DAS, National Instruments USB 6210, can accom-
modate up to 16 single ended or 8 differential 16 bit resolu-
tion data channels with a combined sampling rate up to  
250 ksps. 

III. RESULTS FROM CONFIGURATION I 

The first experiment aims at characterizing the system it-
self. A very short pressure wave (100 μs width, 0.5 Hz 
frequency) was sensed at equally spaced (2 cm) locations 
along the tube, using a new piezoelectric pressure probe, to 
be described elsewhere, constructed for sensing pressure at 
the carotid artery site. The impulse response (IR) of the 
probe had been previously determined in a different ex-
perimental set-up. 

Figure 2 shows two different representations of the data: 
raw data in figure 2.a and deconvolved data in figure 2.b.  

The forward and backward waves are clearly visible, 
with higher contrast in the deconvolved data.  

The white circles of figure 2.c, generated by a peak de-
tection algorithm, enhance the location (in time and space) 
of the forward and backward propagating pressure waves. 
The slopes of their best-straight-line-fittings, dashed black 
lines, measure the wave propagation velocity.  

The forward and backward waves propagate at 20 m.s-1 

for the 52 mm Hg DC pressure. A second forward wave, 
with a much lower velocity of 5,5 m.s-1, very likely repre-
sents the slower transversal component of the forward 
propagating wave. 

Fig. 1 Schematic drawing of the test bench. The longitudinal pressure wave is imposed by actuator ACT  at the rubber 
interface R, while piston P and mass m set a DC pressure level of 50 mm Hg. Sensors S1, S2 are placed along the tube and 
pressure sensor PS at its end 
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In figure 2.c, in addition to propagation velocity 
considerations, evidence of the system geometry can be 
sorted out. Firstly we notice that the lines converge 
precisely in the physical reflection site located at 6 cm of 
the pressure sensor side of the flexible tube. Likewise, the 
longitudinal and transversal components cross together in 
the point where they originate, -4 cm. These lengths exactly 
match the ones of the structures that hold the two tops of the 
tube (figure 1). 

IV. RESULTS FROM CONFIGURATION II 

The main issue here is to demonstrate the capability of 
precisely recovering the true pressure waveform from the 
signal provided by the probe. 

To fulfil this endeavour, a cardiac-like signal, shown in 
figure 3.a, was synthesized and delivered to the system. 
Deconvolution was used to recover this waveform from the 
sensor placed at the middle of the tube, using the above 
referred IR.  

Figure 3.b depicts the probe output and the recovered 
pressure wave showing their striking similarity.  

 
 

a) 

b) 

c) 

b) 

a) 

Fig. 3  a) Programmed cardiac-like pressure wave fed to the actua-
tor.  b) Probe output (gray), and its deconvolved output (black) 

Fig. 2 Raw and deconvolved data are represented in the a) and b) 
panels, respectively. In c), the white circles and dashed lines 
result from a peak detection algorithm (see discussion in text) 

6 cm 

4 cm
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Fig. 4 Evidence of the reflected waves in the shape of the probe 
signal (gray) and on its deconvolution (black). Black dots denote the 
timing of arrival of the reflected waves for a 25 m.s-1 wave velocity 
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In order to study the influence of reflected waves on the 
signal, a triangular pressure wave was reproduced by the 
actuator (for 95 mm Hg DC pressure).  The probe was 
placed at the middle of the tube since the forward and 
backward travelling waves, from the two reflection sites at 
the extremities, are more explicitly revealed. 

Figure 4 depicts the probe output and its deconvolved 
waveform, with the time of arrival of the multiple reflected 
waves signalled by black dots.  

The timing associated to the inflection points is consis-
tent with the peaks of the probe signal.  
 
 

 
 
 
 
 
 
 
 
 
 
 
 

 
 

Results shown in figure 4 suggest the possibility of de-
veloping an algorithm for automatic detection of the re-
flected waves, using both waveforms. 

V. CONCLUSIONS  

A bench system capable of generating arbitrary pressure 
waveforms under program control was built and operated 
successfully. Due to its flexibility in generating complex 
waveforms the system is especially well suited to validate 
feature-extracting algorithms for hemodynamic studies.  

The possibility of recovering APW through deconvolu-
tion yielded very satisfactory results and will be naturally 
pursued up to the clinical tests level. We can still conclude 
favourably towards the usefulness of the system in probe 
development and characterization. 

Studies in the areas of wave separation, one-point pres-
sure wave velocity, augmentation index and others can be 
easily implemented and will be pursued as future work.  
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A Screening method to detect atrial fibrillation with Symbolic Dynamics  

N. Lentz1, N. Kikillus1 and A. Bolz1 
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Abstract  Atrial fibrillation is one of the main risk factors 
to suffer a stroke. Therefore the detection of atrial fibrillation  
is one of the main tasks to avoid strokes. Atrial fibrillation is 
difficult to diagnose, since atrial fibrillation often occurs as 
paroxysmal episodes without any symptoms. For a screening 
method there is a need to detect atrial fibrillation in an interval 
without any atrial fibrillation episodes. For this purpose we 
developed an algorithm to classify atrial fibrillation with the 
use of the nonlinear method of symbolic dynamics. 

 
Keywords  Atrial fibrillation, symbolic dynamics, approx-

imate entropy. 

I. INTRODUCTION  

In 2004, 53.328 people died after a stroke in Germany 
[1]. One of the main risk factors for stroke is atrial fibrilla-
tion. According to the Copenhagen stroke study, about 18% 
of the patients with an acute stroke were also diagnosed 
with atrial fibrillation [2]. Atrial fibrillation is a cardiac 
arrhythmia, which occurs permanently or temporal as pa-
roxysmal atrial fibrillation.  

 Through early detection of atrial fibrillation the risk to 
suffer an ischemic stroke can be reduced with an antitrom-
bic therapy with an efficacy of up to 68% [3].  

Atrial fibrillation is difficult to diagnose, since atrial fi-
brillation often occurs as paroxysmal episodes that are self-
terminated and quite often without any symptoms like 
shortness of breath. In most of these cases the arrhythmia is 
only identified with the diagnosis of a stroke. 

With current methods atrial fibrillation only can be de-
tected during an acute episode. To reduce the occurrence of 
strokes in patients, there is a need to develop screening 
methods which would be able to detect atrial fibrillation in a 
reliable and cost efficient way.  

For this task we evaluated three algorithms which have 
been proposed to detect atrial fibrillation by N. Kikillus et al 
[4] during time periods in which no direct atrial fibrillation 
episode occurs.  

The algorithms by N. Kikillus et al [4] already have a 
very good sensitivity and specificity. In order to classify 
atrial fibrillation and other arrhythmias we propose and 
tested a novel algorithm based on the non linear method of 
symbolic dynamics. 

II. METHODS 

A. Material 

The detection algorithm we present here was developed 
and tested with the following databases from physiobank 
[5]:  

 MIT-BIH atrial fibrillation database  
 MIT-BIH normal sinus rhythm database 
 BIDMC Congestive Heart Failure database 
 European ST-T database (EDB) 

After removing ectopic beats and artifacts the ECG re-
cordings are divided in sections with 3501 individual heart 
beats. [4] Additionally the ECG recordings were divided 
into three groups and the recordings from the BIDMC data-
base into two groups: 

 AF_0: No atrial fibrillation during the 3501 RR-
intervals  

 AFMix: Atrial fibrillation and sinus rhythm during the 
3501 RR-intervals  

 AF100: Atrial fibrillation present during all of the 3501 
RR-intervals  

 BIDMC_NAF: Contains no atrial fibrillation episodes 
 BIDMC_AF: Contains episodes of atrial fibrillation 

Table 1 Databases of ECGs for development 

Datenbank shortcut quantity  patients 
classi-

fication 
MIT-BIH atrial 
fibrilation data-
base 

AF_0 138 19 AF 
AF_MIX 98 18 AF 
AF_100 122 14 AF 

MIT-BIH nor-
mal sinus 
rhythm database 

NSRDB 466 18 NAF 

European ST-T  
Database EDB 96 48 NAF 

BIDMC Conges-
tive Heart Fail-
ure Database 

BIDMC_NAF 313 11 NAF 

BIDMC_AF 118 4 AF 

O. Dössel and .  (Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
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B. Symbolic Dynamics 

The idea of Symbolic Dynamics is to eliminate detailed 
information from the complex dynamical time series in 
order to analyze the remaining dynamical behavior [6]. 

For this purpose the time series of the beat-to-beat inter-
val differences =   ,   is transformed into a 
sequence of symbols =   ,   from the 
alphabet  = {1,2,3} . In this algorithm the following 
transformation is being used: 

( )  =  1 < 0
2 = 0
3  > 0

 (1) 

After the transformation the sequence of symbols  can 
be divided in sub sequences of length N. Such subsequences 
are also called words. 

 =  , i+1, , i+N 2, i+N 1             (2) 
 

The approach of symbolic dynamics has been used in sever-
al studies on congestive heart failure to analyze the dynam-
ics of the heart rate. [7-9] 
In this Algorithm the word length varies between N=3 and 
8. In longer words long term dynamics dominate the words 
which we did not intend to analyze in this study.  
 

 
Fig. 1 Example for the transformation from a time 

series into a sequence of symbols and words 

C. Approximate Entropy 

The nonlinear approach approximate entropy (ApEn) was 
introduced in [10] as a method to quantify complexity. The 
value of ApEn represents the complexity or irregularity of a 
time series or symbol series, greater values represent a more 
complex series.  

If s is a symbol series (or time series) of the length N, s =  z1 , z2 , , zN 1 , zN    N  then v(i) is a section of 
this symbol series starting with i and a length m.  v i =  zi, zi+1 , , zi+m 2 , zi+m 1  N    and  i N m + 1           (3) 

 

As difference d v i , v j  is defined as the difference of 
the two sections v(i) and v(j):. 

 i , = =1,2.. ( + 1 + 1 )   (4) 
 

A counter function is defined by  Cim r  with the dimen-
sion m and the radius r   = 1 +1

   1, ,  
0, ,  >+1=1         (5) m (r) =  1m+1

 m ( )m+1=1                       (6) 
 

With m r  the ApEn can be calculated as following: 
 , , = m r +1    0                  (7) 

     

Based on the discrete differences between the values of 
the symbols, there are only certain values of ApEn. All 
words with the same value of ApEn and therefore identical 
complexity are assigned to one pattern set. An example of 
words, their ApEn value and their pattern set is given in 
Table 2. 

Table 2 Examples of words, ApEn Value and pattern set 

word ApEn pattern set 
111111 0,0000 1 
323232 0,0000 1 
112332 0,2703 5 
221331 0,2703 5 
232131 0,2703 5 
331131 0,6931 10 
311313 0,6931 10 
313113 0,6931 10 

D. Forbidden words 

The parameter of forbidden words is an robust method to 
quantify complexity. Forbidden words are used in combina-
tion with a sequence of symbols from the symbolic dynam-

occurrence of the word is less than a specific threshold 
value.  

In the context of this work the threshold value is calcu-
lated according to the following formula: 

 

  = 3w 10 x          x=1..4 and w=word length         (8) 
 

All words are counted as if their occur-
rence is less than f.  

III. RESULTS 

Approximate Entropy: With pattern sets, which are as-
signed to each word, a frequency distribution of the quanti-
ties from words in each pattern set can be provided. The 
pattern set represent the complexity, with the very regular 
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pattern set 1 and getting more irregular with larger pattern 
sets.  

In figure 2 such a frequency distribution is given for a 
word length of 7. It can be recognized that more regular and 
less complex words in low pattern sets belong to the AF 
group.  

Words with a higher pattern set and therefore more com-
plex and irregular words are prevalent in data groups with-
out AF, this situation is independent from further heart 
pathophysiologies. 

 
Fig. 2 ApEn, average number of words(y-axis) for each pattern set(x-axis), 

length of words=7, af data class dotted line with squares, naf data class 
dashed line with circles 

The values for the frequency distribution are given in ta-
ble 3, the values for each pattern set were calculated over all 
available data from the corresponding database.  

Table 3 average number of words and standard derivation 

 classi-
fication 

pattern set 
 1 2 3 4 5 6 

AF_0 AF 1183,8 
± 386 

1092,4 
± 311 

782,2 
± 260 

128,9 
± 126 

306,5 
± 239 

1,1 
± 3 

AF_MIX AF 1447,3 
± 366 

1240,7 
± 268 

494,3 
± 266 

72,3 
± 108 

240,1 
± 207 

0,3 
± 1 

AF_100 AF 1764,0 
± 203 

1463,7 
± 124 

170,3 
± 119 

6,0 
± 17 

91,0 
± 42 

0,0 
± 0 

BIDMC_ 
AF 

AF 1028,0 
± 249 

874,0 
± 447 

1010,3 
± 304 

264,9 
± 193 

317,7 
± 173 

0,1 
± 0 

NSRDB NAF 975,1 
± 347 

961,7 
± 220 

838,5 
± 200 

159,1 
± 114 

556,8 
± 286 

3,8 
± 5 

EDB NAF 739,3 
± 338 

710,9 
± 314 

982,5 
± 176 

333,7 
± 259 

723,0 
± 342 

5,5 
± 6 

BIDMC_ 
NAF 

NAF 970,1 
± 256 

678,9 
± 188 

1170,8 
± 156 

307,6 
± 124 

366,8 
± 222 

0,9 
± 2 

 
The distribution of the values for each data set is given in 

figure 3 for the ApEn with a word length of 5.  
For this example the correct classification rate with a 

naive bayes classificator is about 86%.  
The figure shows a boxplot with a line of the 10% thre-

shold, the median and a line of the 90% threshold.  

 

Fig. 3 distribution of number of words, ApEn with a length of 5 

The results of classifying AF_100 data are given in table 
4, the results have a specifity of 97% and a sensitivity of 
99%.  The distribution of the values is given in fig 4 utiliz-
ing boxplots.  

 
Fig. 4 ApEn, classification of AF_100 data  

Table 4 classification of AF_100 data 

 AF_100 data 
(122) 

NAF data 
(874) 

AF detected 97% (118) 1% (9) 
NAF detected 3%(4) 99% (865) 

 
Forbidden words: In figure 5 the box plot with the quan-

tity of forbidden words is given for the word length of 4 and 
x=3, so all words which never occurred are classified as a 

 
In this figure it can be seen, that the AF data groups do 

 
groups have more similar words in their symbols series und 
therefore they are not as complex as symbol series of the 
NAF groups. 
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v-
en in Table 5 in form of the correct classification rate with-
out considering recordings of the dataset BIDMC_AF.  

 
  

 
Fig. 5 forbidden words (w=5, x=3) 

Table 5 left  
right:  

w x 
correct 

classification 
rate 

4 1 85,63% 
4 2 86,12% 
5 3 86,36% 
6 2 84,33% 
7 4 85,63% 
8 4 85,47% 

 

 mean sd 
AF_0 61 ± 38 

AF_MIX 84 ± 41 
AF_100 139 ± 20 

BIDMC_ AF 36 ± 31 
NSRDB 28 ± 27 

EDB 18 ± 26 
BIDMC_ NAF 22 ± 17 

 

IV. DISCUSSION  

The two methods ApEn and forbidden words, based on 
symbolic dynamics, are able to determine the degree of 
complexity und irregularity of the tested ECG recordings.  

The loss of complexity and regularity of the human heart 
beat is commonly associated with cardiac disease; neverthe-
less a classification of atrial fibrillation towards other heart 
failures is possible.  

The results of the two proposed methods show that they 
can not be applied alone to detect atrial fibrillation in an 
interval in which no atrial fibrillation episode occurs, but 
the methods have promise to be a good supplement to the 
existing algorithms.  
    

V. CONCLUSIONS  

The aim of this project was to develop a screening me-
thod for atrial fibrillation to detect atrial fibrillation in epi-
sodes of ECG recording in which no atrial fibrillation is 
present.  

With the two methods, which are presented here, the ex-
isting algorithm for the screening against atrial fibrillation 
could be complemented to a better classifying atrial fibrilla-
tion. These methods can close the gap of the existing algo-
rithm in detecting other cardiac pathophysiologies especial-
ly other arrhythmias. The next step will be to test these 
methods together with the existing algorithms. 

The measure of the ApEn is with a specificity of 97% 
and a sensitivity of 99% also an excellent method to detect 
atrial fibrillation episodes for a screening purpose. 
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Abstract—In this keynote, a review on recent results of a 
novel imaging modality based on magnetic nanoparticles is 
given. This imaging concept, called magnetic particle imaging 
(MPI), falls into the category of functional imaging and, hence, 
the magnetic nanoparticles may serve as tracers of metabolic 
processes. Since the particles of choice consist of superpara-
magnetic iron oxide (SPIO) cores coated with biopolymers, 
imaging of the metabolism may be possible without any radio-
active agents. These particles are subjected to an oscillating 
magnetic field, a so-called drive field, and, subsequently, react 
with a nonlinear re-magnetization. This behavior is in accor-
dance with Langevin’s theory of paramagnetism and can be 
detected with appropriate receive coils. Due to the nonlinear-
ity, the induced signal in the receive coils contains harmonics 
of the fundamental frequency of the drive field. These harmon-
ics can be used to determine the nanoparticle concentration. 
For spatial encoding an additional magnetic gradient field, a 
so-called selection field, is superimposed onto the drive field 
such that a field-free point is established within the volume of 
interest. Only particles located at the field-free point contrib-
ute to the desired signal in the receive coils. Particles outside 
are saturated and do not further show any re-magnetization 
dynamics upon the excitation by the drive field. It has been 
shown by simulation and imaging that MPI is able to provide 
sub-millimeter resolution and, by simulation, a high sensitivity. 
Thereby, real-time applications are feasible, which has been 
demonstrated recently with a tracer applied in clinically ac-
cepted concentration. However, today, there are quite interest-
ing challenges within the practical set-up of a scanning device 
and also in the design of new MPI nanoparticles. 

Keywords—Magnetic particle imaging, MPI, superpara-
magnetism, nanoparticles, SPIO. 

I. INTRODUCTION  

Recently, B. Gleich and J. Weizenecker reported on an 
invention that allow for the direct quantitative measurement 
of the spatial distribution of superparamagnetic nanoparti-
cles [1]. The key of the so-called magnetic particle imaging 
(MPI) concept is the nonlinear magnetization characteristics 
of the nanoparticles. If superparamagnetic nanoparticles are 
subjected to a sinusoidally oscillating magnetic field, they 
react with a nonlinear magnetization that can be described 
by Langevin’s theory of paramagnetism [2]. 

Essentially, two types of magnetic fields must be super-
imposed for spatial encoding that allows for the  

measurement of the spatial distribution of the particles, i.e. a 
static selection field and an oscillating drive field.  

The oscillating field alone measures the re-magnetization 
dynamics of the particles. The temporal change of the mag-
netization can be measured via the induction voltage in a 
receive coil arrangement. Due to saturation effects of the 
nanoparticles the magnetization characteristics is nonlinear 
as mentioned above. This, in turn, leads harmonics, i.e. 
multiples of the fundamental driving frequency, in the spec-
trum of the acquired signal. Actually, the harmonics are the 
desired signal components. After separation of the higher 
harmonics from the fundamental driving frequency, the 
energy of this signal can be exploited to recover the concen-
tration of the nanoparticles. 

Magnetic contrast agents are used in the field of mag-
netic resonance imaging (MRI) for many years. Thanks to 
this all initial proves-of-concept of MPI could be carried out 
with Resovist (Bayer Schering Pharma), a contrast agent 
that had been approved for human radiological MRI of the 
reticuloendothelial system (RES). 

However, in contrast to MPI, MRI acquires the intrinsic 
magnetization of tissue, which is altered due to the presence 
of magnetic nanoparticles, and hence, improves the contrast 
of the organ of interest.  

Alternatively, acquisition techniques have been tested 
that measure the time constants of the magnetic field of the 
nanoparticles after switching off the external field. Based on 
this, E. Romanus et al. [3] have proposed the use of the so-
called magnetorelaxometry to calculate the spatial distribu-
tion of the nanoparticles´ relaxation. However, the spatial 
resolution of this strategy is limited.  

In contrast to magnetorelaxometry, MPI promises a sub-
millimeter spatial resolution and a high sensitivity [4]. Since 
the initial publication by B. Gleich and J. Weizenecker [1], 
MPI has undergone some major steps towards a versatile 
measurement device for magnetic particle analysis and spatial 
nanoparticle distribution imaging. 

J. B. Weaver et al. [5] and S. Biederer et al. [6], for in-
stance, reported on a magnetic particle spectrometer that can 
be used to measure the nonlinear magnetization of the parti-
cles. Based on these measurements and the Langevin theory 
of paramagnetism, the particle-core size can be calculated. 
This, in turn, allows for more realistic simulations of the 
imaging performance in magnetic particle imaging and 
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leads to an improvement in the process chain of the devel-
opment of new magnetic nanoparticles [7]. 

J. Moreland et al. reported that a similar imaging device to 
that of B. Gleich and J. Weizenecker can be set-up with canti-
lever torque magnetometer [8]. Recently, W. Goodwill et al. 
set-up an alternative scanner design using permanent magnets 
for the selection field [9]. He demonstrates the device as a 
narrowband MPI, which reduces bandwidth requirements of 
the receive chain. 

Main stream design concepts for MPI consist of one pair 
of Maxwell coils that produces the selection field and at 
least one drive field coil pair for each encoding dimension 
[1, 10]. Here, the volume of measurement lies in the iso-
center of the coil arrangement. Unfortunately, today, the 
feasible dimension of the measurement volume fits small 
animals only [11], although, simulations show that human 
whole body scanner might be possible in future as well [3].  

Recently, however, T. F. Sattel et al. [12] have proposed 
an asymmetric single-side design, including all field gener-
ating and signal receiving coils on one side. With this  
design, the patient does no longer need to fit into the meas-
urement volume. T. F. Sattel et al. also discussed the limita-
tions of such an approach. Nevertheless, even when  
considering the limitations in penetration depth and resolu-
tion of this first experimental system, it is reasonable that 
future single-sided MPI scanners will have improved imag-
ing characteristics and single-sided 3D imaging become 

feasible [13]. For the development of the new coil designs 
our group has set-up a simulation framework of the entire 
MPI imaging chain (see T. Knopp et al. [14]). 

Parallel to the rapid development of new scanner designs, 
first applications has been published as well. J. W. Bulte et al. 
[15], for instance, report on ideas of imaging the traces of 
iron-loaded stem cells. 

II. MATERIAL AND METHODS 

A. Re-Magnetization Dynamics of SPIOs 

The basic idea of magnetic particle imaging is the utiliza-
tion of the nonlinear re-magnetization dynamics, M(t), that 
can be described by Langevin’s theory of paramagnetism,  
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where µ0 is the permeability of vacuum, kB the Boltzmann 
constant, T the temperature in Kelvin and, c the particle 
concentration (cf. Fig 1a). The magnetic moment at satura-
tion of the particles is given by ms = 1/6 π dc

3 Ms, where Ms 
is the saturation magnetization of magnetite. HD(t) is called 
the drive field. 
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Fig. 1 Langevin’s magnetization characteristic of a superparamagnetic nanoparticle (SPIO). A) If the particle is subjected to a sinusoidally oscillating 
magnetic drive field, HD, they react with a non-linear re-magnetization, M. The acquired signal (i.e. the induced voltage, u, in the coils) contains harmonics 
of the fundamental frequency of the drive signal. B) If a field offset is superimposed onto the drive field, the working point of the re-magnetization is shifted 
into the saturation regime of the SPIOs. Hence, no particle signal is induced in the receive coils. This principle can be used for spatial encoding. C) By 
means of a selection field coil pair (Maxwell set-up) a field-free point is established in the measurement field. Points outside the field-free point are in 
saturation. This way, only nanoparticles included in the field-free point contributes to the desired signal 
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For spatial coding a second field is superimposed onto 
the drive field. It consists of a gradient field that establishes 
a field-free point (FFP) within the measurement field. Parti-
cles outside this very point become saturated and do not 
contribute to the acquired induction voltage of the re-
magnetization dynamics (see Fig. 1b). This way, the spatial 
distribution of the nanoparticle concentration can be esti-
mated by means of solving the inverse problem [16]. 

The two coil pairs, driving field coils in Helmholtz ar-
rangement and selection field coils in Maxwell arrangement, 
can be seen in Fig. 1c. A simulation of the magnetic field 
strength in between the coil assembly is shown as well. 

B. Symmetric MPI Design 

In a next step, the drive field and the selection field coil 
pair can be integrated into a single pair, because it is obvi-
ously the same result if the coil current is directly superim-
posed in one coil pair instead of two separate fields gener-
ated by two coil pairs. This coil assembly is shown in Fig. 
2a.  

 

Fig. 2 Coil assembly in MPI. A) line scanner with combined drive and 
selection field coil pair and b) fully 3D MPI imaging device 

With this arrangement the field-free point has one degree 
of freedom only. Therefore, this arrangement is called line 
scanner. If the field-free point is established once, the de-
grees of freedom of the FFP can be increased by additional 
drive field coils. With two new orthogonal drive field coils, 
the scanner advances to a fully three-dimensional imaging 
device as shown in Fig. 2b. 

C. Trajectories of the Field-Free Point 

To measure the spatial distribution of the particles, in a 
first step, the FFP is steered through the field of view (indi-
cated as gray cube in the center of Fig. 2b). The field of 
view should be covered densely and homogeneously at high 
speed. This can be achieved by certain spatial trajectories, 
which are demonstrated exemplarily for the two-dimen-
sional case in Fig. 3. 

 
Fig. 3 Spatial FFP sampling trajectories and the corresponding imaging 
results. Left: Lissajous sampling pattern; right: Radial sampling pattern 

In simulations T. Knopp et al. [14] have demonstrated the 
image quality of different trajectories. The signal received 
in a recording coil is simulated by a discretization of  

 

0( ) ( , ) ( ) ( )du t t c
t

μ
Ω

∂= − ⋅
∂∫ M r p r r r ,  (2) 

 
where u(t) is the induced voltage, M(r,t) the magnetization 
of the nanoparticles, p(r) the recording coil sensitivity, and 
c(r) the concentration of the particles. Equation (2) leads to 
a linear system of equations with a complicated system 
matrix that must be solved iteratively. In [14] the Lissajous 
trajectory (cf. Fig. 3 left) has been compared to two Carte-
sian, a spiral and a radial sampling scheme (cf. Fig. 3 right). 
Overall, the Lissajous trajectory leads to the best results. 
However, the radial trajectory showed the best performance 
in the image center. Actually, both strategies to cover the 
sampling space shown in Fig. 3 are used for MPI. 

D. Asymmetric MPI Design (Single-Sided Device) 

If one of the transmit coils shown in Fig. 2a is scaled 
down such that it fits concentrically into the other transmit 
coil (cf. Fig. 4), a field-free point is established at either side 
of the assembly.  

Again, the current in the two transmit coils must be of 
opposite direction. That way, a field is produced by super-
position that annihilates at two points at the axis of the coils 
arrangement. On the right-hand side of Fig. 4 the magnetic 
field is simulated in a section along the coil axis around the 
field-free point. 

As mentioned above, due to symmetry two FFPs can be 
found, one on the front side (the patient side) and the other 
on the back side (the device side). The first is the working 
point of the imaging device; for the latter it must be ensured 
that no magnetic material is inside the device. 

a) b) 



1474 T.M. Buzug et al.

 

  
 

IFMBE Proceedings Vol. 25

 

(lo
g-

sc
al

e)

|B| /  T 

 

Fig. 4 Single-side MPI line scanner. A flat coil arrangement produces a 
field-free point at either side of the assembly. Right hand side, a simulation 
of the expected spatial field distribution around the FFP is shown 

In [12] first experimental results of a single-side MPI de-
vice have been shown with different phantoms. The per-
formance with respect to resolution and contrast is lower 
than that of a symmetric design. However, the results of this 
new concept are promising, because the optimization proc-
ess of the set-up is in the very beginning.  

The key benefit of this design lies in the flexibility. There 
is no limitation of patient size, because the coil assembly 
can be applied similar to an ultrasound transducer. How-
ever, due to the technical limitations concerning penetration 
depth of several centimeters, only processes near the patient 
surface are imaginable today.  

III. SUMMARY  

In magnetic particle imaging (MPI) nanoparticles are 
used as tracers of metabolic processes without any radioac-
tive agents. The particles are subjected to an oscillating 
magnetic field and react with a nonlinear re-magnetization. 
Due to this nonlinearity the measured signal contains  
harmonics of the fundamental frequency of the magnetic 
excitation, which can be used for estimation of the nanopar-
ticle concentration. For spatial encoding a magnetic gradient 
field is superimposed onto the drive field such that a field-
free point is established. Only particles located at the field-
free point contribute to the signal in the receive coil. By 
means of the solution of the inverse problem, the spatial 
distribution can be estimated. It has been shown by simula-
tion that MPI is able to provide sub-millimeter resolution 
and a high sensitivity. However, today, there are quite inter-
esting challenges within the practical set-up of a scanning 
device.  
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Abstract— Intracranial Stereotactic radiotherapy / ra-

diosurgery utilize fractioned dose delivery through multiple 
noncoplanar arcs to avoid harm of normal tissue. Proper posi-
tioning of the arcs in respect to avoid Organs at Risk irradia-
tion while maintaining high dose distribution at the lesion is 
frequently a trial and error optimization procedure during 
treatment planning. Proper geometric modeling of both the 
irradiation equipment and the patients anatomical structures 
based on CT image scans can be done combined with special 
developed data structures to aid the subsequent dose calcula-
tion due to beam modifications. Extending implicit surface 
modeling techniques to represent anatomical structures as well 
as usage of time stamp controlled data caching led to a dose 
recalculation speed-up factor of 12 for a single beam in the 
relocated arc.  

  
 

Keywords— Stereotactic Radiotherapy (SRT), Treatment 
Planning, implicit modeling, dose calculation, Visualization 
Tool-Kit (VTK). 

I. INTRODUCTION  

Efficient and targeted radiation dose delivery to the le-
sion is the main concern of stereotactic radiotherapy. Pre-
scribed radiation is delivered in fractions converging at a 
center in the target volume also called isocenter to achieve 
maximum as possible energy deposition to malignant tissue 
and minimum harm to healthy surrounding tissue. Using a 
linear accelerator (LINAC) to implement this fractional 
dose delivery scheme in intracranial stereotactic radiother-
apy many design parameters have to be set and furthermore 
optimized according to irradiation protocols as well ana-
tomical restrictions.  Dose fractioning is achieved by irradi-
ating along non coplanar arcs by combined rotation of the 
gantry and the patient table around the isocenter.  

In order to achieve this task physicians have to be sup-
ported by treatment planning systems (TPS) that emulate 
the irradiation operation of the patient as accurate as possi-
ble. Dose calculation models as well visualization of patient 
data and geometry needed for treatment planning imply a 
very demanding computational framework. Essential to the 
planning process is the geometrical reconstruction of both 
equipment and patient. Patient geometry is usually provided 
by co-registered sequential CT and MRI axial scans. The set 

of images as volume slices is used to define and reconstruct 
in 3D all anatomical structures involved. Radiotherapy 
setup is also modeled in 3D space to test and verify feasibil-
ity of the planned irradiation. A semiautomatic process 
using contour extraction and manual delineation define 
contours of the external surface (the skin), organs at risk 
and the target volumes needed to apply treatment overlayed 
on the 2D image slice. Contours are grouped according to 
the anatomical structure they belong to and are fed to sur-
face reconstruction algorithms to build a surface model of 
the underlying structure. Volumes are modeled either as 
rectangular 3D arrays or implicitly as enclosed voxels in 
water tight surfaces.  Once geometrical parameters have 
been set up the method of dose calculation has to be se-
lected. Dose calculation algorithms can be classified in 
three main categories,  

 correction based that use precalculated values derived 
by initial measurement on tissue models and equipment 

 model based simulating energy transport phenomena by 
using convolution techniques 

 direct Monte Carlo using stochastic  techniques 
In the first category belong TPR/TMR based calculations 
[1] while pencil beam [3] and convolution-superposition 
algorithms [4] belong to the second. The third category is 
dominated by Monte Carlo simulations [5]. The advantage 
of the model based algorithms is calculation speed while the 
stochastic approach of the later category ensures high accu-
racy and general application in respect of tissue inhomoge-
neities. 

For the majority of intracranial radiotherapy treatment 
correction- and model- based algorithm provide an accept-
able method to calculate 3D dose distribution. Calculation 
can be done on slice basis as well on volume of interest that 
will be finally accumulated on a global dose volume matrix.  

The Visualization Tool-Kit (VTK) from kitware.org [6] 
has been used to implement both the data structures as well 
the graphical representation. The selection of this toolkit 
was encouraged by the fact that it is a commonly accepted, 
well known, continuously tested, sufficient documented and 
widely used open source software package. 

 

O. Dössel and .  (Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1475–1477, 2009. 



II. MATERIALS AND METHODS 

A. Dose calculation model 

The core function of a TPS is the calculation of the dose 
distribution within patient’s body. There are several algo-
rithms that are used for dose calculation. According to [2], 
[7] and [8] the dose cD  of an irradiation beam that is de-
posited at any voxel in the 3D dose volume matrix using a 
collimator of diameter c can be expressed as follows: 

),()(),( rdOARdTPRCOFrdD cccc  (1) 

where d is the depth of the center of the voxel to the 
beam’s entry point,  along the ray from the isocenter to the 
source, cTPR is the Tissue Phantom Ratio, r  is the dis-
tance of  the center of the voxel to the ray from the isocenter 
to the source,  cOAR  is the off-axis ratio and  cCOF  is 
geometry and radiation machine related factor. 

B. Geometric models and data structures 

Assume that the external surface of the skull and at least 
one clinical target volume are defined and have non zero 
volume in context of voxel count. As already presented 
those anatomical structures are represented as water tight 
surfaces formed by consistently oriented triangles. We im-
plemented a class called xvtkImplicitPolydata to 
extent functionality of VTK’s inherent class vtkIm-
plictFunction by allowing almost any watertight 3D 
surface to be handled as an implicit surface of 
type 0),,( zyxF . Thus the extended class provides also 
a fast method to characterize any point in 3D space as in-
side/outside to the referring surface F . 

Furthermore every such surface is embedded into a 
volumeMatrix data structure of predefined scale dimen-
sions. The volumeMatrix also contains the image slices 
acting as a universal container. The volumeMatrix has 
rectangular voxels which store specific data among other 
local data like the center coordinates of the voxel. A bit 
within a bit array map is used to characterize every voxel as 
inside or outside of the selected surface. More than one 
surface can be simultaneous embedded into the volume-
Matrix.  The status of the in/out property of a voxel re-
ferred to a surface is crucial on both the calculation process 
as well the plan evaluation as it will be further discussed.  

Every planar arc is modeled as a set of individual static 
beams. A Static beam is also geometrically modeled as an 
implicit surface of a cone (vtkCone) with corrected radius 

to compensate for scattered beam photons in respect to the 
collimator diameter. The geometric model of the beam is 
part of the class called deltaBeam where beam specific 
data are stored like the entry and exit point of the beam’s 
central ray at the external skull surface. 

In order to involve in dose calculation only voxels that 
are part of a particular irradiating beam, the volumeMa-
trix undergoes an extraction process. The extracted vox-
els are assigned to the particular beam. In Fig. 1 the voxels 
that belong to the beam and have there in/out property set 
are colored gray while black colored voxels are outside and 
excluded from dose calculation.   

Every arc defined is composed of single beams that also 
cache already calculated dose data. A time stamp mecha-
nism on the deltaBeams assures for up to date data. Op-
timization alterations done on the arcs length (i.e. start an-
gle, stop angle) are evaluated and the dose is calculated only 
for the new beams while no needed ones are simply dis-
carded. 

 

Fig. 1    

Every voxel in every processed beam is visited and using 
its locally stored center coordinates calculation of d  as 
well r  is done. Dose calculation of the voxel is performed 
applying Eq.1 and the result is stored for that particular 
voxel to the current deltaBeam that calculation is per-
formed.  

1476 T. Kilindris and K. Theodorou

  
 IFMBE Proceedings Vol. 25  



Every arc has finally its deltaBeams calculated. At the 
final step the 3D dose matrix is filled by adding up the dose 
of every voxel in all deltaBeams of every arc. 
Once the 3D dose distribution is available the evaluation 
and optimization process of the plan can start [9], [10]. 
Isodoses and Dose Volume Histograms (DVH) of subse-
quent plans can be extracted and computed respectively to 
support the evaluation of the processed plan.  

The structures and dose engine was embedded in our 
homebrew research TPS for test and evaluation. A dedi-
cated PC workstation based on an Athlon XP 2500 Mhz 
CPU and 2 GByte RAM timed at 333 Mhz is used for de-
velopment and test.  

III. RESULTS 

An intracranial lesion treatment plan was set up for an ac-
oustic neuroma case. After importing patient CT images 
delineation of anatomical structures and target volumes in 
plan was carried out. The isocenter was set on the lesion and 
the diameter size of the collimator was visually determined 
to 20 mm on the “Beam’s Eye View” mode of the TPS. 
Seven non coplanar arcs were selected ranging a total length 
of 100 degrees gantry angles at table -60, -30, 0, 30 and 60 
degrees patient table angles. Mean dose calculation time per 
arc was less than 70 sec on a 1 mm dose matrix grid. On 
subsequent runs repositioning slightly only one end of the 
arc, recalculation of the arcs dose contribution was less than 
6 sec due to cached dose on the deltaBeams remain the 
same prior to reposition. Thus a speedup factor of approx. 
12 for arc dose calculation was achieved.       

IV. DISCUSION  

The data structures and algorithm presented here for di-
rect treatment plan calculation can reduce treatment plan-
ning by utilizing cashed based techniques on proper data 
structures to achieve fast dose calculation as well subse-
quent dose recalculation to evaluate and optimize dose de-
livery. The increased storage amount to keep cached data 
that will be reused during planning should not pose any 
problem to nowadays image processing workstations 

equipped with at least 2Gbytes of RAM as well high data 
capacity and transfer speed hard disks even if a volume 
matrix of 250 x 250 x 250 mm with a 1 mm spatial resolu-
tion at all 3 axis is used. At the moment relocation of the 
isocenter(s) causes flushing of the cached dose data and 
recalculation from scratch for all associated beams with the 
particular isocenter has to be performed causing the maxi-
mum expense in calculation time which is the time needed 
to calculate the dose of a complete arc.    
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Abstract—Brain edema is one of the most common conse-
quences of serious head injury because of the enhancement of 
water content and thus the increased brain volume. Once the 
brain compensation mechanisms have been exhausted, the 
intracranial pressure (ICP) will increase exponentially because 
the brain is enclosed in the rigid skull. Previous research sug-
gests that the poroelastic theory provides a solution for study-
ing the fluid flow in the brain. In this paper, poroelastic theory 
is used to study the intracranial pressure distribution due to 
traumatic brain edema by a detailed 3D finite element brain 
model.     

Keywords—Brain edema, Intracranial pressure, Poroelastic 
theory, Finite element model. 

I. INTRODUCTION  

Brain edema is one of the most serious consequences of 
head injury because of the enhancement of water content 
and thus the increased brain volume.  Brain compensation 
mechanisms, such as increased CSF absorption, compres-
sion of the venous thin-walled vessels, and excessive dis-
placement of CSF downwards to the spinal canal exist [1]. 
However, once the brain compensation mechanisms have 
been exhausted, intracranial pressure will increase exponen-
tially because the brain is enclosed in the nearly rigid skull. 
Previous research shows that the poroelastic theory provides 
a solution for studying the fluid flow in the brain. This 
methodology has been used to study the mechanisms in the 
development of hydrocephalus and vasogenic brain edema 
in previous research [2,3,4,5,6], and more recently on hy-
drocephalus for a simplified model [7,8]. 2D slices 
[9,10,11] and 3D finite element (FE) brain models have 
been used [12]. Also, paper [11] gives a detailed review on 
the mathematical modeling of hydrocephalus.  

Two different kinds of brain edema coexist after brain in-
jury, “cytotoxic edema” and “vasogenic edema”, however, 
the different types dominate during different time after 
trauma. The mechanism of “vasogenic edema” is relatively 
well understood and is because of breakdown of the BBB 
(Blood-Brain-Barrier) and this result in water accumulation 
in the neurosis place [12,13]. Research on vasogenic edema 
showed evidence that the development of vasogenic edema 

is due to bulk water [14]. In this case, poroelastic theory fits 
for studying the fluid flow and pressure distribution in the 
brain due to vasogenic brain edema.  

Research on the pressure-volume function of brain elas-
ticity by pumping water into subarachnoid space in dog’s 
brain showed a semi-logarithmic relationship between ICP 
and infusion volume [15].   

In this paper, poroelastic theory is used to study the in-
tracranial pressure due to brain edema in a detailed 3D finite 
element brain model. The simulation results were compared 
with the experiment.  

II. METHOD 

A.  Mathematical Model 

Biot’s poroelastic theory is used to account for fluid-
solid interactions in brain tissue [7,9,16]. 

Momentum conservation equation, inertial force is negli-
gible because of the quasi-static process, no body forces are 
considered. σ is the total stress.     

0∇ =σ                                            (1) 

Effective stress principle,  is the drained elasticity ten-
sor of the solid skeleton, α is Biot-Willis coefficient repre-
senting the coupling between the stress and pore pressure, p 
is the interstitial pressure. 

pα= −σ ε I                                     (2) 

Skeleton strain tensor related to displacement vector u , 

( )1
2

T= ∇ ⋅ + ∇ ⋅ε u u
                           

(3) 

Reformulate above equation gives the governing equa-
tion describing mechanical equilibrium: 

2 ( )
(1 2 )

GG p
v

α∇ + ∇ ∇ ⋅ = ∇
−

u u
                 

(4) 

Where G = E/2(1+ν) is the shear modulus with E as the 
Young's modulus and ν as Poisson’s ratio. 
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Mass conservation of the fluid phase, ς is the increment 
of fluid content, 1/M  is the constrained specific storage 
coefficient, which is related to the compressibility of the 
fluid Kf and solid grain Ks and void ratio n in Eqn (6). 

p
M

ς α= ∇ ⋅ +u
                                

(5) 

1

s f

n n
M K K

α −= +
                              

(6) 

Darcy‘s law Governing the slow transport of fluid   

/ ( )f pρ η= − ⋅ ∇q k
                            

(7) 

Where, q is fluid flux, k is the permeability tensor reflecting 
the intrinsic property of the solid matrix, η  is viscosity of 
teh fluid. Increacement of fluid content in Eqn (5) is the 
fluid  volume added into a control volume normalized by 
this control volume, the fluid flux q and ς is related by  

( )ft
ς ρ∂ = − ∇ ⋅

∂
q

                            
(8) 

Substituting Eqn(8) into Eqn(5) gives the equation solved in 
 the fluid phase. However, this equation was modified to 
take into account of water accumulation in the edema place 
which is equivalant to the fluid infusion in the experiment in 
paper [15]. Qsedema in Eqn (9) means the water volume 
accumulated in the edema place per unit time per unit 
edema volume. 

1 ( ) ( )p p Qsedema
M t t

α
η

∂ ∂− ∇ ⋅ ⋅ ∇ = − ∇ ⋅ +
∂ ∂

k u
  

(9) 

Eqn (4) and (9) with displacement vector u and pore pres-
sure p as unknowns are solved using COMSOL Multiphys-
ics [17] program in the predefined poroelasticity modulus 
which couples the Solid and Darcy’s law modulus.  

B. Geometry and Mesh 

The mesh of the model is a simplified version modified 
from the mesh in [18] (Fig. 1). The model includes the gray 
matter, white matter, ventricles, cerebrospinal fluid (CSF), 
and the aqueduct. In order to simulate CSF circulation, 
ventricles and CSF are connected by aqueduct. Ventricles 
and aqueduct are filled with CSF. Due to the limitation in 
importing the mesh into software for this model, hexahedral 
elements were splitted into tetrahedral elements. Two ele-
ments from the original model with volume of 7.29×10-7m3 
were moved to a new part and defined as edema.  

 

Fig. 1 Finite element model of the brain 

C. Estimation of Parameters 

Solid Phase: The value of the Young’s modulus and 
Poisson’s ratio can be questioned in the early studies by 
Nagashima [2,3,4,5,6]. Especially the value of the Poisson’s 
ratio 0.49 is criticized by other researchers [7]. Since the 
brain is considered as nearly incompressible as a whole, this 
may results in a Poisson’s ratio value of 0.49. However, in 
the biphasic continuum, the Poisson’s ratio for the solid 
phase should be νdrained, which reflects the relative com-
pressibility of the brain's solid phase, allowing fluid to be 
absorbed or exuded from the solid matrix. The ratio of 0.49 
then refers to the entire fluid saturated material, while the 
second ratio refers to the material's drained condition. Here 
the value of 0.35 has been used as in most of the recent 
research and a Young’s modulus of 9.0×103Pa has been 
used for the brain tissue [19,20]. According to [21], their 
experiment showed that the initial drained Poisson’s ratio 
should be 0.496. However, the utilized strain rate was 
higher than that seen in edema. A lower strain rate may 
results a lower Poisson’s ratio, so in this paper, both 0.35 
and 0.45 are used. The neck was taken as a linear elastic 
material with E=4.2×105Pa [22] and Poisson’s ratio ν=0.40. 

Fluid Phase: Reulen et al. (1977) [23] obtained the value 
of hydraulic permeability 1.6×10-11m4/Ns for the white mat-
ter, and two orders lower for the gray matter by measuring 
the spread of sodium fluorescin dye through the paren-
chyma in cold infused edema, which has been used in most 
of the previous studies [7,19,20]. We used the same value 
for the white matter which is equivalent to intrinsic perme-
ability of 1.426×10-14m2,  gray matter 1.426×10-16m2. CSF is 
3 order higher as white matter, and aqueduct 2 orders 
higher, in order to compensate the much wider aqueduct in 
the model than in reality. The void ratio of brain tissue is 
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0.2 [6], and 0.9 for the CSF in order to simulate the fluid 
property of CSF circulation.  

CSF is considered with similar compressibility of water, 
compressibility Kf = 2.19×10-9 1/Pa was used. Brain tissue 
can be represented as regular arrays of polyhedral cells, 
surrounded by extracellular spaces of uniform width. The 
cells (which correspond to the solid grain in poroelastic 
theory) are assumed to be nearly incompressible as the CSF, 
with very low resistance to shear deformation. With this 
incompressibility and since the brain is fully saturated gives 
the values 1/M = 0, and α = 1 [24]. However, although the 
brain itself is nearly incompressible, the vasculature or 
capillary in the brain constitutes about 5% of the whole 
brain, which may make it reasonable to treat the brain cell 
as slightly compressible [25]. In this paper, we used solid 
compressibility Ks = 1.09×10-7 1/Pa for the brain, which is 
50 times more compressible than the CSF.  

D. Numerical Simulations 

Evidence suggests that a large amount of edema fluid is 
accumulated in the necrotic brain tissue within the central 
area of the contusion, and this contributes to the early mas-
sive edema with progressive elevation of the ICP.  In order 
to simulate ICP distribution in edema, a water source 
Qsedema was added in the edema elements with a constant 
rate of 3.87cc/min [15] modified proportionally to 
80.57cc/min according to a human brain volume of 
Vbrain=1.499×10-3m3 in the model from the estimated volume 
of the dog brain, Vdogbrain=7.2×10-5m3. 

Although, in the animal experiment the water was pump-
ing into the subarachnoid space, while in the model water 
was added in the necrotic brain tissue, similar ICP distribu-
tion should be expected. The infusion in the experiment was 
relatively fast, however, brain edema development usually 
takes days [6]. In the model, the water accumulation rate in 
edema necrosis was scaled down according to the experi-
mental infusion within 30 s, while in the simulation 3000 s, 
with a slower infusion rate was used resulting in the same 
amount of water infusion per unit brain volume.  

The outer surface of the CSF was defined as the skull and 
fixed, while the outer surface of the neck was set free. In the 
fluid phase, the initial pressure of the brain was set to 1066 
Pa as in the experiments. Three different boundary condi-
tions for the end surface of the spinal cord were tested: zero 
flux, constant pressure 1066 Pa, and an exponentially in-
creasing pressure with the fluid outflow. Two different 
values of Poisson’s ratio ν=0.35 and ν=0.45 were also 
tested.  

III. RESULTS 

Results from the simulation indicate that the pressure is 
almost homogeneously distributed in the brain. Figure 2 
shows the pressure in one point of the ventricles which is 
usually taken as the intracranial pressure clinically. The 
curve clearly shows the much different pressure distribution 
depending on three different boundary conditions. The 
original curve in paper [15] was redrawn to relate the infu-
sion volume per unit human brain volume to be comparable 
with the results from the simulations.  

With the zero flux boundary condition, the pressure is 
linearly rising with the infusion volume and is much higher 
than in the experiment. With a constant pressure 1066 Pa at 
the end of the spinal cord, the pressure increase slightly to an 
almost constant level with infusion volume, since the water 
flows out via the spinal cord end surface.  When an exponen-
tial pressure was added to the BC, the pressure rose exponen-
tially and showed a good correlation with the experiment.  

For the zero flux boundary condition, two different Pois-
son’s ratios were used as shown in Figure 3. It can be seen 
that the higher value will results in a higher pressure. 

 

Fig.  2 The influence of different boundary conditions on ICP 

IV. DISCUSSION 

Poroelastic theory was used to study the intracranial 
pressure distribution due to brain edema. In all three bound-
ary conditions, the pressure is homogeneously distributed in 
the whole brain, which may be due to the nearly incom-
pressibility for both the brain and the CSF while the aque-
duct helps connecting the CSF and ventricles to simulate the 
circulation. By comparing the simulation with the experi-
mental data, poroelastic theory shows great potential to 
study the intracranial pressure distribution due to brain 
edema. However, only the boundary conditions of the end 
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surface of the spinal cord were studied in this model, which 
showed to significantly affect the pressure. This reminds us 

 

Fig. 3 The influence of the brain Poisson’s ratio’s on the ICP for the closed 
boundary condition 

that we should be very cautious with the definition of 
boundary conditions in general. The zero flux and constant 
pressure boundary conditions result in extremely higher or 
lower pressure than in the experiment, however, the expo-
nentially increasing pressure boundary condition showed a 
good correlation. This pressure boundary condition may 
reflect the realistic non-linear compliance and resistance 
from the spinal cord.  

There are many limitations in the model. All the simula-
tion shows a linear relationship between the infusion vol-
ume and pressure. Research show that the permeability is 
deformation dependent [7]. However, in the model, a con-
stant value was used and large deformations were not con-
sidered. Whether it’s reasonable to use a poroelastic mate-
rial for the CSF can also be questioned, although set to 
higher porosity and permeability. However, poroelastic 
theory shows a great potential in studying pressure distribu-
tion due to edema in the brain.  
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Abstract— In this paper, we aim to acquire simulated 
mammograms. This simulated data is performed on GATE 
(Geant4 Application for Tomographic Emission), a platform 
for simulation based on Monte Carlo methods. On this 
software, a particular tool, the new CTscanner, is used to 
simulate the interation between X-ray and tissues. We hope 
also to demonstrate how the new CTscanner system can be 
used. The NCAT phantom is used to obtain data, where only 
the volume of the breast is employed to achieve the simulation. 
Geometric phantoms are also used for simulation of more 
simple objects. The parameters for the reproduction of 
mammograms are introduced accordingly the Siemens 
Mammomat Inspiration mammography unit, since this is a 
recent device. The aim of this work is to get simulated 
mammograms from different angles of the same object, which 
will allow the access of tri-dimensional reconstruction for 
Digital Breast Tomosynthesis. We present and discuss the 
results obtained using the proposed simulations. 

Keywords— CTscanner, Digital Breast Tomosynthesis, GATE, 
Mammography, MonteCarlo methods. 

I. INTRODUCTION  

Breast cancer, one the most pressing health issues of our 
time, is generally asymptomatic at the early stages of the 
disease. This makes the screening and early diagnostic 
essential to improve the chances of a successful treatment. 
Mammography is the gold standard for breast cancer 
screening and diagnostic, since it has high sensitivity and 
high specificity at low cost. Nevertheless the fact of 3D 
anatomical information being projected into a 2D image 
plane causes some problems as overlapping tissue, loss of 
sensibility and specificity between tissues. This can mask a 
tumor or show a false-positive that will result on a recall. 
The possibility of 3D reconstruction of mammograms will 
solve these problems: increases sensibility and specificity, 
allowing distinguish malignant from benign tissue; allows 
the 3D visualization without overlapping tissues; admits 
recalls and its costs, and assesses the shape, size and 
location of a lesion [1-4]. 

In this work, in order to compare 3D reconstruction 
algorithms, simulated data and real mammograms will be 
used. Monte Carlo simulation will be an important tool to 
assess the image reconstruction algorithms, since it is 
possible to know the ground truth [5]. 

The GATE (Geant4 Application for Tomographic 
Emission) software was created for simulation of 
interactions between elementary particles and matter on 
Medical Physics area, using Monte Carlo methods. GATE, 
and specifically the CTscanner tool included therein are an 
important device to obtain simulated mammograms, given 
the stochastic nature of the process such as the interaction 
between the X-rays with tissues, the X-ray generation and 
detection [5]. The CTscanner is a system recently included 
in GATE and therefore, its use is not well known. 

Siemens Mammomat Inspiration is a digital 
mammography unit, in which X-rays are used to produce 
images from breast anatomy [6]. It was the chosen device to 
reproduce on the simulation system.   

4D NURBS-based Cardiac-Torso (NCAT) is a phantom 
that provides a realistic model of anatomy and physiology 
of human body. NCAT phantom is widely used on nuclear 
medicine imaging research, but it can also be applied on x-
ray diagnostic techniques, since the phantom is used to 
define not only maps of biological activity distribution, but 
also maps of attenuation coefficient distribution [7]. 

 Only a 3D region of this phantom is used: the volume 
corresponding to breast.   

There are some works based on Monte Carlo methods to 
simulate mammographic exams, but with distinct intents. 
To understand the diagnostic x-ray energy spectra, 
simulations were performed on Geant4 using different 
combinations of targets, filters and tube voltages [8].  
Similar studies were completed using ITS code [9] and 
MCNP4C code [10], also based on Monte Carlo methods. 

O. Dössel and .  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1482–1485, 2009. 



II. MATERIAL AND METHODS 

A. NCAT phantom 

To perform the simulation of mammograms, a realistic 
phantom of breast is used: the NCAT phantom. On the aim 
of this work, only the breast volume is needed. Thus, the 
NCAT phantom was utilized as a phantom of a normal 
woman. It was cropped and just the attenuation coefficient 
distribution map referent to the breast volume is used. The 
resulting matrix is a 44×43×49 voxels matrix. Each voxel 
is a 2×2×2 millimeters cube.  

Transversal, coronal and sagital slices of this phantom 
breast are illustrated on Fig. 1, Fig. 2 and Fig. 3, 
respectively.  These images are representations of the map 
of attenuation coefficient distribution obtained from NCAT 
program. 

The phantom used on this simulation corresponds to a 
large breast with 8×8×9 centimeters, approximately. 
 

 

Fig. 1 Transversal slices of the breast phantom (from superior to inferior). 

 

Fig. 2 Coronal slices of the breast phantom (from anterior to posterior). 

 

Fig. 3 Sagital slices of the breast phantom (from right to left). 

The breast phantom is similar to a breast on a prone 
woman body and not as compressed breast. Since the 
simulated data is used on tri-dimensional reconstruction of 
Digital Breast Tomosynthesis (where the breast will suffer 
just a small compression to maintain it motionless), this is 
not a problem.  

B. Hardware 

Siemens Mammomat Inspiration is the mammography 
unit chosen, which characteristics are used to construct all 
system for the simulation. It was the mammography unit 
chosen as it is a recent device. 

The parameters introduced are accordant to the breast 
size. Technical specifications, such as the voltage and the 
amperage, are regulated accordingly the thickness of the 
breast. This regulation can be done by the radiologist or by 
the automatic OPDOSE function. With this option, the 
exposure parameters as voltage and amperage are 
programmed based on breast thickness. We use the operated 
values to a thickness breast of 9 centimeters.  

C. GATE 

GATE is a platform for simulation, based on Geant4. The 
recent CTscanner system allows the simulation of the 
interaction radiation-matter on tomography using X-rays.  

On GATE, the materials used to construct the system and 
theirs characteristics can be found on a database. This has a 
range of different materials, including breast tissue. 

In this system, the parameters are introduced as realistic 
as possible. The average photon energy and the number of 
photons per second are estimated from calculations using 
the voltage and amperage given by mammography unit. 
Other parameter, the distance between the source and the 
detector, can be modified from exam to exam. We will use 
the usual value. The correspondence between technical 
specifications of Mammomat Inspiration (usual for a 9 
centimeters thickness breast) and the parameters that is 
introduced on GATE CTscanner can be seen on Table 1. 
The geometry created on GATE and the X-ray unit of 
Mammomat Inspiration are illustrated on Figure 4.  
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Table 1 Correspondence between technical specifications of 
mammography unit and introduced parameters on GATE to perform the 

simulation.  

Compound  Mammomat Inspiration GATE CTscanner  

X-ray  
generator 

Voltage: 28 kV 
 
Amperage: 277 mA 

Average photon energy:  
28 keV 
 
Number photons per second: 
1.73exp16 

Geometry 
Distance from  x-ray tube 
to detector: 65 cm 

Distance from source to 
detector: 65 cm 

Detector  

Pixel size: 85 μm 
 
Detector size: 24× 30 cm 
 
Image matrix: 2816× 3584 

Pixel size: 1mm 
 
Detector size: 24× 30 cm 
 
Image matrix: 240× 300 

Collimator 

Material: aluminum or lead  
 
Window: 30º 
 
Dimensions: 9.5 cm 

Material: aluminum 

 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

III. RESULTS 

One of the early experiments completed on GATE was 
performed using a cylinder made of breast material, in 
which was included a smaller cylinder made of silicon 
material. The system constructed and its results are 
illustrated on Figure 5. 

The results were obtained using a source of 3exp6 
photons and a 240×300 detector matrix composed by 1×1 
millimeter pixels.  

 

 
 

Fig. 5 Simulation using a cylinder made of breast material, where a 
small object made of silicon was introduced (left) and its result (right). 
 

 

Fig. 4 Siemens Mammomat Inspiration mammographic unit (left). System for simulation performed on GATE based on Siemens 
Mammomat Inspiration features (right). 
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A new system is constructed using the breast phantom 
from NCAT. 

The Figure 6 shows the number of photons that reaches 
the detector matrix (black is the null counting and white 
represents a detected photon) with the phantom. 

The breast phantom is perfectly seen on the simulated 
data, although the low photons intensity and the large pixel 
size. The influence of the breast thickness variation is 
visible by the photons counting, as expected. It is clearly 
visible in the image, that the base of the breast has less 
photon count than the top of the breast. This is related to the 
number of photons that are attenuated by breast tissue. The 
attenuation depends on the thickness of tissue, as we can see 
by the Beer-Lambert law (equation 1):  

x
eII

μ−
=

0                                 (1) 

Where Io and I are the incident intensity and the intensity 
after cross the material, μ is the linear attenuation 
coefficient and x the material thickness.    

 

 

Fig. 6 Simulated mammogram acquired with phantom breast from NCAT. 

IV. CONCLUSIONS AND FUTURE WORK 

These results obtained until now come from initial 
experiments. A very low photons intensity and a too large 
pixels size were used while other parameters were improved 
for sake of simplicity.  

The results can be improved, decreasing the pixels size. 
The source must be reconstructed, considering it, not as a 
point, but as an area. It inclination must be also pondered, as 
well as the energy distribution of the photons. Other 
compound can be considerer, the compression plate, 
although its interference is minimal. 

Knowing the results obtained until now, if these 
alterations were performed, we think that GATE may be a 

good tool to perform the simulation and acquire the 
mammograms.  Mammomat Inspiration can be modeled as 
an acquisition system in this software.  

Hereafter, the acquisition will be performed from 
different angles maintaining the breast position in order to 
allow the tri-dimensional reconstruction. Some 
modifications will be introduced on the breast with the 
mean to reproduce breast diseases, such as tumor masses, 
cysts and micro-calcifications. Phantoms with breast 
implants will also be simulated. The objective is to assess 
the tri-dimensional reconstruction, knowing the breast 
phantom composition.     
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Abstract—In today’s computer assisted diagnostics, high-
value 3-D imaging modalities are commonly used, since they 
permit differentiation between normal anatomical and patho-
logical structures and also show their spatial relationships. 
While 2-D imaging leaves spatial relationships unclear, 3-D 
volume visualization can give clear insights into spatial rela-
tionships, but needs sophisticated visualization techniques and 
experienced interactive and tedious setting of parameters. Iso-
surface rendering, direct volume rendering, and surface recon-
struction are established techniques and are applied to CT and 
MRI image volumes for identification of vessels – used as ana-
tomical landmarks – and tumors. Their visualizations are 
evaluated and compared to those of semi-automatically seg-
mented 3-D ultrasound image volumes of the same anatomical 
structures. Even in CT and MRI, which have higher contrast 
than noisy ultrasound image volumes, vessels and tumorous 
lymph nodes can only be delineated with time consuming in-
teraction. In comparison, semi-automatically segmented 3-D 
ultrasound image volumes present similar or even superior 
visualizations, but necessitate specifically adapted delineation 
algorithms. Their development is only worthwile, if inter-
patient reproducibility and – as far as possible – artifact-free 
imaging conditions can be assured. 

Keywords—visualization, segmentation, 3-D ultrasound, 
user interaction, multi-dimensional transfer function. 

I. INTRODUCTION  

Image based oncologic diagnostics primarily employs 
CT, MRI and PET volumes. Image fusion can yield deep 
insight to a pathological finding. Different aspects make 
3-D ultrasound attractive for diagnostics and therapy  
guidance:  

• Due to longer time spans between image acquisition 
and starting therapy and also topographic changes dur-
ing the therapy, acquiring current image updates to 
evaluate the therapies’ success may prove valuable. 
Such image updates can be gained e.g. by 2-D or 3-D 
sonography. 

• Landmarks, e.g. vessels of small diameter, are clearly 
visually discernible in CT and MRI only if contrast me-
dia or special acquisition sequences are used. Ultra-
sound images show vessels of small cross-section 
clearly even in B-mode images. 

• The delineation of tumors vs. tissue is often blurred on 
a macroscopic anatomical scale, as it is in MRI and CT 
scans with low resolution. In contrary, sonography can 
resolve structures up to a sub-millimeter scale. 

The assessment of findings in image volumes, i.e. the 
identification and measurement of relevant structures, is 
usually based on interactive visualization, although deter-
mining visualization parameters interactively is tedious 
even for experts. Image volume readings can only provide a 
benefit, if the spatial relationships – especially of the tumor 
and anatomical landmarks – can be visualized clearly with 
fast automatic processing or a procedure that demands only 
few and simple user interactions. For low-noise image vol-
umes like CT or MRI, a few such approaches are available 
for some visualization techniques. In contrast, such a state 
of automated visualization of anatomical structures in 3-D 
ultrasound is restricted to high-contrast low-noise applica-
tions like fetal imaging. Specific methods for low-
contrasted noisy images are only in a development stage.  

Typical visualization techniques used for CT and MRI 
are direct volume and surface rendering. Multi-dimensional 
transfer functions (n-D TFs) are frequently used for direct 
volume rendering (DVR) to control grayscale and transpar-
ency properties of image voxels. One example are opacity 
transfer functions (OTFs), that control the transparency 
(transparency t, opacity α = 1 − t) of each voxel. TFs intend 
to visually separate anatomical structures (structures of 
interest) from the dispensable structures. Iso-surfaces can be 
generated using a 1-D (windowing) OTF which assigns a 
binary transparency value to each voxel. Several approaches 
to define n-D TFs have been proposed, and demand differ-
ent and usually tedious user interactions and good visualiza-
tion skills [1-3]. One approach to automatize TF definition 
is to exploit properties of projected histograms. 

Image segmentation aims at delineating anatomical struc-
tures from surrounding tissue and provides data for e.g. 
surface meshes to model such structures spatially. 3-D sur-
face models leave the user with an easy task to identify the 
structure of interest.  

A. The Projected Histogram 

Kindlmann and Durkin [4] showed that material bounda-
ries are distinguishable, when their frequency distribution in 
the domain of data value (voxel x, data value f(x)=v) versus 
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first order gradient magnitude (|f’(x)|) is noted in a co-
occurrence matrix in a f(x) vs. |f’(x)|-domain. After gray-
scale encoding of the frequency distribution and projection 
into |f’(x)| vs. f(x)-domain, referred to as projected histo-
gram, different types of homogeneous material (f(x)=vn) 
appear as clotted regions, whereas boundaries between these 
materials occur as regions of continuous data value changes 
or as arches respectively. In present medical imaging, these 
arches are however not infinitely thin and regular, but 
blurred and distorted due to material inhomogeneities and 
characteristics of the imaging modality.  

B. Image Segmentation 

Segmentation is the task of explicitly separating a struc-
ture of interest from its surrounding. However, interactive 
segmentation procedures are tedious and require profound 
knowledge of the structures to segment. 

Automatic segmentation algorithms are complicated to 
develop, especially for varying image acquisition parame-
ters. Moreover segmentation is most often specialized on a 
very narrow field of operation, e.g. ’delineation of liver 
vessels in 3-D sonograms’, where it usually evaluates char-
acteristic features often related only to a certain application. 
The segmentation of 3-D ultrasound volumes requires inter-
patient reproducible imaging conditions, e.g. the acquisition 
of at least similar anatomical structures and the prevention 
of systematic artifacts. If these specializations are fulfilled, 
segmentation can achieve high-quality results, but requires a 
rather long development to do so. 

C. Visualization of 3-D Ultrasound Image Volumes 

Further on, a 3-D ultrasound image volume visualization 
shall be regarded to be useful for oncologic diagnostics, 
therapy planning and therapy control, if the visual percep-
tion of relevant anatomical structures is at least similar to 
that of classical volume imaging modalities, e.g. CT or 
MRI, at minimal user interaction. Acceptable visualizations 
can be gained for inspection of 2-D ultrasound images in 
multiple plane reconstruction (MPR) of the 3-D ultrasound 
image volume. Because spatial relationships are lost in 
general in MPR, it shall be omitted from further investiga-
tion. Instead the usability of segmented structures shall be 
investigated.  

D. Aim of the Work 

Three approaches – DVR, iso-surface rendering, and sur-
face reconstruction – for 3-D CT and MR image volumes 
shall be compared to segmentation of 3-D ultrasound image 
volumes and evaluated w.r.t. their usability for intuitive 

understanding of anatomy and oncologic pathology. Be-
neath the tumor itself, vessels are assumed to be of special 
interest, because they can serve as anatomical landmarks for 
the description of tumor location, and their potential tumor 
infiltration can be of prognostic value. 

II. MATERIALS AND METHODS 

Cervical lymph nodes, carotid arteries, and vessels of the 
portal venous and hepatic vein system of the liver are ac-
quired in 3-D ultrasound and, for reference, in CT or MR 
image volumes.  

DVRs of CT and MRI volumes are generated by apply-
ing suitable 1-D and 2-D TFs and OTFs. They are defined 
using a standard 2-D mouse as input device.  

An iso-surface is reconstructed by applying a triangula-
tion method to all voxels of a certain data value f(x).  

Surface reconstruction is an interactive process that starts 
by specifying a structure of interest in a visualized image 
volume e.g. by clicking, resulting in a vector describing a 
straight path throughout the entire or a small part of the 
volume and penetrating the structure of interest. By sum-
ming-up the data values and gradients of passed voxels, a 
projected histogram is calculated [5]. Through evaluation of 
the projected histogram, boundaries are detected, which 
serve as a seeding region for boundary tracings via pairings 
of data value f(x) and gradient magnitude |f’(x)|. By using 
Delaunay triangulation [6], a surface representation is cre-
ated from the boundary tracing outcome. 

3-D ultrasound image volumes of 2 patients with secon-
dary liver tumours, 2 patients with primary head and neck 
tumours, and 3 healthy volunteers were acquired with con-
vex 3-D/4-D transducers (Philips ATL iU 22, transducer 
3D6-2, frequency range 2.0-6.0 MHz and General Electric 
Loqic 9, transducer 4D3C, frequency range 2.0-5.0 MHz). 
In 3-D ultrasound image volumes, the mentioned anatomi-
cal structures are (semi-)automatically segmented by prob-
lem-specific algorithms. The segmentation results are con-
trolled for their correctness, i.e. only visually correct 
delineations are used for further Delaunay triangulation. 

III. RESULTS 

A gadolinium-ion contrast agent enhanced MR-
Angiography (MRA) image volume was acquired from the 
upper abdomen and presented its anatomical inversion, as 
seen rendered using DVR and an interactively defined 1-D 
OTF in Fig. 1. Due to the contrast agent, the portal venous 
system is clearly distinguishable from surrounding liver 
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tissue. Yet the hepatic vein system is not ascertainable, as it 
contains no contrast agent. In order to increase visual sepa-
ration, an iso-surface function can be used to extract 
vaguely contrasting structures as seen in Fig. 2. The iso-
surface function succeeds in separating the contrast agent 
enhanced portal venous system, but fails in finding non-
enhanced vessels. Additional drawbacks of the iso-surface 
function are the visualization of other structures with the 
same data value, which may prevent a clear view on the 
structure of interest, and the discontinuity of surfaces. In 
contrast, the boundary tracing algorithm not only succeeds 
in detecting the contrast enhanced portal venous system 
(purple), but also in detecting the non-enhanced hepatic 
venous system (blue) as seen in Fig. 3. The visual separa-
tion is emphasized through different colorings of the indi-
vidual boundary tracings. Incidental spatial proximity of the 
two venous systems may cause indiscernible tracings (red). 
The average computational time from initial boundary de-
tection to presented surface reconstruction is below 5 sec-
onds, and the necessary mouse clicks take less than 
10 seconds. 

In three 3-D ultrasound image volumes, vessels were 
segmented by a semi-automatic algorithm, which primarily 
evaluates data values f(x). It creates vessel surfaces sepa-
rated for both vessel systems. Assuming the vena cava as a 
root, the hepatic vein systems was detected up to the third 
and forth vessel generation, as seen in Fig. 4.   

In a head and neck CT, cervical lymph nodes and carotid 
arteries were visualized in arbitrary 2-D slices and in 3-D 
after interactive OTF definition and surface reconstruction. 
Small gray-scale differences between lymph nodes, vessels, 
and surrounding muscles makes TF definition difficult and 
may prevent precise separation of anatomical structures. 
The surface reconstruction of traced boundaries neverthe-
less leads to smooth surfaces for carotid artery and lymph 
nodes. However, the two lymph nodes could not be distin-
guished and separated by this procedure, as seen in Fig. 5. 
For diagnostics, surface reconstructions of lymph nodes and 
carotid artery are visualized overlaid into the raw CT image 
volume rendered with a 1-D OTF. For 3-D ultrasound 
scans, lymph nodes and carotid artery were manually seg-
mented. The lymph node surface models appear in correct 
shape and size, as they can be identified from the echopenic 
structures in 2-D slices. However, ring down artifacts, 
which are specific for sonographically dense materials in a 
reflecting environment, impede a clear delineation of the 
inner carotid artery and make its 3-D model resemble a 
caterpillar. 

  

 

Fig. 1 DVR of gadolinium-ion contrast agent enhanced MRA image 
volume using an interactively defined 1-D OTF 

 

Fig. 2 Contrast enhancing iso-surface (green) overlain to the DVR of 
contrast enhanced MRA image volume 

 

Fig. 3 Surface reconstructions of portal veins (purple), hepatic veins (blue), 
and an example of indiscernible vessels (red) overlain to the DVR of 
contrast enhanced MRA image volume 
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Fig. 4 Surface reconstructions of portal (purple) and hepatic veins (blue) 
from a 3-D ultrasound image volume overlain to one plane of a MPR. 
Oblique view (top) and top view (bottom) 

 

 

Fig. 5 Cervical lymph nodes (yellow) and carotid arteries (red) in CT (top) 
and 3-D ultrasound image (bottom) volumes of the same patient. The 
ultrasound images and surface models indicate no presence of tumor 
infiltration 

IV. CONCLUSIONS 

In general, direct volume rendering for 3-D ultrasound 
volumes is only feasible with a prior reduction of noise and 
artifacts. In order to generate representative surface recon-
structions, the structures of interest must at least be visually 
discernible for user interaction. Spatial models from seg-
mented ultrasound volumes coincide well with renderings 
of CT or MR volumes and are the recommended image 
processing if a precise update of pathological findings is 
necessary. 
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Abstract— The purpose of the present study is to compare 
arterial vasodilation in response to two different occlusion 
cuff positions and different protocols under a reactive hy-
peraemic stimulus. For comparing two different occluding 
cuff positions and extracting optimal reactive hyperaemia 
protocol, ten healthy young adults were studied. The relative 
strain and hemodynamic changes of the left brachial artery 
were calculated with motion estimation from the sequential 
ultrasonic images and power Doppler sonogram. The results 
of the two different occlusion cuff positions with left proxi-
mal upper arm and distal forearm occlusions showed that 
the brachial artery vasodilation are significantly greater 
under the upper arm occlusion than in those with forearm 
occlusion. The results of optimal reactive hyperaemia proto-
cols showed that optimum occlusion pressures, occlusion 
time, time after releasing cuff for recording ultrasonic im-
ages and estimating relative strain are 150mmHg, 5min, 45-
60s with higher vasodilation and blood flow changes. It is 
concluded that the magnitude of relative strain and blood 
velocity would be related to not only to the choice of the 
location of cuff inflation, the magnitude of occlusion pres-
sure and time but also to the time interval after the release 
of the occlusive cuff.  

Keywords— Ultrasound, Biomechanical behavior, Bra-
chial artery, Reactive hyperaemia  

I. INTRODUCTION  

The vascular endothelium includes a single layer of 
cells covering the arterial internal surfaces that causes 
growth, vasoregulation and vasoprotection in arteries [1]. 
Researchers showed that endothelium function is changed 
by age and sex, smoking, high cholesterol, heart failure, 
special coronary artery, diabeties and …[2-4]. Blood flow 
exerts a force on the arterial endothellial surface known 
as haemodynamic shear stress. This mechanical stimulus 
causes the release of nitric oxide (NO) from the endothe-
lium, which is a vasodilator [5].  Blood flow stimulus 
factor is produced by two methods: active and reactive 
hyperaemia. Active hyperaemia occurs in response to an 
increase in metabolic activity (exercise), whereas reactive 
hyperaemia occurs following an external occlusion of the 
artery. In both conditions, hyperaemia generates an in-
crease in shear stress induced vasodilation. Reactive hy-
peraemia induced brachial artery vasodilation, also re-

ferred to as flow mediated dilation is used extensively in 
research to assess changes in endothelial function in a 
variety of clinical populations and age groups [1, 2, 5]. 
Thus the purpose of the present study is to compare rela-
tive strain in response to different protocols under a reac-
tive hyperaemic stimulus. Then the effect of different 
protocols of flow reactive stimulation on the hemody-
namic changes of the brachial artery is evaluated and 
optimal protocol with relative strain maximum and veloc-
ity changes maximum is proposed. 

II. MATERIALS AND METHODS 

A. Theory  

For estimating the arterial radial strain, spontaneous arte-
rial diameter changes )(td  were measured. The maxi-

mum diameter changes was calculated based on the 
maximum systolic diameter, )(tds

, and the minimum 

diastolic diameter, )(tdd
. Considering the relative changes 

of arterial diameter, radial strain )(tr was defined as [6]: 

                                  
d

r d
td

t
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)(                                                    

Where, dd is the end diastolic diameter. In the present 

study, to assess brachial artery vasodilation caused under 
a reactive hyperaemic stimulus, relative strain was de-
fined as the ability of vessel's endothelium to produce 
nitric oxide:      
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)(Stressr
, and )(Restr

are radial strains in a reactive hy-

peraemia and without it, respectively. 

B. Study Population  

For comparing external occlusion of the left brachial 
and the left radial arteries on the biomechanical effect of 
the left brachial artery and reach occlusion site with 
higher relative strain and so optimal reactive hyperaemia 
protocol, relative strain and blood velocity of left brachial 
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artery of ten healthy physically active young adults, with 
mean aged 26±2 years old, were studied. Blood pressure 
was recorded by wrist monometer in the left radial artery 
with a subject in supine position using a semiautomatic 
device (Microlife, ±3mmHg, Germany) immediately after 
the measurement of the diameter changes of brachial 
artery at 5 min intervals during the examination. 

C. Ultrasonographic studies  

High-resolution B-mode ultrasound and color Doppler 
images from the left brachial artery was obtained with a 
9MHz linear array transducer attached to the ultrasound 
machine (GE logic 500 MD, version 4, Milwaukee, WI, 
USA). The sequential images were acquired with the 
subjects at rest and lying in the lateral decubitus position. 
For each ultrasound examination, matching longitudinal 
and transverse views of the left brachial artery (3-5 cm 
upper than elbow) were located and the sequential frames 
of B-mode images and power Doppler sonogram in mid 
lumen of artery, representing a minimum of three cardiac 
cycles, were recorded before and after occlusion. For off-
line analysis, each recorded sequence was saved, frame 
by frame, on the scanner’s hard disk. Motion estimation 
from the sequences of images was performed with echo 
tracking technique [6] and the diastolic (dd) and systolic 
(ds) diameters of the left brachial artery were extracted 
throughout three hearth cycles. The average of three 
measurements was used to determine the diameter of the 
artery. Then the blood velocity in arterial mid-lumen was 
extracted from the power Doppler sonogram of brachial 
artery to obtain the peak systolic velocity (PSV) and late 
diastolic velocity (LDV) information during pulsation 
with the Doppler flow signal corrected for an insonation 
angle of 60°. The optimum protocols with higher relative 
strain and higher velocity changes were proposed for 
research in endothelial function in a variety of clinical 
populations and age groups. 

D. Statistical Analysis  

All data are expressed as mean±SD. Based on the re-
sults of this study, sample size was estimated on 10 sam-
ples with confidence level of 95% and power of test of 
90% in each experiment. The statistical significance of 
the differences, in mean values, was assessed by ANOVA 
for more than two groups and by paired t-test for two 
groups. P-values less than 0.05 were chosen as the levels 
of statistical significance.  

III. RESULTS 

The results of the two different occlusion cuff posi-
tions with left proximal upper arm and distal forearm 
occlusions (200mmHg for 5min occlusion and recording 
60s after release of external occlusion) were shown in 
Table 1. The arterial radial strain is significantly greater 
under the upper arm occlusion than in those with forearm 
occlusion. Relative strain of brachial artery using upper 
arm occlusion and forearm occlusion are 176% and 32%, 
respectively.  

Table 1 Characteristics of left brachial artery [mean ± SD] during 
specific phases of measurement for two arterial occlusion cuff positions. 

 

Parameter 
Upper arm 
 occlusion 

Forearm  
occlusion 

Peak systolic diameter (mm) 4.40±0.47 4.24±0.34 

Radial strain (%) 10.44±2.63  4.97±3.61 

Therefore, we continued experiments with recording 
ultrasonic images from left brachial artery with left fore-
arm occlusion. There were not significant differences 
between mean radial blood pressures after release of 
external occlusion in two arterial occlusion positions with 
rest condition that is expectative. 

To extract optimal reactive hyperaemia protocol, stud-
ies under different external occlusion pressures, different 
occlusion times and different time of measuring after 
release of external occlusion were applied. The results of 
peak systolic (ds) and radial strain changes of brachial 
artery and so peak systolic velocity (PSV) and late dia-
stolic velocity (LDV), 60s after different occlusions of 
left upper arm under 0, 50, 100, 150, 200 and 250mmHg 
pressures for 5min are plotted in Table 2. 

Table 2 peak systolic diameter (ds), radial strain, peak systolic velocity 
(PSV) and late diastolic velocity (LDV), 60s after different occlusions 

of left upper arm under 0, 50, 100, 150, 200 and 250mmHg pressures for 
5min  

 
There was no significant difference in peak systolic 

brachial artery diameter for six arterial occlusion pres-
sures, but there was significant difference in end diastolic 
diameter between 100, 150 and 200 mmHg pressures with 

Pressure 
(mmHg) 

ds 

(mm) 
Radial  

strain (%) 
PSV 

(cm/s) 
LDV 
(cm/s) 

0 4.11± 0.39 3.78±1.09 58±5 13±5 
50 4.09± 0.41 7.55±3.04 62± 3 19± 2 
100 3.84± 0.16 6.55±2.83 63± 3 7± 2 
150 4.00± 0.50 10.78±1.78 71± 4 16± 3 
200 3.98± 0.33 13.00± 2.74 68± 4 24±3 
250 4.04± 0.31 5.78±1.09 63± 2 13± 3 
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rest condition. The statistical analysis of PSV and LDV 
showed that there were significant differences for six 
arterial occlusion pressures. There was significant differ-
ence between peak systolic velocities in 150 and 
200mmHg pressures with rest condition. There were not 
significant differences between systolic and diastolic 
radial blood pressures 60s after release of external occlu-
sion pressures with rest condition. The occlusion pres-
sures of 150 and 200 mmHg could significantly increase 
radial strain percent. In these occlusion pressures, the 
mean of the coefficients of the variance for radial strain 
were lower (17% and 21% for 150 and 200mmHg, re-
spectively) relating to another occlusion pressures. Rela-
tive strain of brachial artery in 50, 100, 150, 200 and 250 
mmHg are 97, 71, 184, 242 and 53%, respectively. In this 
stage, we found optimum occlusion pressures (150 and 
200mmHg) with higher vasodilation and blood flow 
changes, but for sustainable of subjects and the lower CV 
percent, occlusion pressure of 150mmHg was proposed. 

For evaluating of occlusion time with higher vasodila-
tion and blood velocity changes, brachial artery was ob-
structed with optimum pressure (150mmHg) under 1, 2, 
3, 4, 5 and 6min occlusion time (Table 3).  

Table 3 peak systolic diameter (ds), radial strain, peak systolic velocity 
(PSV) and late diastolic velocity (LDV), with optimum pressure of 

150mmHg for different occlusion times (min) 

 
There was significant difference in peak systolic di-

ameter of brachial artery for 5min occlusion time relative 
to another occlusion times, but there was no significant 
difference in end diastolic diameter. Also, it shows an 
increase in the blood flow velocities for 5min occlusion 
time relating to another occlusion times. Occlusion time 
of 5min could significantly increase radial strain percent 
with greater vasodilation and blood flow. Relative strain 
of brachial artery, 45-60s after releasing cuff and 1, 2, 3, 
4, 5 and 6min of occlusion times are 7, 53, 87, 90, 180 
and 58%, respectively.  

In following results, we studied optimum time for 
measuring diameter changes after release of external 
occlusion. In Table 4, peak systolic diameter (ds), radial 
strain, peak systolic velocity (PSV) and late diastolic 
velocity (LDV), with optimum pressure and time occlu-

sion in 30, 45, 60, 75 and 90s after release of cuff are 
shown.  

 
Table 3 peak systolic diameter (ds), radial strain, peak systolic veloc-

ity (PSV) and late diastolic velocity (LDV), with optimum occlusion 
pressure and time in 30, 45, 60, 75 and 90s after release of cuff 

 
 
There were significant differences in peak systolic di-

ameter and end diastolic diameter of brachial artery 30s 
after release of occlusion (150mmHg for 5min) relating to 
another time, but diameter changes in this time (30s) is 
lower. Also, there is a significantly increase in the peak 
systolic velocity 45 and 60s after release of occlusion 
relating to another times condition. The results of radial 
blood pressure show that with measuring time changes 
after release of external occlusion, systolic and diastolic 
radial blood pressures are relatively constant. There is a 
significantly increase in radial strain percent 45 and 60s 
after release of occlusion cuff. Relative strain of brachial 
artery 30, 45, 60, 75 and 90s after releasing cuff and un-
der 150mmHg occlusion pressure for 5min are -40, 58, 
58, 29 and 21%, respectively. Because of turbulent flow, 
diameter changes, 30s after release of external occlusion 
is not suitable for recording ultrasonic images and esti-
mating relative strain with greater vasodilation and blood 
flow.    

IV. DISCUSSION AND CONCLUSION  

Endothelial dysfunction is believed to be an early 
event in atherogenesis and has been shown to exist in 
patients with coronary artery disease and other cardiovas-
cular risk factors [2]. Vasodilation parameters are desig-
nated as an endothelium-dependent process that reflects 
the relaxation of a conduit artery when exposed to in-
creased flow and, thereby, increased shear stress. When 
blood flow increases through a vessel, the vessel dilates. 
This physiologic response was first described by Schret-
zenmayer [5] and was subsequently demonstrated in a 
number of conduit arteries. Although, previous studies 
showed that the endothelium acts as a mechanotransducer 
that senses changes in shear stress and subsequently 
modifies the output of dilator factors, the endothelial 
signaling cascade, which is responsible for converting 

Time 
(min) 

ds 

(mm) 
Radial  

strain (%) 
PSV 

(cm/s) 
LDV 
(cm/s) 

0 4.70± 0.20 4.41± 2.13 58±5 13±5 
1 4.43± 0.06 4.73± 0.06 69±5 8±4 
2 4.73± 0.07 6.77± 2.27 75± 4 10± 6 
3 4.80± 0.08 8.27±1.26 95± 5 20± 5 
4 4.37± 0.05 8.40± 1.38 78± 7 17±5 
5 5.03± 0.04 11.03± 2.23 71± 3 16± 2 
6 4.43± 0.10 7.00± 1.05 93± 9 7± 4 

Time 
(s) 

ds 

(mm) 
Radial  

strain (%) 
PSV 

(cm/s) 
LDV 
(cm/s) 

0 4.70± 0.20 4.41± 2.13 58±5 13±5 
30 4.67± 0.12 4.53± 0.16 117±15 26±6 
45 4.43± 0.06 4.13± 0.06 143±9 28±6 
60 4.53± 0.12 4.23± 0.26 128±18 25±3 
75 4.47± 0.12 4.23± 0.10 125±4 21±6 
90 4.57± 0.10 4.33± 0.20 126±21 19±15 
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mechanical stimuli in to the release of vasodilatory mole-
cules, has not been fully clarified [5]. 

Therefore, in this study we have defined relative strain 
as the response of vessel's endothelium due to an increase 
in vascular shear stress with an increase in blood flow 
velocity and the subsequent release of nitric oxide (NO). 
The relative strain of brachial artery is noninvasive tech-
nique that can be used for the assessment of cardiovascu-
lar risks, and can be used as surrogate markers for athero-
sclerosis. First, it should be noted that the relative strain 
value is influenced by changes in baseline diameter. 
Baseline diameter is an important determinant of meas-
ures of the percent of change and must be considered 
when comparing vasodilator responses between different 
groups of subjects. Therefore we measured arterial di-
ameter from all available frames that we captured them 
from brachial artery ultrasound images (30 frame/s).  

The upper arm proximal position completely prevented 
flow at the measurement site and caused a great reduction 
in distending pressure. The results of this study showed 
that left upper arm occlusion caused the brachial artery 
vasodilation relative to forearm occlusion (relative strain 
percent of 176% and 32%, respectively). The relative 
strain may vary not only by occlusion site, but also by the 
type of hyperaemic stimulus protocols.  

Therefore, we continued experiments with recording 
ultrasonic images from left brachial artery with left fore-
arm occlusion. Due to lack of a standardized method to 
measure arterial vasodilatation [7], we evaluated arterial 
vasodilation in response to different protocols under a 
reactive hyperaemic stimulus. In this study, an automated 
program of image processing was used to detect diameter 
changes from available ultrasonic frames. Relative strain 
and blood velocities may vary by occlusion pressure, 
occlusion time and different time of measuring after re-
lease of external occlusion. Important finding of the pre-
sent study was 150 and 200mmHg occlusion pressures 
and 5min occlusion time that caused a greater relative 
strain response (184% and 242%, respectively) that was 
significantly different from rest status. These findings 
confirm results of previous investigation [2,7-9] but we 
strongly proposed 150mmHg occlusion pressure and 
5min occlusion time with greater relative strain and blood 
velocity changes, so lower the coefficient of the variance 
percent and sustainable for subjects. On release of the 
occlusion cuff, the increase in relative strain and blood 
velocity change was approximately the same for 45 and 
60s after releasing (58%). Because of turbulent flow, 
30min after release of external occlusion, diameter 
changes is not suitable.   

The limitation of this study that investigating the 
hemodynamic changes in the peripheral arteries is de-

pendent to operator. In this study, the same observer con-
ducts all the measurements. The Doppler measurements 
can only be applied at rest and immediately after real time 
B-mod recording. Unfortunately, it is impossible to over-
come the limitations. 

In conclusion, our findings confirm the effect of reac-
tive hyperaemic stimulus on arterial vasodilatation. We 
showed that the relative strain of left brachial artery may 
vary by the choice of the location of cuff inflation. Also, 
we suggest that the images be analyzed with automated 
method-based motion estimation with echo tracking tech-
nique. It is concluded that the magnitude of relative strain 
and blood velocity would be related to not only to the 
magnitude of occlusion pressure (150 mmHg) and time 
(5min) but also to the time interval (45-60 s) after the 
release of the occlusive cuff. More studies are needed to 
confirm our findings and allow for future use of the reac-
tive hyperaemic stimulus for clinical purposes and diag-
nosis. 
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Abstract—Realistic simulations and engineering innovations 
help to improve therapy of blood vessel diseases by involving 
detailed information about a blood vessel wall architecture. 
This information is especially needed in a constitutive model-
ing of tissues. This study presents a computational method for 
evaluating of arterial internal structure based on analysis of 
histological sections. Presented algorithm searches dominant 
directions in binary pixel maps of histological sections filtered 
according to a constituent, which was previously stained. Par-
ticular constituent is represented by pixels with the value one 
in a black and white image. Neighborhood of each non-zero 
pixel is analyzed by a rotating line segment. Dependence be-
tween the number of non-zero image pixels shared by the line 
segment and the segment angle is found. The rotation with 
maximum number of non-zero pixels determines local domi-
nant direction for the pixel in the given neighborhood. By 
applying this procedure to all non-zero pixels of the binary 
image an empirical distribution function of preferred direc-
tions in the whole image is provided. This method was tested in 
four histological sections of human abdominal aorta. A distri-
bution of collagen fibrils’ directions was evaluated for medial 
and adventitial layer. Two sections for every layer were ana-
lyzed – one with a long axis aligned to the axial direction of the 
aorta and one aligned circumferentially. Graphs of empirical 
probability density functions are presented. Results proved 
that collagen fibrils are not aligned in finite number of direc-
tions. However, the distribution in adventitial layer had two 
significant peaks almost symmetrically disposed to circumfer-
ential and axial direction of the artery wall. Peaks correspond 
to ≈67° and ≈112° (angle is measured from axial to circumfer-
ential direction). Sections of the medial layer did not provide 
unambiguous results.  

Keywords—aorta, collagen, constitutive model, distribution 
function, image analysis. 

I. INTRODUCTION 

Realistic simulations should improve therapy of blood 
vessel diseases by involving detailed information about 
material composition and tissue structure. Especially consti-
tutive models of arteries should consider an internal struc-
ture and mechanical behavior of their constituents. How-
ever, biological tissues comprise large number of different 
cells, matrix proteins and bonding elements. Moreover, 

there are many complex interrelations between these con-
stituents. Thus a description of mechanical response of a 
tissue based on microstructure observations is a complicated 
problem. Nowadays models based on nonlinear solid me-
chanics consider only a limited number of constituents and 
special assumptions about their arrangement are employed. 

Constitutive models are suggested within framework of 
mixture theory. The most frequent models incorporate in-
formation about collagenous fibrils and their arrangement 
[1], [2]. Wall is assumed to be a basement matrix in which 
fibers are embedded and finite number of preferred direc-
tions is supposed. Collagenous component is typically ar-
ranged in two families of helical fibers. Slightly different 
considerations about the matrix are made in [3]. Recently 
Rezakhaniha and Stergiopulos published a modified mixture 
model which incorporates anisotropic response of elastin [4] 
and applied this idea for modeling of a venous wall. Three-
fold mixture was considered by Zulliger et al. in [5]. They 
suggested a constitutive model which incorporates elastin, 
collagen and smooth muscle cells. Models with more than 
three constituents are rare if ever occur.  

Models with continuous distribution of preferred direc-
tions also exist. One such model was recently suggested by 
Gasser et al. in [6]. Driessen et al. utilized another continu-
ous model in [7]. This way seems to be in a better agree-
ment with reality than the previously described models. 
However, obtaining empirical distribution functions which 
describe arrangement of fibrils requires fine microstructure 
analysis. There are plenty of papers which report histologi-
cal observations of arterial walls. But detailed analyses 
providing experimentally determined distribution functions 
of wall constituents are rare. Billiar and Sacks published 
data for bovine pericard and porcine aortic leaflet [8]. 
Analysis of cellular nuclei orientation in human aortic  
media was performed in [2]. Up to date overview of  
collagenous fibrils organization in arterial wall can be found 
in [9].  

The purpose of this study is to extent knowledge of col-
lagen organization in aortic wall. An automatic method 
evaluating directional arrangement of fibers in a histological 
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section is presented and applied to collagen fibrils in human 
abdominal aorta. 

II. IMAGE  ANALYSIS ALGORITHM  

Obtained histological sections were digitalized and 
tresholded with respect to particular color of histological 
staining. The example of such an image is in Fig. 1.  

 
Fig. 1 Transversal section of abdominal aorta stained with van Gieson. 
Collagen fibrils are stained red. Black smooth muscle nuclei are also 
apparent. Scale corresponds to 100μm 

  

Fig. 2 Binary map of transversal section of abdominal aorta stained with 
van Gieson (from Fig. 1). White color corresponds to collagenous fibrils 

 

Filtered image is then transformed to a binary pixel map 
with logical one in pixels associated with the selected color, 
see Fig.2. In such a way prepared binary pixel map is the 
input of the rotating line segment algorithm (RLSA) provid-
ing directions distribution of the sparse structure repre-
sented by non-zero pixels. In each non-zero pixel of the 
input binary image the algorithm looks for a best line seg-
ment (and its angle) sharing maximum non-zero pixels in 
the current neighborhood. This angle of maximum non-zero 
pixels incidence gives a local dominant direction. 

Let us consider non-zero pixel of the binary pixel map 
and its square neighborhood of size k x k. k must be odd and 
higher than one. This neighborhood is represented by square 
logical matrix M (k × k). A set of pixels L in square grid 
which satisfies (1) or (3) is called a discrete native line (the 
set L includes all points having the distance less than ω/2 
from the line ax+by+c=0) 

( ) [ ] 2 0
2
ωω ω⎧ ⎫= ∈ ≤ + + + <⎨ ⎬

⎩ ⎭
L a b c x y ax by c, , , , ;   (1) 

Parameters in (1) have to satisfy constraints (2). 

( )ω = a bmax ,  ∈a b c, ,     (2) 

Numerical range of the line angle is <0;π) to take into ac-
count  the symmetry of the rotating line. The rotated line 
expressed by one parameter α (rotation angle), is defined by 
equation (3). 

[ ] ( ) ( )2 1
0 1

2
α α

α α
⎧ ⎫⎪ ⎪= ∈ ≤ + + <⎨ ⎬
⎪ ⎪⎩ ⎭

L x y x y
max , tan

, ; tan max , tan
 
(3) 

Details can be found in [12]. Each Lα can be represented by 
a square matrix k x k of logical values. Pixels which satisfy 
the condition (3) have values of one, other pixels have zero 
values. Generated discrete lines having inclination within a 
prescribed interval of angles <α, α+Δα).  

A level of the discrete line fitting to the neighborhood 
area M is measured by matching coefficient ( )αC .  

( )
( ) ( )

( ) (1 1    0 1

α

α α= =

⋅
= ∈
∑∑

k k

i j

M i j L i j
C C

k

, ,
; ;   (4)  

( )αC is obtained as the sum of element by element multipli-
cation of matrices M and La , normalized with respect to 
size of neighborhood k. ( )αC is never equal to zero because 
both matrices includes at least one non-zero pixel. Maxi-
mum value of ( )αC corresponds to the angle of local domi-
nant direction in a given pixel.  

Two ways from the local (pixel) to the global (image) in-
formation transfer exist. First, one may create a local em-
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pirical distribution function in each non-zero pixel of the 
image and averages over the whole image (method I.). The 
second way is to represent each non-zero pixel in the image 
only by the maximum value of ( )αC , and to create a histo-
gram of local dominant directions in the image (method II.). 
In an ideal case of image with homogenously distributed 
structure both alternatives converge to each other. Methods 
were programmed within MATLAB (Mathworks, USA) 
platform. Alternatives to the above described algorithm 
exist. Holzapfel et al. [2] used an automatic technique based 
on second-order moment evaluation. A ridge and valley 
method is applied in [11]. Detailed information about pre-
sented algorithm and its testing with different images can be 
found in [12]. 

III. COLLAGENOUS  FIBRILS DISTRIBUTION  

Four histological images obtained form 36-years-old 
male abdominal aorta were analyzed by the algorithm de-
scribed above. They were stained with van Gieson, digitized 
and filtered to extract the collagenous component. One pair 
of images was obtained from adventitial part of a wall and 
one from a medial layer. Optical magnification was × 20. 
The distribution of collagen fibrils in histological images 
was determined using the angle resolution Δα=π/16. Orien-
tation of analyzed angle a is shown in Fig. 3. 

z

t

r

a

 

Fig. 3 Sketch of resulted angle. The angle is measured between axial and 
circumferential direction 

IV. RESULTS AND CONCLUSION  

Obtained results may be affected by a choice of the pa-
rameter k (length of the rotating line segment). After several 
tests we suggest that the best choice for k is to be propor-
tional to a characteristic dimension of the analyzed struc-
ture. In the present analysis the k was set to k=51 pixels, 
 

because this value refers to the typical size of collagen fi-
bers in the analyzed image.  

 
Fig. 4 The map of local dominant directions for adventitial circumferential 
section (same section as in Fig. 1 and 2). Horizontal and vertical axis in 
pixels (compare with neighborhood size k=51). Color map in radians. 
White color corresponds to zero-pixels 

Fig. 4 shows the map of results for circumferential sec-
tion form adventitial layer. It proves that neighborhood of 
pixel is proportional to colored areas which represents non-
zero pixels. Local distribution of dominant angles is shown 
in Fig 5 and 6. A length of arrow is normalized and corre-
sponds to the value of matching coefficient. It is seems to be 
obvious that a continuous distribution of collagen fibers 
rather than a finite number of preferred directions exist. 
However, only two significant peaks are presented in Fig. 5 
(adventitial layer). It confirms that models of collagenous 
architecture with two families of helical fibers are close to a 
real structure. These peaks represent values of  α  ≈67° and 
≈112° (with respect to angular step 11.25°).  

 

Fig. 5 Local directions histogram for adventitial layer (polar projection). 
Two almost symmetrically disposed directions are confirmed (method II.) 
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Fig. 6 Local directions histogram for medial layer. The result does not 
provide unambiguous conclusion. Method II 

This result is in accordance with [1]. Medial distribution 
is in Fig. 6. On contrary to the adventitia we may not con-
firm existence of two dominant directions. Longitudinal 
sections suggest similar result but circumferential section is 
obviously with a one peak only. For completeness graphs of 
average probability density evaluated by method I in adven-
titia are presented in Fig. 7. Results obtained by method I 
and II qualitatively agree, however method II predicts 
sharper distributions and therefore the method II is a better 
guide for modeling based upon the finite number of direc-
tions.  
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Fig. 7 Average empirical probability density in adventitia based on C(α). 
Circumferential section is on top and longitudinal section is at bottom. 
Method I 

Finally, we may conclude that the RLSA successfully 
identifies dominant direction in histological images. More-
over, comparable results were obtained from different histo-
logical sections. Obtained results for adventitia are in ac-
cordance with literature, and all presented data are available 
on request.  

ACKNOWLEDGMENT 

This research has been supported by Czech Ministry of 
Education project MSM 68 40 77 00 12 and Czech Science 
Foundation GACR 106/08/0557.  

REFERENCES   

1. Holzapfel GA, Gasser TC, Ogden RW (2000) A new constitutive frame-
work for arterial wall mechanics and a comparative study of material 
models. J Elast 61:1–48 

2. Holzapfel GA, Gasser TC, Stadler M (2002) A structural model for 
viscoelastic behavior of arterial walls: Continuum formulation and fi-
nite element analysis. E J Mech A/Solids 21: 441–463 

3. Zulliger MA, Fridez P, Hayashi K, Stergiopulos N (2004) A strain 
energy function for arteries accounting for wall composition and 
structure. J Biomech 37:989–1000 

4. Rezakhaniha R, Stergiopulos N (2008) A structural model of the 
venous wall considering elastin anisotropy. J Biomech Eng 130, DOI 
10.1115/1.2907749 

5. Zulliger MA, Rachev A, Stergiopulos N (2004) A constitutive formu-
lation of arterial mechanics including vascular smooth muscle tone. 
AJP Heart 287:1335–1343  

6. Gasser TC, Ogden RW, Holzapfel GA (2006) Hyperelastic modelling 
of arterial layers with distributed collagen fiber orientations. J R Soc 
Interface 3:15–35 

7. Driessen NJB, Bouten CVC, Baaijens FPT (2005) A structural consti-
tutive model for collagenous cardiovascular tissue incorporating the 
angular fiber distribution. J Biomech Eng 127:494–503 

8. Billiar KM, Sacks MS (1997) method to quantify the fiber kinematics 
of planar tissue under biaxial stretch. J Biomech 30:753–756 

9. Holzapfel GA (2008) Collagen in Arterial Walls: Biomechanical 
Aspects in: Collagen: Structure and Mechanics. Ed.: Fratzl P, Sprin-
ger 2008 DOI 10.1007/978-0-387-73906-9 

10. Brimkov VE, Barneva R (2005) Analytical honeycomb geometry for 
raster and volume graphics. Comput J 48:180–199   

11. Elbischger PJ, Bischof H, Regitnig P, Holzapfel GA (2004)  Auto-
matic analysis of collagen fiber orientation in the outermost layer of 
human arteries. Pattern Anal Applic 7:269–284  

12. Hulan M (2008) Evaluation of Dominate Directions in Binary Pixel 
Maps, 9th Workshop on Applied Mechanics. Prague: CTU, Faculty of 
Mechanical Engineering, 2008, vol. 1, pp 19-21 

 

 
Author: R. Zitny 
Institute: Faculty of Mechanical Engineering CTU in Prague 
Street: Technicka 4 
City: Prague 
Country: Czech Republic 
Email: Rudolf.Zitny@fs.cvut.cz 

 

 
 



Metabonomics Based on Pattern Recognition Methods in 1H in vivo MRS in 
Differentiation Metabolic Profiles of Multiple Sclerosis Subtypes 

Ł. Boguszewicz1, M. Sokół1, A. Polnik1, and M. Maciejowski2 

1 Maria Skłodowska-Curie Memorial Cancer Center and Institute of Onclology, Gliwice Branch, Gliwice, Poland  
2 Medical University in Katowice/Department of Neurology, Katowice, Poland 

Abstract—Metabonomics based on pattern recognition 
methods was combined with 1H in vivo MRS in order to 
investigate the metabolic differences in normal-appearing 
white matter of multiple sclerosis patients. The studied group 
consisted of 21 patients (12 – CIS, 7 – RR, 3 – PP, 2 – SP), the 
spectra were acquired using the whole body 2T MRI/MRS 
system and analyzed with Partial Least Squares – 
Discriminant Analysis preceded with Orthogonal Signal 
Correction spectral filtering.  

The CIS class showed the highest NAA concentrations in 
comparison to clinically confirmed MS, and lower NAA as well 
as increased mI in CIS may suggest development of MS. 
Strongly elevated Lip was characteristic for RR, while 
increased Lac and probably mI as well as Glx distinguished 
SPMS. Surprisingly the PP class showed increased Ace and/or 
GABA.  

Pattern recognition methods were effectively combined with 
1H in vivo MRS and revealed metabolic discriminative features 
between multiple sclerosis subtypes. 

Keywords—Metabonomics, Pattern Recognition, 1H in vivo 
MRS, Multiple Sclerosis, Clinically Isolated Syndrome. 

I. INTRODUCTION  

Multiple sclerosis (MS) is an inflamatory CNS disease 
leading to focal myelin destruction based on several 
identified mechanisms. The 1H in vivo MRS has been 
widely applied to identification of brain metabolic 
alterations in both demyelinating lesions and normal 
appearing brain tissue of MS patients [1-4]. Usually the 
increased choline (Cho) and decreased N-acetyl aspartate 
(NAA) signals are detected in enhancing lesions, and the 
increase of myo-inositol (mI) is often reported. The normal-
appearing white matter (NAWM) shows decreased NAA. 
Despite the great usefulness on 1H in vivo MRS in 
noninvasive investigation of brain metabolic alterations, 
statistical analysis of MR spectra is complicated and time-
consuming, moreover the results are not always easily 
interpretable, especially when observed metabolic 
alterations need to be associated with a large group of 
pathologies or their clinical representations. 

The metabonomic approach allows almost automatic 
analysis of unresolved MR spectra. Metabonomics based on 
pattern recognition methods has recently gain popularity in 
the field of in vivo MRS [5,6].   

This work combines partial least squares – discriminant 
analysis (PLS-DA) [7] and orthogonal signal correction 
(OSC) [8] with the 1H in vivo MRS in order to distinguish 
the four clinical representations of MS: clinically isolated 
syndrome (CIS), relapsing-remitting (RR), primary 
progressive (PR) and secondary progressive (SP).  

II. MATERIALS AND METHODS 

A. Patients 

Twenty one patients was included into this study. Twelve 
with clinically confirmed MS and nine with CIS, however 
  

Table 1 Characteristics of patients included into the study 

 CSI 
Relapsing- 
remitting 

(RR) 

Primary 
progressive 

(PP) 

Secondary 
progressive 

(SP) 
Patients 9 7 3 2 
Age (median) 28 29 38 52,5 
Males 5 2 0 0 
Females 4 5 3 2 
EDSS (median) 1,5 2 6 6,75 

 
majority of CIS patients showed lesions in MRI 
examinations. Clinical details of the studied group are 
presented in Table 1. Some patients were undergoing 
interferon or streoid treatment. No patients with current or 
recent relapses were included into the study. 

B. 1H in vivo MRS 

Single-voxel localized 1H in vivo MRS were performed 
using the whole body 2T MRI/MRS system (Elscint 
Prestige, Haifa, Israel). A PRESS sequence with following 
parameters was applied: TR/TE/Acq = 1500 ms/35 ms/50. 
The 84 spectra were acquired from the volumes of interest 
(VOI) of 1.5 × 1.5 × 1.5 cm3 located bilaterally in frontal 
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and paraventricular NAWM. The spectra recording 
procedure was preceded by the automated global and local 
shimming procedures. CHESS techniques were used to 
suppress the water signal. After Fourier transformation and 
manual zero (and if necessary first) order phase correction 
the spectra were normalized to 1 in the range of 0 – 4.2 ppm 
in PeakFit 4.0 (SPSS Inc., Chicago, USA) and referenced to 
the Cr peak to remove any relative shifts. Sixteen spectra 
were excluded from the study due to contamination with 
demyelinating lesions. 

Analyses were performed on spectral range of 0.2 – 4 
ppm consisted of 929 spectral points (the chemical shifts). 

C. Multivariate Analyses 

The analyzed spectra formed rows of an X (68×929) 
matrix where each column corresponds to one spectral 
point. A dummy matrix Y was created to reflect the class 
membership of each spectrum according to the disease 
clinical representation. PLS-DA method with OSC spectral 
filtering was used to model the relation between matrices X 
and Y. The modelling leads to a linear transformation of the 
original data X into a new coordinate system: 

*=T XW                                       (1) 
where W* is a X-weight matrix, whose columns 
{w*

1,...,w*
m} are a set of the new orthogonal base vectors 

often called latent components. Vector w*1 is calculated as 
an eigenvector corresponding to the biggest eigenvalue of: 

T T * *ˆ ˆ = λX YY Xw w                               (2) 
where: 

( )
1

T 2ˆ −
=Y Y Y Y

                                
(3) 

(assuming that Y matrix is normalized). To calculate the 
next w* vector the X matrix is deflated: 

T
1 1 1= −E X t p                                 (4) 

where: 

( ) 1T T
1 1 1 1

−
=p X t t t

                          
(5) 

and matrix E1 replaces matrix X in equation 2. Resulted 
PLS-DA model is good approximation of both X and Y: 

T= +X TP E                                  (6) 
T= +Y TC F                                  (7) 

where C is a Y-weight matrix while E and F are residual 
matrices. The relation beetween X and Y is reflected by the 
regression coefficients formed in matrix B: 

* T= + = +Y XW C F XB F                   (8) 
The results are presented as a projection of the original data 
on the hyperplanes spread on X-weights (w*) and vectors t 
(X-scores). 

OSC is a spectral filter which removes extraneous 
(orthogonal to Y) variation from the original data without 
removing the essential information. The t vector explaining 
the greatest data X variance is orthogonalized to Y: 

( )( )1osc T T
1 11

−
= −t Y Y Y Y t

                
(9) 

then vectors w*1
osc and p1

osc are calculated from equations 2 
and 5. Next the OSC component (t1

oscp1
osc) is substracted 

from matrix X. The resulting E1
osc matrix may be used as an 

input data for the PLS-DA. 
The multivariate analyses were performed using 

SIMCA-P 12 Demo (Umetrics AB, Umeå, Sweden). 
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Fig. 1 PLS-DA scores (a) and X-weights (b) plots for the first two latent 
components 
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III. RESULTS 

In order to evaluate metabolic differences between the 
particular MS clinical presentations the PLS-DA preceded 
with OSC was applied to the matrices X and Y. The 
analysis resulted in a 5-component model with R2X = 0.41, 
R2Y = 0.91 and Q2 = 0.79 (explaining the X and Y variance 
as well as predictive ability of the model). Values close to 1 
indicate better representation of the original data. 

Fig. 1 presents the projection of the original data on a 
hyperplane spread on the two first latent components. The 
X-scores plot (Fig. 1a) shows a distinct clustering of all 
classes with a significant separation of the SPMS. The 
corresponding X-weights plot (Fig. 1b) reveals the 
metabolic disturbances responsible for the observed 
clustering. The SPMS, separated by the second component, 
is characterized by the increased lactate (Lac) band at 1.33 
ppm and the strong decrease of NAA at 2.01 ppm in 
comparison to the remaining classes. Moreover, the increase 
of mI and glutamine-glutamate (Glx) in the elevated area 
between 3.5 – 3.8 ppm should be taken into account. The 
highest NAA level corresponds to the CIS class. The RRMS 
class is distinguished by the first component indicating the 
elevated mobile lipids (Lip) signals at 0.9 ppm. The PPMS 
class is not well distinguished by the two first components, 
however, including the third component into the projection 
hyperplane leads to the clear separation of the PPSM – the 
elevated signal at 1.9 ppm corresponding to acetate (Ace) or 
γ-aminobutric acid (GABA) seems to be responsible for this 
separation (Fig. 2). 

IV. DISCUSSION 

Pattern recognition analysis of 1H in vivo MRS spectra 
enables the MS clinical representations to be effectively 
distinguished. The obtained results are presented in a 
graphical form allowing fast and accurate interpretation. 
The three first latent components were sufficient to achieve 
the desired result. 

Although the CIS does not determine MS, an occurrence 
of MRI visible lesions highly increases the risk of the MS 
development. The PLS-DA model revealed the higher NAA 
levels levels in the CIS patients than in the MS ones. 
Decrease of NAA reflects neuronal loss and has been 
reported in CIS and MS NAWM [2,9], however this 
decrease is more prominent in advanced MS [2,10]. 
Furthermore, the simultaneous increase of mI, reflecting 
glial proliferation, may suggest development of MS [2,9]. In 
the CIS spectra located in the vicinity of the plot’s origin 
the trends towards the higher mI and lower NAA levels may 
be observed (Fig. 1 and 2), thus the mixing of some of the  
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Fig. 2 PLS-DA scores (a) and X-weights (b) plots for the second and third 
latent components 

CIS spectra with the RR and PP classes may suggest MS in 
these cases. 

RR is the most common form of MS, accounting for 
approximately 40 – 55 % of all MS cases, frequently 
showing numerous inflammatory lesions. The obtained 
PLS-DA model showed the marked increase of the Lip 
signals at 0.9 ppm in the RR in comparison to the remaining 
classes. Apart from decreased NAA as well as increased mI 
and Cho, the Lip signals are present in acute and chronic 
inflammatory lesions [1,10,12,13] and also appear in 
NAWM [10,13]. The appearance of the Lip signals is 
associated with myelin breakdown. 

In majority of cases RR develops into SPMS. SPMS is 
characterized by a gradual worsening of the symptoms, 
which leads to a constant neurological damage. According 
to the obtained PLS-DA model the main factors responsible 
for the SPMS identification are the strong Lac signal, as 



Metabonomics Based on Pattern Recognition Methods in 1H in vivo MRS 1501

 

  
 

IFMBE Proceedings Vol. 25

 

 

well as the decrease of NAA. Similarly to Lip, Lac is not 
observed in normal brain, and its occurrence in MS patients 
is associated with inflammation [12]. The latter is the cause 
of relapses in RRMS – the inflammatory activity of 
macrophages is mainly visible in acute lesions and in the 
lesser degree, in NAWM. In the progressive phase, due to 
severe cell membrane disruption and blood-brain barrier 
breakdown, inflammation spreads all over the brain [14,15]. 
While the NAA lowering is widely reported in SPMS 
NAWM [3,4,10], the papers reporting significant increase 
of Lac are sparse. However, the analyses of cerebrospinal 
fluid in the SM patients revealed the strongly increased Lac 
concentrations in SPMS as compared to RRMS [16].  

PPMS has its origin in spinal cord and migrates into the 
brain with time The symptoms gradually progress from the 
disease onset without relapses and remissions. PP patients 
constitute approximately 10 – 15 % of all MS patients.  
Despite the less inflammation in PP, the observed injury to 
NAWM is similar as in SPMS [13,14]. The decreased NAA 
and Cho levels in PPMS NAWM as compared to controls 
have been reported [17,18], but no clear distinction between 
PP and SPMS has been found [18]. Our PLS-DA model 
successfully distinguished the PP class on the basis of the 
increased signal at 1.9 ppm originating from Ace or GABA. 
The elevated Ace has been reported in RRMS which has 
been explained as resulting from an altered metabolism of 
the products of NAA hydrolysis and/or reduced utilization 
of acetate [19], however, there is no evidence in literature 
supporting this observation. On the other hand the increase 
of GABA may be a result of GABAergic drug treatment. 

V. CONCLUSIONS  

Metabonomic analysis of the 1H in vivo MRS spectra 
allows differentiating various MS clinical representations. 
Such an approach, combining the MR spectroscopic 
analysis with the pattern recognition methods, enables the 
extracted discriminative features to be expressed in terms of 
the original variables (the chemical shifts) and presented in 
a clear graphical form, additionally permitting automation 
of the whole process.  

Pattern recognition models built on a large group of 
patients may be helpful in clinical diagnosis. 
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Abstract—The biceps brachii (BB) is a bi-articular muscle 
that acts in the elbow and shoulder joints. Mechanomyography 
(MMG) is a technique that uses accelerometers to monitor the 
muscle waves. The aim of this study is to model the behavior of 
BB MMG signals and elbow torque during sustained sub-
maximal isometric contractions. Three MMG axes (Z, Y and 
X) and torque were recorded from BB during sustained elbow 
flexion at 70% of maximum voluntary contraction (MVC) and 
kept the longest time the volunteers could get. MMG and 
torque signals were analyzed in 3 different (Initial, Middle and 
Final) time windows (TW) with 1s duration specific to the 
protocol. Temporal parameters [Absolute mean, root mean 
square (RMS), number of zero-crossings, peak count, and 
absolute integral] were calculated for all signals and every 
TW. The ANOVA analysis showed that absolute mean, RMS 
and absolute integral parameters presented statistical differ-
ence only for X axis (accelerations in the proximal-distal direc-
tion) increasing amplitude with time. The Z axis (accelerations 
in the anterior-posterior direction) showed decrease of the 
zero-crossings in the first half of the test and had a second 
decrease between the Middle TW and the Final TW, but no 
difference was observed at any moment on X axis during this 
analysis. The unique parameter that presented statistical dif-
ference for all axis (Z, X, Y) and modulus among the three TW 
was number of peak counts and only X axis is not different 
between the Initial and Middle TWs. One possible hypothesis 
would be a tension increase in muscles that actuate on the 
scapula since the direction of the action force is parallel to the 
X axis. A purely spectral parameters analysis could help com-
prehending what does occur with MMG signal in sustained 
submaximal isometric contractions. 

Keywords—mechanomyography, triaxial accelerometer, 
maximum voluntary contraction, temporal parameters. 

I. INTRODUCTION  

The biceps brachii (BB) is a bi-articular muscle that acts 
in the elbow and shoulder joints. The BB has two heads at 
its origin, the short head (at coracoid process) and the long 
head (at supraglenoid tubercle). During fatiguing muscle 
contractions, a reduction occurs in maximum voluntary 
contraction (MVC) and this phenomenon relates to the  

myofibrils being unable to produce more force [1] as well as 
to the reduction of contraction velocity [2]. 

An available way to acquire muscle physiological signals 
is to monitor the oscillatory waves of muscles in contraction 
[3]. Recently such waves have been monitored using accel-
erometers [4] and the technique named mechanomyography 
(MMG). Previous studies suggest that MMG can provide 
muscular information different than that obtained by EMG 
[5] especially muscle fatigue [6]. So, the aim of this study is 
to model the behavior of BB MMG signals and elbow 
torque during sustained submaximal isometric contractions. 

II. METHODS 

A. Volunteers 

Ten physically active male volunteers, university stu-
dents without neuromuscular or elbow joint problems (age: 
22.6±3.6 years; weight: 76.5±9.8 kg; height: 1.80±0.10 m) 
performed the tests. The study was approved by the insti-
tute’s ethics committee. All participants were instructed in 
detail about the test protocol and they agreed to participate 
in the study. Then they were submitted to skin preparation 
(trichotomy and cleaning), sensor placement, stretching and 
warm up exercises of elbow flexor muscle group. The war-
mup exercise consisted of 30 slow dynamic contractions 
(approximately equal to 50º/s) of the elbow joint with a 
0.5kg load. The MMG sensor was fixed at the BB muscle 
belly with a double-face tape. 

B. Sensor and Recliner 

The sensor system developed used a Freescale 
MMA7260Q MEMS sensor with high sensitivity 
800mV/V@1.5g (g, gravity acceleration). Passband Butter-
worth filtering filtered the range from 4Hz to 40Hz, focus-
ing the MMG passband [7]. The accelerometer is triaxial 
providing three natural components and the modulus of the 
axes. Torque values were acquired using a load cell (100 kg, 
2 mV/V ± 0.1) adapted to an exercise chair (Figure 1) where 
the protocol was applied. 

O. Dössel and .  (Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
www.springerlink.com 
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Adaptations to the reclining chair involved a steel chain. 

One extremity was fixed at the base of the chair and at the 
other one a grip handle was hooked. For every contraction, 
the grip handle was set to the correct height for the re-
quested elbow angle (90º). The load cell remained at the 
middle of the chain. The chair was reclined in order to 
achieve 110º with the seat. 
 
C. Protocol 

The volunteers were required to perform right BB muscle 
isometric MVC during 5s. The result obtained was used to 
calculate the 70% MVC value that was a reference to the 
fatigue submaximal test. The volunteers could see the ex-
cursion of their signals via visual feedback. The physicians 
gave to the volunteers a voice command asking them to 
maintain the contraction at 70% MVC the longest time they 
could along the onscreen reference line. When they couldn’t 
maintain the torque, the acquisition was interrupted when 
the signal reached 40% MVC. 

 
D. Data Acquisition and Statistical Analysis 

A LabVIEW™ program was coded to acquire MMG and 
torque signals. All signals and volunteer data were saved 
into European Data Format (EDF) files. The data acquisi-
tion board was a Data Translation™ DT300 series with 1 
kHz sample rate. 

MMG and torque signals were analyzed in 3 different 
time windows (TW) with 1s duration specific to the proto-
col. By means of visual inspection, a plateau was empiri-
cally chosen for the torque signal (about 5s window) and its 
average was calculated and used as a reference to determine 
the TWs. All MMG analyses are delimited by the time the 
torque value reached the reference average for the first and 
the last times. The initial peak in the torque signals was 
dismissed. Reference vertical lines were used as delimiters 

(Figure 2). The submaximal TWs were defined as: ‘Initial 
70%’ – the TW that begins at the intersection of the left 
reference line and the torque signal with a duration of 1s; 
‘Final 70%’ – the TW that has a duration of 1s and ends at 
the intersection of the right reference line and torque signal, 
and ‘Middle 70%’ – the TW that is exactly equidistant from 
the Initial and Final TWs. 

 

Fig 2 Example of the torque output (black curve) and MMG signal Z axis 
(blue curve) from BB simultaneously recorded during sustained submaxi-
mal isometric elbow flexion – vertical lines are delimiters and TWs in red 

 
All data have been normalized. After normalization, 

temporal parameters were calculated for all signals and 
every TW. Absolute mean (AbsMean), root mean square 
(RMS), number of zero crossings, peak count, and absolute 
integral (AbsInt) were analyzed to find out whether any 
parameter can be a good indicator of torque loss. AbsMean 
is the mean of the absolute values of the TW. The RMS 
value is the quadratic mean. AbsInt is the integral, the area 
below the MMG signal. These parameters are expressed by 
the equations 1, 2, and 3: 
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where x is the value of the sample, n is the number of sam-
ples in the TW (1000), and h is the Δt between samples 
(1ms). Number of zero crossings is the number of times the 
MMG signal crosses the zero baseline and number of peak 
counts is the number of signal peaks encountered in the 

 
Fig 1 Volunteer seated on adapted chair and load cell (left) – Triaxial 
accelerometer (X, Y and Z axes) on the BB muscle belly (right)
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TW. Zero crossing and peak count can also give a good idea 
of what is happening in the frequency domain. 

The analyzed modulus values involved the calculus of 
the resultant between the values of the three individual 
components, e.g., the modulus of RMS values (equation 4). 
 

222
ZYX RMSRMSRMSRMSMod ++=           (4) 

 
Statistical analysis involved TW mean comparisons, one-

way analysis of variance (ANOVA) with least square dif-
ference (LSD) post hoc test. Aiming to detect differences 
between the dependent variable taken in different times and 
conditions, ANOVA for repeated data was determined for 
every parameter at MVC, initial 70%, middle 70% and final 
70% TWs. 

III. RESULTS 

The ANOVA analysis showed that not all temporal pa-
rameters had statistical difference between the beginning 
and end of the analyzed contractions. Some parameters 
(AbsMean, RMS and AbsInt) presented statistical differ-
ence in only one axis, like the case of X axis shown in fig-
ure 3. AbsMean, RMS and AbsInt had a similar behavior, 
they increased amplitude with time.  

 

 
Fig 3 Normalized X axis values for AbsMean, RMS, and AbsInt – 
*statistical difference with Initial 70%; P<0.05 

 
Figure 4 shows the analysis of Z, Y, X axes and the 

modulus of the three axes. There is statistical difference 
between Initial and Middle TWs showing a real decrease of 
the zero-crossings in the first half of the test for Z axis and 
modulus. However the Z axis had a second decrease be-
tween the Middle TW and the Final TW and no difference 
was observed at any moment on X axis during the test. 

 
Fig 4 Percent of zero-crossings for Z, Y, X axes and modulus – *statistical 
difference with Initial 70% **statistical difference with Middle 70%; 
P<0.05  

Figure 5 shows the only parameter which presented sta-
tistical difference for all axis and modulus among the three 
TW; number of peak counts. Only X axis is not different 
between the Initial and Middle TWs. Conversely to the 
parameters shown in figure 3, number of peak counts of X 
axis slightly decreased with time. 

 

 
Fig 5 Percent of Peak Count for Z, X, Y axes and modulus – *statistical 
difference with Initial 70%; P<0.05 

IV. DISCUSSION 

Figure 2 shows a signal which had its amplitude altered 
as the task was performed. The increase observed for X axis 
proved to have statistical difference in figure 3. AbsMean, 
RMS and AbsInt, all amplitude parameters, statistically 
increased from the Initial TW to the Final TW. The signal 
variability also increased. Orizio et al. found out that MMG 
amplitude decreased with contraction time [5]. Yoshitake et 
al. also observed, in experiments with human individual 
motor units, that MMG amplitude decreased with increasing 
stimulation frequency [8]. In the protocol performed,  
the acquired MMG signals presented an increase with  

** ** * *
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contraction time. However, Goldenberg et al. have reported 
that changes in MMG amplitude during fatiguing contrac-
tions depend on the percentage of MVC required [9]. This 
work used a different sensor with different dimensions and 
weight. Also, the analysis window consisted entirely of a 
70%MVC MMG signal. The idea was to inspect only the 
MMG behavior without having a large change in torque 
response. Another difference is the axis of analysis. The 
MMG X axis represents the accelerations of the BB muscle 
in the proximal-distal direction, while Orizio et al. used a 
contact sensor monitoring the axis that corresponds to 
MMG Z axis in this study. 

MMG X axis did not showed statistical difference for Ze-
ro-crossing in the test protocol (Figure 4), whereas the other 
axes did. One possible hypothesis would be a tension in-
crease in muscles that actuate on the scapula since the direc-
tion of the action force is parallel to the X axis (e.g. muscle 
trapezius and levator scapulae). Unfortunately these mus-
cles were not monitored during the experiment. 

Other reports state that as muscles fatigue the frequency 
spectrum content of MMG signals shifts toward the lower 
frequencies region [10-13]. This study seemed to present 
the same trend. Both number of peak counts and zero-
crossings not only have to do with temporal analysis but can 
lead to spectral considerations. For a given analysis win-
dow, as the frequency of pure sinusoidal increases/decreases 
it is expected to observe an increase/reduction in the total 
number of crossings at the zero baseline. Number of peak 
counts also decreases as higher frequencies are suppressed 
from a signal. Therefore, figures 4 and 5 imply that higher 
frequencies are being suppressed from the MMG signals, 
i.e., the spectral contents of the MMG signals are shifting to 
the low frequencies region.  

MMG Z axis suffered a significant decrease from Initial 
70% to Final 70%. Z is the axis normal to the muscle belly 
surface and expresses the BB lateral oscillations. A decrease 
in Zero-crossing implies that BB started to oscillate less 
prominently. Monitoring this parameter could be helpful to 
determine the onset of localized fatigue or beginning of 
torque loss. 

V. CONCLUSIONS  

A test protocol for sustained submaximal isometric con-
tractions was performed. Triaxial accelerometry provided 
three axes for analysis and their modulus. These four ‘sig-
nals’ presented different behaviors. Only MMG X axis 
amplitude RMS parameter significantly increased with time. 
Both zero-crossing and peak count parameters decrease 
with time for all signals except X axis. These can imply that 

occurred concentration of signal frequencies at the lower 
region of the spectrum. 

An analysis of purely spectral parameters could help un-
derstanding what does occur with MMG signal in sustained 
submaximal isometric contractions. Moreover, this work 
used TW of fixed width (1000 samples or 1 s). Further stud-
ies could take into account TWs of variable widths for they 
could impact on the results (e.g. a smaller TW has less sam-
ples and this interfere with Fourier analysis; a longer TW 
has more samples and this can interfere the integral values). 
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Abstract— Multifractal spectrum has been used as indica-
tive of complexity of time series, the broader the spectrum, the 
richer and more complex is the structure with a higher degree 
of multifractality. There is a  loss of multifractality of physio-
logical time series when the subject to which these time series 
belong is not healthy. So time series from subjects with a pa-
thological condition show a clear loss of complexity. In this 
work we discuss how to characterize the complexity of time 
series by using the degree of multifractality, in particular, 
heartbeat interval time series. We observe a loss of multifrac-
tality in patients with congestive heart failure, mainly in the 
sleep phase; we try to explain this loss of multifractality as a 
loss of complexity produced by the appearance of periodicities 
in heartbeat interval time series. These periodicities were 
detected by using the Higuchi’s fractal dimension method. 

Keywords— Multifactality, HRV, fractal dimension, DFA. 

I. INTRODUCTION  

Recently, there has been a great deal of interest in quanti-
fying the complexity of these processes. Complexity is 
associated with meaningful structural richness [1, 2]. For 
instance, a higher value of Shannon entropy is usually asso-
ciated with an irregular, more complex process. Other ap-
proach is to use fractal based measures of complexity. Many 
complex processes are heterogeneous (nonstationary, nonli-
near, etc.) in the sense that they cannot be described by a 
single power law exponent or a fractal dimension, and it is 
necessary to use more than one to evaluate their complexity. 
As we need a set of fractal dimensions to describe the scal-
ing properties, these processes are called multifractal, and it 
has been proposed to use the degree of multifractality as a 
measure of their complexity [1-4]. 

A multifractal analysis consists of constructing a singu-
larity spectrum of the time series in terms of a regularity 
parameter called the Hölder exponent [1, 5-8]. This singu-
larity spectrum gives a quantitative description of the multi-
fractal measure in terms of interwoven sets with a Hölder 
exponent , whose fractal dimension is f( ). The broadness 
of the singularity spectrum is the range of fractal exponents 
in the time series and thus gives a measure of the degree of 
multifractality and also of the complexity. 

A multifractal process may be thought of as a superposi-
tion of an infinite number of monofractals. Then if a time 

series evolves toward a decrease or loss of multifractality it 
is said that such time series loses complexity. 

Recently, multifractal analysis has begun to be used for 
the study of physiological time series [2-4, 8-12]. Ivanov et 
al. [10] have established the relevance of the multifractal 
formalism for the description of a physiological signal.  

In this work we study correlations in time series of RR 
intervals of subjects with normal sinus rhythm (NSR) dur-
ing sleep and wake phases and we also analyze time series 
of subjects with congestive heart failure (CHF) in both 
phases. We use the Higuchi’s method [14-15] and multi-
fractal analysis [16-17]. We have obtained different results 
for sleep and wake phases mainly for CHF patients.  

II. METHODS 

We have used three methodologies that we do not de-
scribe here for brevity. First the Higuchi`s method to calcu-
late fractal dimension [13-14], Higuchi proposed a method 
to calculate fractal dimension D of self similar curves in 
terms of the slope of a straight line that fits the length of the 
curve versus the time interval (the lag) in a double log plot. 
For the case of self-affine curves, there is a relation between 
D and the ,  = 5-2D, where if D is in the range 1<D<2 
then 1< <3. We can study correlations in time series with 
Higuchi’s fractal dimension as we do with the detrended 
fluctuation analysis (DFA) method [15-16] The DFA me-
thod has proven to be useful in revealing the extent of long-
range correlations and has some advantages over conven-
tional methods because of it permits the detection of intrin-
sic self-similarity embedded in a seemingly nonstationary 
time series. 

There are several methodologies to calculate the singu-
larity spectrum. We used the method developed by Chhabra 
et al. [5-7]. The singularity spectrum is a plot of f( ) (the 
fractal dimension) versus  (the Hölder exponent) and it has 
a characteristic unimodal (single-hump). The broadness is 
given by  = max- min, where max and min are the smaller 
and larger values of the intersections of the extrapolated 
curve with the abscissa. The broadness, , represents the 
range of possible fractal exponents in the signal with 
f( )>0, and thus gives a measure of the degree of multifrac-
tality or complexity of the time series. 
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III. HEART RATE VARIABILITY (HRV) 

We take the HRV data from the public databases of Phy-
sionet [17]. The HRV data are signals derived from ECG 
recordings, which were made by using ambulatory ECG 
recorders with a typical recording bandwidth of the order of 
0.1-40 Hz. Each data set includes recording over a period of 
24h. Data for sleep phase were considered within the data-
base as the six continuous hours of lowest heart average 
heart rate; waking hours were defined as the six continuous 
hours of highest hear rate. We do not analyze the series in 
which it was impossible to define this 6h-interval. The 
healthy cases were taken from the normal sinus rhythm RR 
interval database which contains 54 cases (aged 28-72 
years) including male and female subjects, the unhealthy 
subjects were taken from the congestive heart failure RR 
interval database which contains 29 cases (only 25 cases 
analyzed) and other CHF data were taken from the BIDMC 
congestive heart failure database which contains 15 cases 
(12 cases analyzed). We changed wrong measures taking 
the average between the last and the following measure. 

IV. RESULTS 

Sleep-wake differences in scaling behavior of the human 
heartbeat was studied by Ivanov et al. [18], they found dif-
ferent correlation degree in heartbeat fluctuations during 
sleep compared to wake periods in both healthy subjects 
and heart failure patients. We applied the Higuchi and DFA 
methods to the time series of the 54 NSR subjects, with 6h-
segments of both sleep and wake phases, although for some 
subjects there are differences between the -values (the 
correlation exponent of the DFA method), in the average, 
we found no significant differences between the -values 
(the level of significance 0.05), w = 1.0026 ± 0.0179 
(wake) and s = 0.9731 ± 0.0136 (sleep), this values corres-
ponds to 1/f noise. We calculated the correlations in both, 
wake and sleep phases but now using the Higuchi’s method 
and now we obtained different significant values (although 
they are close) Dw = 1.8245 ± 0.0080 (wake) and s = 
1.8826 ± 0.0046 (sleep). There are crossovers [19-21] in the 
dynamics of correlations. 

We have found that time series of healthy subjects do not 
show crossovers whereas in the majority of the time series 
of elder persons there are crossovers, there is a change from 
values of the DFA exponent close to Brownian noise for 
short scales (  ~ 1.5) to 1/f noise over large scales (  ~ 1). 
This fact can also be observed with the Higuchi’s method. 

For CHF subjects we have found significant different 
values with both the DFA and the Higuchi’s method. In 
average, the long-range correlations are greater for wake 

phases than for sleep phases. For instance, for the data in 
the BIDMC congestive heart failure database we obtained: 

w = 0.9859 ± 0.0558 and s = 0.8681 ± 0.0442, and Dw = 
1.8632 ± 0.0229 and Ds = 1.9378 ± 0.0123. 

The results we have obtained with the multifractal analy-
sis are congruent with past results; we mean that the average 
degree of multifractality of the data in the NSR database is 
greater than the average degree of multifractality of the data 
in the CHF databases. In fact, it is known that aging and 
CHF are factors that cause a loss of multifractality in the 
HRV time series. We have proposed that this fact is related 
with a gradual loss of heart adaptability with aging and with 
CHF, the heart of the healthy young persons has a wider 
repertoire of responses in case it was subjected to some 
extra effort or to some stress [12, 20]. 

The average width of the multifractal spectra for wake 
and sleep segments of healthy persons have not significant 
difference and the result for the congestive databases is the 
same, it means that the width of the average multifractal 
spectra of the wake and sleep segments of CHF subjects 
also do not have significant differences. In fact, for the data 
of healthy persons we obtained w  = 0.147 ± 0. 008 and 

S = 0.137 ± 0.004, for the CHF patients we have ob-

tained  w  = 0.115  ±  0.008 and S = 0.116 ± 0.017.  
This fact seems to be surprising, but we have proposed the 
analysis of the multifractal spectrum symmetry as an addi-
tional tool to characterize (and differentiate) the spectra 
[12]. By using the same notation that in the last reference 
we calculate the average of right and left for healthy 
subjects and we found for the wake phase rigth  = 0.091 

±  004 and left = 0.055 ± 0.004 so the spectra are 

asymmetrical, and for the sleep phase rigth  = 0.103 ± 

0.004 and left  = 0.035 ± 0.002, and they are also 
asymmetrical; for CHF patients we have in the wake phase 

rigth  = 0.0584  ± 0.006 and  left  = 0.056 ±  0.008, 

and they are symmetrical and in the sleep phase rigth  = 

0.058  ± 0.007 and left  = 0.058 ± 0.0014, and they are 
also symmetrical. Therefore, in the multifractal analysis the 
differentiation between the sleep and wake phases is not a 
consequence of the width of the multifractal spectra but of 
the symmetry of the spectra, the spectra tend to be asymme-
trical in healthy persons in both phases, and tend to be 
symmetrical in both phases for CHF patients. 

The lasts results are related with the complexity concept, 
in terms of the multifractal spectrum the spectra of CHF 
patients are less complex than the spectra of healthy per-
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sons, this is because we need a small set of fractal dimen-
sions in order to describe the time series of RR intervals of 
CHF patients, so the spectra of CHF patients lost multifrac-
tality and complexity. We think that this is associated with 
the appearance of periodic components in the time series of 
RR intervals in the CHF patients, our results show that this 
fact can be seen in the plot we use to calculate the Higuchi 
fractal dimension, in fact the majority of the patients show 
in this graphic two important aspects: first: a crossover, but 
in this case in opposite direction to the crossover we have 
found in the healthy elder persons, and second, a graphic 
similar to the one we show in Fig. 1. In the Higuchi’s plot 
we have showed that these oscillations are associated with 
periodicities in the time series, we think this fact is very 
important because we did not find these oscillations in 
healthy persons in neither of the two phases, in the CHF 
patients they are encountered in the sleep phase of many 
patients and hardly ever in the wake phase.  

 
Fig. 1 The plot of the method of Higuchi, for a 6h-segment of a time series 

of RR intervals of a 58 years old person in the sleeping phase. Note the 
oscillations that indicate the appearance of periodicities in the time series 

V. DISCUSSION 

Time series of CHF patients are less complex that the 
spectra of healthy persons, this is because we need a small 
set of fractal scaling exponents to describe the RR interval 
time series of CHF patients, and we have showed that these 
spectra loss of multifractality and complexity can be asso-
ciated with the appearance of periodic components in the 
RR interval time series of the CHF patients. 

Our results show that this appearance of periodic compo-
nents can be observed in the graph that is used to calculate 
the Higuchi’s fractal dimension. In fact, most of the patients 
show in this graph two important factors: first, a crossover, 
but in this case opposed to the crossover observed in the 

healthy elder persons, and second, a similar graph to the one 
which is shown in Fig. 1. 

This can be shown generating a time series of known 
fractal dimension, after this we add this time series several 
periodic components and upon calculating the Higuchi’s 
graph we observe oscillations, we can calculate the frequen-
cies of these oscillations and they correspond precisely to 
the periodic components that we added.  
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Fig. 2 Higuchi’s method without tendency permits to show the appearance 
of regularities more accurately. Although in this case the derivative does 
not provide enough information, it does for other cases. Above. The me-

thod of Higuchi for healthy persons, we observe only small random varia-
tions. Bellow. Higuchi’s method for a patient with congestive heart failure, 
we observe regular variations that in most cases show a periodic behavior 

These oscillations were not found in the time series of 
healthy persons in no one of the two phases, in the CHF 
patients they are found in the sleep phase and almost ever in 
the wake phase. To make more evident what happens in this 
part of the Higuchi’s graph we show in Figure 2 the ampli-
fied part that corresponds to these oscillations for a time 
series of a CHF patient once we have eliminated the trend. 
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We observe periodicities that definitely are not observed in 
the time series of a healthy person, upon calculating the 
frequency we obtained values about 0.03 Hz, the one which 
is considered as a marker of the sympathetic nervous tone 
but with a component  of vagal activity. 

VI. CONCLUSIONS 

We have analyzed the correlations in time series of RR 
intervals in sleep and wake phases for healthy subjects and 
CHF patients. We have found that the correlations in both 
phases are different in both phases for the CHF patients. 
The correlations for the healthy persons seem to have no 
significant differences although when we apply the Higu-
chi’s method we obtain different values of the fractal di-
mension. Multifractal analysis confirms a well-known re-
sult; the degree of multifractality is greater for healthy 
subjects than for CHF patients. We do not find significant 
differences between the spectra widths of the segments of 
wake and sleep phases neither in healthy persons nor in 
CHF patients. However, we have found differences in the 
asymmetry of the spectra. At last we have found the pres-
ence of oscillations in the plots we have used to evaluate the 
Higuchi’s fractal dimension; these oscillations seem to be 
associated with the appearance of periodicities in the time 
series of CHF patients in the sleep phase. 

But, what happens to the time series when it loses com-
plexity? We can think that the time series becomes more 
homogeneous, that it loses part of its non-linear characteris-
tics. Physiological series with broad multifractal spectrum 
do not have periodicities, when it has periodic components 
it loses complexity. In fact, it can be seen that just when the 
heart is in its worse state, it means, ventricular fibrillation, 
the ECG signal is practically periodic. A periodic signal 
does not have complexity since it does not have non-linear 
properties and it is nonstationary. If we take a set of mea-
surements of a physiological system and we obtain complex 
behavior characterized by a broad multifractal spectrum in 
this time series, we know that for many of these physiologi-
cal systems (though not all) this is associated with a good 
health state. If time after we made measurements of the 
same system and we now obtain narrower spectra, this 
means than the system has some problem related with a 
pathological condition. If the first time series does not have 
periodic components and the second time series does have 
them, then we can conclude that the system has lost com-
plexity, if we verify that the multifractal spectrum has a 
smaller width this would confirm what already it has been 
asserted, that the time series of the system is less complex. 
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Abstract — The goal of this work was to design a suitable 
method for unifying score values from various identification 
tools of proteins identification in tandem mass spectrometry 
into a single score value. Output data from the mass spectro-
metric method were processed by two independent search tools 
Mascot and X!Tandem. Those were selected especially for 
their wide applications in proteomic laboratories. Results of 
both methods were evaluated through a newly designed func-
tion and unified to a single valued score that clearly identifies 
found proteins. The newly designed function of producing of 
scored values was termed Metascore and implemented into 
MATLAB computational environment. Given results were 
successfully tested on selected real data available in public 
databases of proteomic sequences. 

     
 
Keywords — Score, Mascot, X!Tandem, Metascore, MS/MS 

spectrometry, peptide mass fingerprint, tandem 
mass spectrometry. 

I. INTRODUCTION  

Tandem mass spectrometry (MS/MS spectrometry) is a 
method often used in proteomic laboratories to analyze 
samples. It consists of two mass spectrometers in series 
connected by a collision cell. The sample to be examined is 
essentially sorted and weighed in the first mass spectrome-
ter, then broken into pieces in the collision cell, and a piece 
or pieces sorted and weighed in the second mass spectrome-
ter.  

This work is focused on implementation of tandem mass 
spectrometry and improvement of interpretation of its re-
sults. The aim of research in this field is characterize pro-
teomics data and recognition of proteins using single para-
meter usually called score. A typical application of this 
bioinformatics method is identification of unknown ami-
noacids in sampled proteins. 

There are various ways to get proteomic data. MS/MS 
spectrometry is a modern and powerful method that can 
generate superior results in sample analysis. However, its 
results must be correctly interpreted. It is not simple task 
concerning complexity of data resulting from analysis. Two 
interpretation algorithms were chosen for identification of 
proteins – X!Tandem and Mascot as widely used tools in 

freeware and commercial fields. Not surprisingly, both 
methods differ in their results and regardless the difference 
– both are accepted by clinical scientists.  

The paper is concentrated on search of uniform platform 
that would result in unified scoring system that would profit 
from advantages of both tools.   

II. METHODS 

A. Mascot and X!Tandem scoring  

Mascot analysis method (or Mascot software) was devel-
oped by Matrix Science [1] for commercial use. It uses data 
from mass spectrometry for detection of protein that is 
placed in primary database of sequences. The method 
processes found matches and results in measure of match 
called score.  

The measure is generally composed of two parts (units). 
First part represents measure (grade) of membership of 
classified protein. It is called ion-score [4] and is derived 
from MOWSE score [3]. Second part represents correctness 
of final score with regard to probability and is called expec-
tation or e-value. 

The ion-score M is expressed as 
 

   (1) 
 

where P is absolute probability of right match. Total proba-
bility of match is defined as 
 

  (2) 

 
where  is threshold value of total probability,  is 
threshold value of score corresponding to  (  is 
sometimes MIT – Mascot Identity Threshold), M is value of 
score.  

The second method, X!Tandem [2] uses hyper-score de-
rived from a simple score and expectation with the same 
function like in Mascot. The hyper-score H is defined as 

 ∑   (3) 
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where Nb is number of b ions, Ny is number o
intensity of i-th peak element in range of <0,1>
bility of match of  i-th peak in range of <0,1>. 

Total probability of match for analyzed prote
as 

 ∏ ∏
 

where ej is probability of match of j-th eleme
quence, ni is total number of unique sequence
trum of molecular weights, n is a number o
quences for searched peptide, β is a normalize
peptides with range of <0,1>.  is calculated 
equation 
             

 
Peptide mass fingerprints with assigned scor

assigned e-values were obtained from each of 
thods.  

B. Combination of Mascot and X!Tandem - Me

Results of analyses from Mascot and X!Tan
can be unified to a new scoring algorithm - M
can be further improved by including ion-scor
score. The metascore MX is expressed as 

 ∑ ∑
 

where N is total number of all items of found 
both methods, H is the best hyper-score of each
the best expectation of each group, i is inde
position of a group assigned to a received prote

The Metascore algorithm tends to detect 
than Mascot and X!Tandem method. This is
considering intersection items only.  However
combination weighted by probabilities makes
more specific. 

 

Fig. 1 Intersection of sets of results from Mascot and X!T
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The scoring system using metascore 
steps: 

1. pre-processing phase includes 
from X!Tandem and Mascot re

2. processing phase includes calc
core, 

3. post-processing phase includes
sults. 

C. Results 

Seven of the following mixed protein
experiment. They were chosen from p
their sequences included for Mascot an
es with Metascore calculation. All proc
in Matlab computational environment 
R2006a). 

The proteins were as listed: 
 

1. Rabbit glycogen phosphorylase 
2. E. Coli Beta 
3. Galactosidase 
4. Bovine serum albumin 
5. Myosin 
6. Chicken Ovalbumin 
7. Bovine serotransferrin 

Example of results of Mascot and X
shown in Table 1. Results are sorted acc
Metascore (see Table 2 below) and c
both methods. IPI ID represents identifi
protein from International Protein Index

Table 1 Example of results of scoring proteins b
methods 

Item IPI ID X!Tan

Myosin 1 25879 0.0

Myosin-4 1753 0.0

Myosin-2 7856 0.0

Catalase 465436 0.0

Glycogen phosphorylase 218130 0.0

Myosin-3 298301 0.0

 
The same example is shown in Table

tascore only. Individual proteins are 
Metascore values. 
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01322 723 

00588 697 

00885 612 

03084 168 

01895 539 

01150 438 

e 2 that contains Me-
sorted according to 
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Table 2 Example of results of scoring proteins by Metascore 

Index Item IPI ID Metascore 

1 Myosin 1 25879 42 

2 Myosin-4 1753 64 

3 Myosin-2 7856 85 

4 Catalase 465436 92 

5 Glycogen phosphorylase 218130 96 

6 Myosin-3 298301 160 

III. DISCUSSION 

The Metascore method was tested on a number of pro-
teins. At the beginning, the resulting scores were consistent 
with Mascot and X!Tandem but after few (three to four) 
identified positions of sequences some differences were 
found in each of specific methods. Results of analyses were 
influenced by quality of input data.  

The main advantage of the proposed Metascore algo-
rithm is simplification of four results from two major analy-
sis methods into a single parameter. Results are more spe-
cific as they are based on intersection of results from both 
methods Mascot and X!Tandem weighted by absolute prob-
abilities. 

The main disadvantage of the method is its high compu-
tational complexity resulting in high memory requirements. 

  

IV. CONCLUSIONS  

Tandem mass spectrometry was used for identification of 
unknown amino acids of chosen proteins. Defined protein 
sequences were measured and then analyzed by two com-
mon software tools – commercial Mascot and open source 

X!Tandem. Different mass fingerprint lists of ambiguous 
amino acid sequences were analyzed by both methods. 
Input data, model of score analysis and structure of output 
data were described for each of the used methods. Various 
results were integrated into one unifying algorithm called 
Metascore. Metascore resulted in a specific list of identified 
proteins.  
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Abstract— The aim of this study is to find out the depend-

ence of the elastic material constants of callus on the healing 
time. Therefore Finite Element simulations of a osteotomized 
rabbit tibia were compared with results from four point bend-
ing tests. The right tibiae of New Zealand White Rabbits were 
osteotomized and fixed by a uniplanar, bilateral external fixa-
tor. The fixator could be disconnected during the measure-
ments. It was possible to measure the deflection of the tibiae 
concerning to a prescribed loading twice a week during the 
healing process. After 7 till 8 weeks after surgery the rabbits 
were euthanised. Finally, the tibiae were explanted and exam-
ined by micro-CT. In a second step Finite Element models 
were generated from this data. The displacements were calcu-
lated for a specified loading, but with variations of the 
Young’s-modulus of the callus. It was possible to find out the 
Young’s modulus of the callus - taking into account a homoge-
neous and isotropic material behavior - by comparing the 
calculations and the measurements.  

Keywords— callus, bending stiffness, fracture healing, 4-point-
bending, Finite Element Analysis 

I. INTRODUCTION  

Possibilities to support a fracture of a long bone are to 
implant either an intramedullary nail or an ostheosynthesis 
plate. To design new implants, with different geometries or 
out of different materials it is necessary to show that the 
implants will satisfy the requirements at any time. One 
possibility to test new implants before testing them in ani-
mals is to simulate the interaction between bone and im-
plant by a Finite Element Analysis. For this analysis it is 
essential to know the material properties of bone and of the 
callus during fracture healing. 

There is much information for the data of Young’s 
moduli for different bones of different species. The meas-
urement of the changing properties of callus during the 
healing time is extremely complicated. In this study a 
method is established to determine the Young’s modulus of 
a healing bone by comparing simulations and measure-
ments. Till now with the restriction that the material proper-

ties for the callus are assumed to be homogenous and iso-
tropic. 

II. MATERIALS AND METHODS 

A. Experiments 

As described in [1], the right tibiae of six female New 
Zealand White rabbits were osteotomized at the tibio-fibular 
junction with a gap of 2mm. A template was used to main-
tain a constant geometry according to [2]. Each osteotomy 
was fixed by a uniplanar, bilateral external fixator as it is 
described in [3, 4, 5]. The fixator was unlocked during the 
measurements. 

Three or four weeks after surgery the measurements 
started according to interpretations of x-rays. The first ani-
mal without implant was measured once a week starting 3 
weeks after surgery for a period of 4 weeks. The measure-
ments of the other animals were performed twice a week. 

During the measurements the rabbits were anaesthetised 
by intramuscular injections of S-Ketamin (Ketanest®S, Fa. 
Parke-Davis; 17 mg/kg) and Medetomidin (Domitor®, Fa. 
Pfizer; 0.25 mg/kg). The anaesthesia was sustained by giv-
ing Isofluran (Isoba®, Fa. Essex; 1.5 – 2.5 vol%) with a 
mixture of oxygen and nitrous oxide. 

The bending stiffness was measured with a 4-point-
bending process. Therefore, the rabbits were positioned in 
prone position on a special table. While the ankle and the 
knee of the rabbit’s hind leg rested on small platforms, the 
external fixator was disconnected. Afterwards an eddy cur-
rent system was fitted to the two parts of the disconnected 
fixator to determine the deflection at the osteotomy. The 
reaction force at the ankle was also measured. It was possi-
ble to gradually load the leg with weights in steps of 25g by 
a special clamp. The clamp bears on the two pins which 
plug in the tibia nearest to the osteotomy. With increasing 
healing time the load was increased depending on the frac-
ture healing. 
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The osteotomy was controlled by x-rays weekly. After 
the last measurement the rabbits were euthanised and the 
tibiae were explanted and examined by micro-CT. 

 

B. Finite Element Analysis 

For the simulations the Finite Element code ABAQUS 
was used. The model was generated on the basis of the 
micro-CT data. The material properties for the bone were 
assumed as those of an isotropic material with a Young’s 
modulus of 20*103 N/mm2 and a Poisson ratio of 0.2. The 
Young’s modulus of the callus was also assumed as that of 
a homogenous, isotropic material. The Young’s modulus 
varies between 100 and 20*103 N/mm2. A total load of 2 N 
was placed on the two pins nearest to the osteotomy. The 
boundary conditions of the model were chosen appropriate 
to the real measurements. The model was meshed with 
tetrahedrons. 

The measured displacements were compared with the 
ones of the simulations to find out the Young’s modulus of 
every experiment. 

III. RESULTS 

Figure 1 shows the fundamental CAD model of one of 
the tibiae. The pins of the fixator are dark gray, the callus is 
lighter gray. 

 
Fig. 1: CAD model of the tibia of one rabbit generated on 

the basis of micro-CT data 
 

 
Fig. 2: Results of one Finite Element Simulation 

 
Figure 2 shows the deflections due to one of the Finite 

Element simulations. In Figure 3 the calculated deflections 
due to different Young’s moduli of the callus are shown. 

Fig. 3: Deflection of the tibia versus the Young’s 
modulus of the callus 

 
The deflections of the measurements were compared 

with the deflections of the simulations. The results are 
shown in figure 4. 
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Fig. 4: The re-calculated Young’s Modulus of the callus 
versus the healing time 

IV. DISCUSSION 

The Young’s modulus increases during the first time. Af-
ter six week there it decreases. This can be a consequence of 
the remodeling process. The same phenomenon was de-
scribed in [6].  

Compared to the young’s modulus of the bone, the 
Young’s modulus of the callus is very small. But as it could 
be seen in figure 1, the cross section of the callus is bigger 
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REFERENCES  than the cross-section of the bone. Therefore the moment of 
inertia is greater. 

It must be pointed out that the shown results are only 
valid for a homogenous and isotropic material behavior. It 
seems to be necessary to pay attention to the inhomogeneity 
of the callus. But the calcification of the callus changes 
during the healing process. Therefore it is necessary to 
make in vivo micro-CT scans of the Callus at every time 
when the bending stiffness is measured. 
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V. CONCLUSION 

This study shows a possibility to determine the Young’s 
modulus of callus depending on the healing time with the 
assumption of a homogenous and isotropic material behav-
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Abstract—Mathematical models help to simulate and to 
study different phenomena related to the cardiac activation 
such as fibrillation and infarction. Even though the most real-
istic methods are the ones based on diffusion reaction, it has 
been proved that cellular automata approach can have good 
results with less computational load. The aim of this paper is to 
introduce software based on the cellular automata to simulate 
cardiac activation. This kind of tool is very useful for educa-
tional purpose as well as research purposes. It enables flexible 
studies with different geometries and cardiac activation pa-
rameters.  

Keywords—Modeling, Lead fields, Cardiac automaton, 
ECG simulations. 

I. INTRODUCTION  

The mathematical models help to simulate and study dif-
ferent phenomena related to the cardiac activation such as 
fibrillation and infarction both in heart and cardiac tissue. 
Even though the most realistic methods are the ones based 
on diffusion reaction, it has been proved that cellular auto-
mata approach can have good results with less computa-
tional load [1][2]. They have enough description capacity to 
able to simulate complex phenomena. 

This kind of software enables flexible studies with differ-
ent geometries and cardiac activation parameters. It is very 
useful for educational purposes as well as research pur-
poses. The software can be applied to evaluate certain hy-
pothesis and utilize it as a part of means to analyze recorded 
signals. The aim of this paper is to introduce our software 
based on a cellular automaton and show some of its applica-
tions. 

II. SIMULATION SOFTWARE 

A. Overall Program Description 

The software can be divided in two main blocks: the cel-
lular automaton and the algorithm for the electrogram calcu-
lation (Fig 1.). 

The cellular automata will receive as inputs the parame-
ters that the user will define for that specific simulation and 
the file containing the geometry of the tissue. The geometry 

can be either 2D or 3D. The geometry contains conductivi-
ties between elements describing the tissue. The output will 
be the voltages and the currents for each element of the grid 
in each time instant. With the voltages, an image of the 
electrical propagation will be shown in one of the canvases 
of the main view. The currents will be use to calculate the 
electrogram using the lead field theory. 

 

 
Fig. 1 Block diagram of the program. The inputs of the system will be two 
files and the parameters set by the user and the output will be a figure with 
the electrical propagation during the time and the electrogram measured 

To be able to calculate the voltage at the electrodes, we 
need the lead vector for those electrodes. This will be up-
loaded into the program with a file containing the values. 

B. Simulation of Electrograms 

The simulations of electrograms in the software are based 
on the lead field approach [3]. Lead fields describe the rela-
tionship between the electric field induced by impressed 
current sources and the measured voltage in a volume con-
ductor. Let Ji(v; t) be a distribution of time-varying dipole 
sources on a volume conductor V , where v is a point within 
the volume conductor V and t denotes time. According to 
lead field theory signal z(t) recorded by a measurement lead 
which is characterized by a sensitivity distribution L(v) on 
the volume conductor V , can be expressed as follows: 

1( ) ( ) ( , )i
LE

V

z t v v t dv
σ

= •∫ J J
               

(1) 

Geometry 
input file 

Parameters 
set by user 

Cellular 
automaton 

EGM 
calculation 

EGM 
output 

Electrical propaga-
tion output 

Lead field 
input file 

O. Dössel and .  (Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1516–1519, 2009. 



Software for Simulating and Studying Cardiac Activation 1517

 

  
 

IFMBE Proceedings Vol. 25

 

 

Where JLE is the lead vector, σ is the electrical conduc-
tivity tensor for each location and direction. 
 
C. Cardiac Automaton  

Distribution of time-varying dipole sources Ji(v; t) to 
simulate signals are solved with cellular automaton. The 
cellular automaton is based on the restitution properties of 
the tissue with the addition of a probabilistic component. 
This model was previously developed by Felipe Alonso et 
al [4]. The applied automaton enables a modeling of cardiac 
activation with different properties of tissues, representing 
healthy, ischemic or infracted tissue. 

The cardiac tissue is modeled as a grid of cells where 
each cell can have three different states: rest, refractory1 
and refractory2. When each cell is at rest is completely 
relax and it can be excited by any neighbor cell. The cell 
will remain this way until a stimulus big enough is received.  
Once that the cell is excited, it will be depolarized and it 
will go to refractory1 state. The cell will remain in this state 
during the F fraction of the action potential duration (APD). 
Now, that the cell is excited, it has the ability to excite the 
neighbor cells. When the period F of the APD has finished, 
the cell is in state refractory2 where it is still excited but it 
cannot excite the surrounding cells anymore. When the 
duration of the action potential has expired, the cell comes 
back to the rest state. 

All the transitions between states are done in a determi-
nistic way when the beating instant and the APD is known, 
except for one. The transition between rest and refractory1 
has a probabilistic component. This transition will occur 
when the probability of excitation in cell j is over a thresh-
old defined by: 

QEPexc
j ⋅=

                                 
(2) 

The excitability of the cell (E) depends on the conduction 
velocity (CV) of that cell and the excitation produced in the 
surroundings (Q) which depends on the APD of neighbour 
cells. 

Table 1 Variables of the automaton that can be change and its default 
values 

Variables Default values 
Time step (Δt) 0.001 seg 
Fraction of APD (F) 0.03 

 
Some of the variables of the automaton are accessible to 

the user and they can be changed. These variables are 
shown in the Table 1. 

The user can change the time step used in the automaton 
to update the states. If this time step is very small, more 

detailed results are obtained but the execution time of the 
program will increase. 

The fraction of APD (F) defines the time that the cell is 
in refractory1 state where it can excite other cells. If this 
value is increased, the cell will maintain the excitability 
capability for longer period of time making easier the prop-
agation. When the cells are in refractory1 state for longer 
time, it increases the probability of excitation of the sur-
rounding cells. 

In addition to these parameters of the automaton, the res-
titution curves can also be changed. The APD curves can be 
uploaded for healthy and ischemic tissue, as well as the 
conduction velocity (CV) curves. As ischemia is such a 
broad field and it can have many effects in the restitution 
curves, we have used only ischemia of duration 5 minutes 
and 10 minutes which reduces the amplitude of the restitu-
tion curves and flats them [5]. The default curves for 
healthy tissue and ischemia of 5 minutes are shown in Fig-
ure 2.The user can upload its own results of APD and CV 
curves for different situations.  

 

Fig. 2 Default restitution curves for action potential (left) and conduction 
velocity (right) as a function of the diastolic interval for healthy and 
ischemic tissue 

D. Program Interface 

The software has been design for 3D and 2D simulations. 
In the main view of the program, there are different parame-
ters that can be set related to the beating, the type of tissue 
and the electrode location. 

In 2D simulations, the region of the normal beating as 
well as the region of ectopic beating can be set. They will 
be defined by the x and y coordinates and the length of 
them. The instant of beating and the rate can be fixed for  
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Fig. 3 Main view of the program. 2D Simulation of linear front wave activation for a healthy piece of cardiac tissue 

both kinds of beating. There is also the possibility to intro-
duce ischemic or infarct regions in the tissue by their coor-
dinates and extension. 

In 3D simulations, the same features can be chosen. The 
only difference is that the beating area for the normal beat 
will be in the apex of the heart. 

There are also other global parameters that can be change 
from the tab menus. These parameters are related to the 
behavior of the automaton, as the value of the fraction of 
APD (F) or the step of simulation. 

The output of the program is graphical view of the elec-
trical propagation and the electrogram recorded by the elec-
trodes. This output can be shown in the main view of the 
program or can be saved as .avi file.  

In Figure 3, the main view of the program can be seen. In 
the left hand side, the output is shown in two canvases. In 

the right hand side, we can observe the different areas were 
the beating, ischemic regions and electrodes can be set. 

III. SIMULATION EXAMPLES 

One of the possible simulations that can be done with 
this software is shown in Figure 4. This simulation shows 
the electrical activation in the left ventricle having an 
ischemic region in the upper part of it. The ischemia in this 
case was an ischemia of 10 minutes. The first beating was 
set at instant 0 and there was not ectopic beating. The elec-
trodes were intracardiac electrodes situated at position 
(263.38, 273.38, 292) and (266.7205, 273.3885, 304). The 
rest of the parameters of the cellular automata were set to 
the default values.  
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Fig. 4 Simulation of the left ventricle with an ischemic region in the upper 
part of the ventricle (lower part). EGM obtained with intracardiac elec-
trodes (upper part) 

This simulation was executed on an Intel Pentium 4 at 
3GHz, 1 GB RAM computer. The time needed to run this 
simulation was a 1 minute approximately. 

IV. DISCUSSION 

This software has shown that it can describe several dif-
ferent situations both in 3D and 2D. The graphical interface 
makes it easier to change the different parameters that are 
involved in each study. Non expert users have an easy way 
to introduce themselves to these kind simulations. This fact 
makes this kind of software were attractive for educational 
purposes. The effects of electrical propagation in the cardiac 
tissue are simple to explain and to understand with this kind 
of tool. 

Researches can also benefit from this software. It allows 
making some test previous to the in vivo or in vitro experi-
ments. These tests are expensive and time consuming and 
sometimes several of them are need to be carried on before 
the final setup is reached. With modeling tools, it is easy to 
prove several setups to find the most suitable one for the 
requirements of the experiment.  

The main disadvantage nowadays is that the program is 
not time efficient and some simulations of long periods may 

required a lot of simulation time. There are also some limi-
tations in the size of the geometries to upload. When the 
geometries are too small, the current densities used in the 
lead field calculation are not realistic anymore and the re-
sults are not correct.  

The next steps in the development of this software are to 
make it more time efficient and to try to solve the problems 
with the small geometries. 

V. CONCLUSIONS  

This software allows the simulation and the study of dif-
ferent experiments for different configurations of the car-
diac tissue. It allows changing parameters of the model that 
makes the program more versatile being able to simulate 
different situations. This kind of software is very useful for 
educational and research purposes.  
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Abstract: cDNA micro arrays are more and more frequently 
used in molecular biology as they can give insight into the relation 
of an organism's metabolism and its genome. The process of imag-
ing a micro array sample can introduce a great deal of noise and 
bias into the data with higher variance than the original signal 
which may swamp the useful information. As imperfections and 
fabrication artifacts often impair our ability to measure accurately 
the quantities of interest in micro array images, image processing 
for analysis of these images is an important and challenging prob-
lem. How to eliminate the effect of the noise imposes a challeng-
ing problem in micro array analysis. In this paper we implemented 
a novel algorithm for image sifting which could remove objective 
noise and simply could remove impulse noise from micro array 
images. This method could remove objects that smaller than size 
of grid. We used regular moving grids to sift and remove impulse 
noise and obtained denoised. In the other hand, this paper de-
scribes image processing methods for automatic spotted microar-
ray image analysis. Automatic gridding is important to achieve 
constant data quality and is, therefore, especially interesting for 
large-scale experiments as well as for integration of microarray 
expression data from different sources.

In this paper we have proposed a new method for automatic 
gridding of micro array images using sum of intensity of columns 
and rows, and we have developed it to gain a flexible algorithm to 
determine cells which contain spots of micro array images. By bi-
orthogonal wavelet transform, we increase signal to nose ratio 
(SNR) of each cells locally. Then with universal threshold we 
convert the image of each cell to binary image. At last via labeling 
each of these binary images we have detected pixels of the spots. 
Lastly, we used Stanford microarray images database as our data-
base and compared results with Genepix and achieved significant 
improvement.

Keywords— Micro array image, enhancement, segmenta-
tion, sifting, wavelet 

I. INTRODUCTION  

Micro arrays have become the tool of choice for the 
global analysis of gene expression. Powerful statistical tools 
are now available to analyze this expression and to gain an 
understanding of how changes in gene expression patterns 
impact biological systems. Currently, several different plat-
forms have evolved from the origin of this imaging tech-
nique which goes back to the 1970’s [1].  

By giving information on the levels of gene expression of 
thousands of genes at the same time, DNA micro arrays 
allow researchers, for example, to relate the effect of a dis-
ease to particular genes. The basic procedure for a micro 
array experiment is simply described is as follows. RNA is 
extracted from a cell or tissue sample and then is converted 
to cDNA. Fluorescent tags, (usually Cy3 and Cy5) are en-
zymatically incorporated into the newly synthesized cDNA 
or can be chemically attached to the new strands of DNA. A 
cDNA molecule that contains a sequence complementary to 
one of the single-stranded probe sequences on the array will 
hybridize, via base pairing, to the spot at which the com-
plementary reporters are affixed. The spot will then fluo-
resce when examined using a micro array scanner. The 
fluorescence intensity of each spot is then evaluated in 
terms of the number of copies of a particular mRNA, which 
ideally indicates the level of expression of a particular gene. 
A schematic diagram for this process created. 

Chen et al. [3] describe a segmentation algorithm based 
on the nonparametric Mann–Whitney test. Given samples of 
background pixel intensities and putative signal pixels, the 
test is used to find a set of significant signal pixels. 

An important advantage of this approach is its lack of as-
sumptions on spot shape; a drawback is the requirement of a 
background sample, which is difficult to provide reliably in 
an automated system. Bozinov et al. [4] have used k means 
and other clustering techniques to identify signal pixels in a 
given image window putatively containing a spot. They use 
cluster representatives for quantitative analysis rather than 
spot detection. The approach might be interesting for spot 
detection purposes but has the same intrinsic initialization 
problem as the Mann–Whitney segmentation. 

Vesanen et al. [2] proposed a spot segmentation and de-
tection method based on a generalized hit-or-miss trans-
form. The approach requires a training sample from which a 
representative spot shape can be learned. 

Yang et al. [5] propose a seeded region growing tech-
nique for spot signal segmentation. For grid segmentation of 
the ApoA1 images, they use a manually constructed tem-
plate.
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In recent years, enhancement and segmentation of mi-
croarray images always have been one of the interest fields 
of image processing papers. 

Wei-Bang Chen et al. [6] propose a three-step method for 
automatic gridding and spot segmentation. They claim that 
the second step applies a simple, progressive spot segmenta-
tion method to deal with inner holes and noise in spots. 

Nader Saffarian et al. [7] proposed a new image en-
hancement approach, which has the ability to improve the 
gridding results in DNA microarray analysis. The proposed 
approach is implemented as conditional sub-block bi-
histogram equalization. The proposed approach first de-
composes the signal by a multiresolution transform and then 
accounts for both the multiscale correlation of the subband 
decompositions and their heavy-tailed statistics. Hara Ste-
fanou et al. [8] presented a two-stage approach for noise 
removal that processes the additive and the multiplicative 
noise component. The proposed approach first decomposes 
the signal by a multiresolution transform and then accounts 
for both the multiscale correlation of the subband decompo-
sitions and their heavy-tailed statistics. Jinn Ho and Wen-
Liang Hwang [9] integrated the active contour (snake) 
model and the Fisher criterion to capture, respectively, the 
boundary and region information of microarray images. 
They then used the proposed algorithm to automatically 
segment the spots in the microarray images. 

Eleni Zacharia et al. [10] using an original and fully 
automatic approach for accurately locating a distorted grid 
structure in a microarray image is presented. The gridding 
process is expressed as an optimization problem which is 
solved by using a genetic algorithm. Li Ying et al. [11] 
constructed the adaptive tensor wavelets for microarray 
image denoising in terms of an explicit parameterizations of 
the univariate orthogonal scaling functions. The constructed 
adaptive wavelet keeps the edge information as possible as. 
Combining their constructed adaptive wavelet and hidden 
markov tree model. 

In this paper we have proposed a method for automatic 
gridding of micro array images using sum of intensity of 
columns and rows, and we have developed it to gain a flexi-
ble algorithm to determine cells which contain spots of 
micro array images. By bi-orthogonal wavelet transform, 
we increase signal to nose ratio (SNR) of each cells locally. 
Then with universal threshold we convert the image of each 
cell to binary image. At last via labeling of each of these 
binary images we have detected pixels of the spots. 

II. MATERIAL AND METHOD 

Here, we have implemented a novel algorithm for image 
sifting which could remove objects with definite size from 
micro array images [12]. 

Measurement of spot intensity ratios, which is the ulti-
mate goal of array image analysis, requires the signal re-
gions of the printed spots and also the mapping of the signal 
regions to logical grid coordinates of printed sequences. 
Existing software tools commonly use a two-stage ap-
proach. First, the print layout positions are established by 
user interaction or user-initialized semiautomatic methods. 
This is called “gridding” or “addressing” in the literature. In 
the second step, signal regions and spot measurements are 
computed without interaction. In this paper, we try to avoid 
the interactive preprocessing step as far as possible without 
losing general applicability to any type of printed array. 
Noninteractive methods are more suitable in automated 
systems and help to standardize data analysis.

The essential propose of grid segmentation or gridding is 
to find approximate positions and sizes of the printed spots 
these estimations are used to initialize quantitative analysis 
algorithms for individual spots. In our method we used sum 
of intensity of columns and rows. Fig.1 shows an original 
microarray image. 

Fig1. Original microarray image 

These sums are done on morphologic closed microarray 
images to obtain two signals as shown in Fig.2. 

Fig2. Top: Projection of sum of pixel intensity on X-axis Bottom: Pro-
jection of sum of pixel intensity on Y-axis 

In these signals local minimums show the gap location 
between spots rows and columns, so grid could align on 

Micro Array Images Segmentation Using a Novel Approach 1521

  
 IFMBE Proceedings Vol. 25  



microarray image and separate each individual spot. Fig.3 
shows the gridded microarray image by this method. 

Fig3. Gridded microarray image 

Increasing signal to noise ratio (SNR) of each cell is im-
plemented by using approximate coefficients of bi-
orthogonal wavelet transform as shown in Fig. 4. This in-
crease makes it easily to separate pixels which belong to 
spot from background pixels with simple threshold. 

      (a)                                     (b)  
Fig4. (a) Original spot image (b) Enhanced spot image by bi-orthogonal 

wavelet

(a)

(b) 
Fig 5. Applying the bi-orthogonal wavelet, Z-axis shows the brightness 

level (a) Original spot image (b) Enhanced spot image by bi-orthogonal 
wavelet

As easily obtain from Fig.5, applying the bi-orthogonal 
wavelet on each spot considerably increase the SNR. As 
previously mentioned, we merely used these methods to 
find the location of each pixel of spot. By applying the bi-
orthogonal wavelet, we obtained over two times improve-
ment on signal to noise ratio. 

Also we used threshold to convert the gray scale image 
of each cell to binary image (black and white). For recog-
nizing the objects in this binary image, we should assign a 
label to each object. Fig. 6 indicates the scan path for binary 
image. 

Fig6. Top: scan path for binary image, Bottom: Result of labeling 

We find the objects by applying the novel method for 
scanning the image. Therefore with a method similar to 
region growing we will find other pixels of the object and 
let the same label to all of them. For finding other objects 
we start from the pixel that scanning ended at it to find the 
next white pixel that has not a label. After the scanning of 
total image we will have all objects which have their own 
labels. Based on counting the number of pixel of each ob-
ject it’s determined the biggest one that could be the spot. 
The criteria that determine this object is a spot or not, are:  

1- This selected object should not be grater than 85% 
total number of cell pixels. 

2- Selected object should not less than 40% total 
number of white pixel of related cell. 

3- More than two objects with similar size are not ac-
cepted.
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After applying these conditions to objects of each cell, 
we will find the final spot segmented image like Fig.7. 

Fig7. Final segmented spots 

III. RESULT 

We used Stanford microarray images database as our da-
tabase. 

The results are compared against Genepix and shown in 
table 1 as validity table. 

Table 1. Compare of current method with Genepix 

IV. DISCUSSION 

It is well known that micro array technology can moni-
tor thousand of DNA sequences in a high density array on a 
glass.

As imperfections and fabrication artifacts often impair 
our ability to measure accurately the quantities of interest in 
microarray images, image processing for analysis of these 
images is an important and challenging problem. How to 
eliminate the effect of the noise imposes a challenging prob-
lem in micro array analysis. In this paper we implemented a 
novel algorithm for image sifting which could remove ob-
jects with definite size from macro array images. We have 
used regular moving grids to sift noise object and obtained 
clean images for segmentation. 

In our method, automatic gridding of micro array images 
uses sum of intensity of columns and rows, and we have 
developed a flexible algorithm to determine cells which 
contain spots of micro array images. We locally increased 

signal to noise ratio of each cell by bi-orthogonal wavelet 
transform. Then we convert the image of each cell to binary 
image with universal threshold. At last via labeling of each 
of these binary images we have detected pixels of the spots. 
The advantage of our work is that it makes a trade-off be-
tween sensitivity and precision with rapidity. Another high 
light is that because of using of automatic gridding we are 
able to apply the algorithm for each cell that makes it possi-
ble to select threshold locally which foreground pixels bet-
ter separate from background pixels. 
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Abstract— Mechanical ventilation is the live-saving therapy 
in intensive care medicine by all means. Nevertheless, it can 
induce severe mechanical stress to the lung, which generally 
impairs the outcome of the therapy. To reduce the risk of a 
ventilator induced lung injury (VILI), lung protective ventila-
tion is essential, especially for patients with a previous medical 
history like the adult respiratory distress syndrome (ARDS). 
The prerequisite for lung protective ventilation approaches is 
the knowledge about the physical behavior of the human lung 
under the condition of mechanical ventilation. This knowledge 
is commonly described by mathematical models. Diverse mod-
els have been introduced to represent particular aspects of 
mechanical characteristics of the lung. A commonly accepted 
general model is the equation of motion, which relates the 
airway pressure to the airflow and the volume applied by the 
ventilator and describes the influence of the distensibility and 
resistance of the respiratory system. 

Equation Discovery systems extract mathematical models 
from observed time series data. To reduce the vast search 
space associated with this task, the LAGRAMGE-system in-
troduced the application of declarative bias in Equation Dis-
covery, which furthermore allows the presentation of domain 
specific knowledge. We introduce a modification of this system 
and apply it to data obtained during mechanical ventilation of 
ARDS-patients. We experimentally validate the effectiveness of 
our approach and show that the equation of motion model can 
automatically be rediscovered from real-world data. 

Keywords— mechanical ventilation, ventilator induced lung 
injury (VILI), adult respiratory distress syndrome (ARDS), 
equation discovery. 

I. INTRODUCTION  

Mechanical ventilation is on the one hand the live-saving 
therapy in intensive care medicine by all means. On the 
other hand this therapy can even aggravate the pulmonary 
status of the critically ill patient. Mechanical damage of the 
lung tissue is the predominant reason for ventilator induced 
lung injury (VILI). To avoid VILI, the physicians make 
great efforts to develop lung protective ventilation strate-
gies. An essential prerequisite for such strategies is the 
knowledge about physical behavior of the respiratory sys-
tem under the condition of mechanical ventilation. During 

the last decades, diverse mathematical models have been 
introduced to describe physical characteristics of the human 
lung. In general, the purpose of these studies was to exam-
ine particular physiological aspects of the respiratory sys-
tem [1, 2]. The equation of motion (EOM) is the commonly 
accepted mathematical model of the lung under the condi-
tion of mechanical ventilation. As it is rather generic, it 
provides the basis for the most clinically applied methods of 
respiratory mechanics analysis. 

Equation Discovery derives its origin from the field of 
Knowledge Discovery and Machine Learning. Its tech-
niques intend to extract mathematical models from observed 
time series data. The idea is to discover functional relation-
ships – sometimes even called laws – in this data. The tech-
nique of using declarative bias in order to reduce the hy-
pothesis space is well known from the field of ILP 
(inductive logic programming) [3] and has been introduced 
to Equation Discovery by the LAGRAMGE-system [4]. 
When developing models, one either has to start from 
scratch or there is some assured background knowledge 
which can be implemented as part of the model. Declarative 
bias implies the presentation of such background knowledge 
and therefore might be a helpful feature when refining exist-
ing lung models. 

The aim of the present study was to show that the EOM 
can be automatically discovered from real-world data by 
application of an Equation Discovery approach. This would 
be the methodological prerequisite to be able to identify 
even more elaborated models for lung mechanics analysis. 
We introduce a modification of the LAGRAMGE-system 
and empirically evaluate it on respiratory data of mechani-
cally ventilated patients, suffering from the adult respiratory 
distress syndrome (ARDS): the use of a declarative bias is 
combined with a greedy, randomized search strategy for 
traversing the resulting hypothesis space according to the 
GSAT algorithm. 

We proceed as follows: After briefly reviewing the medi-
cal background with respect to the EOM, the equation dis-
covery approach is introduced. We present the data and the 
settings for our experiments carried out to assess the per-
formance of the system. Before concluding, we present and 
discuss the results of our study. 
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Figure 1 Typical example for a real-world pressure time series measure-
ment, consisting of five consecutive breaths with the PEEP (positive end-
expiratory pressure) adjusted to 0  mbar.

II. MATERIALS AND METHODS 

We explain the medical background (subsection A) of the 
study and introduce our Equation Discovery approach (B). 
The data (C) and experimental settings (D) are presented. 

 
A. Medical Background 

The EOM describes the relation between the airway pres-
sure Paw, the volume V and the airflow V  during mechani-
cal ventilation of the human lung: 

PEEPRVCVPaw /   (1) 

The variable PEEP (positive end-expiratory pressure: pres-
sure at the end of the expiration time) indicates the airway 
pressure at the end of expiration. The lung compliance 
C = V/ P indicates the volume distensibility and R the 
resistance of the respiratory system. 

 
B. Equation discovery 

The input to the Equation Discovery system 
LAGRAMGE consists of two parts. Firstly the input data D 
= (V, d, M), with 
 V = { 1, 2, …, n} as set of domain variables 
 d V as dependent variable 
 M as set of one or more time series datasets (see Fig 1). 

 
Secondly a context free grammar G = (N, T, P, S) speci-

fying the declarative bias, with 
 N as set of non-terminal symbols 
 T as set of terminal symbols 
 P as set of productions 
 S as non-terminal start symbol 

Productions with the same left side are gathered in one 
single production rule, separated by ’|’ (see Figure 2). Pre-
ferring short hypothesis, LAGRAMGE orders the produc-
tions either by the minimal depth of a derivable parse tree. 
If having same depth, productions are ordered by their input 
sequence just like the domain variables. The system refines  
the parse trees in the sequence of this order, i.e in a left-to-
right manner, starting from S as the root node. Each deriv-
able parse tree – or equation – represents a hypothesized 
model, which is fit to the data. Applying a beam search of 
width n, the n best models with respect to a minimized error 

euristic function are determined. h  
 

E  E + F | E – F | F 
F  E × T | F / T | T 
T  const[:0:25:70] | V | (E) 

 
Figure 2 Universal grammar as input to the equation discovery system 
LAGRAMGE with N = {E, F, T, V}, T = {+, -, ×, /, (, ), const}, P = 
{E  E + F, E  E - F, …, T  E)}, and S = E. Note that P is ordered 
from left to right, i.e. from the shallowest derivable parse tree to the deep-
est, respectively from left to right in the production rules. The non-terminal 
V denotes the set of domain variables provided by the input data D. 
const[:0:25:70] denotes a constant which has to be fit to the data, ranging 
from 0 to 70 and an initial value of 25 concerning the model fit. 

The order in which production rules are applied induces a 
characteristic bias. Therefore we modified LAGRAMGE’s 
original beam search approach in several ways, following 
Selmans’ GSAT algorithm [5]: 

Randomization: Instead of choosing productions for the 
refinement of a parse tree node and the termination of the 
subtrees by the predefined sequential order, these are se-
lected at random following the random restart hillclimbing 
algorithm GSAT, where a randomly generated truth as-
signment for a set of propositional clauses is set in a first 
step of the algorithm. Here, this helps to avoid local min-
ima. 

Lookahead: The best refinement of the current parse tree 
is selected as follows: Randomly choose a node in the cur-
rent parse tree and refine it like described before. Iteratively 
traverse the resulting parse tree in preorder sequence until 
the result cannot be improved anymore; in each iteration 
step apply each production applicable for the actually cho-
sen node, randomly refine the corresponding subtree and 
evaluate the heuristic function. This forces the algorithm to 
try to improve each randomly refined successor hypothesis, 
even if it could not be improved by the first random refin-
ment step. Quoting GSAT, this is similar to the step of flip-
ping propositional variables. Again this helps to avoid local 
minima. 

Momentum: The previously described iteration step can 
be interpreted as an unconstrained momentum, as it keeps 
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the lookahead running through local minima as long as the 
actual hypothesis is improved for a minimal  = 0. As this in 
general causes overfitting, we require that the preorder loop 
improves the score by at least   0. Embedded into a beam 
search, the complete lookahead step is iterated for each 
beam element until none of the elements can be improved 
anymore.  

C. Datasets 

The data contained pressure (Paw and PEEP), flow and 
volume time series. For the experiments, two kinds of data-
sets were obtained: 

Simulated data: the time series were simulated accord-
ing to the EOM for 10 different PEEP values. The resis-
tance was simulated to take different values for inspiration 
and expiration. Compliance was simulated dynamically, i.e. 
dependent on pressure and volume with a maximum value 
of 50 ml/mbar.  

Real-world data: real-world data was obtained from 4 
patients suffering from ARDS. Each patient dataset con-
sisted of 12 to 14 measurements. Each measurement again 
consisted of 5 succeeding breaths (see Figure 1). Between 
each measurement, the PEEP was increased by 2 mbar, 
starting from 0 mbar until a maximum pressure of 45 mbar 
was reached. The sample frequency was set to 8/sec. This 
type of measurement is called the PEEP-wave maneu-
ver [6].  

D. Experiments 

The task set to the system was to rediscover the EOM 
from the time series data. Paw, V, V  and PEEP built the set 
of domain variables, with Paw as the dependent variable. 
Declarative bias was presented by a universal grammar, 
allowing the system to derive any combination of the opera-
tors +, -, × and /. The range of the constants was constrained 
to [0, 70] with an initial value of 25 concerning the fitting 
procedure (see Figure 2). The maximum depth  of derivable 
parse tress was set to 6 (although a depth of 5 would have 
been sufficient to derive the EOM). Thus, the hypothesis 
space consisted of 1.5×107 possible models. According to 
the nonlinear dependencies in the EOM –  

 – we say that a discovered model de-
scribes the EOM if these first two addends (or equivalents) 
appeared. 

constVconstV /

Setting for simulated data: The experiments on simu-
lated data were designed to (i) verify that the performance 
of the modified system is independent of the input order of 
the productions rules and the variables. Therefore, 6 permu-
tations of the independent variables V, V  and PEEP were 

considered. These 6 permutations were combined with 2 
different orders of the productions in the grammar, consist-
ing of an initial sequence and its reverse. (ii) furthermore, 
the robustness concerning the randomized parse tree deriva-
tion was. Thus, each of the inputs according to (i) was in-
vestigated with the random-number generator of the system 
initiated with 5 different random seeds. Thus, 12 experi-
mental runs for the original search algorithm and 60 for the 
novel approach were performed. To avoid memory over-
flow, we had to restrict the beam width to 25. 

Setting for real-world Data: Experiments on measured 
data were designed to show the applicability of the ap-
proach to real-world data. Input sequences were generated 
according to item (i) from the setup for simulated data. For 
each of the 12 resulting input sequences the random seed 
was retained. For time limitations, the beam width was set 
to 1.  

III. RESULTS 

In the following we present the results for the two 
experimental settings. 

A. Experiments on Simulated Data 

When running the original system, the EOM was found 
in 33% of the 12 runs. In contrast, the new approach dis-
covered the EOM in about 70% of the runs. There was al-
most no effect by the different random seed settings (see 
Table 1). 

Table 1 Mean of results for 12 production rule and variable input 
sequences; Top: Novel beam search for 5 random seed settings. Bottom: 
Original beam search without randomization.  
 

seed RMSE positive  
 (mbar) (%) 

Novel Search 

1 3.11 ± 0.73 83.3 
2 3.05 ± 0.35 75.0 
3 3.63 ± 1.00 41.7 
4 3.19 ± 0.71 75.0 
5 3.07 ± 0.73 75.0 

mean 3.21 ± 0.70 70.0 

Original Search 

- 4.83 ± 1.85 33.3 

seed: random seed setting; RMSE: root mean 
squared error; positive: percentage of the 
runs, where the EOM was detected 

1526 S. Ganzert et al.

  
 IFMBE Proceedings Vol. 25  



B.  Experiments on Real-world Data 

In the real-world domain, the EOM was detected in 
91.7% of the 12 runs for the permuted input sequences (see 
Table 2). 

Table 2 Results for real-world datasets with 12 input sequence 
permutations. 

permut RMSE positive 
 (mbar)  
1 4.80 yes 
2 4.80 yes 
3 7.36 no 
4 4.80 yes 
5 4.80 yes 
6 4.80 yes 
7 4.80 yes 
8 4.99 yes 
9 4.80 yes 

10 4.80 yes 
11 4.80 yes 
12 4.80 yes 

mean 5.03 91.7% 
permut: permutation number; RMSE: root 
mean squared error; positive: EOM re-
detected in the data? 

IV. DISCUSSION 

As the main result of this study we found, that an auto-
mated identification of mechanical lung models is indeed 
feasible by the application of Equation Discovery tech-
niques. 

Our experiments on data obtained from 4 ARDS-patients 
showed, that despite giving the system only sparse back-
ground knowledge at hand in terms of a universal grammar 
and without performing any preprocessing on the data con-
cerning reduction of noise, the system re-identified a well 
accepted mechanical lung model. Besides the two presented 
settings, we performed classical experiments from the field 
of Equation Discovery (‘Optimal Phytoplanction Growth’, 
‘Aquatic Ecosystem’, ‘Springs and Masses’, ‘Two Poles on 
Card’ and ‘Piecewise Linear Circuit’). All results proved 
the competitiveness of the presented approach to the origi-
nal LAGRAMGE-system concerning the preciseness of the 
derived models. Nevertheless we have to confess, that due 
to the reduced guidance of the hypothesis space exploration 
by randomizing the parse tree derivation, far more parse 
trees have to be evaluated if the background knowledge is 
sparse. This drastically impaired the performance with re-
spect to evaluation time. On the other hand it is this loss of 
additional bias which is induced by the demand to detect 
rather short hypotheses that prevents the system from stop-

ping at local minima and thus possibly ignoring appropriate 
models – independent of the beam-width – as could be 
shown by our comparative experiments. 

V. CONCLUSIONS 

To the best of our knowledge, this is the first application 
of an equation discovery technique to measured respiratory 
data from intensive care medicine. We presented an equa-
tion discovery approach based on the LAGRAMGE-system. 
Modifying the original system, which is able to handle 
background knowledge, we used a randomized, hill-
climbing heuristic search among the refinements of the 
derived mathematical models. It was shown, that the novel 
system is well applicable in real-world datasets. In the field 
of modeling mechanical properties of the mechanically 
ventilated human lung we find an application potential for 
detecting and modeling regularities in pulmonary physiol-
ogy. 
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Abstract—As the field of the computer simulation technique 
has advanced, the computer simulation extends its domain, 
enlarges its scale, and improves its quality. Nowadays the 
haptic sense is as important as visual one to recognize a virtual 
object. While the mechanisms of two senses are highly differ-
ent, only one model simulates for the visual sense, processing 
shape deformation, and for the haptic sense, computing the 
force feedback. Even if the separate models coexist for simulat-
ing those two senses, the connections among those separate 
models are not clearly defined. In this paper, we propose a new 
computer simulation scheme as a hybrid model for real-time 
haptic rendering and volumetric deformation. We define the 
embedded mass-spring model and its mapping functions to 
haptic s-chain model as well as to graphic mesh model. The 
experimental results demonstrate the potential for virtual 
reality simulation in medical education and training. 

Keywords—volumetric deformable model, haptic rendering. 

I. INTRODUCTION  

Many researchers have developed a computer simulation 
model, as the demand for computer simulation has in-
creased. The characteristics of a simulation model are dif-
ferent depending on what the main targets in simulation are. 
In the case of surgical simulation, one of the important 
properties of the model is the elasticity of soft body such as 
human organ. In our proposed model, the realistic volumet-
ric deformation and the volumetric haptic feedback are 
considered to simulate the behavior of elasticity. 

The volumetric deformation is a challenge to real-time 
computer simulation because of the huge number of high-
resolution volumetric data to be computed within a reason-
able time. Cotin et al [1][2] propose a deformable model 
that uses a linear Finite Element Method (FEM), a reduced 
version of a pure FEM,  to compute elastic energy of a hu-
man body. Chen et al [3] suggest a spring-mass model for 
calculating each voxel of volume data. Jailet et al [4] use 
particles to represent volume data. As the capability of re-
cent GPUs (graphics processing unit) has rapidly increased, 
Luciano et al [5] accelerate computation by using  

general-purpose GPUs. The models mentioned above usu-
ally use the FEM or the spring-mass algorithm for comput-
ing deformations. Since the traditional FEM and the spring-
mass algorithm have a large computing overhead, they are 
difficult to deal with the high resolution volume data. In this 
paper, we propose an adaptive spring-mass algorithm to 
reduce such large computational overhead. 

Haptic rendering is as important as volumetric deforma-
tion in computer simulation. Park et al [6][7] propose the S-
Chain (shape retaining chain) model to calculate force feed-
back of the volumetric deformable model. The real-time 
haptic rendering requires higher refresh frequency rate 
(1,000 Hz) than one of visual rendering (30 Hz). The S-
Chain model satisfies high refresh frequency because its 
computing overhead is very low. However, its visual ap-
pearance is not good since it employs a linear solver to 
compute the deformation.  

Previously, we developed a dual model as one kind of 
simulation solution for soft body [8]. The dual model had 
two separate models – one is a volumetric model and the 
other is a surface model – to handle haptic rendering and 
visual rendering, respectively, efficiently and effectively. 
However, since there was no concrete relationship between 
the two models, the visual model could not reflect the de-
formation of the volumetric data. In this paper, we suggest 
an adaptive mass-spring model as the interface between the 
haptic model and the visual model to improve the behavior 
of our dual model. Our proposed model computes the force 
feedback and computes the realistic deformations at the 
same time. 

II. METHOD 

A. Model Description 

There are three different models in our system: haptic 
model, behavior model, and visual model. Each model has 
its own role: The haptic model is the S-Chain model that 
computes the force feedback, the behavior model is a mass-
spring model that computes the elastic energy to deform the 
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object, and the visual model is what we see in display de-
vices. 

Haptic Model: The S-Chain model [6] is suited for the 
haptic model because it employs a simple algorithm to solve 
linear system. A basic element of the S-Chain is a chain 
which has a possible range of its own boundaries where it 
can move around without disturbing the neighbor chain 
element. That is, those boundaries indicate the stiffness of 
each chain element. The smaller the range, more rigid the 
chain is. The algorithm is simple that it takes the violated 
chain to the neighbor chains and propagates its residual 
energy until there is no more energy for deformation. The 
S-Chain algorithm, unlike the original 3D Chainmail algo-
rithm, guarantees that the model has no residual elastic 
energy after several deformations. Therefore, the S-Chain 
provides a way to compute force feedback. Equation (1) 
shows that F (force) is proportion to the number of moved 
chains (n) where Ki is the spring coefficient of ith chain. 

∑=
n

i
iKidF *)(                              (1) 

 

Fig. 1 Element of a Behavior Model 

Behavior Model: As an element of the haptic model is a 
chain element, its corresponding element of the behavior 
model is a 3D mass-spring box as shown in Fig 1. It con-
sists of a mass, structural springs, and shear springs. The net 
force is calculated based on Hooke’s law. Equation (2) is a 
spring-mass-damper equation where k is the spring coeffi-
cient, b is a damping coefficient, and d is the distance be-
tween i and its neighborhood. 

 
iii

n

i
ii dbdkF ′+−=∑                           (2)                                                                

The spring-mass-damper model has a large computing 
overhead because the system should compute the net force 
of every spring at the each simulation time. We propose a 
way to reduce that overhead for real-time simulation. The 
elastic energy function is quadratic as shown in (3). We 
assume that the mass which has low elastic energy can be 
omitted. In other words, we can ignore some masses which 
move insignificantly to estimate elastic energy. Therefore, 
we can compute elastic energy with smaller springs and 
masses than traditional approaches. 

2

2
1 kdE =                                    (3) 

We define the active mass that has enough elastic energy 
to be deformed. As shown in the right graph of Fig. 2, the 
simulation time can be reduced when the number of active 
masses becomes smaller as a result of our adaptive algo-
rithm. Note that, however, the small number of the simu-
lated masses can cause a precision problem. In our ap-
proach, our system considers only active mass. Thus, the 
global deformation would be ignored. That means that our 
approach takes local minima, rather than global minima. As 
long as we are in a local range, this limitation does not af-
fect the result, but not for global deformation.  

 

   
Fig. 2 Elastic energy 

Visual Model: The visual model is just a polygonal mesh 
that will be displayed on the monitor. A surface model is 
suited for visual model because the user does not see the 
internal shape of a virtual object. The surface visual model 
can have bigger resolution (i.e. fine detail) than the volu-
metric behavior model or haptic model. We employed a 
mean-value interpolation [9] scheme. 

B. Mapping Functions 

 

Fig. 3 Three models of the hybrid deformable model 

There are three different models as mentioned above [also 
see Fig 3]. Fig 4 depicts the overview of our system. The 
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white boxes are models or a device. The green labels are 
data to be transmitted, and the blue labels show the mapping 
functions.  

 

Fig. 4 Our system overview 

The haptic model calculates its own deformation to cal-
culate force feedback. Because the S-Chain algorithm is 
based on linear equation, the linear deformation occurs. The 
deformation of the S-Chain algorithm is bad for visual 
model. The behavior model can solve problem. The behav-
ior model simulates the deformation for a visual model. 
Lastly, we should interpolate that deformation information 
of the behavior model to the visual model because the reso-
lution of the visual model is denser than that of the behavior 
model. 

 

(a)      (c)      (e)   
 

               Haptic model                 Behavior model               Visual Model 

(b)     (d)      (f)  
 

Fig. 5 Illustration 

As an illustration, Fig 5(a) depicts undeformed haptic 
model (S-Chain). (b) shows the configuration where a user 
pulls the model at the top. (c) shows the adaptive mass-
spring model where red points indicate activated area. (d) is 
the result of mass-spring model deformation. (e) shows the 
visual model prior to the interpolation. Finally, (f) shows 
the visual model deformed by the mapping (interpolating) 
with the behavior mass-spring model.  Fig 6 shows the 
pseudo algorithms of the system. 

III. RESULTS  

The simulation environment is a desktop computer which 
has Intel Processor 2.4 GHz, 2 GB Main memory, and 
Nvidia Quadro 3450FX. Fig 7 shows the result of simula-
tion with 1000 chains of S-Chain; 1000 masses and 5400 
springs of spring-mass; and 5402 vertices and 10800  
triangles. 

 
Haptic Model 

1. A user inputs 3-D input by using haptic device. 
2. The haptic model finds an appropriate chain to be contacted 

by user. 
3. A user move the contacted chain 
4. The S-Chain algorithm computes the force feedback and def

ormation of own model. (1000 Hz) 
Behavior Model 

5. The deformed chains (moved chains) activate the masses as 
active masses. 

6. The spring-mass algorithm computes the deformation. 
Visual Model 

7. The visual model is interpolated by deformed behavior mode
l. (30 Hz) 

Fig. 6 Pseudo algorithm 

 
Fig. 7 Experiment with a cubed object 

Fig 8 illustrates the result of the non-homogenous vol-
ume model. The resolution of each model is the same as 
those in Fig 7. There are three models: the haptic model 
(left), the behavior model (middle), and the visual model 
(right). The left portion of the contacting point is more rigid 
than the right portion. In the haptic model, the left cyan 
portion is deformed more than others, thus it generates 
stronger force feedback. The behavior model and the visual 
model show more realistic deformation in comparison with 
the haptic model. 

 

 

Fig. 8 Non-homogenous data 
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We also apply our system to a general mesh, a liver, as 
shown in Fig 9. The mesh has about 7600 triangles. The 
deformed result is illustrated in each side of Fig 9. The left 
deformed object is the result when the user pulls the top of 
the object while the right one is the result of push. Since the 
behavior model is based on volume data, the energy for 
recovery is more stable than the surface data. 

 

Fig. 9 Liver data 

To summarize, the mass-spring behavior model is em-
bedded onto the S-Chain model, and which springs to be 
activated are adaptively selected by the activated S-Chain 
elements. Haptic rendering is solely computed by S-Chain 
model, which provides real-time and realistic force feed-
back. The visual deformation is then controlled by the be-
havior model which provides the base deformation for the 
detailed visual mesh model. Mean-value interpolation is 
used for robust mapping between behavior model and visual 
model. Since the behavior model is mass-spring, we also 
observe the natural restoration of the shape after deforma-
tion is released.  

IV. CONCLUSIONS  

In this paper, we propose a hybrid model which supports 
both haptic rendering and volume deformation in real time. 
The hybrid model enables us to deform the virtual soft ob-
jects with haptic feedback in real time by separating haptic 
rendering from graphic rendering. We employed the S-chain 
model to calculate the feedback force and an adaptive mass-
spring model to deform the virtual object for a simulation. 
The mapping function links the S-Chain model and the 
mass-spring model. Through the experiments, we verified 
that the hybrid model can handle the virtual soft objects 
composed of about 20,000 elements in real time. Moreover, 
we confirmed that the hybrid model provides the realistic 
visual feedback and conveys the object’s internal informa-
tion with volume data. We are currently working on real-
time collision detection for deformable models and on more 
objective evaluation method for the system.  

The proposed hybrid model is a suitable for computer 
simulation which requires the realistic deformation and the 
feedback force of high resolution volumetric objects in real 

time. We plan to apply our model to medical simulation 
applications and extend the hybrid model to handle topol-
ogy changes within the simulation framework. 
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Neural Network as a Tool for Medical Signals Filtering, Diagnosis Aid, Therapy 
Assistance and Forecasting Improving 
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Abstract— Neural Networks are very rare used for medical 
applications. In the paper short discussion of the neural net-
works general properties is combined with some ideas, how 
and why use the neural networks for medical purposes. Four 
areas of application of neural network in medicine are pre-
sented and discussed. First is application used for adaptive 
signal filtering. Next and most popular is application in medi-
cal diagnosis process – neural network can be helpful here as 
automatic pattern recognition systems, advising device as well 
as criticizing systems for doctors decisions. Third area of 
neural network applications is connected with therapy assis-
tance. Last but least neural network can be applied for fore-
casting of future state of the patient under consideration (pre-
diction of therapy results). All such applications are worth 
more carefully evaluations as it is observed now an therefore 
this paper is dedicated for pay attention of the doctors and 
biomedical engineering researchers to reach and diverse op-
portunities hidden in neural networks advantages.  

Keywords— neural network, medical application, diagnosis 
aid, therapy assistance, forecasting improving.  

I. INTRODUCTION  

Neural Networks are known as biologically-inspired 
computational tool, very efficient in solving many practical 
problems in physics, technology, economy etc. We can 
show lot of examples of successful applications of this tool, 
let us give (only as a sample) some instances: Paper [1] 
shows example of the use of neural network for evaluation 
of biological activity of selected chemical compounds. Pa-
per [2] in contrast presents technological application. Paper 
[3] discussed some example of neural networks used for 
biomedical purposes and some additional examples can be 
taken from the website [4]. In fact when we search internet 
using Google term ‘neural network application’ we can at 
the moment obtain millions of citations.  

But very few of it will be related to the biomedical engi-
neering applications! Paradoxically this tool, very near in 
nature to biological and medical structures, is very rare used 
for medical purposes.  

This paper is dedicated for biomedical engineering spe-
cialists, for medicine doctors and for medical physics to pay 
their attention to many reach and diverse opportunities hid-
den in neural networks. We believe neural networks are tool 

for many future successful medical applications and we 
hope theirs use can help solve at last some medical prob-
lems by means of better exploit contemporary computation-
al intelligence.  

II. WHAT IS NEURAL NETWORK? 

A. Neural Networks discovery and development  

For better understanding all neural networks advantages 
and limitations the short recollection of the history of theirs 
discovery and development can be useful (see Fig. 1).  

 

 

Fig. 1 Discovery and development of neural networks 

The starting point was human curiosity. People want to 
discover human brain as a mysterious organ, which is 
‘home of the soul’ (A). Therefore legions of researchers 
year by year collected information about brain morphology, 
microstructure, physiology, biochemical and bioelectrical 
activities (B). Huge amount of biological discoveries and 
research results was subject of observations for biocybernet-
ic specialists (C), who transformed descriptive forms of 
neurobiological knowledge representation into more univer-
sal and more general form of mathematical models (D). On 
this formal base the first neurocomputers (electronic sys-
tems based on neural principles) was build (E). Using of 
dedicated electronic systems was not comfortable enough 
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therefore now almost all neural network applications are 
based on computer simulation (F).  

B. Principles of Neural Network functioning  

In most contemporary applications Neural Network is 
simulated by means of general purpose computer powered 
with special software. Using this software computer can 
simulate particular artificial neurons (similar to the biologi-
cal ones, but very simplified), their connections and signals 
transmitted from the network input (where all data neces-
sary for full description of the problem under consideration 
are served to the network) to output, where we expect solu-
tion of the problem.  

Most important feature of the Neural Network is con-
nected with its learning abilities. We can use  Neural Net-
work for solving any problem, if we have some examples of 
proper solutions of the problem under consideration. Only 
such examples (called learning set) are necessary. The algo-
rithm of problem solving is not required. It is great advan-
tage of this method, because sometimes (in biomedical 
problem – very often) the formal algorithm is not attainable. 
Moreover in many practical problems even causal relations 
are not known – and is not obstacle for neural network ap-
plication and for successful modeling of the system, process 
or phenomena under consideration.  

III. HOW TO USE NEURAL NETWORKS FOR BIOMEDICAL 
APPLICATIONS? 

From general point of view Neural Network can be used 
for solving almost any problem in frames of almost any 
discipline. Sometimes details of such application must be 
selected carefully [5], but after some tuning the usefulness 
of neural models for such purposes is out of question.  

Fig. 2 Application of neural network for signal filtering 

In relation with biomedical engineering we can show 
four areas, in which application of neural networks is of 
particular importance. First is filtering and other processing 
of biomedical signals and other streams of data (Fig. 2). 
Using Neural Networks we can process biomedical signals 
using very interesting, adaptive scheme. 

Next application is connected with medical diagnostics. 
Neural Network in such application can be used as automat-
ic pattern recognition systems, advising device as well as 
criticizing systems for doctors decisions.  

Third area of neural network applications is connected 
with therapy assistance.  

Last but least neural network can be applied for forecast-
ing of future state of the patient under consideration (predic-
tion of therapy results – Fig. 3). 

 

 
Fig. 3 Application of neural network for prediction 

IV. CONCLUSIONS  

Problems related to the use of Neural Networks for bio-
medical applications, mentioned in this paper very short, 
will be presented more precisely and with practical details 
during the presentation of the paper on the conference ses-
sion. The main conclusion can be expressed yet: Neural 
Networks are worth more attention given by Biomedical 
Engineers and Medical Physics.   
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Numerical modeling of thrombogenesis in intracranial 
aneurysms (Fig. 1)  is important from both the fundamental 
and clinical point of views.  Fundamentally, it will help in 
explaining why spontaneous thrombosis often occurs in 
unruptured giant aneurysms and rarely in smaller ones.  
Clinically, it will provide an assessment tool for the clotting 
capability of flow-diverter stents deployed within the 
intracranial arterial structures.  The aim of such an implant 
is to induce an occluding thrombosis in the aneurysm, hence 
re-establishing the normal course of blood flow circulation 
in the vascular tree. Thrombosis is the first phase of 
vascular remodelling before subsequent biological 
processes take over to achieve full resorption of  the 
aneurysm.   

Intracranial aneurysms may rupture and cause death or 
disability of the patients. Studies have shown that in average  
5% of  the world wide population  is a “positive” 
intracranial aneurysm carrier.   

Thrombosis can be modeled in either way: 1/ by 
describing the time evolution of thrombin concentration 
through the numerical resolution of several reaction-
diffusion equations involving tens of clotting factors in the 
clotting pathway. Thrombin is the most important ingredient 
which transforms soluble fibrinogen contained in blood into 
fibrin strings to consolidate the thrombus. This microscopic 
description is not self-consistent to explain the inhibition 
mechanism in aneurysms which is responsible for partial 
aneurysm occlusions. 2/by describing spatial  and temporal 
evolution of thrombus in the aneuryms through mesoscopic 
modeling of the adhesion and aggregation of the  platelets to 
the aneurysm wall and to the fibrin (Fig. 3). This scheme 
captures geometrical variations of the anatomy and 
pulsatiliy of flow that both influence blood flow conditions 
for thrombogenesis. It applies to intracranial aneurysms to a 
large extend. 

We present in this conference the main guidelines of the 
numerical model developed at university of Geneva. The 
objectives and justifications have been fully described in [1-
2] and the qualitative (visual) validations in [3]. We present 
here the first quantitative validation of one of the main 
hypothesis of the model.  The mathematical modeling of 
thrombogenesis  in the framework of lattice Boltzmann is 
described in [4]. 

In this model, thrombosis is locally driven by the shear 
stress of blood near the aneurysm wall, and controlled by a 
shear stress threshold. In intracranial aneurysms,  
thrombosis reaction occurs  at low shear rates (less than 100 
s-1), the level at which  platelet adhesion and aggregation is 
enhanced without involvment of adhesion molecules like 
the vWf factor.   

Two phases of blood flow are described within the lattice 
Boltzmann method (LBM):  1/ the plasma motion is 
described as an idealized newtonian fluid particles moving 
and colliding on  a discrete space-time space (grid). The 
fluis is described in terms of discretized density distribution 
functions from which hydrodynamic moments (pressure, 
shear stress, velocity fields) are extracted. In a 2-dimension 
grid, the so-called D2Q9 model (8 directions) is used. The 
dynamics used to describe time and space evolution of the 
density distribution functions is the so-called BGK [5]. 2/ 
the platelet motion is added on top of the flow model to 
characterize its transport and the adhesion and aggregation 
as well. Platelets are assumed to be point particles passive 
scalars.   

Assuming an oscillating flow, the correlation of the 
clotting surface fraction with size of the aneurysm and shear 
stress threshold in a sidewall configuration, has been 
studied. The results  are qualitatively matching clinical 
observations in which conditions of no, partial (Fig. 2) or  
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full occlusion of aneurysms have been fulfilled.  Recently 
on, the first indirect validation of the shear stress threshold 
hypothesis has been established (Fig. 4). This has opened 

the way further for future biological experimental 
validations to calibrate the model and improve its 
quantitative clotting assessment capability. 

 
 
 

 
                               Fig. 1 Patient-specific intracranial aneurysm                                          Fig. 2 Partially thrombosed aneurysm 

 
 

 
       

Fig. 3 Simulated thrombosis in sidewall aneurysm 
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Fig. 4 Percentage of intra-aneurysmal clotted volume versus Aspect Ratio of aneurysm as measured from image datasets of patient-specific aneurysms. 
Error bars in the last three points reflect measurement errors. Absence of error bars in the first three points reflect the absence of spontaneous thrombosis in 
such small and medium sized aneurysms 

 

Figure 4  shows clearly the existence of a geometrical 
threshold that favours, below a certain aspect ratio value 
ranging from 1.5 to 2.8 , the formation of  spontaneous 
thrombosis in very large aneurysms unlikewise in small and 

medium aneurysms. This geometrical threshold can be 
correlated to macrodynamical hemodynamic factor like 
shear rate (stress) or velocity.  
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Fig. 5 Lattice Boltzmann simulation of the impact of two modelized stents with 50% and 90% effective porosity each, on the intra-aneurysmal 
hemodynamics. The images on the green bacground show in dark red the solid thrombus phase, full clotting on top, and partial clotting right and on bottom. 
Two aspect ratios are considered: 0.5 (small aneurysm) and 1.2 (larger aneurysm). The neck size is constant for both geometries. Two positions of stents, 
one shifted by half a pore size compared to the normal counterpart.  The curves in the middle of the figure sketches up time evolution of  the percentage of 
clotting fraction into  the aneurysm, in all 8 cases (2 poresizes, 2 stent positions, 2 aspect ratios) 

Figure 4 allows to asses the clotting capability of the 
idealized stent deployed accross generic aneurysm 
geometry. This clotting capability metric further improves 
indirect clotting assessment based only on velocity estimate. 

Fundamental hypothesis of this model has been recently  
validated with real data which open era for future biological 
investigations to calibrate it and strengthen its predictive 
power. 
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Abstract—Self-Organizing Maps (SOM) usually deal with 
quantitative inputs, but an algorithm for handling qualitative 
variables as inputs, using a Multiple Correspondence Analysis 
(MCA) framework, has already been proposed (the KMCA). 
This work suggests an alternative approach, also using the 
MCA framework, but calculating the category profiles of a 
complete disjunctive table (in MCA nomenclature, the 
Indicator Matrix). An illustrative example of the method is 
shown, concerning the assessment of an ISO 9000 standard 
adoption in a general hospital in Rio de Janeiro, Brazil. 
Questionnaires of 369 respondents pertaining to this 
implementation were analyzed. From a 9x9 hexagonal SOM's 
grid, the main results suggested an indifferent and slightly 
positive perception of quality improvement between 
employees. Further studies repeating the strategy in the same 
institution should be carried out to evaluate the present state 
of the standard implantation. 

 
Keywords— Data Analysis, ISO 9000, Kohonen maps, Multiple 

Correspondence Analysis, Self-Organizing Maps 

I. INTRODUCTION  

Kohonen or Self-Organizing Maps (SOM) can be defined 
as an unsupervised algorithm in which the topology of the 
inputs is represented in a graphical display output and its 
core operation is the minimization of the Euclidean distance 
between the input vector and the neuron winner vector [1]. 
Real applications of SOM usually deal with quantitative 
inputs, however, in surveys, where qualitative variables are 
not uncommon (e.g., gender, race, professional class), some 
drawbacks have to be circumvented in order to apply the 
SOM algorithm, since these variables cannot be simply 
transformed into quantitative variables while still keeping 
their real meaning. 

A strategy for dealing with this problem is the use of a 
Multiple Correspondence Analysis (MCA) framework in 
conjunction with the SOM algorithm (the KMCA 
algorithm) [2]. MCA is a multivariate exploratory technique 
in which the categories of qualitative variables are displayed 
in orthogonal axes [3]. The KMCA method consists in 
cross-tabulating all variables (in the Burt matrix) and using 
the rows (or columns) of this square matrix as SOMs inputs 
after a suitable transformation. 

Here we propose a variant of the KMCA algorithm, a 
method that uses category profiles based on a disjunctive 
table instead of the Burt matrix. The technique is illustrated 
by the application of a survey of ISO 9000 implantation in a 
general hospital, placed at Rio de Janeiro, Brazil [4]. 
Thirteen qualitative variables are used. 

II. BACKGROUND 

A. Category Profiles 

The term "category profile" arises from a technique 
called simple Correspondence Analysis (CA), which is a 
visualization method applied to two-way contingency tables 
[3]. The idea of CA is to construct row (or column) profiles 
onto orthogonal axes so that the distances between profiles 
are Chi-square distances (weighted Euclidean distance in 
which the weights for each profile are inversely related to 
the corresponding marginal total of the table). Since row 
and column profiles are calculated in the same manner, and 
since they belong to qualitative variables, hereafter we only 
refer to the category profiles (Cp). 

Let T be a matrix representative of a two-way 
contingency table, with I rows and J columns and elements 

ijt , 1≤ i, j ≤ I, J. Then Cp is given by: 

j

ij

t

t
ijCp

+

=   (1) 

where jt
+

 is the column total along each row. From (1), it 

is clear that all Cp elements sum to unity. The marginal total 
of each row divided by the grand total of T is the average 
column profile (Cpa). Both Cp and Cpa are positioned in the 
Euclidean space through adequate scaling, by means of the 
Singular Value Decomposition (SVD) algorithm [3].  

MCA is an extension of CA for multivariate data. Instead 
of a two-way contingency table, a complete disjunctive 
table is constructed, in which cases or subjects are 
represented in rows and variables (survey questions) and 
their categories in columns. Then, each category is 
transformed into a dummy variable and a subject selects 
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only one category within a question. This disjunctive table 
is called, in MCA nomenclature, the Indicator Matrix (Z). 
Table 1 shows an example of an Indicator Matrix with three 
dichotomous variables (yes or no) and four cases. The grand 
total is 4 x 3 = 12, and marginal row totals are the number 
of variables. Corresponding Cps and Cpas are shown in 
Table 2. For instance, the column profile of question A, 

category yes, is [ ]1,0,0,0 . The Z matrix provides complete 

information about all cases. 

Table 1 Example of an Indicator Matrix with four cases and three 
dichotomous variables (questions) 

Que A Que B Que C 
Cases

Y N Y N Y N 
total 

1 1 0 0 1 1 0 3 
2 0 1 1 0 0 1 3 
3 0 1 0 1 1 0 3 
4 0 1 0 1 1 0 3 

total 1 3 1 3 3 1 12 

Table 2 Example of column and average column profiles 

Que A Que B Que C 
Cases

Y N Y N Y N 
Cpa 

1 1 0 0 0.33 0.33 0 0.25 
2 0 0.33 1 0 0 1 0.25 
3 0 0.33 0 0.33 0.33 0 0.25 
4 0 0.33 0 0.33 0.33 0 0.25 

B. Self-Organizing Maps 

Interested readers can find several discussions on the 
theoretical and practical aspects of SOM in many of the 
references listed in [1]. Basically, the SOM algorithm 
transforms real-valued, multi-dimensional data, which is 
likely to have intrinsic patterns, into uni or bi-dimensional 
graphs, keeping the topological features of the input, 
through competitive learning. This is achieved by a non-
ordered starting, where neurons connected in a topological 
grid adapt when input data are systematically presented to 
the network.  

An initial codebook vector, with the same dimensionality 
of the input data, is settled to each neuron and the Euclidean 
distance between each input vector and each neuron 
codebook is compared. The best-matching neuron (the 
winner) is the one with the minimum Euclidean distance 
relatively to the input vector: 

{ })i,id(min)w,d( mxmx =  (2) 

where x and mw are the input vector and the codebook 
winner vector, respectively, within all i neurons of the grid. 
In its simplest form, only the winner neuron is updated, but 

more biophysically inspired nets include a neighborhood 
function (centered in the winner), in order to mimic lateral 
interactions of the neural cortex. This approach is based on 
that closer neurons are more excited than the farther ones. 
The updated neurons (the winner and the neighborhoods 
ones) rule is then given by: 

⋅+=+ (n)(n)1)(n mmm Δ ,  (3) 

where (n)Δm  is 

⎩
⎨
⎧ −⋅⋅

otherwise0

 winnerfor the(n)(n)h(n)α(n) mx
 (4) 

where α(n) and h(n) are the learning rate and neighborhood 
function, respectively, both decreasing monotonically as n 
increases. 

III. MATERIALS AND METHODS  

A. Data 

An overview of the data used here can be obtained in a 
previously published paper [4]. In this study we only 
describe data details adequate for the present purposes. 

Data were collected from a general hospital where simple 
and complex medical services, such as nuclear medicine, 
haemodynamics, magnetic resonance imaging, lab tests, 
emergency services and haemodialysis (among others) are 
available. The hospital is placed in Rio de Janeiro, Brazil. 
Cases with more than 50% of missing values (questions) 
were discarded, so that, from the starting 587 returned 
questionnaires, 369 could be used. Hospital personnel are 
divided in professional classes as like Physicians (47), 
Administrative staff (56), Engineering (22), Nursing (100), 
Supporting services and Council (1). 

Employees' opinions about the hospital implantation of 
the ISO 9000 standard were compiled in a questionnaire. 
Thirteen questions were analyzed, with 5 levels of opinion. 
Levels were ordered as 1 (positive), 2 (slightly positive), 3 
(indifferent), 4 (slightly negative) and 5 (negative) and 
considered after ISO 9000 adoption. The variables were 
Professional recognition (if they felt that they were valued 
by colleagues and hierarchical superiors), Satisfaction with 
the job (if they felt that their tasks were performed more 
satisfyingly), Time until the end of a task (if they felt that 
the time necessary for their usual job activities decreased), 
Infrastructure problems (if the number of building structure, 
pipes, electrical cables, etc problems decreased), Equipment 
problems (if the number of equipment failures decreased), 
Medical devices problems (if the number of needles, 
syringes, etc, problems decreased), Medicines problems (if 
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medicine prescription orders had been corrected followed), 
Time of response (if the time of assistance for internal or 
external clients decreased), Time of full resolution (if the 
time up to the complete resolution of a problem decreased), 
Workplace conditions (if the workplace environment 
improved), Adequacy (if the knowledge of all sectors in the 
hospital, by each employee, provided better adequacy of the 
tasks), Task planning (if task planning became easier) and 
Task performed (if a standardized task was better 
accomplished). Missing values / Don't know entries were 
included with a special character ("?"). Table 3 shows a 
summary of data. 

B. Category Profiles 

A binary matrix was generated, displaying 369 cases in 
rows and all 77 categories in columns. Each category was 
coded as unity if it belonged to the case and zero otherwise. 
Standardization was carried out by dividing each column by 
its marginal total, yielding the Cp vectors.  

Table 3 Data summary 

Variable Categories Number of cases 

Recognition V1, V2, V3, V4, V5, V? 56, 118, 155, 25, 9, 6 

Satisfaction S1, S2, S3, S4, S5, S? 62, 157, 119, 20, 5, 6 

Time of task T1, T2, T3, T4, T5, T? 25, 83, 156, 70, 24, 11 

Infrastructure problems I1, I2, I3, I4, I5, I? 33, 136, 92, 75, 18, 15 

Equipment problems E1, E2, E3, E4, E5, E? 47, 154, 107, 44, 13, 4 

Medical devices D1, D2, D3, D4, D5, D? 30, 123, 116, 30, 9, 61 

Medicines problems 
M1, M2, M3, M4, M5, 
M? 

42, 119, 110, 17, 6, 75 

Time of response R1, R2, R3, R4, R5, R? 32, 131, 111, 56, 22, 17 

Time of full resolution F1, F2, F3, F4, F5, F? 36, 143, 92, 57, 29, 12 

Workplace conditions 
W1, W2, W3, W4, W5, 
W? 

67, 158, 121, 16, 3, 4 

Adequacy A1, A2, A3, A4, A5, A? 51, 190, 104, 20, 2, 2 

Planning P1, P, P3, P4, P5 54, 146, 150, 15, 4 

Task completed C1, C2, C3, C4, C5, C? 62, 145, 141, 17, 2, 2 

C. Self-Organizing Map 

An initial codebook vector was randomly selected from a 
uniform distribution, without replacement, ranging between 
0.01 and max, where max is the data set maximum. The 
learning rate started at 0.9 and decreased as the number of 
steps grows, according to the rule: 

( )
( )

⎩
⎨
⎧

≤≤
−

≤≤−⋅

= Nn
0.09.e

1010n10.9
nα  (5) 

where n is the number of iterations. The ordering phase had 
1000 steps and the total number of steps was set as 500*L, 
where L is the number of grid units (neurons). The 
neighborhood function (h(n)) started at a value that covers 
67% of all unity-to-unity distances, decreasing linearly until 
only the winner neuron was modified [5]. After several 
trials, changing the grid topology but maintaining the same 
random-number sequence, the SOM grid was defined as a 
9x9 hexagonal topology. This topology was obtained by 
comparing the minimum quantization errors (Err) achieved 
by each simulated grid (criterion: Err<0.001). All 
computations were performed with the base, ade4 and 
kohonen packages of the R statistical software (v. 2.8.1), 
freely available at http://www.r-project.org. 

IV. RESULTS  

The quantization errors can be viewed in Figure 1 (the 
minimum error achieved was 0.0003), where it can be seen 
that convergence is achieved when the process approachs 
16400 iterations. In the 9x9 SOM grid depicted in Figure 2, 
the grid numbering starts from left to right, and from below 
to above (see numbers on the left of Figure 2). Since there 
was no a priori number of clusters, we focused on neurons 
(in grey) having more or equal than two categories. Thus, 
the following neurons had two categories: neuron 4 (D?, 
M?), 28 (R4, F4), and 46 (V1, S1); neuron 11 concentrated 
all categories 3 (indifferent), the most of categories 2 
(slightly positive, except T2) and one category 4 (slightly 
negative, I4), with a total of 26 categories; neuron 29 
concentrated categories 1 (positive, W1, P1 and C1). 

 

 

Fig 1 Training progress 
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Fig 2 Topological representation of input patterns 

V. DISCUSSION  

Self-Organizing Maps are a powerful method for feature 
extraction in an unsupervised way, which can yield clusters 
that are likely to be present in the input data. However, in 
their basic form, only quantitative variables could be used 
as inputs, and, thus, for qualitative variables, a different 
strategy had to be developed. Cottrell and cols [2] suggested 
the KMCA, an algorithm based on MCA, using the Burt 
matrix Zt.Z. Their study compared the KMCA results with 
the MCA maps and concluded that both methods are 
equivalent, but SOM algorithm suggested clearer clusters 
than MCA graphs. The latter was also previously noted in 
other studies, which, for instance, used a heuristic index 
based on weighted Euclidean distance for clustering in 
MCA [6] and also for logistic modeling through MCA [7]. 

The approach here uses the column profiles of Z, which 
can be understood as a variant of Cottrell's algorithm. 
Categories profiles are, in the MCA context, points in a 
multi-dimensional space which similar profiles are likely to 
be close to each other [3]. Although the input vectors are 
compressed by the SOM algorithm, it is expected that the 
same relative positions are to be maintained. 

It is worth noting that some response patterns are very 
close in the grid, especially for neuron 11, which mainly 
encompasses the same type of categories (indifferent) and 
also the most of category level 2 (slightly positive). These 
"indifferent" responses concentrated in only one neuron can 
be an indicative of a poor process engagement of the 
professional classes, or of a lower understanding of the 

benefits of the quality program implantation, career or 
personnel improvements. Such results indicate that the 
performance of the hospital ISO 9000 standard 
implementation could be improved. The others cluster also 
suggested a pattern for positive perception (V1-S1, W1-P1-
C1). It shall be interesting to repeat the questionnaire to see 
the present perception of employees and if the same patterns 
occurs. 

ISO 9000 accreditation is becoming an important issue 
among healthcare organizations. Questionnaires are the 
most common way to assess the effectiveness of quality 
management programs, inquiring internal (employees) or 
external clients (patients, government agencies) for the 
quality of the services provided, general satisfaction, and so 
on. Statistical methods for pattern recognition which deals 
with data disposed in questionnaires are very useful for this 
task. Although the SOM algorithm is mainly used for 
quantitative variables, our approach suggests a way to 
circumvent this drawback, allowing for insights regarding 
employees' perception. 
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A multi-scale comparison of texture descriptors extracted from the Wavelet and 
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Abstract— Traditional endoscopic methods do not reach the 
entire GI tract. Wireless Capsule Endoscopy is a diagnostic 
procedure that allows the visualization of the whole GI tract, 
acquiring video frames, at a rate of two frames per second, 
while travels through the GI tract. These frames possess rich 
information about the condition of the stomach and intestine 
mucosa. In the present paper it is compared the classification 
performance for small bowel tumor detection of different 
combinations of texture descriptors taken at different scales of 
the Discrete Wavelet Transform and Discrete Curvelet Trans-
form domains. The classification step is performed by a multi-
layer perceptron neural network.  The proposed method has 
been applied in real data taken from several capsule endoscop-
ic exams and reaches 91.7% of sensitivity and 89.4% specifici-
ty for features extracted from the DWT domain and 94.1% of 
sensitivity and 92.4% specificity for features extracted from 
the DCT domain. These promising results support the feasibili-
ty of the proposed method. 

Keywords— Capsule Endoscopy, texture analysis, Discrete 
Wavelet Transform, Discrete Curvelet Transform 

I. INTRODUCTION  

Conventional endoscopic exams do not allow the entire 
visualization of the gastrointestinal (GI) tract. The conven-
tional upper GI endoscopy only reaches duodenum, while 
lower GI endoscopy is limited at the terminal ileum, which 
means that the vast majority of the small bowel is not visi-
ble with these conventional techniques. Furthermore, these 
medical procedures present other important drawbacks, 
since they are very uncomfortable to the patients, the navi-
gation of the flexible endoscope is very dependent on the 
operating physician technical skills, who must be highly 
trained in order to correctly maneuver the endoscope, and 
there is always the risk of injuring the GI walls with the tip 
of the endoscope.  

The capsule endoscopic exam is simple and non-invasive 
procedure that is well accepted by the patient and can be 
performed on an outpatient basis. Therefore, and given the 
technical and medical improvements introduced on the 
assessment of the GI, Capsule Endoscopy (CE) is consi-
dered as the first major technological innovation in GI diag-
nostic medicine since the flexible endoscope [1]. The en-

doscopic capsule is a pill-like device, with only 11mm×26 
mm, and includes a miniaturized camera, a light source and 
circuits for the acquisition and wireless transmission of 
signals [2]. As the capsule moves through GI tract, pro-
pelled exclusively by peristalsis, it acquires images at a rate 
of two per second and sends them to a hard disk receiver 
that is worn in the belt of the patient, in a wireless commu-
nication scheme. The acquisition of images is limited by the 
battery life of the device, usually around eight hours, which 
imply that in a single CE exam more than 50000 images are 
acquired. If no complications arise, the capsule should be in 
the patient’s stool, usually within 24–48 h, and not reused 
[3]. The analysis of this huge amount of data is done in a 
workstation, with proprietary software that allows the visua-
lization of the video, by an expert physician and takes, in 
average, 40-60 min [3]. Beyond being a boring task, it is 
prone to errors, as any distraction of the physician may lead 
to misevaluation of exams. Furthermore, having an expert 
physician analyzing the exam for a long time is an impor-
tant parcel in the total cost of the exam, so there is an im-
portant economic opportunity to develop a computer as-
sisted diagnosis tool to this task. 

After the introduction of CE, it was discovered that the 
prevalence and malignancy rates for small bowel tumors are 
much higher than previously reported and that the early use 
of CE can lead to earlier diagnoses, reduced costs and, 
hopefully, prevent cancer [1].  

The identification of abnormalities in the GI mucosa with 
texture analysis has been previously reported and from 
authors’ previous work [4,5], the application of texture 
analysis techniques to classify capsule endoscopic frames is 
feasible and presents promising results. The proposed me-
thod explores the extraction of relevant feature sets at dif-
ferent detail levels of the Discrete Wavelet Transform and 
the Discrete Curvelet Transform of CE video frames and 
has been tested in clinical data acquired at the Hospital dos 
Capuchos.  

The classification scheme described in this paper uses a 
standard MLP network trained through the well known 
back-propagation learning process. The choice of a simple 
classification scheme was done to make the results more 
representative of the choice of the features (wave-
let/curvelet, detail level, descriptors, etc). 
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II. DISCRETE WAVELET TRANSFORM 

The Discrete Wavelet Transform (DWT) is a mathemati-
cal tool that allows a spatial/frequency representation by 
decomposing the image in different scales with different 
frequency content, therefore being a multi-resolution repre-
sentation of the information within the image. It is known 
for a long time that human perception of texture is based in 
a multi-scale analysis of patterns [6], which can be modeled 
by multi-resolution approaches. In fact, the multi-resolution 
ability of the DWT has been vastly explored in several 
fields of image processing such as compression, denoising 
and classification [7]. Furthermore, the spatial/frequency 
representation of the image content through the DWT, 
which preserves both global and local information, seems to 
be an adequate approach for texture characterization. In 
practice, the 2D DWT can be easily computed applying a 
separable filter bank to the image: 
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where b  R2, * denotes the convolution operator,  2,1 
 ( 1,2) sub-sampling along the rows (columns) and L0 = 
I(x) is the original image. H and G are low and band pass 
filters, respectively. Ln is obtained by low pass filtering, so 
it is called low resolution image at scale n. The Dni are ob-
tained by band pass filtering in a specific direction. Thus 
these parameters contain directional detail information at 
scale n. An example of a two level DWT decomposition can 
be observed in figure 1.  Note that this decomposition al-
lows the separation of image’s content in sub-bands of dif-
ferent frequency detail and directional content. However, 
these three linear directions might not be enough to capture 
all the complex texture patterns within an image. 
 

 
 
 
 
 
 
 
 

Fig. 1 – Two level DWT decomposition of a CE frame 

III. DISCRETE CURVELET TRANSFORM 

Originally introduced in 2000 by Candes and Donoho, 
the Continuous Curvelet Transform (CCT) is based in an 
anisotropic notion of scale and high directional sensitivity in 
multiple directions [8]. In signal processing, for example, 
one has to deal with the fact that interesting phenomena 
occur along curves or sheets, e.g., edges in a two-
dimensional (2D) image. While wavelets are certainly suit-
able for dealing with objects where the interesting pheno-
mena, e.g., singularities, are associated with exceptional 
points, they are ill-suited for detecting, organizing, or pro-
viding a compact representation of intermediate dimension-
al structures. Given the significance of such intermediate 
dimensional phenomena, there has been a vigorous research 
effort to provide better adapted alternatives by combining 
ideas from geometry with ideas from traditional multi-scale 
analysis [9]. Therefore, this mathematical tool can be used 
as a multi-resolution and multi-directional representation of 
the information within an image. 
 

     a) b) 
 

Fig. 2 – CCT tiling of the frequency domain (a) and basic tiling of the 
digital coronization process (b) 

 
The CCT is based in the tilling of the 2D Fourier space in 

different concentric coronae, one of each divided in a given 
number of angles, accordingly with a fixed relation. Now, to 
each of this polar “wedges” will be associated a frequency 
window Uj (figure 2-a) that will correspond to the Fourier 
transform of a curvelet j(x) function, which can be thought 
of as a “mother” curvelet, since all the curvelets at scale 2-j 
may be obtained by rotations and translations of j(x). So 
the CCT can be defined by a pair of windows W(r), a radial 
window, and V(t), an angular window. These are both 
smooth, nonnegative, and real-valued, with W taking posi-
tive real arguments and supported on r  (1/2, 2) and V 
taking real arguments and supported on t  [ 1, 1]. These 
windows will always obey the admissibility conditions: 
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Now, for each j  j0, it is introduced the frequency win-
dow Uj defined in the Fourier domain by: 
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where |j/2| is the integer part of j/2 and Uj corresponds to 
a polar “wedge” as seen in figure 2-a. The frequency win-
dow Uj will correspond to the Fourier transform of a curve-
let j(x) function. Consider an equispaced sequence of rota-
tion angles l=2 .2|-2/j|.l, with l=0,1,.. such that 0  l  2 , 
whose spacing is scale dependent,  and the sequence of 
translation parameters k = (k1, k2)  Z2. With these nota-
tions, curvelets are defined (as function of  x=(x1, x2)) at 
scale 2-j, orientation l and position xk

(j,l)=R-1
l (k1.2-j, k2.2-j) 

by:  
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where R  is the rotation by  radians and R  -1 its inverse 
(and also its transpose). A curvelet coefficient c(j,l,k) is then 
simply the inner product between an element f  L2 (R2) and 
a curvelet j,l,k : 

 
 

Reference [9] proposes two different schemes for the dis-
cretization of the CCT, namely the USFFT algorithm and 
the wrapping algorithm. Both rely in the transformation of 
the frequency coronae of the CCT of figure 2 in a “Carte-
sian coronae”, which are based on concentric squares (in-
stead of circles) and shears, in a process designated by digi-
tal coronization. The motivation for this digital coronization 
is the fact that coronae and rotations are not especially 
adapted to Cartesian arrays, which difficult their computa-
tion.  Since it is stated that the wrapping algorithm may be 
simpler to understand and implement, this approach was 
chosen to calculate the Discrete Curvelet Transform (DCT) 
in the present work. Further details about the CCT and its 
discretization can be found in [9]. 

Therefore, the DCT coefficients are, as in the DWT, ac-
curate representations of the original image with different 
detail, given by the different frequency content in each 
scale, but also with different detail in multiple directions, 
overcoming the directional limitations of the DWT. This 
might be well suited for the analysis of complex spatio-
frequency patterns as texture. 

In the proposed approach, the CE frames were processed 
with the wrapping algorithm for three scales, with one, eight 
and sixteen angles respectively.  

IV. STATISTICAL TEXTURE DESCRIPTORS 

There are several statistical features that can be extracted 
from the wavelet/curvelet domain as texture descriptors, 
being the most common the mean, the standard deviation, 
the energy and the entropy of each sub-band [10].  In the 
present work, it was decided to start the comparison be-
tween the different DWT and DCT detail levels only with 
the mean and variance as statistical descriptors, in order to 
better compare the two different multi-resolution domains, 
being the remaining features added to the feature set, in 
order to verify if they positively contribute to the classifica-
tion performance. 

Note that capsule endoscopic video frames are usually 
square images of 256x256 but the information is restricted 
to a circular area in the middle of the image, as it is observ-
able in figure 3. Therefore, it is vital to only consider the 
pixels inside this area, since the information regarding to the 
CE exam is contained in this part.  

Since the low frequency components of the images do 
not contain major texture information, the most important 
bands in the wavelet/curvelet transform are those in which 
are present medium and high frequency, texture encoding, 
information [5]. Therefore, no texture descriptors were 
computed for the scales whose coefficients correspond to 
low frequency content (coarsest scale coefficients). Fur-
thermore, the coarsest scale coefficients of the DCT and 
DWT are not directional, and consequently do not possess 
directional sensitivity.  

)8()()( ),(
,,
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V. IMPLEMENTATION AND RESULTS 

The experimental dataset was constructed with frames 
from capsule endoscopic video segments of different pa-
tients’ exams, taken at the Hospital dos Capuchos in Lisbon 
by Doctor Jaime Ramos. The final dataset consisted in 400 
normal frames, which were equally divided in two sets, for 
the MLP network training and testing, and 200 abnormal 
frames, which were also equally divided in two sets. Exam-
ples of the dataset frames can be observed in the figure 3. 

 
 

   a)             b) 
Fig. 3 – Example of a normal (a) and an intestinal tumor (b) CE frames 
 b a 
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A 2.4 GHz Pentium Core Duo processor-based, with 3 
GB of RAM, was used with MATLAB to run the proposed 
algorithm and the average processing time depends heavily 
on the selected transform and the number of features (from 
0.3s per frame for one feature extracted from the DWT 
domain to 2s per frame for all the considered features ex-
tracted from the DCT domain). The DCT calculation was 
done with the routines implemented in the tool CurveLab 
(available for research purposes at www.curvelet.org). A 
two level DWT and a three scales (including the coarsest) 
DCT were computed for each color channel of the CE video 
frames, leading to coarsest, medium and finest detail coeffi-
cients for each domain. The selected color space was the 
HSV, since is more similar to the physiological perception 
of human eye [12]. Instead of measuring the rate of success-
ful recognized patterns, more reliable measures for the eval-
uation of the classification performance can be achieved by 
using the sensitivity (true positive rate) and the specificity 
(100-false positive rate) measures. Table 1 shows that the 
most relevant information for classification purposes is 
encoded as high frequency content in the DWT and DCT 
finest detail coefficients. These results correspond to a fea-
ture set of mean and variance (feature set A). Note that M 
and F stands for medium and finest detail scales. It was 
tested also the classification performance of a feature set 
containing the medium and finest detail, but there was no 
significant improvement. 

Table 1  

Transform 
Detail Level 

DWT 
M 

DWT 
F 

DCT 
M 

DCT 
F 

Specificity (μ± %) 84±3.1 89.4±2.1 85.0±1.1 92.4±1.2 
Sensitivity (μ±  %) 77.1±4.1 91.7±0.5 80.4±2.2 94.1±0.6 

 
Since it is clear that the finest detail coefficients of both 

DWT and DCT contain the most relevant information, the 
inclusion of the entropy and energy descriptors in the fea-
ture set was evaluated only at those scales. The feature set B 
corresponds to the extraction of the mean, variance, entropy 
and energy from the finest detail scales. The results of this 
comparison are presented in table 2, where is evident that 
the increase in classification performance with the addition 
of entropy and energy to the feature set is not significant. 

Table 2 Feature sets comparison in the DWT and DCT domains 

Transform 
Feature Set 

DWT 
A 

DWT 
B 

DCT 
A 

DCT 
B 

Specificity (μ± %) 89.4±2.1 89.2±1.9 92.4±1.2 91.9±1.5 
Sensitivity (μ± %) 91.7±0.5 92.1±1.1 94.1±0.6 94.3±0.7 

VI. CONCLUSION AND FUTURE WORK 

The more significant information content for classifica-
tion purposes is encoded as high frequency information, at 
the DWT/DCT scales that correspond to the finest detail 
coefficients. The results clearly show that the descriptors 
from the DCT domain present a higher discriminative pow-
er when compared with DWT descriptors, being the feature 
set with better classification performance composed by the 
mean and variance extracted from each sub-band of the 
considered domains.   

Future work will include further investigation of different 
features extraction schemes from the DCT domain, taking 
advantage of the high directional sensitivity and multi-
resolution information encoding of this mathematical tool.  
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Abstract— Using a 3D-demonstrator system for application 
in neurosurgery, an integrated tool for epilepsy surgery 
evaluation has been developed to visualize subdural electrodes 
derived from postoperative CT datasets on the cortical surface 
by 3D-rendering preoperative MRI datasets. Difficulties result 
from postoperative deformations caused by hematoma. To 
investigate deformation and resultant electrode localization 
errors, patient data, online database and also phantoms as a 
kind of well-known reference are used. A head phantom was 
designed to evaluate occurring errors, respectively. The devel-
oped tool works fully automated and takes about 2 minutes to 
visualize electrodes’ position. The measured electrodes’ posi-
tion error does not fulfill clinical requirements yet; phantom 
data must be used for further investigations. 

Keywords— image processing, epilepsy surgery, subdural elec-
trodes, registration, head phantom 

I. INTRODUCTION  

For processing clinical 3D-data from different modali-
ties, such as magnetic resonance imaging (MRI), x-ray 
computed tomography (CT), 3D-angiography or diffusion 
tensor imaging, a demonstrator system for application in 
neurosurgery has been developed [1]. By now a tool for 
application in epilepsy surgery was added [2]. For specific 
groups of patients suffering from epilepsy, the resection of 
epileptogenic tissue is recommended. Therefore, in some 
cases an intracranial electroencephalography (EEG) is nec-
essary for operation planning. In a first neurosurgical opera-
tion electrodes for intracranial EEG are positioned on the 
cortical surface. Afterwards deformations of the brain sur-
face due to adverse hematoma formation or shifts during the 
closing procedure may cause dislocation of electrodes’ posi-
tion. Resulting deformations in the examined cases were up 
to 12 mm in some local points at the surface. A postopera-
tive MRI is clinically not allowed and postoperative CT 
resolution is not adequate for visualization of cortical sur-
face structures. To visualize the subdural electrodes on cor-
tical surface, the new automated image processing tool has 
been developed. Fig. 1 shows the demonstrator system. 

To enhance the accuracy of the determined electrode po-
sition, the characteristics of image processing errors has to 

 
Fig. 1 Demonstrator system: notebook with 3D-display and 3D-mouse, 

3D-image: segmented brain, transparent head contour, one MRI data slice 

be examined. For diagnostic purposes the electrode position 
error perpendicular projected to the brain surface is impor-
tant; the maximum permitted value is 5 mm. This error is 
mainly influenced by: 

• occurring brain shift after electrode implantation  

• registration error of preoperative MRI and postopera-
tive CT 

• brain segmentation error in MRI 

• geometry of electrodes and operation field. 

In this work each kind of image processing error will be 
determined. Therefore medical imaging data as well as 
measurements with a specific designed phantom are used. 
The requirements for the phantom are derived from knowl-
edge about the image processing steps and the occurring 
errors which are needed to be evaluated. 

II. MATERIALS AND METHODS 

A. Hard- and software 

The demonstrator system bases on the commercially 
available software Amira (Mercury Computer Systems 
GmbH Berlin; TGS Inc. San Diego) which includes 
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standard functions for data import, processing and 
visualization, additional functions were implemented with 
the developer tool AmiraDev. The system includes a 3D-
display (stand-alone: SeeReal Technologies GmbH Dres-
den, notebook: Sharp Inc.) and a 3D-mouse (Spaceball 
5000, 3Dconnexion). 

The major image acquisition and processing steps for 
subdural electrode visualization are illustrated in Fig. 2. 
First an automatically rigid co-registration of preoperative 
MRI and postoperative CT data is performed. Thereafter the 
brain in the MRI data gets segmented fully automated, and a 
segmentation parameter can be adjusted in case of unsatis-
fied segmentation results. Electrodes are segmented from 
the CT datasets. Detailed information about the algorithm 
can be found in [2]. 

Fig. 2 Schema of  automated visualization of subdural implanted elec-
trodes with marked errors which occur during image processing 

B. Determination of image processing errors 

Position mismatch between the visualized electrodes and 
their true position: Using the manually registered intraop-
erative photography, the electrodes are manually positioned 
on the cortical surface of the segmented brain to determine 
the true electrode position (reference). This operation was 
only possible for implanted electrode grids, not for elec-
trode stripes. 3 of our 5 patient datasets so far include elec-
trode grids. Afterwards, this position is compared to the 
automatically calculated position for each electrode. From 
this displacement vector 3 different electrodes’ position 
mismatch values are calculated: the absolute value, the dis-
placement perpendicular projected to the brain surface and 
the perpendicular displacement to brain surface. For each 

value and dataset the average value, the standard deviation 
and the maximum value are determined. 

Brain segmentation error: For determining brain seg-
mentation error, the first 8 datasets of the Internet Brain 
Segmentation Repository (IBSR) [3] are used. These data-
sets are segmented by experts. The segmented brains are 
compared to our results generated with an automated brain 
segmentation tool. Therefore in a first step the absolute 
volume value is calculated; moreover local regions of 
wrong segmentation are determined using Jaccard coeffi-
cient and volume mismatch of incorrectly (over and under) 
segmented regions. The Jaccard coefficient J is defined as  

|21|/|21|)2,1( SSSSSSJ ∨∧= , (1) 

with S1 as the reference region and S2 the segmented region 
with our tool. J = 1 indicates a perfect segmentation. 

Registration error: To determine the registration error, 
phantom measurements are scheduled to evaluate the influ-
ence of different premises (e. g. size of deformation, num-
ber of electrodes). Using markers within the phantom makes 
it possible to register pre- and postoperative data in the cor-
rect manner. The transformation of the correct registration 
will be compared with the registration result without mark-
ers. 

C. Required phantom 

The phantom has to provide realistic contrast and struc-
tures visible in image modality CT and MRI because regis-
tration results depend on these conditions. That implies for 
the phantom – apart from being suitable for MRI and CT 
acquisition in general – the relaxation times T1 and T2 and 
CT numbers (or at least the contrast relations) of the differ-
ent tissues grey and white brain matter, bone and skin 
should be achieved. The feasibility of local deformation of 
brain phantom material is necessary. Concerning the realis-
tic structure, at least a spherical brain-body with a gyrified 
surface and a grey matter layer on above is required. More-
over some inner structures of abstract ventricle shape and 
some inner grey matter regions are needed. The brain phan-
tom must be embedded in a replicated skull which is sur-
rounded by a skin layer. Last but not least markers at the 
skull are needed for reference measurements.  

For phantom material gelatin was chosen as basic mate-
rial [4], different contrast agents are added to influence 
selectively the image properties. Derived from extensive 
examinations of different material compositions, phantom 
materials were designed. Details for phantom material com-
position will be published soon. First results were already 
reported in [1]. 

The design of the planned phantom is shown in Fig. 3. A 
human skull (released for research and education applica-
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tion) is filled with different phantom materials. For forming 
brain surface a brain mould is used. The inner structures are 
created during a multi-step process. 

 

 

Fig. 3 Head phantom design 

III. RESULTS  

A. Position mismatch between the visualized electrodes and 
their true position  

Results from the occurred electrode position mismatch 
between calculated position with our image processing tool 
and determined reference position are listed in Table 1. A 
maximum reference position error of 0.8 mm to 1.7 mm due 
to manually electrode placing (assumed projection error of 
5° to 10°) was determined. 

Table 1  Electrode position mismatch for 3 patients with implanted 
electrode grids 

pa-
tient 
no. 

electrodes absolute value 
of electrode 
mismatch  

electrode mis-
match pro-
jected to the 
brain surface  

perpendicular 
electrode mis-
match  

1 6 x 8 electrode grid  
with 48 contacts 

6.8 ± 1.0 mm 
max.: 8.7 mm 

2.4 ±  1.6 mm  
max.: 4.4 mm 

6.1 ±  1.2 mm  
max.: 8.7 mm 

4 8 x 8 electrode grid  
with 64 contacts 

9.5 ± 2.7 mm 
max.: 13.8 mm 

7.1 ± 1.9 mm  
max.: 8.7 mm 

5.8 ± 3.3 mm  
max.: 11.4 mm 

5 5 x 4 electrode grid  
with 20 contacts 

8.8 ±  0.8 mm  
max.: 10.0 mm 

7.4 ±  1.1 mm 
max.: 9.0 mm 

4.6 ±  1.0 mm 
max.: 6.0 mm 

 
B. Brain segmentation error 

Segmentation errors are collected in Table 2. The aver-
age Jaccard coefficient of the investigated 8 datasets of the 

IBSR is 0.94 ± 0.02. Fig. 4 shows an example for a dataset 
with marked incorrectly segmented regions. 

 
 

Fig. 4 Brain segmentation evaluation: marking of local under segmented 
(light grey) and over segmented (magenta / marked by ellipse) regions 

Table 2 Comparison of segmented brain values for the first 8 image 
datasets from IBSR [3] 

data 
set 
[3] 

brain 
volume 
segmented 
by experts 
[3] 

brain volume 
segmentation 
error using the 
developed 
tool 

Jaccard 
coefficient 

over 
seg- 
mented 
brain 
volume 

under  
seg-
mented 
brain 
volume 

sum of 
false seg-
mented 
brain  
volume 

1 1149 ml -5.1 % 0.928 1.0 % 6.2 % 7.2 % 

2 1478 ml +1.5 % 0.958 2.9 % 1.4 % 4.3 % 

3 1192 ml +0.1 % 0.936 3.3 % 3.3 % 6.6 % 

4 1364 ml -1.0 % 0.962 1.0 % 2.0 % 3.0 % 

5 1266 ml +5.9 % 0.932 6.6 % 0.6 % 7.2 % 

6 1430 ml +0.2 % 0.935 3.4 % 3.3 % 7.7 % 

7 1065 ml +1.9 % 0.907 5.5 % 4.2 % 9.7 % 

8 1359 ml +3.9 % 0.936 5.4 % 1.5 % 6.9 % 

 
C. Phantom 

Currently, the phantom is build and afterwards it will be 
used for determining image processing errors, especially 
registration error.  

IV. DISCUSSION 

Electrodes position mismatch: As seen in Table 1, the 
electrode mismatch perpendicular projected to the brain 
surface is up to 2 times higher than the permitted mismatch 
of 5 mm. In order to find the major localization error and to 
optimize the image processing tool, image processing errors 
were determined, respectively. 

Cortical displacement: If the cortical displacement is 
predominantly in perpendicular direction as reported in [5], 
no displacement projected to the brain surface should be 
observed. That means for the interpretation of our results: 
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a) the electrode mismatch perpendicular projected to the 
brain surface is due to projection, segmentation  and / or 
registration errors or 

b) the occurred cortical displacement was not only per-
pendicular to brain surface. 

Electrodes’ reference position error:  The possible posi-
tion error for the determination of the true electrode position 
which influences the resulting electrode mismatch was up to 
1.7 mm. Consequently, electrode mismatch can not only be 
caused by reference position error. 

Brain segmentation error: The aim of brain segmentation 
is to represent the gyrified brain surface correctly. That 
means regions of local under or over segmented brain are 
crucial. As shown in Table 2, best results are reached for 
patient 4 of IBSR database. Comparing the overall volume, 
volume deviation is not suitable to evaluate the quality of 
the brain segmentation because over and under segmented 
regions compensate each other in summation (example: 
result for dataset 3 of IBSR database in Table 2). Jaccard 
coefficient indicates the overall quality of segmentation. 
Our results for segmentation quality are quite good com-
pared to literature (e. g. in [6] for 3 different algorithms, 
each applied for 20 datasets from IBSR database, Jaccard 
coefficients were calculated from 0.55 to 0.93). But infor-
mation of local segmentation errors can only be noticed by 
mapping the regions of over and under segmented areas (s. 
Fig. 4). Nevertheless, to compare segmentation quality one 
single value is required. Therefore we will classify regions 
of more or less critical segmentation accuracy for applica-
tion in epilepsy surgery and calculate one segmentation 
quality value depending on size and region of local segmen-
tation error.  

Brain segmentation error influences the measured elec-
trode mismatch due to manually positioned true electrode 
position on segmented cortical surface in perpendicular 
direction, electrode position mismatch perpendicular pro-
jected to the brain surface is not influenced. 

Registration error: As shown above, the main cause of 
electrode position mismatch is not found yet. The remaining 
question is if this mismatch is only result of the postopera-
tive brain deformation displacement or if registration algo-
rithm can compensate the deformation mismatch (cortical 
displacement) partly or causes an additional error. Conse-
quently, it is essential to determine the registration error 
itself. Therefor the phantom was designed. Quality of regis-
tration result can be influenced by: 

• size and direction of cortical displacement 

• location and number of postoperative electrodes. 

Phantom application: Different scenarios of these regis-
tration premises will be investigated by using the phantom. 

One experiment will show a simulation of a pure perpen-
dicular displacement of electrodes. If no electrode mismatch 
perpendicular projected to the brain surface is detected, it 
means in contrast to [5] in the investigated patient data also 
cortical displacement projected to the brain surface had 
occurred; otherwise registration algorithm caused the meas-
ured displacement and therefore it has to be optimized. 

V. CONCLUSIONS  

The integrated tool for visualization of subdural elec-
trodes works fully automated and takes about 2 minutes.
The occurring brain segmentation error is comparable to 
other groups. The accuracy of electrode visualization using 
postoperative CT data with cortical displacement for elec-
trodes’ position and preoperative MRI data for visualization 
of brain surface does not fulfill clinical requirements yet. 
The major error of the used algorithms could not be found 
by investigating patient data. Therefore further investiga-
tions with an adapted phantom are planned. The phantom 
has already been constructed. Now it is build for experimen-
tal validation. Afterwards conclusions for optimizing our 
new automated tool for electrode visualization can be 
drawn. 
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Abstract— We have used Tissue Velocity Imaging (TVI) as a 
method to quantify the deformation of skeletal muscle tissue 
during contraction. The parameters used to describe tissue 
dynamics in this study were strain and strain rate, respective-
ly. Eight subjects were evaluated performing submaximal 
isotonic contractions of biceps brachii before and after muscle 
fatigue. 

 

Keywords— Tissue Velocity Imaging, muscle, strain, ultra-
sound 

I. INTRODUCTION  

A.  Techniques to study muscle dynamics 

To describe the dynamics of the skeletal muscles a num-
ber of techniques have been used so far. Electromyography 
(EMG) is the most commonly used technique to map activi-
ty patterns of the muscles providing information about the 
neurological input, fiber characteristics and force develop-
ment in the muscle [1].  In general, however, the EMG 
offers a poor spatial resolution. 

Imaging techniques such as magnetic resonance imaging 
(MRI) and ultrasound have mainly been used to study the 
size and architectural parameters of muscles since they have 
a great impact on the muscle force production and high 
spatial resolution [2,3,4,5]. 

Due to the high temporal resolution ultrasound is also 
suited as a technique when it comes to studying functional 
movements in real time. The image resolution in ultrasound 
equipments has increased rapidly and is today a everyday 
standard in a multitude of applied clinical fields. Advanced 
post process commercial and semi-commercial software 
packages are available to analyze muscle tissue. In cardio-
logical applications such post-process software has been 
used the last decade.  

B. Tissue Velocity Imaging 

There are two main techniques based on ultrasound im-
ages; Tissue Velocity Imaging (TVI) and Speckle Tracking, 
respectively. TVI is based on the Doppler technique and 
initially developed for cardiac diagnosis where the whole 

image field is used as a source for gathering data while 
Speckle Tracking is a reflector based tagging technique 
where a limited region of interest (ROI) is used to calculate 
tissue movements, both techniques frame by frame[6,7,8,9]. 

Traditionally the Doppler technique has been used to cal-
culate velocities in blood. In this case high frequencies 
correspond to blood velocities and lower frequencies have 
usually been regarded as noise and consequently been fil-
tered out. However, lower frequencies of the signal carry 
information about the tissue surrounding the blood volume. 
Therefore, a reverse filtering procedure has been applied in 
a cardiological application. Technically, a low pass filter is 
implemented to bring forward the frequencies of the signal 
which correspond to the tissue velocities.  

Tissue velocity imaging (TVI) was initially developed 
for cardiological applications and has for the last ten years 
been used clinically. The technique provides visual informa-
tion on overall anatomy, movement- and velocities of the 
cardiac muscle tissue together with quantitative measure-
ments of these parameters. As a result integrated informa-
tion of a patient’s heart both on a local and global scale is 
acquired (see [9,10,11] for an overview). The method has 
been validated according to regional myocardial velocities 
[7,12] and inter- and intra reproducibility have been found 
in the range of 5-10% [13,14]. Tissue velocity imaging has 
been used in a pilot study according to skeletal muscle using 
a global velocity parameter [15]. Other recent studies have 
also presented results from the TVI method applied on ske-
letal muscles [16,17]. 

 

C. Dynamical parameters 

Due to the elasticity of the muscle tissue it will undergo 
dynamic changes according to neuro-motor generated in-
nervations. Two concepts can be used to describe tissue 
activity: movement and deformation, respectively.  

In order to describe tissue movement the variables veloci-
ty and displacement are used. Velocity is a variable which 
describes tissue velocities in the direction towards and away 
from the ultrasound probe. Displacement on the other hand 
describes the distance muscle tissue moves in the same 
directions.  
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In the case of tissue deformation the variables strain and 
strain rate are used [18-20]. The concept of strain was in-
itially presented by Mirsky and Parmley [21] to describe 
elasticity and stiffness in the heart muscle. Strain is the 
degree of tissue deformation expressed as the percentage of 
shortening or lengthening compared to rest (i.e. compres-
sion or elongation). Strain rate on the other hand is the rate 
at which this deformation occurs. Thus, strain can be seen 
as muscle thickening/thinning while strain rate is the rate at 
which this thickening/thinning occurs. When applying these 
four modalities in the analysis of functional movements 
they come to express different aspects of tissue dynamic.  

We make the assumption that the muscle is incompressi-
ble. The incompressibility means that the volume of the 
muscle remains constant during compression. Furthermore, 
due to the volume conservation strain in one direction has to 
be compensated by inverse strain in other directions, so 
under the assumption of no shear strain, the sum of strain in 
all directions must be zero [8].  

The relationship between the described parameters is 
based on calculations from the Fourier analyzed frequency 
shift, in turn estimated through the phase shift. The velocity 
information can then be used to generate information of 
displacement (integrated velocities). Strain rate in its turn is 
the slope of the line between two time points within an 
offset length. A regression technique is applied in the soft-
ware package used, i.e. several velocities are calculated 
within the sample length. The result is colour coded and 
superimposed on the grey scale images. See [8,22,23,24] for 
more details.  

D. Aims 

We have used Tissue Velocity Imaging as a method to 
study regional deformation and deformation rates in muscle 
tissue during submaximal isotonic contractions of biceps 
brachii.  

II. METHOD AND MATERIAL 

A. Subjects 

Eight healthy male subjects participated in the study 
(age: 25±4 years; height: 18 ±17 cm; weight: 84±26 kg; 
right arm circumference: 26±6 cm).  The right arm was the 
dominant one for all subjects. Each participant gave a writ-
ten consent prior to the tests. 

B. Experimental setup and data collection 

During the tests the subjects were positioned in an 
upright position in the chair of an isokinetic dynamometer 

(KINCOM). Longitudinal images of biceps brachii were 
recorded with an ultrasound scanner (GE Vingmed Vivid7) 
using a 12 MHz linear transducer. The ultrasound probe was 
held fixed by a custom-made arm and placed lateral side of 
the upper arm with its cross section in the axial direction of 
the arm.  
 Isometric maximal voluntary contractions (MVC) were 
performed by each subject before the measurements. The 
subject was instructed to perform several repetitions of 
isotonic elbow flexions to 5%, 15% and 25% of his MVC. 
The flexion torqueses were measured with a dynamometer 
and real time visual feedback of the torque values were 
displayed on a computer screen.  
 After the first set of measurements the subject per-
formed dynamic high load contractions to fatigue the mus-
cle. Isotonic flexions on 5%, 15% and 25% of MVC were 
then performed again after obtained muscle fatigue. 

C. Data analysis 

The image analyses were performed in the off-line soft-
ware program EchoPAC (GE Vingmed Ultrasound). 

Two different parameters were studied; strain and strain 
rate. The offset length was set to 8 mm and the region of 
interest was manually placed to cover the medial part of 
biceps brachii.  
 In the software package used a regression technique is 
applied, i.e. several velocities are calculated within the 
sample length. Only the concentric phases were included in 
the analysis. The lowest level of strain during the contrac-
tions was set as zero-level.  
 Figure 1 shows the force from the dynamometer plotted 
over time against tissue strain calculated from the TVI data. 

 

Fig. 1 Strain from TVI and force during isotonic contractions on 5% MVC. 
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D. Statistical analysis 

One-way ANOVA was performed to test the differences 
among the sample groups. 

Calculations and statistical analysis were performed with 
the Matlab package R2007b (Mathworks Inc.) and the SPSS 
package for Windows 16.0 (SPSS Inc., Chicago, IL, USA).  

III. RESULTS 

Preliminary results show a large variation in strain and 
strain rate between the subjects. 

The preliminary results do not show any significant dif-
ferences in strain between the submaximal levels before 
fatigue. The data shows, however, indications of a lower 
strain rate after muscle fatigue. Further statistical tests and 
analysis are to be completed.  

IV. CONCLUSIONS  

We have used TVI as a method to measure muscle de-
formation during submaximal isotonic contraction. 

 The strain parameter calculated from the Doppler signal 
measures thickening and thinning of the muscle during 
contraction, we can therefore only calculate relative values 
of deformation with this method. The deformation rate is a 
parameter strongly related to contraction and relaxation 
patterns in tissue and this method makes it possible to here-
by locate active and passive segments within the muscle.  

We plan to further analyze the data for strain and strain 
rate on submaximal levels of MVC before and after fatigue. 
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Abstract— The purpose of this preliminary work is to study 
the effect of a tilt table test procedure on ballistocardio-
graphic (BCG) signal by using Electromechanical Film 
(EMFi)  sensors. The ECG, BCG, carotid pulse (CP) from 
the neck near the carotid artery and ankle pulse signals 
were recorded from 7 persons. The spectral and temporal 
components of the recordings during the tilt table test were 
studied. 
The spectral and temporal properties of BCG signal 
changed due to the tilt test, change in amplitude levels of the 
systolic BCG components and in spectral domain. Blood 
pressure values and pulse changed due to the tilt test. This 
was also seen in the changed aortic pulse wave velocity 
(PWV) values.  According to this study, BCG measurements 
combined with a tilt test can be used as a very simple non-
invasive method in hemodynamic studies. 
 
Keywords— EMFi, BCG, tilt test 

I. INTRODUCTION 

Ballistocardiography (BCG) is a non-invasive method 
for cardiac and respiratory evaluation and it reflects 
closely the strength of myocardial contraction revealing 
the condition of the heart [1]. It is a record of the move-
ments of the body caused by  shifts in the centre of the 
mass of blood, and to a lesser extent, of the heart, caused 
by cardiac contraction [1]. When the heart pumps blood 
from atrium via ventricles to the ascending aorta, recoil of 
opposite direction is applied to the body and its force and 
direction is changes according to the cardiac cycle. The 
BCG waveforms (Fig. 1) have been divided into three 
groups, labelled with letters; systolic part consists of pre-
ejection (FGH) and ejection (IJK) of the heart cycle and 
the diastolic part (LMNO) [1]. Fourier analysis has been 
used earlier in BCG analysis when the elastic properties 
of the blood vessels and the dynamics of the human body 
on the BCG have been studied [2, 3]. 

In this paper a newer version of the Mobile Physio-
logical Signal Measurement Station [4] has been used for 
recording of BCG and carotid pulse signals with EMFi 
sensors. The main goal of this study is to evaluate spectral 
and temporal differences in measured signals induced by 
the tilt table test. 

II. METHODS

A tilt table test is often used to identify patients who 
have a vasodepressor and/or cardioinhibitory response as 
a cause of syncope. Patients are positioned on a tilt table 
in the supine position and are tilted upright to a maximum 
of 60 to 80 degrees for 20 minutes or more [5]. Patients 
with symptoms of dizziness or lightheadedness, with or 
without a loss of consciousness (fainting), suspected to be 

associated with a drop in blood pressure or positional 
tachycardia have been usually tested. 
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Fig. 1 Signals recorded in the sitting position; suppressed respiration 
and case 1. Signals from the bottom to top: PCG (heart sound), ECG, 
BCG signal from the EMFi sensor on a chair and from the carotid artery 
recorded with EMFi sensor strip. The typical heart cycle lasts around 
0.8s. 

The EMFi [6] sensor is basically a thin biaxially ori-
ented plastic film coated with electrically conductive lay-
ers which are permanently polarized. Changes in the pres-
sure acting on the film generate a charge on its electri-
cally conductive surfaces and this charge can be meas-
ured as a current or a voltage signal. It can convert me-
chanical energy to electrical energy and vice versa. Thus 
the EMFi acts as a sensitive movement sensor suitable for 
BCG recordings.  

Signals from the EMFi sensors were recorded with the 
newer version of the Mobile Physiological Signal Meas-
urement Station [4] into a notebook computer with a data 
acquisition card (Daqcard 6036E) and the recordings 
were transcribed to ASCII format. In the Mobile Physio-
logical Signal Measurement Station an active Butterworth 
8. degree low pass filter was used, having the 256 Hz cut-
off frequency. The Fourier analysis of the BCG was used 
to evaluate the state and operation of the heart and the 
elastic properties of the blood vessels due to hemody-
namic changes induced by the body position.  

III. MEASUREMENTS AND STUDY POPULATION

The recordings were made with a tilt table, where the 
big EMFi sensor (180 x 60 cm) was beneath the measured 
person. Two EMFi sensor strips (10 x 2 cm) were at-
tached to the neck near carotid arteries and similar EMFi 
sensor strips were attached to the wrists and ankles (dor-
salis pedis pulse) in order to study time domain properties 
of the measured pulse signals. In order to assess artery 
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wall stiffness, the PWV was measured from the left ankle. 
The stiffer the artery is, the higher the PWV will be. 

Each of the measurements lasted about 3 min and the 
sampling frequency used was 500 Hz. Just before the 
BCG measurements the blood pressure and the pulse 
were measured with an Omron M5-I blood pressure 
monitor device. The BCG and PWV measurements were 
done before and after the tilting procedure. The measur-
ing was, in each case, as follows: during the first 2-3 
measurements the subject was in supine position, then the 
same measurement was carried out in vertical position 
(70°) and again, in supine position. Two of the measured 
persons were considered as young control group (pre-
sumably healthy, physically active men; cases 2 and 4) 
and the rest of measured persons  were considered as 
middle-aged men (over 37 years). Cases 6 and 7 were 
regular smokers. Case 1 engaged in regular physical ac-
tivity (2-3 times in one week), as well as cases 2 and 4. 
Cases 3 and 7 had a moderate physical activity. The 
measurements were made in Kanta-Häme Central Hospi-
tal, Hämeenlinna. The amplitude spectrum was calculated 
from the raw signal, cumulated (by adding the current 
spectrum value to the amplitude scaled value) and nor-
malised. 

IV. RESULTS

In the following spectrum figures, the traces from the 
big EMFi sensor beneath the measured person during tilt 
procedure are presented. Figures 3 and 5 denote the 
young control group and figures 2, 4, and 6 to 8 denote 
the group of middle-aged men. In table 1 PWV values  
from the different positions from the left ankle are pre-
sented. In table 2 amplitudes of the main systolic BCG 
components (AHI and AIJ) and in table 3 temporal values 
of the main systolic BCG components (THI and TIJ) are 
presented in tables 2 and 3, respectively. 

In the spectral pictures spikes in 1.4-1.8 Hz area were 
seen with cases 2 and 4-7 in supine position. Also spikes 
in 5.5-6 Hz area were seen with cases 1, 3-5 and 7 in su-
pine position. Due to the increasing heart rate in the up-
right position, the frequencies of the peaks moved to 
higher frequencies. This was seen in cases 2-7.  

In tables 2 and 3 are the time domain results.  Ampli-
tude AHI was higher than AIJ in cases 2 and 4 (Table 2). 
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BCG: Cumulated and normalized amplitude spectrum; 0 − 20 Hz area; Case 1 
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Fig. 2 Spectrum from case 1 (age 43 years) and the big EMFi sensor 
on the tilt table. The highest spectrum spike (0.2 Hz) denotes the breath-
ing frequency 12 breaths/min. Amplitudes in vertical position are 
mainly lower than in supine position. 
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Fig. 3 Spectrum from case 2 (age 26 years). The change in orientation 
made minor changes into the blood pressure (BP) values. 
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BCG: Cumulated and normalized amplitude spectrum; 0 − 20 Hz area; Case 3 

1 supine (147/105p71)
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Fig. 4 Spectrum from case 3 (age 50 years). The frequencies of the 
main systolic complexes can be seen around the 6 Hz frequency area. 
The 0.2 Hz spike is minor when compared to other cases. 
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BCG: Cumulated and normalized amplitude spectrum; 0 − 20 Hz area; Case 4 
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Fig. 5 Spectrum from case 4 (age 27 years). On the second vertical 
recording (green dashed line) the measured person felt dizzy and the tilt 
table was moved to horizontal position. 
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Fig. 6 Spectrum from case 5 (age 42 years). 
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BCG: Cumulated and normalized amplitude spectrum; 0 − 20 Hz area; Case 6 

1 supine (141/88p100)
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Fig. 7 Spectrum from case 6 (age 53 years). 
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BCG: Cumulated and normalized amplitude spectrum; 0 − 20 Hz area; Case 7 
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Fig. 8 Spectrum from case 7 (age 37 years). 

V. DISCUSSION

In this study, a tilt test was used to produce blood 
pressure and pulse changes. It may also provoke elasticity 
changes of the aorta. These changes were seen also in 
BCG time domain, as well as in PWV values. The spec-
tral properties of the BCG signal clearly changed due to 
the tilt test (Figs. 2-8). Amplitudes of the spectrum de-
creased when the tilt procedure was done from supine to 
vertical position. The amplitude decrease in vertical posi-
tion was seen also in the BCG systolic AHI and AIJ compo-
nents in the cases 2 and 4 (Table 2). This was especially 
seen in the 4 to 7 Hz area denoting the main systolic 
complexes. The amplitude spectrum closely reflects the 
amplitude change in time domain. In vertical position 
heart contracted faster, seen as frequency shift of the 
BCG signal to higher frequencies (cases 2-7). An increase 
in PWV values (blood pressure increased in the aorta) 
was seen in most of the cases due to the vertical position 
(Table 1). Minor changes were seen in the BCG temporal 
values (THI and TIJ) due to the tilt test (Table 3). 

During the tilt test strong fluctuation was seen in the 
BCG signal due to the change of body position from su-
pine to vertical and back to supine position. This compli-
cates the accurate detection of the BCG signal compo-
nents in the time domain. For that reason, the study of the 
spectral properties induced by the change in hemody-
namic due to the tilt test might be a better alternative. 

Some small differences in the BCG spectral wave-
forms between different subjects can be explained by the 
different physiological and anatomical causes; as the 
blood pressure values  differ with different people, so 
does the contraction ability of the heart and the elasticity 
of the veins. Also the level of physical fitness and the age 
of a person have their own influence on the measured 
signals. In previous study, the linearity between abnormal 
BCG findings and the rise in blood pressure was noticed 
[7]. Also, a positive correlation between BCG abnormali-
ties and blood cholesterol level of the subjects were ob-
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served [7].  Due to the small amount of measured sub-
jects, the influence of the tilt test into the BCG needs fur-
ther study. The sufficient amount for statistical analysis 
would be about 20 – 30 persons including 10-15 healthy 
persons.  

Certain BCG components; such as systolic and dia-
stolic components changed clearly due to the tilt test seen 
in spectral domain. With the youngest persons (cases 2 
and 4), the amplitude AHI > AIJ. This was noticed in pre-
vious study, where the H-I amplitude was high in young 
persons [8]. On the other hand, in athletes the I-J ampli-
tude is high [8]. Major changes were seen also in the aor-
tic PWV values. The presented novel method of measur-
ing BCG with EMFi sensors combined with a tilt test may 
offer new method for noninvasive evaluation the state of 
the cardiovascular system via hemodynamic changes in-
duced by the body position.  
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Table1 PWV values (denoting the aortic blood pressure) from the different positions from the left ankle  during the tilt test. Variations in blood 
flow are accompanied by changes in blood pressure (Figs. 2-7) due to changed orientation. 
   Supine Vertical Supine 
Case Age BMI rec 1 rec 2 rec 3 rec 4 rec 5 rec 6 rec 7 rec 8 rec 9 

1 44 32 4.59 4.67 4.67 5.89 6.45 6.45 na 6.16 na 
2 26 26 4.05 4.05 3.88 4.17 4.05 3.94 3.54 3.54 3.54 
3 50 22 3.78 3.78 3.78 4.49 4.64 na 4.35 3.78 na 
4 27 22 3.53 3.53 3.53 4.10 3.89 na 3.70 3.70 3.61 
5 42 33 5.93 5.93 5.29 5.29 5.29 5.29 5.29 5.93 na 
6 53 31 4.38 4.26 4.38 4.67 4.74 4.82 4.67 4.67 4.67 
7 37 27 3.81 3.81 3.81 4.05 4.18 4.18 3.81 3.71 3.81 

Table 2 Median amplitudes of the main systolic BCG components (Fig. 1; AHI and AIJ; separated with a diagonal) from the big EMFi sensor be-
neath the measured person. As the recording device is not calibrated, the amplitudes are in arbitrary units. 
 Supine Vertical Supine 

Case rec 1 rec 2 rec 3 rec 4 rec 5 rec 6 rec 7 rec 8 rec 9 
1 0.40/0.78 0.47/0.88 0.50/0.70 0.40/0.58 0.37/0.58 0.39/0.60 0.32/0.56 0.65/1.01 na 
2 0.42/0.25 0.43/0.25 0.41/0.26 0.22/0.21 0.19/0.19 0.17/0.18 0.24/0.09 0.25/0.08 0.18/0.09 
3 0.34/0.36 0.31/0.33 0.29/0.32 0.38/0.36 0.43/0.43 na 0.50/0.50 na/0.25 na 
4 0.24/0.17 0.26/0.15 0.30/0.18 0.20/0.23 0.19/0.22 na 0.36/0.12 0.33/0.10 0.32/0.09 
5 0.22/0.48 0.21/0.48 0.22/0.48 0.25/0.49 0.37/0.70 0.52/0.78 0.53/0.93 na/0.33 na 
6 0.21/0.39 0.22/0.38 0.19/0.39 na/0.18 na/0.22 0.22/0.24 0.39/0.55 0.29/0.48 0.31/0.48 
7 0.08/0.21 0.07/0.21 0.06/0.21 0.07/0.12 0.09/0.16 0.08/0.15 0.15/0.15 0.14/0.15 0.15/0.15 

Table 3 Temporal median values of the main systolic BCG components (Fig. 1; THI and TIJ in seconds; separated with a diagonal) from the big 
EMFi sensor beneath the measured person. Strong fluctuation of the BCG signal components were seen due to the tilt test. 
 Supine Vertical Supine 

Case rec 1 rec 2 rec 3 rec 4 rec 5 rec 6 rec 7 rec 8 rec 9 
1 0.07/0.11 0.07/0.11 0.12/0.11 0.13/0.10 0.12/0.09 0.12/0.09 0.09/0.09 0.09/0.11 na 
2 0.10/0.09 0.10/0.09 0.09/0.09 na/0.12 na/0.11 0.10/0.09 0.10/0.08 0.10/0.07 0.12/0.09 
3 0.09/0.08 0.09/0.08 0.09/0.09 0.14/0.15 0.12/0.14 na 0.10/0.09 na/0.08 na 
4 0.13/0.08 0.12/0.08 0.11/0.08 0.12/0.09 0.13/0.10 na 0.07/0.07 0.07/0.11 0.07/0.13 
5 0.05/0.09 0.04/0.09 0.04/0.09 0.07/0.09 0.07/0.09 0.08/0.10 0.13/0.10 na/0.08 na 
6 0.10/0.08 0.08/0.09 0.07/0.09 na/0.12 na/0.10 0.07/0.10 0.10/0.08 0.10/0.08 0.10/0.08 
7 0.06/0.08 0.06/0.09 0.06/0.09 0.03/0.11 0.05/0.11 0.05/0.13 0.14/0.09 0.14/0.09 0.14/0.08 
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isometric ramp contraction 
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Abstract— This study aims to explore multi modal relation-
ships between ultrasonic muscle strain and electromyography 
(EMG). Canonical Correlation Analysis (CCA) is technique 
which can be used to explore multivariate associations between 
sets of variables. Multi-channel EMG and a spatial differenti-
ated Tissue Velocity Imaging (TVI)-strain signal was com-
pared from measurements on biceps brachii on eight subjects. 
A data analysis using CCA was then applied to obtain useful 
information of the relationship between signals. 

Keywords— Multimodal analysis, Electromyography, Ca-
nonical Correlation Analysis. Strain 

I. INTRODUCTION  

The use of medical ultrasound imaging and electromyog-
raphy (EMG) is common when studying the anatomy and 
function of human muscles [1]. Quantitative knowledge 
about the mechanical properties of the muscle (e.g., the 
elasticity of the muscle and tendon compound [2]) is impor-
tant for understanding the mechanisms behind muscle adap-
tation during changes in muscular load [3].  

Many studies have shown that there exists a relationship 
between EMG and muscular load [4, 5]. In general, an inte-
grated EMG shows a progressive increase in amplitude as 
the muscular load is increasing. The increase in amplitude 
of the integrated EMG is commonly explained by recruiting 
more motor units and by increasing the motor unit’s firing 
rate. Apart from the amplitude of the integrated EMG, the 
frequency content (e.g., median firing frequency) is com-
monly used to evaluate physiologically aspects such as 
development of muscle fatigue. 

Ultrasound imaging is commonly used for examining the 
anatomy of human muscles in static and dynamic condi-
tions. The focus of these examinations has been e.g., to 
measure muscle thickness changes [6], fascicle length [7], 
fiber pennation angle [7] and cross-sectional area [7]. The 
examination of changes in muscle size and pennation angle 
was e.g., performed to detect or measure muscle activity 
[8]. This technique has the potential to give noninvasive 
measurements of the activity from deep muscles without the 

cross-talk from adjacent muscles as in surface-EMG meas-
urements [1].  

Recent studies have examined the relationship between 
EMG and muscle anatomy parameters (measured with ul-
trasound imaging) during quasi-static conditions e.g., [6]. 
These simultaneous measures provide complementary in-
formation about the muscle anatomy and muscle function. 
According to Shi et al. only a few studies has made a con-
tinuous recording of these parameters in real-time [1]. As a 
consequence, there is a need for better measurement tech-
niques that enables simultaneous and continuous measure-
ments in real-time of both EMG and ultrasound imaging.  

There is also a need for more knowledge about the rela-
tionship between parameters estimated with EMG and ultra-
sound imaging. Canonical Correlation Analysis (CCA) is a 
statistical method that has been used on MRI-images with 
promising results [9] that also might be suitable when com-
paring the results from EMG and ultrasound measurements. 

 
The aim of this study was to use Canonical Correlation 

Analysis to investigate the relation between muscle strain 
and EMG, measured in the lateral and medial part of biceps 
brachii, during an isometric ramp contraction in a group of 
healthy subjects. The hypothesis was that there is difference 
between contraction phase of the lateral and medial part of 
this muscle during the ramp contraction which can be de-
tected using a proper multivariate technique.  

II. METHODS 

A. Subjects 

Eight healthy male subjects participated in the study 
(age:25±4 years; height:180±17 cm; weight:84±26 kg; right 
arm circumference: 26±6). All subjects were right hand 
dominant. 

B.  Experimental Protocol and Data Acquisition 

The subjects were positioned in an upright position in the 
chair of an isokinetic dynamometer (KINCOM). The center-
line of Biceps Brachii was located by palpation and marked 
on the skin to make the positioning of the EMG electrodes 
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exact. The bipolar EMG was attached using four Ag-AgCl 
electrodes giving one channel for the lateral side and one 
channel for the medial side of the center line. The EMG was 
connected to a custom-made wireless multi-channel data 
acquisition system and was recorded together with position- 
and force data on a computer. Muscle oxygen level was also 
recorded using a custom-made, two-channel, near infra red 
(NIR) system. 

Ultrasonography recordings were obtained with an ultra-
sound scanner (GE Vingmed, Vivid 7) using a 12 MHz 
linear transducer. 

The transducer was held on the lateral side of the upper 
arm with its cross section in the axial direction of the arm. 
A custom-made arm supported the transducer for stability.  

The subjects were instructed to perform two isometric 
ramp contraction (0-80% of MVC), supported by a visual-
feedback system. Each subject completed two trials. 

C. Data Analysis 

 To quantify the activity in the ultrasound images we 
used the technique of Tissue velocity imaging (TVI). The 
TVI signal was extracted from the ultrasound machine and 
was then used to calculate the strain, in axial direction, in 
two spatial regions of interests (ROIs) in the image. 
Strain is a measure of the deformation within the muscle 
tissue and is defined as, strain =

00 /)( LLL − , where 0L is 

the length at rest and L  is the length after deformation.  
CCA is a method for analyzing the association between 

two sets of random variables, X and Y. CCA finds the linear 
combination of the variables of each set, creating new latent 
variables, U and V, which maximizes the correlation be-
tween the two latent variables.  

    XaU T
=  YbV T

=  
The coefficients in a and b are called regression weights. 

CCA has also an ability to find linear relationships that 
ordinary correlation analysis might not be able to recognize 
as it moves the data into a coordinate system optimal for 
correlation analysis. 

III. EXPERIMENTAL RESULTS 

The analysis was made on standardized variables taken 
from the concentric contraction phase of each isometric 
ramp. A canonical correlation was preformed using the 
strain and the root mean square (RMS) of EMG data from 
the medial side in one latent variable and the lateral signals 
on the other side, using a method of principal angles, which 
is proven reliable [9]. 

As seen in Fig. 1 the signals are highly correlated with 
each other making the canonical correlation high (>0.97). 

The latent variables and the original were also highly corre-
lated. By looking at the regression weights in the latent 
variables we can see how the original variables contribute to 
the canonical correlation. The regression weights can be 
used to find patterns that could indicate differences in the 
spatial regions of the medial and lateral side and to see the 
contributions to multivariate linear relationships from the 
different techniques. 

.

 

Fig. 1.  

IV. CONCLUSIONS 

CCA is a promising technique for analyzing multidimen-
sional spatial data. It can be used to explain linear relation-
ships beyond ordinary univariate correlation when exploring 
multidimensional signals from EMG and TVI strain. CCA 
has the potential to become a valuable tool in future analysis 
on these types of signals. 
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FE Simulation of Total Knee Endoprosthesis Loading during Stance  
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Abstract— A finite element simulation of a human lower 
limb in a full extension after a knee joint arthroplasty is 
presented. Aside a total knee endoprosthesis Medin Modulár 
(size 76, right knee) provided by MedinOrthopedics, a.s., 
Czech Republic, three long bones, femur, fibula and tibia were 
used. More than 30 most important muscles of the lower limb 
and 8 knee ligaments define main boundary conditions. Due to 
realistic ankle and hip joint definition, this model gives more 
accurate results compared with our former models.  

Keywords— Total knee endoprosthesis, knee joint, FEA. 

I. INTRODUCTION  

Finite element method (FEM) is a common and an 
effective tool in mechanics used for development or 
verification of various components or mechanisms. In 
biomechanics, using FEM means to undergo many 
compromises and simplifications. All these simplifications 
have to be reasonable and must take into account as many 
tissue characteristics as possible.  

With reference to this fact, there are two groups of FEA 
of lower extremity models. The first ones are used to 
simulate a behavior of a healthy knee joint in-vivo [1, 2, 3, 
4] and the second group which deals with a knee joint after 
a total knee endoprosthesis (TKE) implantation [5,6]. 

Since our laboratory participates on development of total 
knee endoprosthesis (TKE) MedinModulár (by Medin 
Orthopedics, a.s., Czech republic) [7], our aim is to 
assemble such a complex model, consisting of all bones of 
the knee and main muscles and ligaments. Such a complex 
model should realistically simulate behavior of the human 
knee joint in order to predict contact pressure and stress 
distribution for the TKE. 
In this paper, 3D geometrical model of the leg is presented. 
It is represented by all it’s main bones, a total knee 
endoprosthesis (right leg version, size 76) and more than 30 
the most important muscles of the leg and 8 ligaments. This 
work follows our previous published research [8]-[11].  
 

 

Fig. 1 Lower limb geometric model 

II. MATERIALS AND METHODS 

A. Geometric model 

For a presented  nonlinear static analyses, solved in 
Abaqus CAE, a size 76 of a knee endoprosthesis Medin 
Modulár (produced by Medin Orthopedics, a.s., Czech 
Republic) have been chosen to fit the best a femoral and a 
tibial bone of a male cadaver reconstructed from CT scans 
provided by a National Library of Medicine, Visible Human 
Project [12]-[14]. Pelvic bone has been taken from a model 
library of the BEL Repository, managed by the Istituti 
Ortopedici Rizzoli, Bologna, Italy [15] (see Fig. 1). 

 
The TKE is made up of several components to cover 

various operation demands. For the presented model, only 
its main components, i.e. a metal femoral component and a 
tibial component, which consists of a plastic tibial plateau 
and a metal tibial tray (see Fig. 2) were used. Position of the 
TKE on the corresponding bones has been made on the 
basis of formerly designed mechanical axis and producer’s 
recommendations to a surgeon concerning an 
endoprosthesis implantation. 

 
Fig. 2 Detailed view of TKE mesh propagation 

Having already the replacement well positioned, the data 
provided by White [16] and Brand [17] were used to specify 
muscles origins and attachments and also attachments of 
main knee ligaments [18]. 
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B. Material properties and  mesh generation 

For material definitions, only isotropic homogenous 
material models were used (see Table 1). All bones, femoral 
component and tibial tray behave according to Hook’s low; 
the tibial plateau made of ultra high molecular weight 
polyethylene (UHMWPE) is defined as an ideal elasto-
plastic material (see Fig. 3). All muscles and ligaments were 
represented by lines of actions with no material properties 
definitions. 

Table 1 Material properties 

Entity 
Young’s modulus [MPa] 

(plastic bevaiour 
 [MPa]…[%]) 

Poisson’s ratio[-] 

Femoral component 113000 0.342 

Tibial plateau 
820 
(σ=21…εp=0 , σ=35…εp=3) 

0.44 

Tibial tray 113000 0.342 

Bones 14000 0.36 

 
 

 
 

Fig. 3 UHMWPE elasto-plastic material model 

A mash of elements was created semi-automatically 
using mixture of hexahedral and tetrahedral elements. 
Figure 2 represents a detailed view of the TKE mesh. 

C. Boundary conditions 

Magnitudes of muscle forces were adopted from Vilímek 
[19]. In his work, muscle forces calculated by static 
optimalisation were presented for a group of 31 
musculotendon actuators: These were two parts of gluteus 
medius (GLMED), two parts of gluteus minimus (GLMIN), 
semimembranosus (SM), semitendinosus (ST), biceps 
femoris long head (BFL), biceps femoris short head (BFS), 
sartorius (SR), adductor longus (ADL), adductor breve 
(ADB), three parts of adductor magnus (ADM), tensor 
fascia lata (TFL), pectineus (PCT), gracilis (GRC), three 
parts of gluteus maximus (GLMAX), iliacus (IL), psoas 

(PS), rectus femoris (RF), vastus medalis (VM), vastus 
intermedius (VI), vastus lateralis (VL), medial 
gastrocnemius (MG), lateral gastrocnemius (LG), soleus 
(SOL), tibialis anterior (TA) and tibialis posterior (TP). 
Figure 4 illustrates forces of lower limb in action.  

 

 

Fig. 4 Muscle forces of lower limb 

There were defined two contacts in the analysis: the first 
between the tibial and femoral component of the TKR and 
the second between the femoral component and the patella. 
The contacts were solved as a “hard-contact” with a 
coefficient of friction equaled to 0.1.  

III. CONCLUSIONS  

Many years ago, Laboratory of Biomechanics, Czech 
technical University in Prague started its participation on a 
development of a zirconia knee joint endoprosthesis. This 
unique design already clinically tested, started the intention 
to introduce a valuable complex lower limb model serving 
for further innovation of this implant. 

Main advantages of a presented FE model are obvious. 
Since there are already main muscles of a lower limb and 
some knee ligaments in the model, and a femur and a tibia 
bones can move independently, a very realistic analysis can 
be made. It could be used not only for static or quasi-static 
analysis and simulations but also for dynimic ones. 
Unfortunately, no relevant comparison of this finite element 
analysis (FEA) results could be done with other authors 
analyzing the knee endoprosthesis by means of the FEA, 
especially because of different designs of the replacements. 
Nevertheless, our models are evaluated by means of several 
mechanical tests (knee joint simulator, MTS 885 
MiniBionix) which ensure to keep on permanent 
development.  

St
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] 
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Magnitudes of contact pressures and stresses and also 
their distributions can significantly influence a lifespan of 
an endoprosthesis. Since the weakest part of an 
endoprosthesis using UHMWPE plateau is a tibial plateau 
itself, only results directly related to the plateau are 
published; these are contact pressure between tibial and 
femoral component and stress field on the polyethylene 
plateau. 

Contact pressures between a femoral and a tibial 
component can be seen in the figure 5. As for magnitudes, 
maximal value is approx. 30 MPa under the impact of the 
medial condyle which suits well the reality. 

 

Fig. 5 Contact pressures distribution on tibial plateau 

In the matter of stress values and stress distribution (e.g. 
Fig. 6, 7), the maximal values of 21.4 MPa for the tibial 
plateau and 34.7 MPa for the femoral component, 
respectively, occurred under an impact of a lateral condyle.  

For the plateau, the maximal stresses on both condyles 
are slightly under the contact surface which was expected 
and which is in accordance with our former findings. 

  
Fig. 6 Stress distribution on tibial plateau surface according to Mises 

theory 

 

 

Fig. 6 Stress distribution on surface of femoral component according to 
Mises theory 
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Fluid-mechanics Simulations of Ventricular Function under LVAD Support  
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Abstract  LVAD implantation is often used to assist pa-
tients suffering heart failure. These devices profoundly alter 
ventricular behaviour, however, the precise impact on the 
myocardium and on ventricular blood flow remains unknown. 
We have developed an anatomically accurate coupled fluid-
mechanical model of the left ventricle under LVAD support to 
enhance understanding of the fluid structure interactions that 
occur during LVAD function. This can be used to optimise 
LVAD function through minimising blood recirculation and 
maximising the efficient transduction of cellular work by the 
ventricle during the cardiac cycle. 

Keywords  Cardiac fluid-mechanics, Fluid-structure interac-
tion, LVAD, Heart failure, Ventricular modelling 

I. INTRODUCTION  

In Western society there is a 1 in 5 life-time risk of Heart 
Failure with a 50% one year survival rate [1]. Orthotropic 
heart transplantation is recognized as the best therapy for 
end stage heart failure [2]. However, due to the shortage of 
donor hearts, left ventricular assist devices (LVAD), me-
chanical pumps that support the heart by pumping blood 
from the left ventricle (LV) apex to the aorta, bypassing the 
aortic valve, are often used as a bridge to transplant [3]. 
Despite the complexities of the implantation procedure and 
the device itself, patient selection for LVAD implantation is 
based on relatively simple, descriptive, clinical metrics. 
Additionally, once selected, the implantation of an LVAD is 
not patient specific or optimised to the cardiac cycle. Cus-
tomising LVAD use, via patient specific tuning, to benefit 
cardiac function has the potential to provide substantial 
clinical gains. A novel tool to assist this customisation are 
computer simulations of the fluid structure interactions that 
occur in LVAD supported hearts, which through recent 
developments, now have the capacity to address a number 
of these issues. 

Within the cardiac chambers, blood flow follows a com-
plex and dynamic pattern during contraction and diastolic 
filling. Studies have used a combination of magnetic reso-
nance phase velocity mapping and Doppler ultrasound to 
characterize flow through the heart [4, 5]. However, imag-
ing techniques, on their own, are unable to quantify the role 
of inertial force exchanges between the blood and the myo-
cardium in cardiovascular mechanics. Additionally, due to 
metallic components and the advanced disease state of re-

cipients, it is difficult to directly determine blood flow pat-
terns and myocardial function in LVAD supported patients.  

Recently, Nordsletten et. al. [6, 7] have developed a fi-
nite element fluid-mechanics algorithm, coupled using an 
Arbitrary Lagrange Eulerian (ALE) approach. In this study 
we have applied this technique using an anatomically realis-
tic human LV model to simulate cardiac function under 
LVAD support. The long term goal of this work is to enable 
the identification and optimisation of metrics associated 
with LVAD function, such as flow rate, position and pulse 
sequencing. Furthermore, quantification of the work per-
formed by the myocardium under LVAD support could lead 
to enhanced understanding of the factors underlying reverse 
remodelling, whereby myocardial function recovers to the 
point where the device can be explanted [8], in LVAD pa-
tients. 

II. METHODS 

A. Constructing an Anatomically realistic LV mesh

A three-dimensional, anatomically realistic human left 
ventricular geometry was constructed from 36 cine MRI 
sequences taken from a 70kg, healthy, male subject, apex to 
base, with a spatial resolution of 1.7mm x 1.7mm in the xy 
plane and a z plane resolution of 3.4mm. 25 cine frames 
were taken per heart beat. The images were digitised manu-
ally, using zinc digitiser [9], at end-diastole for the endo and 
epicardial walls of the left ventricle, see figure 1a. 

Endo and epicardial surfaces were fitted separately, with 
each surface defined as a linear, rectangular mesh generated 
on a partial ellipse of approximately the same height and 
diameter as the corresponding surface. The LVAD cannula 
was attached by removing the apical elements. 

The endo and epicardial meshes were fitted to the data 
using a non-linear fitting process, performed using the 
Cmiss software package [10-12]. The volume meshes were 
constructed by linear interpolation between the correspond-
ing nodes on the endo and epicardial sufaces. To ensure 
smoothness of flow, inflow and outflow cannula were con-
structed at the Mitral and Aortic valve planes. The LVAD 
cannula geometry was provided by Berlin Heart [13]. 

The fluid mesh, within the left ventricle, was constructed 
using Cubit [14] and the fluid-solid interface elements were 
defined as a separate domain. The problem was solved us-
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 (a) (b) 
Fig. 1 (a) cross sectional cardiac MRI images, apex to base, at end diastole. Data points, white, show the LV wall digit isation. (b) Fitted LV solid mesh 

and LVAD cannula superimposed over a cross sectional MRI slice. LVAD cannula geometry provided by Berlin Heart. 
 

ing the ALE formulation of the solid and fluid governing 
equations. 

 
 

B. Fluid mechanics coupling using a Lagrange multiplier
approach

To characterise fluid flow across a moving domain, as 
occurs within the cardiac chambers, neither the Lagrangian 
or Eulerian descriptions provide an effective platform for 
the problem [15]. Defining the fluid and solid mechanics 
within the ALE framework enables myocardial deformation 
to be transferred to the fluid domain by ensuring that the 
fluid mesh is congruous with the myocardial wall. 

Blood, on the ventricular macro-scale, is modelled as an 
incompressible, Newtonian fluid whose behaviour is de-
scribed by the Navier-Stokes equations, which, in ALE 
form are given by Equation 1:   

0)( 2vpvwv
t
v

 (1) 

where p is pressure, v is fluid velocity and w is the mesh 
velocity. and are viscosity and density respectively. 

The fluid equations are coupled to the mechanics equa-
tions which describe the stress response of the myocardium. 
Myocardial tissue is modelled as an elastic incompressible 
solid whose response to stress can be described by Equation 
2:  

sbnu)(  (2) 
where,  is the stress tensor whose components are given by 
the derivatives of the strain energy function, defined by the 

relevant constitutive law, u is displacement and s and b are 
the applied and body forces respectively. See Nash et al. 
(2000) [16] for a full description of cardiac solid mechanics.  

At the fluid-solid interface boundary conditions were ap-
plied to ensure that the fluid and solid domains do not de-
tach or overlap during motion and that stresses are continu-
ous across the boundary. These conditions are met by 
equating velocities and mesh displacements across the inter-
face. The condition of stress continuity is satisfied by equat-
ing normal stresses between the interacting domains. 

Since the movement of the fluid mesh may be chosen in-
dependently of the movement of the fluid itself, the fluid 
nodes can be constrained to be contiguous with the struc-
tural nodes so that all nodes on the sliding interface remain 
permanently aligned. However, given that the solid and 
fluid meshes generally have different degrees of refinement 
and/or different basis functions, the fluid interface will not 
easily align with the solid interface. A coupling domain is 
therefore introduced to map the fluid and solid interfaces.  

To incorporate this into the fluid and solid domain gov-
erning equations a Lagrange multiplier is employed. Physi-
cally the Lagrange multiplier has the effect of equating the 
tractions, tf and ts, across the fluid and solid interface. This 
is applied as a constraint on both the solid and fluid do-
mains, where: 

0v
t
u

            (3)

 To incorporate this constraint into Equations 1 and 2 a 
Lagrange multiplier, , is employed.  is defined as: 
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 (a) (b) (c) 
Fig. 2 Diastolic filling under LVAD support. Simulation was run with sinusoidal mitral valve inlet velocity to replicate reduced pulse intensity under 
LVAD support. (a) peak inflow velocity, 0.09m.s-1, (b) minimum inflow velocity, 0.04m.s-1, (c) secondary inflow peak forming, 0.065m.s-1. LVAD 
cannula outflow velocity was 0.22m.s-1 throughout the simulation. Streamlines show flow patterns in the LV cavity, blue representing low and red high 
flow velocities. On the myocardial wall, yellow represents low and red high deformation, black lines are contour bands. Note the uniaxial flow from the 
inlet valve to the outflow cannula and the absence of a primary vortex. Vortices form either side of the peak velocity jet, traveling apex to base, which 
causes outward deformation of the wall normal to the jets path. Also note the suction effects on the LV wall close to the cannula mouth. Recirculations 
are not apparent at the apex below the cannula mouth. 

sf tt             (4) 
The equations are solved using the Galerkin finite ele-

ment approximation with an implicit monolithic solver and 
a quasi-static description of solid deformation [6]. 

 
C. Constitutive Law

An idealistic fibre geometry of +60/-60 degrees, at the 
epi and endocardial walls respectively and varying linearly 
transmurally, was assigned over the myocardial mesh ge-
ometry. The strain energy function, describing the myocar-
dial stress response, was defined using the Costa Law [17], 
where the Costa Law parameters, a and b, were taken from 
Schmid et Al. (2007) [18].  

III. RESULTS & DISCUSSION 

The endo and epicardial surface meshes were fitted using 
cubic hermite elements to the digitised data cloud generated 
from the MRI images shown in Figure 1a. The final solid 
volume mesh was constructed using curvilinear elements 
and is shown in Figure 1b. 

The fluid volume mesh was constructed from the tessel-
lated endocardial wall of the solid geometry. The mesh was 
refined around the mitral inlet valve and the LVAD cannula 
mouth to better capture high velocity flows in these regions. 

Simulations were run on the geometry in order to capture 
the effect LVADs have on ventricular function and blood 

recirculation within the LV cavity, see Figure 2. Outflow 
velocity via the LVAD cannula was prescribed to be con-
stant at 0.22m.s-1 giving a cardiac output of 60mL.s-1. Due 
to continuous outflow from the LV, mitral valve inflow was 
assumed to also be continuous with a pulse stimulus driven 
by atrial systole. This was approximated with a sinusoidal 
inflow profile of period 1Hz with a velocity range between 
0.04m.s-1 and 0.09m.s-1. Mean inflow velocity was pre-
scribed so that filling was isovolumetric over one cardiac 
cycle. The mechanics problem was constrained by fixing 
both the mitral valve plane and the apex, where the LVAD 
cannula was attached. A passive myocardial response was 
assumed. 

Of particular note are the complex dynamics that occur 
around the LVAD cannula, potential recirculations at the 
apex, below the LVAD mouth, and the absence of a primary 
vortex due to the presence of the LVAD cannula. Further-
more, the action of the LVAD cannula close to the myocar-
dial wall has the potential to induce suction effects on the 
endocardium, adversely affecting myocardial function. 

This presents an optimisation problem whereby pump 
function, currently set at a constant velocity in axial flow 
LVADs, could be tuned to the cardiac cycle. Additionally, 
the distance that the LVAD cannula is inserted into the LV 
and the LVAD cannula diameter can also be altered. These 
simulations enable the effect that changes to these parame-
ters have on the heart to be analysed. This facilitates the 
quantitative determination of optimal pump function. 

These results demonstrate some of the significant 
changes that occur in LV function under LVAD support. 
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Pressure volume unloading significantly reduces the stress 
on the myocardium assisting recovery in the short term. 
However, prolonged LVAD support leads to atrophy, sig-
nificantly reducing the chances of myocardial recovery [8, 
19]. Coupled fluid mechanics simulations of LV function 
enable a quantitative analysis of myocardial stress during 
the cardiac cycle and the efficiency of cardiac work. This 
would provide the capacity to tune LVAD function to en-
sure that both the required level of unloading occurs and 
that myocardial function remains sufficient to prevent atro-
phy. Ultimately, this could improve the utility of LVADs as 
a treatment for heart failure.  

Reducing thromboembolic events is also of particular 
importance with respect to LVAD function. Blood pooling 
in the ventricular cavity, caused by recirculations at the 
apex, increases the chances of such events occurring. Future 
work will focus on the optimisation of LVAD parameters to 
minimise thromboembolic events and ensure, as much as 
possible, normal LV function. 

Due to the difficulties involved with in vivo imaging of 
LVAD function, validation of the simulations remains an 
issue. Ideally a comprehensive data set would be available 
detailing both myocardial wall motion and flow velocity 
fields. In practice, due to the nature of the LVAD device 
and the advance disease state of the patients, only 3D ultra-
sound will be available. Resolution limits on ultrasound 
data will restrict quantitative validation, however, it will 
enable validation of overall simulation behaviour and re-
sponses to changed environments. 

Further steps in developing simulations of an LVAD sup-
ported heart will involve incorporating patient specific ge-
ometries and material parameters. Such customised models 
would further enhance the effectiveness of modelling to 
improve LVAD treatment. 

IV. CONCLUSIONS 

We have developed an anatomical coupled fluid mechan-
ics model of LV function under LVAD support. This model 
can be used to tune LVAD function to minimise throm-
boembolic events and optimise the balance between ven-
tricular unloading and improving myocardial function. 
These simulations have the potential to improve the effec-
tiveness of LVAD support in heart failure patients. 
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A Simulation of the Surface EMG for Analysis of Muscle Activity during Whole 
Body Vibratory Stimulation 

A. Fratini, M. Cesarelli, P. Bifulco, M. Romano, and M. Ruffo 

University “Federico II” of Naples / Department of Biomedical Electronic and Telecommunication Engineering, Naples, Italy 

Abstract—Many studies have accounted for whole body vi-
bration effects in the fields of exercise physiology, sport and 
rehabilitation medicine. Generally, surface EMG is utilized to 
assess muscular activity during the treatment; however, large 
motion artifacts appear superimposed to the raw signal, mak-
ing sEMG recording not suitable before any artifact filtering. 
Sharp notch filters, centered at vibration frequency and at its 
superior harmonics, have been used in previous studies, to 
remove the artifacts. [6, 10] However, to get rid of those arti-
facts some true EMG signal is lost. The purpose of this study 
was to reproduce the effect of motor-unit synchronization on a 
simulated surface EMG during vibratory stimulation. In addi-
tion, authors mean to evaluate the EMG power percentage in 
those bands in which are also typically located motion artifact 
components.   

Model characteristics were defined to take into account two 
main aspect: the muscle MUs discharge behavior and the 
triggering effects that appear during local vibratory stimula-
tion. [7] Inter-pulse-interval, was characterized by a polimodal 
distribution related to the MU discharge frequency (IPI 55-
80ms, σ=12ms) and to the correlation with the vibration period 
within the range of ±2 ms due to vibration stimulus. [1, 7] 

The signals were simulated using different stimulation fre-
quencies from 30 to 70 Hz. The percentage of the total simu-
lated EMG power within narrow bands centered at the stimu-
lation frequency and its superior harmonics (± 1 Hz) resulted 
on average about 8% (± 2.85) of the total EMG power. How-
ever, the artifact in those bands may contain more than 40% 
of the total power of the total signal. [6] 

Our preliminary results suggest that the analysis of the 
muscular  activity of muscle based on raw sEMG recordings 
and RMS evaluation, if not processed during vibratory stimu-
lation may lead to a serious overestimation of muscular re-
sponse.  

Keywords—whole body vibration, tonic vibration reflex, 
motor unit synchronization. 

I. INTRODUCTION  

Whole body vibration (WBV) treatment by oscillating 
platforms is widely used in physical therapy, rehabilitation 
and professional sports. This treatment aims to mechani-
cally activate muscles, by the use of vibration loads. 

Direct application of vibratory stimuli to a single muscle 
or a tendon in fact, produce reactions of muscle spindles. A 
reflex muscle contraction known as the Tonic Vibration 

Reflex (TVR) arises in response to such local vibratory 
stimulus. [2, 3, 7] 

In WBV, the entire body is exposed to vibration. How-
ever, the intensity of the stimulus to a specific muscle group 
could be modulated by holding different position on the 
platform.  

The effects of WBV treatments are quantified in different 
ways. Surface electromyography (EMG) is largely utilized 
to evaluate actual muscular response to the treatment and 
root mean square (RMS) of the electromyography signals is 
often used as a concise quantitative index of muscle activity 
during the vibratory stimulation.  

Significantly higher level of electromyographic activity 
appears indeed, in muscles undergoing WBV treatment with 
respect to the rest condition; specific WBV frequencies also 
seem to produce a higher EMG-RMS signal than others. [4]  

However, the findings in literature are not yet coherent 
on this matter; a part of the previous studies suggested some 
muscular improvement, whereas other results indicate no 
significant variation. [5]  This wide variability of the result 
could be attributed to many variables and, among others, to 
the presence of large motion artifact superimposed to the 
raw surface EMG recordings. [6] 

It is well known, that during surface bio-potential re-
cording, motion artifacts may arise from relative motion 
between electrodes and skin and between skin layers. In 
particular situations such as vibration treatment, large mo-
tion artifacts arise from skin electrodes modifying consis-
tently the EMG recordings. The power of these artifacts is 
not confined below 10–20 Hz (they appear as sharp peaks at 
vibration frequency and its harmonics) and standard high-
pass filters are not suitable for filtering out this artifact. [6] 

Despite the artifacts, some author consider the possibility 
of a greater amount of true EMG appearing in the men-
tioned narrow frequency bands due to synchronous me-
chanical activation of muscles during vibration. [7] 

When a local vibratory stimulus is applied to a tendon, 
indeed, the discharge pattern of motor units became trig-
gered by the stimulus itself. [7-9] 

Since the presence of those specific artifacts leads to 
overestimate EMG power, EMG-RMS and consequently 
muscle activity during vibration, sharp notch filters, centred 
at vibration frequency and at its superior harmonics, have 
been used in previous studies, before any EMG analysis. [6, 
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10] However, to get rid of those artifacts some true EMG 
signal is lost. 

The purpose of this study was to determine the effect of 
motor-unit synchronization on the simulated EMG for a 
Rectus Femoris (RF) muscle, during vibratory stimulation. 
In addition, with this work authors mean to evaluate the 
EMG power percentage in those bands in which are also 
typically located the artifact components. 

II. METHODS 

Surface electromyography signal acquired during a vol-
untary muscle contraction is assumed as summation of all 
the active Motor Units (MU) contributes, assembled to-
gether in the well known “interference pattern”. [1] How-
ever, surface electromyography recordings are largely de-
pendent on the properties of MUs and their firing patterns. 

Generally, surface EMG models consider the interference 
pattern as a linear summation of motor unit action potential 
(MUAP) trains. MUAP trains (MUAPT) can be described 
as the mathematical convolution of the firing instants with 
the MUAP wave shape. 

The model should therefore consider both the firing be-
havior and the MUAP wave shapes.  

The MUAP characteristics, i.e. shapes and distribution of 
amplitude and duration, are determined by morpho-
functional properties of the activated muscle fibers and 
MUs, together with passive and active bioelectric phenom-
ena. The firing patterns reflect the motor control of the 
central nervous system and in particular situation, such as a 
vibratory stimulation, they became also correlated with the 
vibration frequency.  

The major model elements concerning the MUAP wave 
shapes, the MU firing patterns as well as the influence of 
vibratory stimulus are discussed in the next sections. 

In this study, a simple version of a model describing the 
variation in EMG shape and spectrum of RF muscle was 
implemented. 

 
A. Motor Unit Action Potential 

 The shape of MUAPs was obtained by slightly modify-
ing the type proposed by Lebedev and Polyakov [9] de-
scribed in the formula: 

 
 si (t) = ais(t) =

ait

(1.7t + 1)6

                        (1) 

 
where si(t) represent the i-fiber MUAP shape, t is the time 
variable expressed in ms and ai corresponds to the MUAP 
amplitude. The formula was customized to change inde-
pendently either time-duration and amplitude variation for 

each phase, positive and negative (figure 1). 
 

si (t) = ais(t) =
ait

((t ⋅τ )6 + 1)
                     (2) 

 
The amplitude ai was chosen, according with the sugges-
tions of Basmajan and De Luca. It was modeled as an uni-
form distribution in the range 0.01 to 0.5 to take in account 
the amplitude variability (in mV) of the simulated signal. 
[1]    
 

 

Fig. 1 An example of 6 MUAPs obtained with the model  

In order to simulate the surface EMG it is also important 
to consider the position of muscle innervation zones with 
respect to the electrode position.  

However, in the Rectus Femoris muscle the innervation 
zones are distributed around the muscle belly irregularly 
[11], that is the MUAPs propagation under the electrodes 
can be considered randomly bidirectional.  

In this preliminary model we considered equal the num-
ber of MUAP coming from each direction; therefore, 50% 
of randomly taken ai values were multiplied by -1. 
 
B. Motor Unit Action Potential Train and simulated EMG 

MUAPT, i.e. a summation of MUAPs of the same i-MU, 
ei(t), was described as follows: 
 

ei (t) = si (t − tki )
k
∑                              (3) 

 
where k is the number of pulses and tki is the time instant of 
k-pulse of the i-MU. 

The simulated EMG signal can be finally expressed as 
the summation of those MUAPTs: 
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e(t) = ei (t)
i=1

NMU

∑                                  (4) 

 
C. Motor Unit Discharge Behavior 

The recruitment and firing behavior of MUs within the 
muscle has been defined to take into account two main 
aspect: the muscle MUs discharge behavior and the trigge-
ing effect appearing during local vibratory stimulation. [7]  

The general rule to describe the firing behavior of MUs it 
to consider their interpulse intervals (IPIs) as independent 
samples of a random variable. Since the character of the 
distribution has minor influence on sEMG spectral content a 
Gaussian distribution is suitable to model the IPI of the 
MUs. [12]   

The base distribution of the inter-pulse-intervals, Δti (tki-
t(k-1)i) was then modeled as a normal distribution, with its 
probability density function (PDF) g(Δti), with mean ΔTi 
and standard deviation σ.  

 

g(Δti ) =
1

σ 2π
e

−
(Δti − ΔTi )2

2σ 2                       (5) 

 

were Δti was considered as a random value uniformly dis-
tributed in the range 55-80 ms and σ equal to 12 ms in ac-
cordance to experimental data of Basmajian and De Luca 
(1985) on the Rectus Femoris. [1] 

However, different findings in literature have shown that 
when a vibratory stimulus is delivered to a tendon the firing 
rate became synchronous with the vibration cycle, that is tki 
is described by a specific PDF to that take into account this 
synchronization effect. 

It is also known that, for vibration frequency under 60 
Hz, the majority of MU (80 to 100 %) are synchronous with 
the stimulus or its lower harmonics. [7] 

The time interval between the vibratory stimulus and the 
activation of the i-MU (tcycle) can be characterized by a 
nearly Gaussian distribution p(tcycle) with mean equal to half 
of the vibration period (Tvb/2) and variance (Scycle) equal to  
2 ms. [7] 

p(tcycle ) = Ae
−

(tcycle −
Tvb

2
)2

2Scycle
2                          (6) 

 

A = 1 / e
−

(tcycle −
Tvb

2
)2

2Scycle
2

dtcycle

0

Tvb

∫                       (7) 

 

with                           0 < tcycle < Tvb
 

 

Tcycle is than correlated to the time variable t by: 

were n=1,2,3,…            t = tcycle + (n − 1)Tvb
                        (8)    

 

To provide simultaneously either the base variability of the 
interspike-intervals and the triggering effect modeled with 
p(tcycle) distribution, the PDF h(tki) was built by multiplying 
the base PDF g(Δti) with the p(tcycle) PDF (these two distri-
bution were assumed to be independent): 
 

 h(tki ) = B ⋅ g(tki − tk−1) ⋅ p[tki − (n − 1)Tvb ]             (9) 
 

B = g ⋅ pdtki

tk−1

∞

∫
⎛

⎝
⎜

⎞

⎠
⎟

−1

k ≥ 2
                       (10) 

 

where B is the normalization coefficient, and n is the num-
ber of cycle at which tki is referred to. The timing of MU 
discharges tki was computed step-by-step: each value gener-
ated according to this distribution was used as the parameter 
for the following computation. The initial value t1i was 
generated from an uniform distribution in the range 0-ΔTi. 
The time of the kth discharge of the ith-MU tki was consid-
ered a random value, depending on the time of the preced-
ing discharge tki-1.  

If the effect of vibration is negligible, the PDF of the dis-
tribution of the IPIs would be close to g(Δti). However, in 
this work we assumed 90 % of the MUs to be synchronous 
with vibration stimulus. 

III. RESULTS  

The simulated surface EMGs are very similar to those 
registered with surface electrodes from subjects under vi-
bration. Figure 2 shows an example of simulated signal with 
its frequency spectrum.  

 

Fig. 2 An example of simulated sEMG signal obtained considering 600 
active MUs and a vibratory stimulus at a frequency equal to 50 Hz 

The example shown was obtained considering 600 active 
MUs and a 90% of them synchronous with a vibratory 
stimulation. Vibration period was set to 20 ms (50 Hz). As 
it can be noticed from the figure, although none of the MUs 
is discharging at that frequency, there are peaks at 50 Hz 
and its multiples. It can be also noticed a slight increase of  
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the spectrum at low frequencies, representative of the mean 
IPI (12-18 Hz).  

Multiple test were conducted for each explored fre-
quency (Table 1). The power percentage of the spectrum, in 
a range of ±1 Hz around the vibration frequency and its first 
four superior harmonics, was estimated and on average less 
than 8.75 % (±4.6) was found in those bands.  

Table 1 Power percentage of the simulated sEMG spectrum in the range of 
±1 Hz around the vibration frequency and its first four superior harmonics 

Stimulation Freq. [Hz] Power percentage  (± SD) 
30 8.75% (±4.6) 
40 8.33% (±3.2) 
50 8.07% (±2.8) 
60 7.64% (±2.5) 
70 6.72% (±2.1) 

Other simulation were also conducted to determine the 
power percentage contained in the mentioned narrow bands 
without vibratory stimulation. The estimated power in those 
bands obviously decreases, in fact the first four multiples of 
40 Hz had on average 5.38% of the total power with 0.95 
standard deviation.  

IV. CONCLUSIONS  

According with previous research [6], the results con-
firmed that the analysis of the myoelectrical activity of 
muscle, based on raw sEMG recordings and RMS evalua-
tion, if not processed during vibratory stimulation may lead 
to a serious overestimation of muscular response.  

The difference between simulated EMG signals and raw 
sEMG recording can be reasonably justified by the presence 
of artifacts superimposed on the raw EMGs. Our results 
suggested that however, in surface EMG recordings during  
vibratory stimulation a little percentage (about 9%) of the 
power spectrum can be ascribed to electromyographic activ-
ity of the muscle. Therefore the remaining percentage found 
in the narrow bands previously described should be attrib-
uted to other phenomenon, like motion artifacts. 

The variability and randomness of motion artifacts may 
be the reason of the significant differences of the literature 
findings on the effects and properties of vibration treat-
ments.[4] The result also suggested that motion artifacts 
filtering can be obtained using notch filters at vibration 
frequency and its harmonics; less than 10% of the EMG 
signal will be lost. At the same time, however, it is prefer-
able to remove the artifact that may reach, without filtering, 
more than 40% of the total signal power. [5] 

Results however, depend on the relative position between 
muscle end-plates and electrodes; a simulation of EMG 

recording considering MUAPs only from one direction 
would have much higher power percentage in the mentioned 
bands. In such case every MUAP would be coherent in 
phase with each other leading to an increase of the spectrum 
at the stimulation frequency. EMG signals are however 
rarely registered on the muscle end-plate. 
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Abstract—Quantitative electromyographic (EMG) signal 
analysis in the frequency domain using classical power spec-
trum analysis techniques have been well documented over the 
past decade. Yet no work has been done on EMG during Rap-
id Eye Movement (REM) Stage of Sleep. In this work a tech-
nique for classifying chin movement via EMG signals during 
sleep is presented. Two methods (Autoregressive modeling- 
Cepstrum Analysis) for extracting features from EMG signal 
during sleep and a classification algorithm (Linear Discrimi-
nant Analysis (LDA)) were analyzed and compared. EMG 
findings are used to detect and describe different disease 
processes affecting sleep. Rapid Eye Movement Behavior Dis-
order (RBD) is an example of EMG abnormality in which 
patients lose their muscle control while in REM stage of sleep 
resulting in physically acting out their dreams. An adaptive 
segmentation based on Recursive Least Square (RLS) algo-
rithm was analyzed. This algorithm was used to segment the 
non-stationary EMG signal into locally stationary components, 
which were then autoregressive modeled using the Burg- Lat-
tice method. The Cepstrum measurement described and ap-
plied to modify the coefficients computed from the  autoregres-
sive (AR) model. Furthermore, the classification performance 
of the above two feature sets was investigated for the two 
classes (Normal and Abnormal). Results showed AR modeling 
and Cepstrum both are good assessments in finding EMG 
abnormalities during sleep, however; unlike in speech analysis 
Cepstrum results does not improve the accuracy as expected. 
An accuracy of more than 75% to classify the normal segment 
as normal and more than 68% to classify abnormal as abnor-
mal made LDA a better discriminator compared to K-means. 
These methods may be useful in distinguishing EMG patterns 
that predict the emergence of Parkinson disease in humans. 

Keywords—EMG, Sleep, Rapid eye movement Behavior 
Disorder, Autoregressive Modeling, Cepstral Analysis, Linear 
Discriminant Analysis. 

I. INTRODUCTION 

Sleep is a periodic state of rest for the body, in which the 
eyes are usually closed and there is a decrease in bodily 
movements. With Polysomnography (a sleep study), mul-
tiple physiological variables are tracked over times. During 
sleep the brain in humans and other mammals undergoes a 
characteristic cycle (approximately 90 minutes) of elec-
troencephalographic and physiological activity that includes 

intervals of dreaming sleep. Sleep is broken into two broad 
states: Rapid Eye Movement (REM, or dreaming sleep) and 
Non-Rapid Eye Movement (NREM) sleep. Each type has a 
distinct set of associated physiological and neurological 
characteristics. REM sleep is characterized by the follow-
ing: rapid eye movements, minimal EMG tone (sleep  
paralysis), and mixed alpha and theta activity on electroen-
cephalography (EEG). The basic origin for the normal REM 
sleep atonia is in the brainstem.  

Rapid eye movement sleep behavioral disorder (RBD) 
was relatively recently described in 1986. In this condition, 
patients enact their dreams because they lose the atonia of 
REM sleep. This can result in serious injury [1]. This dis-
order may be an early warning for the emergence of Parkin-
son disease and other neurodegenerative conditions–
antedating the illness by many years [2].  

RBD is characterized by increased axial submental (un-
der the chin) and limb muscle tone. Therefore, chin EMG 
which is routinely collected in sleep studies can be used as a 
valuable signal in detecting early forms of these neurodege-
nerative conditions. This may also provide a useful signal 
for assessing response to neuroprotective drugs.  

There has been prior work on the EMG during wakeful-
ness, such as analysis of motor unit action potentials [3] or 
as a signal for functional neuromuscular stimulation [4] or 
new features for EMG pattern recognition [5] but the use of 
an overnight EMG recording to detect RBD represents a 
unique methodology with a novel clinical dataset. 

II. METHODOLOGY 

A. Data Acquisition 

A traditional scoring system for sleep has been estab-
lished [6], with the electrophysiological parameters of EEG, 
EOG and EMG. The system used for recording chin EMG 
signals during sleep includes 3 electrodes, one on the chin, 
one below the chin and a reference. The EMG signal was 
freely triggered and band-pass filtered at 10 - 100 Hz. The 
impedance of each electrode was less than 10 K_ with a 
minimum digital resolution of 12 bits per sample. The sam-
pling rate was 256Hz. Similar electrodes were used to record 
EEG and EOG amongst other physiological parameters of 
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sleep. The properties of the EEG, EOG, and EMG signal 
help the sleep technologists score the various stages of sleep 
and develop a Hypnogram - a graph of the sleep stages over 
time. Each sleep staging decision is based on a 30 second 
analysis of the physiological signals called an epoch. The 
hypnogram reveals the macro architecture of sleep by cha-
racterizing the alternation of NREM and REM sleep phases. 

B. Adaptive Segmentation 

A non-stationary signal such as EMG consists of locally 
stationary segments, which the appropriate analysis of the 
signal could only be applied on such segments [4]. Recur-
sive Least Square Algorithm is an adaptive algorithm that 
would detect the occurrence of these stationary segments. 
The objective of adaptive segmentation is to trace the non-
stationarities in the signal process. An adaptive segmenta-
tion method based on the spectral error measure procedure 
was applied to EMG signals, based on the RLS algorithm. 
This was done using [7]. The filter used in this method tries 
to predict the signal from a few past samples of the signal in 
memory, and computes the prediction error. If a change in 
signal statistics occurs, the tap weights and the prediction 
error will show a change as well; this can be detected by 
applying a threshold. In this work first a primary boundary 
detection algorithm was used to find the start of the statio-
nary segment and then a decision process to detect the final 
segment boundary. Since having a segment with few num-
ber of samples might result in under modeling a minimum 
120 points of data was considered as the minimum segment 
length. In order to detect transitional changes in the input 
and provide fast convergence the order of the filter was 
chosen to be 7. 

C. AR Modeling and Cepstrum Analysis 

The autoregressive model is given by the equation 
  ∑    (1) 

Where  denotes the recorded signal at discrete 
time ,  are the AR parameters and  is the white noise 
residual, and  is the model order. Thus the autoregressive 
model assumes that the present value of the time series  
is in some (linear) way dependent on the past values of the 
time series 1 , 2  etc. The model attempts to 
define this dependence, the order of the model indicating 
how far back this dependence goes. The Burg-Lattice me-
thod was applied to stationary EMG segments and the AR 
prediction coefficients were derived from that [8]. The 
model order was chosen based on application of Akaike 
Information Criterion (AIC), and models of this order were 

observed to predict the EMG signal segments very  
well. The spectrum of the model was calculated using  
Equation (2). 

∑    (2) 

The Cepstrum coefficients were used as another feature 
for classifying EMG into Normal and Abnormal. Cepstrum 
is defined as the inverse Fourier Transform of the log power 
of the signal. Alternatively it can be found from the AR 
coefficients using Equation (3) [6]. 

 ∑ 1 1               (3) 

1   

Where  and  denote the  AR model and Cepstral 
coefficient respectively,  is the model order and  is the 
samples. 

III. RESULT 

A. Feature Extraction 

The feature extraction stage implements election of tech-
niques which are chosen based on the practices, and judg-
ments for assumptions that are considered relevant to the 
case.  The second step of the signal processing is the actual 
processing or signal manipulation and evaluation. In this 
step processing such as AR modeling and Cepstrum  
analysis take place to extract relevant information from the 
signal. 

B. AR Modeling and Cepstrum Analysis 

If a model can be successfully fitted to a data stream, it 
can be transformed into the frequency domain instead of the 
data upon which is it based, producing a continuous and 
smooth spectrum. In an AR model, a value at time  is 
based upon a linear combination of prior values (forward 
prediction), upon a combination of subsequent values 
(backward prediction), or both (forward-backward predic-
tion). The linear models give rise to rapid and robust com-
putations. This modeling was done on each stationary seg-
ment since any modeling such as AR modeling has to be 
done on stationary signals. The model order used was 25. 
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Twenty five Cepstral coefficients,  to  were deter-
mined directly from the estimated AR coefficients  to 

using Equation (3). The motivation of using Cepstral 
coefficients as diagnostic features in this study was due to 
their documented higher identification accuracy in speech 
recognition compared to the AR coefficients [7]. Cepstral 
analysis has been applied to speech recognition for a long 
time [8]. In speech recognition based upon template match-
ing, the Euclidean distance between linear predictive coeffi-
cients (LPC)-derived Cepstral coefficients is one of the 
most successful distance measures [9]. Furthermore, in a 
recent study for classifying patterns of movement via sur-
face EMG signals, it was reported that Cepstral coefficients 
showed significantly better separability compared to the AR 
coefficients [10]. However; as the result shown in Table 2 
the Cepstrum coefficients did not improve the accuracy by a 
significant amount in contrast of speech analysis. 

C. Classification 

The EMG dataset consists of 4 normal and 4 abnormal 
subjects undergoing overnight Polysomnography. Along 
with the data given to us from Sunnybrook Health and 
Science Center, the Hypnogram of each subject was pro-
vided for us as well. Each of these EMG signals was fed to 
a code that categorizes each stage of sleep with the given 
Hypnogram. Since the focus is on the patients with Rapid 
eye movement Behavior Disorder (RBD) the REM stage 
has significant impact on this disease. Therefore this stage 
was analyzed in further details. All the classification results 
were analyzed through SPSS (Statistical Package for Social 
Science) Software. 

LDA searches for those vector in the underlying space 
that best discriminate among classes rather than those that 
best describe the data. LDA is one of the simplest super-
vised methods that have superior advantage over K-means 
algorithm. The accuracy for REM stage increased dramati-
cally in LDA. Table 1 and Table 2 show the result of the 
LDA using AR model and Cepstrum coefficients for all the 
segments in the REM stage.   

Table 1 LDA Classification using AR coefficients as features 

Normal or Abnormal Predicted Group Membership 
 
 

Normal 
   Count 
                   Abnormal 

Normal        Abnormal      Total 
 

490               57              547 
 
     128                  281              409 

 
    
                   Normal 
      % 

Abnormal 

 
     89.6               10.4               100 

 
 31.3             68.7             100 

Table 2 LDA Classification using Cepstrum coefficients as features 

Normal or Abnormal Predicted Group Membership 
 
 

Normal 
   Count 
                   Abnormal 

Normal        Abnormal       Total 
 

    475                     74                547 
 

    131                   278                409 
 

    
                   Normal 
      % 

Abnormal 

 
86.5                   13.5             100 

 
32.0                  68.0              100 

 

IV. DISCUSSION 

The results show that Cepstrum unlike in speech does not 
improve the accuracy by a significant value. Since Cep-
strum was calculated directly from the AR coefficients 
using Equation (3) the properties of AR coefficient might 
have carried to the Cepstrum and therefore, the accuracy did 
not change as expected.  

The plot of the dominant AR and Cepstrum features in 
LDA for all normal and abnormal subjects are shown in Fig-
ure (1) and Figure (2) respectively. The red marks show the 
normal features and the blue marks show the abnormal fea-
tures. In both Figures the concentration of red in blue area is 
less which result in higher accuracy of normal than abnormal. 

 

Fig. 1 Dominant AR features of EMG in REM Stage for Normal and 
Abnormal Subjects 

 

Fig. 2 Dominant AR features of EMG in REM Stage for Normal and 
Abnormal Subjects 
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V. CONCLUSION 

Autoregressive and Cepstral analysis were investigated in 
this study for the assessment of EMG recorded from normal 
and abnormal subjects. As shown in the Result Section, 
Cepstrum does not significantly improve the accuracy com-
pared to AR modeling unlike in speech processing. Cepstral 
coefficients show better separability in the feature space and 
emphasize the spectral difference in the low-frequency band 
and not on high frequency or mid frequency. Since the di-
agnostic yield of the Cepstral coefficients and the AR spec-
tral measures were similar, other features have to be ana-
lyzed for sleep disorder diagnostic such as Wavelets. LDA 
is definitely a better classifier than K-means. Since the ac-
curacy of LDA compared to K-means was higher.  
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Abstract—Evaluating rupture risk of Abdominal Aortic
Aneurysms is critically important in reducing related mortality
without unnecessarily increasing the rate of elective repair.
According to the current clinical practice aneurysm rupture
risk is (mainly) estimated from its maximum diameter and/or
expansion rate; an approach motivated from statistics but known
to fail often in individuals. In particular, the role of the Intra-
luminal Thrombus is unclear and further research is required
to investigate and understand its multiple impacts on aneurysm
disease. Biomechanical simulations might be helpful to explore
this question, however, model development is time consuming
and operator-variability limits their reliability. In this study we
propose an automatic procedure to develop hemodynamic and
structural models of healthy and diseased abdominal aortas,
where Deformable Models segment Computerized Tomography
Angiography data. In total 29 numerical models of the health
and diseased abdominal aorta have been developed to investigate
aneurysm’s rupture risk and hemodynamic consequences of
aneurismal dilations. The derived results underline the suitability
of biomechanical simulations to enrich diagnostic information
and to uncover mechanisms of aneurysm pathology.

I. INTRODUCTION

Abdominal Aortic Aneurysms (AAAs) are pathological
enlargements of the infrarenal aorta, which enlarge until they
eventually rupture; an event with a mortality of 3 out of 4
cases. Currently no effective medication is available neither
to limit the growth of these lesions nor to prevent them from
rupture; if the aneurysm is prone to rupture AAA-repair is
indicated. Clinical indication of this surgical or minimal inva-
sive treatment is based on the aneurysm’s maximum diameter
and/or expansion rate, however, these diagnostic parameters
are under ongoing and controversial scientific discussion and
a detailed structural analysis, e.g., based on the Finite Element
(FE) method provides more accurate estimators[1, 2, 3? ].

An Intra-Luminal Thrombus (ILT) is found in about all clin-
ically relevant aneurysms[4], and has a considerable biome-
chanical and biochemical[5, 6] impact on the aneurysm.
Despite ILT’s impact on aneurysm disease, little is known
about its development, and it is still unclear if it increases or
decreases risk of aneurysm rupture, i.e. reinforces proteolytic
activity[7], which weakens the wall[8], or puffers against wall
stress[9].

The present work analyzes aneurysm biomechanics from a
structural and hemodynamic point of view. To this end an

automatic hierarchical technique to generate computational
grids from standard clinical Computerized Tomography An-
giography (CT-A) data is used, where Deformable Models pro-
vide an artifact insensitive segmentation of all biomechanically
relevant components. Hence, operator-independent numerical
models were derived, which allows a reliable comparison
amongst the predicted results.

II. METHOD

A. Data acquisition and Image reconstruction

CT-A scans of the abdominal aorta were obtained with
a 64-slice CT machine (Lightspeed VCT, General Electrics)
after intravenous injection of a bolus of iodate contrast agent
(Optiray 350 mg I/mL, Tyco Healthcare). Standard images
acquisition at a slice thickness from 1.2 mm to 5.0 mm was
used. In total 29 patients were considered in this study; where
4 healthy aortas and 5 AAAs were used for the Computational
Fluid Dynamics (CFD) investigation and 10 ruptures and 10
diameter matched non-ruptured for the structural analysis.

An automatic hierarchical technique to segment standard
clinical CT-A data (A4research, VASCOPS GmbH) was used,
where 2D Deformable Models (DMs) (snake-models[10]) pro-
vided a luminal pre-segmentation, which in turn defined a
reasonable good initialization for the final segmentation by a
3D DM (balloon-model); typical 3D reconstruction is shown in
Figure1. The DMs were numerically formulated as structural
FE problems and this segmentation approach provided results
similar to manual segmentations performed by experts[11],
i.e. a variability well below the commonly applied clinically
acceptable tolerance of 2.0mm was achieved.

B. Numerical model development

1) Hemodynamic analysis: Derived reconstruction by using
the proposed segmentation approach could directly be used to
develop computational grids for CFDs simulations (ANSYS
CFX, ANSYS Inc.). To this end the lumen was meshed by
the Octree method (see [12] and references therein), where
the region near the wall was discretized by prism layers to
provide a reasonable good approximation of the boundary
layer; tetrahedral elements discretized the remaining volume.
A mesh sensitivity analysis was used to estimate the required
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Fig. 1. 3D reconstruction of a particular AAA from standard CT-A data.
Segmentation is based on DMs and surfaces are represented by quadrilateral
elements.

mesh size for convergent solutions. Rigid wall model with a
prescribed volume rates at the inlet and pressure at the outlet
was used to perform unsteady CFD simulations, i.e. to solve
the incompressible Navier-Stokes equations. In total five heart
cycles where simulated and blood’s non-Newtonian behavior
was captured by the Carreau-Yasuda model[13].

2) Structural analysis: Volume mesh generation and struc-
tural analysis was automatically and entirely performed within
A4research, VASCOPS GmbH. To this end a plastering
technique[14] starting at the exterior surface was applied,
which led to a hexahedral-dominated computational grid with
separate representations of the aneurysm wall and the ILT.
Predefine wall thicknesses[15] according to the thickness of
the underlying ILT layer[16] were used and population based
mean arterial pressures were prescribed at the luminal sur-
face. The incompressible finite strain problems was iteratively

solved using a Newton-Raphson technique, where a mixed
FE formulation[17] and established constitutive models for
aneurysm tissue[18, 19] were utilized.

III. RESULTS

Healthy aortas exhibited blood flow in-line with experimen-
tal observations, i.e. with remarkable reversal flow domains
at diastole. In contrast the flow in aneurysm was highly
disturbed and, particularly right after the neck, flow separation
involving regions of high streaming velocities and high shear
stresses were observed. Naturally, at the expanded sites of
the aneurysm average flow velocity and wall shear stress
were much lower compared to healthy aortas; selectively the
streamlines at peak diastole in a saccular aneurysm are shown
in Figure 2.

Fig. 2. Streamlines in a saccular aneurysm at peak diastole illustrating the
flow disturbance.

The structural analysis revealed 1.73 times (p=0.022) higher
peak wall rupture risk (stress related to strength) in ruptured
than non-ruptured aneurysms, see Figure 3. Peak wall stress
was not significantly higher in ruptured aneurysms.

IV. CONCLUSION

An automatic and artifact-insensitive segmentation of CT-A
data was used in this study, which in turn defined operator-
independent results and allowed a reliable comparison amongst
the investigated groups of patients.

Differences in hemodynamic determinants of healthy aortas
and aneurysms suggest platelet activation right after the neck,
i.e. within zones of recirculating flow and the presence of
high shear stresses. Activated and aggregated platelets might in
turn deposit downstream at sites of sufficiently low wall shear
stress. This hypothesis is supported by pronounced recircula-
tion zones promoting the advection of activated platelets to the
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Fig. 3. Predicted rupture risk in ruptured (R-group) and diameter matched
non-ruptured (C-group) AAAs.

wall and the usual observation of the thickest thrombus layer
at the distal site of aneurysm.

The structural analysis revealed a significant higher rup-
ture risk in ruptured aneurysms, however could not explain
aneurysm rupture in 30% of cases, i.e. rupture risk was even
below the control group. This underestimation of wall rupture
risk is a direct consequence of the assumed structurally intact
thrombus, and hence, thrombus rupture (fragmentation) might
be compulsory to explain aneurysm rupture in these cases.
Likewise a single event of elevated arterial pressure could have
triggered rupture.

In conclusion, hemodynamic and structural biomechanical
investigations provided detailed biomechanical determinants
of AAAs, which cannot just reinforce current diagnostic
information but also provides detailed insights into aneurysm
pathology.
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Abstract—Modern noncontact mapping technique allows 
for identifying arrhythmia focus without the laborious sequen-
tial contact mapping techniques currently in practice. Pacing 
the canine heart in the laboratory was achieved by positioning 
an electrode catheter at multiple endocardial sites and epicar-
dial sites and the corresponding virtual electrograms were 
recorded with the EnSite system. The endocardial and epicar-
dial paced virtual electrograms from the juxtaposing sites 
allows for an estimate of the transfer function of the myocar-
dium in different positions of the right ventricles of a canine 
heart. The transfer function estimation will aid in  
better mathematical modeling of myocardium and could be 
sensitive measure of myocardial homogeneity and arrhythmic 
foci localization.  

Keywords—Non-contact Mapping, Virtual Eelectrograms, 
Right Ventricle, Transfer Function. 

I. INTRODUCTION 

A mathematical function or model that accurately pro-
duces myocardial time-frequency curves from the right 
ventricle (RV) is presumed to contain information specific 
to RV-myocardial transport processes [1]. The transport 
processes would help to better estimate the existing mathe-
matical models of the heart and aid in better localization of 
arrhythmia focus.  

II. METHODOLOGY 

A. Model Preparation 

The dog was anaesthetized with sodium pentobarbital (30 
mg/kg IV) and maintained with 1–2% isoflurane. The pro-
tocol was approved by the Animal Care Committee of St 
Michael’s Hospital, Toronto (ON, Canada). The investiga-
tion conforms to the Guide for the Care and Use of Labora-
tory Animals, US National Institutes of Health (NIH Publi-
cation No. 85–23, revised 1996). Buprenorphine 0.3 mg IV 
was administered before starting any procedure. ECG leads 
I, II, and aVF and aortic blood pressure were monitored 
continuously using a VR12 physiologic recorder (Electron-
ics for Medicine, Pleasantville, NY, USA). 

B. Noncontact Mapping 

The technique of non-contact mapping has been de-
scribed previously [2, 3]. In brief; the system, EnSite 3000 
(St. Jude Medical, St. Paul, MN, USA), consists of a cathe-
ter (9-French) with a Multielectrode array (MEA) surround-
ing a 7.5-ml balloon mounted at the distal end. The 9-
French 64-electrode balloon catheter was passed over a 
guide wire into RV. Activation clotting time was main-
tained over 250 seconds with the use of Heparin. By mov-
ing the ablation catheter around endocardium, multiple 
spatial points were identified. An incorporated locator sys-
tem was used in conjunction with fluoroscopy to position 
the conventional electrode catheter. A three-dimensional (3-
D) RV geometry was generated by interpolation between 
the mapped sites and defining boundaries. By determining 
the catheter position from fluoroscopy and electrogram 
recordings anatomic structures were labeled on the 3-D 
geometry. The system calculates real-time endocardial po-
tentials at more than 3000 virtual sites by using inverse 
solution mathematics. Simultaneous virtual unipolar elec-
trograms were mathematically reconstructed and displayed 
on the anatomic model, producing isopotential or isochronal 
color maps. It is possible, at any given interval of the cycle, 
to display the virtual unipolar endocardial electrograms 
from a chosen site of the endocardial surface [4]. 

A rectangular unipolar stimulus using basic drive cycle 
lengths of 350ms, 400ms and 600 ms cycle length was used 
to pace the heart.  First, the pacing catheter was placed in 
different positions in the endocardium. The pacing ampli-
tude was 0.5 mV to 1.4 V for different sites. The value was 
varied until the stimulus captured the ventricular conduc-
tion. The position of the pacing catheter was marked on the 
RV geometry. During the pacing, the noncontact array ca-
theter records the endocardial electrograms in one minute. 
Following the pacing several positions all around the RV, 
the pacing catheter was removed from the chamber and 
moved to the epicardium. For this iteration the pacing was 
not placed randomly on the epicardium. The pacing catheter 
was juxtaposed at the epicardial site as was paced in the 
endocardium. Figure 1 shows the exact sites where the pac-
ing took place. In order to capture the ventricular conduc-
tion and record it using the EnSite ArrayTM catheter, the 
amplitude of pacing was set a bit higher. The recoding for  
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each site was again 1 minute. The data set therefore con-
sisted of two sets of virtual electrograms: one set that was 
paced endocardially and recorded with MEA. The second 
data set was paced epicardially and recorded again with 
MEA. The detected electrograms by the MEA were ampli-
fied and digitally transferred to a computer workstation.   

 

 

Fig. 1 Illustration of the geometry and positions of the paced areas. This is 
color-coded isopotential map which shows the range of voltages across the 
RV at a given time. At a nominal setting the purple represents +5mV 
(resting potential) and white represents -5mV (depolarization). The 
worldview reference is a user-selected torso which shows the exact posi-
tion of the MEA in the chamber. The six paced points are demonstrated in 
green 

C. Signal Preprocessing 

From both endocardially paced and epicardially paced 
data only 20 to 30 virtual electrograms close to the pacing 
area were extracted. Each extracted data only contained 4 
seconds of the recorded virtual electrograms. The extracted 
data was analyzed using MATLAB software (Version 7.3, 
The Mathworks, Natick, MA, USA). Signals recorded had 
to be segmented first. The segmentation was done with a 
fixed length. Each segment had only one cycle of the virtual 
electrogram. The high pass-filter was set at 8 Hz; all other 
filters were not changed (low-pass filter at IC 150 Hz, Au-
toFocus off, Spatial Filter off). Then the signals were con-
verted to the frequency domain using the Fast Fourier 
Transform (FFT) algorithm as shown in Equations 1 below: 

  ∑            (1) 

Absolute value of the FFT spectrum is plotted in panel B 
of figure 2.  

D. Autoregressive Modeling 

Modeling techniques such as autoregressive modeling 
(AR), also referred to as all pole modeling, provide parame-
ters which could potentially be correlated with the physio-
logical system producing the signals [5-9]. AR modeling is 
a form of signal compression where the coefficients contain 
the information about the signal characteristics. AR model-
ing requires that the signal be stationary over the given 
interval [10]. The recorded electrograms are stationary sig-
nals. The autoregressive model of the current sample of the 
signal  is described as a linear combination of previous 
samples plus an error term  as shown in Equation 2: 

 x n  ∑ x n k e n                             (2) 
 

where  are the samples of the modeled signal,  are 
the AR coefficients,  is the model order and  is the 
prediction error. The Burg-Lattice method was applied to 
virtual electrograms segments and the AR prediction coeffi-
cients were derived from that [11, 12]. We found empirical-
ly that model order equals 15 was a reasonable value for the 
order of the AR model. While too low a model order may 
not represent the actual dynamics of the transfer function, 
too high an order can incorporate noise specific to the deri-
vation data set and thus have poor predictive performance.  

E. Spectral Estimation 

The spectrum of the model was calculated using  
Equation 3: 

     P z  ∑                             (3) 

The model spectrum was calculated for both the endo-
cardially and epicardially paced data. P z  will be in the form of :  

 P z                  (4)  

F. Transfer Function Estimation 

The transfer function was then calculated by dividing the 
spectrum of the epicardially paced data (P _ z ) (the 
magnitude of Fourier transform of epicardially paced elec-
trograms or input of our system) with the spectrum of endo-
cardially paced data (P _ z ) (the magnitude of the 
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Fourier transform of endocardially paced electrograms or 
output of our system) as shown in the Equation 5: 

     TransferFunction z P _ z /P _ z     (5) 

Using equation 4 we would have the following 

                 (6) 

The important feature is that in the frequency domain, the 
input and output of a linear system are multiplicatively 
related via the transfer function. A full description of the 
transfer function includes both its magnitude and phase; in 
this report, however, we restrict our attention only to the 
magnitude. Transfer function completely characterizes the 
system and it may include the viscoelastic properties of the 
myocardium of the RV.  

Hashiguchi et al. [13] computed the transfer function of 
the left ventricle and concluded that at low frequencies there 
is a gradually falling shape and at moderate frequencies a 
single smooth peak exits.  

III. RESULTS AND DISCUSSIONS 

If a model can be successfully fitted to a data stream, it 
can be transformed into the frequency domain instead of the 
data upon which it is based, producing a continuous and 
smooth spectrum. AR modeling was done on each of the 
segments. The FFT (Equation 1) and the AR spectra (Equa-
tion 2) for each segment was calculated and plotted. Figure 
2 shows one virtual electrograms with the spectrum of the 
signal, followed by an AR model and model spectrum cor-
responding virtual electrogram. 

 

 
Fig. 2 Panel A is an example of virtual electrograms paced epicardially. 
Panel B is the absolute value of the virtual electrograms spectrum using 
equation1. Panel C is the AR model coefficients of the same virtual elec-
trogram with the order 15. Panel D is the model spectrum of virtual elec-
trogram using the equation 3 

The transfer function of some of the paced points is illu-
strated in the following figures. The transfer function is a 
plot of the ratio of the amplitude spectrum for the epicar-
dially paced electrogram to endocardially paced electro-
grams versus frequency. The shape of the curves in the 
figures has common characteristics which we interpret as 
low-pass like filter of the RV myocardium. By picking up 
different points and times within the cardiac recordings we 
draw the transfer function and the results were analogous. 
This is shown in figure 3 and 4.    

 
 

 

Fig. 3 Illustration of the transfer function of the myocardium on P3. First 
the signal was converted to the frequency domain using the FFT. Second, 
the magnitude spectrum of the epicardially paced electrogram over endo-
cardially paced electrogram was plotted versus the frequency 

The basic feature of these curves is that they are charac-
terized by a single peak. The figures are consistent with 
results reported by Hashiguchi et al. [13]. They showed that 
the single peak configuration is seen in the physiological 
state of homogeneous myocardial perfusion. The result 
suggests the possibility of future use in the modern availa-
ble modeling. Whole-ventricle models of electrical activity 
require the three-dimensional geometry of the ventricles, 
together with a description of the orientation of fibers. Be-
cause of inherent simplification of these models, they can-
not provide any insight into the behavior and influence of 
specific ion channels and other intracellular processes on 
propagation because they are not included.  

 

A 

C D
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Fig. 4 Transfer function of the myocardium on p5 

IV. CONCLUSION 

We have presented time-frequency analysis as an effi-
cient tool to estimate the transfer function of RV, in a ca-
nine model. This allows for a noncontact technique of iden-
tifying epicardial electrical activity. Further validation in 
humans may allow for a powerful technique to identify 
epicardial foci in patients using a simultaneous noncontact 
endocardial mapping tool.  
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CT-based patient individual anatomical modeling of the lung
and its impact on thoracic surgery
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Abstract— Thoracic surgery would benefit from CT based 
risk analysis and preoperative planning based on patient indi-
vidual models. This includes the decision support regarding 
resection strategies (general operability, lobectomy, sublobar 
resection, etc.) and the planning and supporting of the surgery 
– open surgery as well as video assisted thoracoscopic surgery 
(VATS). 

We present methods for segmentation of anatomical struc-
tures like the bronchial tree, the pulmonary vessels, broncho-
pulmonary lobes and segments, and the tumor itself. For this 
segmented structures suitable visualization methods were
developed that help the surgeon in planning the tumor resec-
tion. In particular resection of bronchial carcinoma close to 
the bronchial hilus would benefit from this analysis. Also, the 
intraoperative search of metastases could be supported.

Decision support for resection strategies consists in the 
analysis of position and extent of the tumor related to vessels, 
lobes and segments. Additionally, by calculation of volumes 
and quantitative CT measures like MLD and Emphysema 
Index, an improved estimation of postoperative lung function 
is expected.

Keywords— preoperative planning, anatomical modeling of the 
lung, segmentation of thoracic CT-data

I. INTRODUCTION 

The patient-specific generation of geometrical and func-
tional models from different imaging modalities, such as CT 
or MRI, is a crucial step in medical image analysis and a 
basis for further image processing. Geometrical models, 
derived from image segmentation, serve to separate differ-
ent anatomical structures and allow a better perception of 
their position to each other when visualized in three dimen-
sions. Image-based criteria or characteristic indices which 
describe the functional quality of anatomical compartments
can be understood as functional models. 

Nowadays computer-generated models play an important 
role in image-based medical diagnostics and surgery plan-
ning. In living donor liver surgery they are used e.g. to ex-
tract the patient individual liver structure and to plan resec-
tion planes under consideration of the vascular supply 
system [1]. CT-based lung models, which we restrict to in 
this paper, have been applied and tested on their robustness 
in several studies for lung diagnostic assistance, e.g. in 

quantification of lung emphysema [2] and follow-up studies 
in pulmonary tumor therapy [3]. Their application in thorac-
ic surgery is of increasing interest, especially in the discus-
sion on lung cancer screening [4] and in the context with 
minimal invasive thoracic surgery [5].

The paper is organized in two major parts. In chapter II 
common lung models are presented as well as a brief outline 
of the methodology the authors apply to create them from 
CT data. Chapter III concentrates on the clinical impact of 
lung models on thoracic surgery planning.

Fig. 1 Combination of multiple models: 
lung segments (right lung), bronchial tree, left lung.

II. CT-BASED LUNG MODELS

A. Models

Commonly used geometrical lung models are representa-
tions of the airspace area (both lungs), bronchial tree, pul-
monary vessel system, lung nodules and lymph nodes. To 
account for the anatomical structure of the left and right 
lung and with regard to assistance in diagnostics and sur-
gery the lungs are often subdivided into lobes and segments, 
see Figure 2 for a division into lobes and Figure 1 for a 
division into segments resp. Especially with regard to lung 
cancer, the mediastinal region is often taken into account 
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and visualized, too, since enlarged lymph nodes are essen-
tial to assess the operability of patients.

Concerning functional models established criteria and 
characteristics for lung functionality quantification are e.g. 
the mean lung density (MLD), the pixel index, the bulla 
index and the emphysema type. A definition of bulla index 
and emphysema type can be found in [6].

Many different research activities exist in the field of 
lung segmentation. E.g. [7] and [8] work on bronchial tree
segmentation, [9] deals with the segmentation of the pul-
monary lobes and [10] and [11] developed methods for lung 
nodule segmentation. Details on the segmentation methods 
presented in this paper can be found in [12] and [13]. The 
principle idea of the methodologies used therein will now 
be depicted.

B. Methodology

We restrict to the segmentation of the bronchial tree, the 
two lungs, lung lobes, segments and nodules. A coarse ves-
sel segmentation is achieved by a conventional thresholding 
method applied on the lung mask. The vessel mask contains 
all voxels with attenuation values above a certain threshold. 
By this, all pulmonary vessels with a diameter above about 
two millimeter are included into the vessel mask, but it 
should be mentioned that it also comprises fissures, tumors 
and atelectasis.

Bronchial tree segmentation: In a preprocessing step the 
airspace mask has already been determined. The bronchi 
mask is computed by a region growing method starting with
a seed point which is automatically generated in the trachea. 
An appropriate upper threshold is automatically determined 
by subsequent trials of thresholds.

Lung segmentation: The airspace mask contains both:
the left and the right lung. By the voxels in the bronchi 
mask a connection between left and right lung over low 
attenuation values exists. A separation of the lungs is 
reached by a marker based watershed transform and a mani-

pulation of the voxels in the bronchi mask to high attenua-
tion values. Adding the voxels of the vessel mask results in 
separate models for the left and right lung.

Lobe segmentation: The left and the right lung mask are 
each further divided into lobes. Since lobar fissures are only 
incompletely visible in CT scans further information has to 
be employed. Here the anatomical knowledge is used that 
vessels do not cross lobar boundaries and thus lobar boun-
daries have a large distance to vessels. An automatic seg-
mentation into lobes is reached with the interactive wa-
tershed transform (IWT) applied on a combination of 
distance data to vessels and fissure presence. The automatic 
segmentation result can be corrected interactively. See Fig-
ure 2 for the result of a lobar segmentation. 

Approximation of lung segments: Each lobe is further di-
vided into segments by using the distance to the segmental 
branch in the bronchial tree. Each voxel in the lobe is as-
signed to the segment where it has the minimal distance to 
the corresponding segmental branch. Here interaction is 
required for the classification of the bronchial tree on seg-
mental level which is done quickly by several mouse clicks 
on a 3d-representation of the bronchi mask. The division 
can be improved further by classifying pulmonary arteries 
with respect to their segmental belonging and using distance 
information to segmental arteries. Figure 1 shows the result 
of a segmentation of the lung segments of the right lung.

Nodule segmentation: The segmentation of lung nodules 
is achieved by a combination of region growing methods 
and morphological operations. See Figure 3 for the 3d-
visualization of a segmented tumor. 

For the evaluation of the lung, lobe and nodule segmenta-
tion several studies have been carried out. A description of a 
phantom and reproducibility study can be found in [3] and 
results on a software trial for lobar segmentation and em-
physema quantification are given in [2].

Fig. 2 Lung lobe model generated from CT-data. Left: Overlay of lobe masks in original CT slice. 
Middle: 2d cut through lobe masks. Right: 3d rendering of lobe masks.
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III. CLINICAL IMPACT ON LUNG SURGERY PLANNING 

Computer assistance could support thoracic surgery in 
risk analysis and preoperative planning. Some approaches 
are presented in the following. The authors developed soft-
ware tools which include the functionality described in the 
previous chapter and already form a basis for thoracic sur-
gery support.  

Assessment of postoperative lung function: Functional 
parameters such as volume measurements, the mean lung 
density and emphysema type could be used to estimate the 
lung function in addition to lung function tests and perfu-
sion scintigraphy. Lobe- or segment-specific measurement 
of these characteristics in preoperative surgery planning 
could help to predict the postoperative lung function after 
lobectomies or the resection of segments. See Figure 4 for a 
lung- and lobe-specific morphological quantification by 
functional parameters. 

Risk Analysis: In carcinoma or metastases surgery it is 
necessary to resect not only the tumor but also surrounding 
tissue to some extent in order to minimize the risk of tumor 
reoccurrence. Volume and size of tumors are important 
information to assess the stage of the disease. Our software 
includes distant measurements to neighboring vessels, bron-
chial branches or to the boundary of lobes and segments and 
tumor quantification tools as volume determination and by 
this could assist in preoperative risk analysis. Especially, it 
could support to analyze the risk of sublobar resections. See 
the right image in Figure 3 for a distant measurement of the 
tumor to the bronchial tree. 

Resection strategy: The determination of tumor locations 
with respect to lung compartments can easily be done with 
the existing lung segmentation into lobes and segments. As 
already mentioned above, compartment-specific lung func-
tion parameters are also available. This knowledge could 
provide support in the decision between the different resec-
tion strategies (whole lung, lobe or segment) which has an 

impact on oncological as well as on volume reduction sur-
gery. 

Visualization: The software provides various useful visu-
alization techniques that support the surgeon in surgery 
planning. Based on the separation of the single anatomical 
pulmonary structures in segmentation masks it offers the 
functionality to arbitrarily combine the visualization of 
anatomical structures, to classify different structures in 
different colors, to choose between semi-transparent and 
solid representation and many others. See Figure 1 for a 
combined visualization of the bronchial tree and the two 
lungs, where the right lung is further divided into segments. 

 

Fig. 4 Lung- and lobe-specific volume measurements  
and further functional lung parameters. 

       

Fig. 3 Tumor visualization and quantification: Left: Lung nodules in CT slice. Middle: 3d rendering of a tumor surface model and neighboring vessels.  
Right: Distance measurement of a tumor to the bronchial tree and along the bronchial branch. 
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IV. CONCLUSIONS  

A choice of common lung models as well as a possible 
approach to their generation has been presented and their 
impact on lung surgery assistance has been discussed under 
different aspects. The authors have already employed the 
presented models in the image-based assessment of lung 
emphysema [12] and follow-up studies in tumor therapy 
[13]. Their application to thoracic surgery assistance, espe-
cially an improved segment approximation based on seg-
mental arteries is work in progress.  
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Abstract—Cladosporium is the fungal genus most frequently 
encountered in both outdoor and indoor air. However it is also 
one of the most common pathogens of phaeohyphomycosis. 
Phaeohyphomycosis has become increasingly recognized in a 
wide variety of clinical syndromes. 

In this study, we observed the influence of biaxial stretch on 
form stability of Cladosporium hyphae’s meshwork. 

As mechanostimulator we used a modified pressure 
operated strain applicator, which was connected to a syringe. 
The additional pressure of insufflated air results in a deflection 
of the carrier membrane, on which the Cladosporium colony 
was attached. 

We observed the influence of the membrane deflection 
with an area increase of up to 100% on the colonies. 

After every single step of deflection a picture was recorded. 
For analyzing pictures were composed to a movie sequence. 

Our study demonstrates that hyphae of Cladosporium spp. 
build a solid and inductile meshwork, which shows no 
viscoelastic property. 

The used semi-dynamic video microscopy allows 
visualization of dynamic processes under static biaxial stretch. 

The instrumental setting allows monitoring of the sample 
thus an appropriate observation of morphological changes in 
different levels of biaxial stretch. This could improve the 
understanding of macroscopic mechanical characteristics of 
the investigated biomaterials. 

Keywords—Cladosporium spp., hyphae, biaxial stretch, 
mechanostimulator, semi-dynamic video microscopy. 

I. INTRODUCTION  

Experimental mechanostimulation of biologic samples 
serves to understand fundamental processes in 
mechanobiology [1]. 

Cladosporium is the fungal genus most frequently 
encountered in both outdoor and indoor air. However it is 
also one of the most common pathogens of 
phaeohyphomycosis [2]. Phaeohyphomycosis has become 
increasingly recognized in a wide variety of clinical 
syndromes and many species are associated with human 
infection [3]. 

This infection is characterized by black colored necrotic 
tissues. Superficially cutaneous [4] or subcutaneous [5] 

tissues and even bronchial [6,7] or cerebral [8] tissues or 
fluids can be seized with Cladosporium. 

Much investigational work is needed to better understand 
the pathogenic mechanisms underlying phaeohyphomycosis 
and optimize therapy for these often refractory infections 
[3]. 

In this study, we observed the influence of biaxial stretch 
on form stability of hyphae’s meshwork of Cladosporium 
spp. (Fig. 1). 

 

Fig. 1 Septate branched aerial hyphae of Cladosporium spp 

II. MATERIALS AND METHODS 

A. Nutrient Solution 

As nutrient solution Dulbecco’s modified Eagle medium 
(DMEM, Gibco, invitrogen, Paisley, UK) including 10% 
heat inactivated fetal calf serum (FCS gold, PAA, Pasching, 
Austria), 1% penicillin and streptomycin solution (both 
Biochrom, Cambridge, UK) was employed. 

B. Carrier Membrane, Inoculation, Deflection and 
Imaging 

As mechanostimulator we used an established pressure 
operated strain applicator [1], modified according to 

O. Dössel and .  ( Eds.): WC 2009, I FMBE Proceedings 25/IV, pp. 
www.springerlink.com 

W C. Schlegel 1596–1599, 2009. 



Analyzing of Cladosporium as a Biomaterial Sample by Semi-dynamic Video Microscopy under Biaxial Stretch 1597

 

  
 

IFMBE Proceedings Vol. 25

 

 

Schließmann et al. [9], with further modifications in 
application protocol, we will portray in brief. 

To be able to place a carrier membrane in the 
mechanostimulator we fixed the latex membrane in a parted 
steel ring as a membraneholder. 

Latex membrane was cut from a latex condom (Fromms 
FF, MAPA, Zeven, Germany). Preparation of the membrane 
was done as previously described [9]. Membrane was 
washed with aqua (Spüllösung, Braun, Melsungen, 
Germany), 3 times with PBS, and another time with aqua. 
After washing the membrane was mounted on aluminum 
foil and dried with sterile surgical foam plastic. Then the 
membrane was fixed into the accurately interleaved fitting 
parts of the steel ring. 

1400 µL of the nutrient solution was superimposed upon 
the 3.8 cm² latex membrane. 

The membrane was incubated for 2 weeks in a standard 6 
well cell culture plate (Cellstar, Greiner Bio-One, 
Frickenhausen, Germany) in compartment air at room 
ambient temperature. 

While incubation the nutrient solution concentrated in 
two circular areas with diameters of 1.2 and 1.1 cm. 
Airborne fungal spores impacted onto the carrier membrane. 

After incubation time the nutrient solution upon the 
membrane has run dry and existence of hyphae could only 
be substantiated in the described circular areas (Fig. 2). 

 

Fig. 2 Carrier membrane fixed in the mechanostimulator Cladosporium 
colonies in two circular areas 

After incubation time the carrier membrane was fixed in 
the membraneholder between the two chambers of the 
mechanostimulator (Fig. 4). The mechanostimulator was 
fixed centrally under the objective on the stage of a digital 
light microscope (Zeiss Axiovision, Carl Zeiss 
MicroImaging, Jena, Germany; Fig. 3). 

 

Fig. 3 The mechanostimulator was fixed centrally under the objective on 
the stage of a digital light microscope 

The chamber above the membrane was open to 
atmosphere. The lower chamber, connected to a syringe, 
deflected the fixed membrane by insufflation of air (Fig. 4). 
Stretching measures of approximately 0.1 mL air were 
applied. The used mechanostimulator is limited when the 
membrane builds a hemisphere. The application of this 
additional pressure in the lower chamber results in spherical 
segment-shaped deflection of the carrier membrane. In turn, 
the forces of stretch were devolved to the meshwork of the 
hyphae. 

 

Fig. 4 Chambers of the mechanostimulator with membraneholder [9] 
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The vertical focus position of the non-deflected sample 
served as height offset. After moving the offset position into 
the changed focus, the height was measured by a 
micrometer screw fixed on the microscope and a picture 
was recorded. Definite height was corresponding to the 
exact surface increase in membrane area up to 100% of 
membrane deflection. Thus images of the meshwork of the 
hyphae were recorded at different deflection ranges. 

The recorded pictures were composed to a movie 
sequence (Fig. 5) using video microscopy software (Axio 
Vision AxioVs40 V 4.6.3.0, Carl Zeiss MicroImaging, Jena, 
Germany). 

 

 

Fig. 5 Recorded pictures at different deflection ranges were composed to a 
movie sequence Upper: Non-deflection (1st picture of the movie sequence) 
Lower: Membrane deflection with an area increase of 100% 

To make sure that we measured stretching forces, which 
really were devolved to the meshwork of the hyphae, and to 
ensure, that no part of the meshwork was detached, the test 
specimen was carefully examined with forceps after the 
experiment. 

To confirm the pathogen, a sterile smear was taken from 
the circular areas of the membrane. Analyzed from the local 
institute of medical microbiology and hygiene using the 
standard established protocols, the hyphae were definitely 
identified as Cladosporium spp.. 

III. RESULTS  

An increase of the membrane’s surface area of up to 
100% induces no effect to the meshwork of the hyphae. 

No deformation or changing of angles could be observed. 
The hyphae fixed the carrier membrane area, where the 
colony was attached, in same position. 

Inside of the colonies the hyphae didn’t change their own 
position, either. 

Only some of the marginal hyphae changed their 
position, most of them stayed fixed on the carrier 
membrane. Only a few of the marginal hyphae detached. 

IV. DISCUSSION  

The main findings of this study indicate that 
Cladosporium hyphae build a strong meshwork, which is 
resistant to traction forces. Thus under biaxial stretch 
Cladosporium hyphae showed no viscoelasticity. The 
reason might be due to the fact that the cellular wall of 
Cladosporium, as of many of these fungi, consists of chitin. 
Chitin is a polysaccharide like cellulose, but due to a higher 
proportion of hydrogen bonds chitin is more rigid than 
cellulose. 

We showed that hyphae of cladosporium spp. build a 
solid and inductile meshwork, which shows no viscoelastic 
properties. That seems to be the reason why Cladosporium 
infections often induce lumps [10], papulo-nodular lesions 
[11] or verrucous plaques [12]. 

Subcutaneous phaeohyphomycosis clinically promotes 
verrucous plaques or abscesses with fungal hyphae, spores 
and sclerotic cells in immunocompromised persons and 
involves limbs that have higher possibility for trauma [12]. 

The used instrumental setting allows the investigation of 
the influence of biaxial stretch on microstructures of 
biomaterials. Furthermore the instruments could be applied 
in cellular microscopy. Single cellular structures, e.g. the 
cytoskeleton, could be colored and observed under biaxial 
mechanical stretch. Cell membrane viscosity or cell 
skeleton rigidity could be investigated. 

The described mechanostimulator is easy to handle and 
to sterilize. 

In this experiment, the recorded pictures were composed 
to a movie sequence, to observe dynamic effects. Even 
though the carrier membrane was deflected in series and not 
deflected anew for each level, to record the single images 
only static biaxial stretch was applied. 

Therefore this special kind of video microscopy is named 
as “semi-dynamic”. 
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V. CONCLUSIONS  

In summary, the results of this experiment indicate that 
hyphae of Cladosporium spp. build a solid and inductile 
meshwork, which shows no viscoelastic property. 

The semi-dynamic video microscopy allows visualization 
of dynamic processes under static biaxial stretch using the 
described mechanostimulator. 

The instrumental setting allows monitoring of the sample 
thus an appropriate observation of morphological changes 
in different levels of biaxial stretch. This could improve the 
understanding of macroscopic mechanical characteristics of 
the investigated biomaterials. 
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Abstract— We develop a forward model for uterine elec-
tromyogram (EMG) and magnetomyogram (MMG) contrac-
tions. Our model aims to describe the electrophysiological 
aspects of uterine contractions during pregnancy at both the 
cellular and organ levels. In particular, we apply a bidomain 
approach for modeling the propagation of the myometrium 
transmembrane potential on the uterus and use it to compute 
the action potential and magnetic field at the abdominal sur-
face. We introduce a simplified geometry for the problem and 
solve our model in this domain using finite element method 
(FEM). Numerical examples are provided to illustrate our 
analytical results. 

Keywords— Magentomyogram, electromyogram. transmem-
brane potential modeling.   

I. INTRODUCTION  

Modeling the myometrium contractility during preg-
nancy is of clinical importance, for example to improve our 
understanding of labor. The occurrence of labor is in gen-
eral accompanied by the appearance of periodic contractions 
which increases the intrauterine-pressure to the point that 
cervix dilatation is manifested. However, from clinical 
experiences, not all uterine contractions are efficient, i.e., 
lead to labor. Labor is expected to occur after the 37th week 
of pregnancy, but in the last decade the number of preterm 
labors has increased significantly. Preterm birth can cause 
health problems or even be fatal for the fetus if it happens 
too early, and, at the same time, it imposes significant fi-
nancial burdens on health care systems [1]. Therefore, it 
becomes critical to better understand the mechanism of 
bioreproduction which, as a consequence, would allow for 
developing more effective forms of therapy that might help, 
for example, to predict and control the occurrence of labor. 

 Existing models approach the problem at a tissue and 
organ level [2], [3] or lately at a cellular level [3]–[5]. At 
the organ level, the models focus on predicting the contrac-
tile forces that closely resembles clinical measurements of 
normal intrauterine pressure during contractions in labor. In 
[2], the authors assume that the uterus is a hollow ovoid 
formed by discrete contractile elements that propagate elec-
trical impulses, generate tension, and have defined contract-
ing and refractory periods. The mechanism for intercellular 
communication considered is based on action potential 

propagation which is simulated by using a discrete state 
model for each cell. In [3], the author uses a discrete state 
model for combining two mechanisms of intercellular 
communication, namely, action potential propagation and 
intercellular calcium wave propagation. However, in both 
[2] and [3] the mathematical and physical descriptions of 
their models are not provided. On the other hand, at a cellu-
lar level, the models focus on predicting the changes of 
ionic concentrations at the intracellular and extracellular 
mediums during a contraction and as a consequence model-
ing the transmembrane potential evolution as a function of 
time for a myocyte. In [4] and [5] a model is developed to 
simulate the complete process of a single myometrial 
smooth muscle contraction, which is initiated by depolariza-
tion. The model is based on the electrophysiological proper-
ties of a myocyte and the cellular mechanisms that relate the 
rise in concentration levels of intracellular ion cal-

cium 2Ca , to stress production and is used to study the 
operation and properties of these mechanisms. 

In this work, we propose a model of uterine EMG and 
MMG contractions that incorporates knowledge at a cellular 
level and organ level, thus it bridges both levels. To the best 
of our knowledge, no forward model has been proposed for 
modeling the uterine EMG and MMG contractions. There-
fore, our aim is to model, at the level of the abdomen, the 
action potential and magnetic field generated by contrac-
tions in the myometrium. In particular, we propose to apply 
a bidomain approach for modeling the propagation of the 

myometrium transmembrane potential mv  on the uterus and 

use this to compute the action potential   and the mag-

netic field B at the abdominal surface.  

II. MATERIALS AND METHODS 

In this section we discuss the electromagnetic source rep-
resentation of uterine contractions. We will introduce a 
simple volume conductor model formed by an anisotropic 
bidomain myometrium and we will present the expressions 
for the extrauterine electrical potential and magnetic field, 
respectively. Finally, we will present the model for the 
myometrium action potential propagation. 
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A. Volume conductor model 

 

Fig. 1 Volume conductor model. 

Fig. 1 illustrates the volume conductor geometry of our 
problem where A  represents the abdominal cavity and  
A  the boundary surface define by the abdomen, M  repre-

sents the myometrium and M  and U  are its external and 
internal boundary surfaces, respectively. The volume de-
noted by U represents the space filled up with amniotic 
fluid which exists between the internal uterine wall U   
and the boundary F defined by the fetus volumeF . The 

conductivities of each medium are given by j , for 

j { A , M , U , and F .} 

 
B. Extrauterine potential and magnetic field 

The extrauterine magnetic field  B   is given by the static 
Maxwell's equation  

),,(),( tt rJrB o  

where  o   is the permeability of the free space, and  J   is 

the electric current density. The biological current sources 
in the uterus are the ionic fluxes, due to concentrations 
gradients, that flow across the surface membrane of the 
myocyte from the extracellular medium into the intracellu-
lar medium and vice versa. The density of these ionic cur-
rents are also referred to as impressed current density since 
its origin is non electrical in nature, and it is the primary 
cause for the establishment of an electric field which in-
duces secondary density currents in a conductive domain. 

Denote by t,rJs  the impressed current density (in 

A/m 2 ). Then, the total current density  t,rJ   is ex-

pressed by, ,,,, ttt j rErJrJ s where 

t,rE  is the conduction current density (or return cur-

rents), as described by Ohm's law, with t,rE   the elec-

tric field established by t,rJs   and j the conductivity 

in the domain j as given by Fig.1. Also, from the quasi-

statics conditions on Maxwell equations, 

tt ,, rrE  , where  t,r  denotes the poten-

tial. Thus, the equation that governs the relationship be-
tween the electromyogram potentials and uterus current 
sources is  

.,, tt rJr s  

In the following, we will model the impressed current 
density in the myometrium using the bidomain modeling 
approach. 

 
C. Myometrium action potential propagation model 

The bidomain approach represents the tissue (myo-
metrium) as two interpenetrating extra-intracellular con-
tinuous domains [7], [8]. It is given by a set of reaction-
diffusion equations derived first for modeling the propaga-
tion of the transmembrane potential of the myocardium. 
These equations proved to be a successful approach to study 
the heart functioning [7], [8]. The diffusion part of the equa-
tions governs the spatial evolution of the transmembrane 
potential and the reaction part is given by the ionic current 
cell dynamics locally. Here we introduce a modified version 
of the Fitzhugh-Nagumo (FHN) equation for modeling ionic 
currents in each myocyte. Though, we do not consider ex-

plicitly  2Ca  dynamics, the simplicity of the FHN model 
makes it an attractive candidate for modeling the propaga-
tion of depolarization waves in large 2D and 3D simula-
tions: 
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where  i   and  e   are the intracellular and extracellular 

potential, respectively,  eimv   is the transmem-
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brane potential, and  iG   and  eG   are intracellular and 

extracellular conductivity tensors, respectively. The term  

ma   is the surface to volume ratio of the membrane, mc is  

the membrane capacitance per unit area,  ionj   is the ionic 

current per unit area of a myocyte, and  stimj   is the stimu-

lus current per unit area.  The parameters k, ov , , , , 

, and are model constants, and w  is a state variable of 

the ionic current model with units of current per unit area. 
Then under the assumption of equal anisotropy ratios di-

rectly, the primary current source is given 

by ),(),( tvGtJ rr mis .  It only exists when the 

spatial gradient exists, i.e., only in a region where the myo-
metrium is undergoing depolarization (excitation) or repo-
larization. 

In the case of a finite uterus in the abdomen we have two 
bidomain-monodomain interfaces: One between the myo-
metrium M  and abdominal volume A , and one between the 
myometrium and the intrauterine cavityU . In this case the 
solution of the electrical potential needs to satisfy the fol-
lowing boundary conditions: (i) continuity of the interstitial 

potential e at the perimetrium surface M  to the abdomen 

potential a , (ii) continuity of the normal current compo-

nent that crosses over from the uterus to the abdomen, (iii) 
the normal component of the intracellular current at the 
boundary with the abdominal medium is zero, (iv) the nor-
mal current component that crosses over from the uterus to 
the intrauterine cavity is zero, and (v) the intracellular cur-
rent to the intrauterine cavity is zero. These boundaries 
conditions are summarized as follows:  
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where jn is the normal vector to the surface j in each case. 

 
D. Numerical solution 

In a first stage, we compute the transmembrane potential 
in the myometrium and the electrical potential at the abdo-
men using the finite elements method approach. In particu-
lar, we use the COMSOL MULTIPHSYICS package for 

FEM computations.  We use the following parameters in 
our numerical example: 

 
 

Table 1. Parameters values used in our numerical computations. 

ma = 2920 cm-1  = 1 
A = 0.2 [Sm-1] 

mc = 1 [uF cm-2]  = 0 [Am-2] 
U = 1.54 [Sm-1] 

 = 0.02 [s-1]  = 0.8 [Sm-1] 
iG = 1/3 eG [Sm-1] 

k   = 2 [Sm-2] 
ov = 1 [V] = 0.1 

 
Then, using the FEM solution for the potential, we com-

pute the magnetic field at the abdominal level by integrating 
numerically Biot-Savart law on the discretized domain. 

III. RESULTS  

We computed the action potential propagation and mag-
netic field for the volume conductor model given by Fig. 1, 
assuming one pacemaker located in the polar part of the 3D 
uterus sphere assuming anisotropy. Fig. 2(a) illustrates the 
volume conductor geometry with the uterus shell in blue 
color, Fig. 2(b) the surface potential and current distribution 
at the surface of the uterus, Fig. 2(c) the transmembrane 
potential duration, Fig. 2(d) the electrical potential at the 
abdominal surface, and Fig. 2(e) the normal component of 
the magnetic field at the abdominal surface. 
 The transmembrane potential duration, before hyperpo-
larization, is around 50 [s] which is a fair approximation 
with respect to real measurements published in [4]. Note 
that in Fig 2(c) the direction of the current density is rotated 
on a certain angle from the main direction of the propagat-
ing transmembrane potential and it is the transversal com-
ponent of this current which generated the magnetic field in 
the normal direction to the surface of the sphere. This ob-
servation is in agreement with the analysis presented in [9] 
and it is important to take it into account when interpreting 
the magnetic field measurements generated by uterine con-
tractions. Because of the proximity between the sensors and 
the myometrium, it is not strictly applicable to assume a 
moving dipole parallel to the direction of propagation of the 
transmembrane potential, as the main model for the current 
source generated the measured magnetic field. This last 
interpretation might be suitable in case the transversal 
length of the transmembrane potential front is short in com-
parison to the area covered by the array of sensors. In con-
trast, if the transversal length is larger and thus no covered 
by the measured area, for example when several cells are 
recruited, then it suitable to consider a moving line source 
(stretched ring) model instead. 
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Fig. 2 FEM solution for one pacemaker in 3D uterus sphere approximation assuming anisotropy: (a) Volume conductor geometry with uterus 
shell in blue; (c) surface potential and current distribution at the uterus surface; (b) transmembrane potential in the uterus as a function of time (d) 
potential at the abdominal surface; (e) norm of the magnetic field at the abdominal surface. 

IV. CONCLUSIONS 

We proposed a forward model for uterine electromy-
ogram (EMG) and magnetomyogram (MMG) contractions. 
Our model incorporates knowledge of the electrophysio-
logical aspects of the uterine contractions during pregnancy 
at both the cellular and organ levels. We applied a bidomain 
approach for modeling the propagation of the myometrium 

transmembrane potential  mv   on the uterus and used this to 

compute the action potential    and the magnetic field  B   

at the abdominal surface. We illustrated our modeling ap-
proach through numerical examples. 

In a future work we will consider a more realistic model 
for the geometry of the uterus, fetus, and abdominal shape. 
We will also include more sophisticated ionic current mod-
els. 
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Abstract— Extracorporeal circulation is a standard tech-
nique in cardiac surgery. Nevertheless, many different varia-
tions have been developed. Using computational fluid dynam-
ics the impact of a particular perfusion technique can be 
simulated preoperatively. The aim of our study was to examine 
changes of the blood flow characteristics when perfusing the 
aorta with different techniques. At first we created a numeri-
cal model of a human aorta and its outlets. Then we performed 
simulations of antegrade pulsatile and non-pulsatile blood flow 
and simulated antegrade and retrograde perfusion via extra-
corporeal circulation canulas. At perfusion originating from 
canulas the flow became turbulent and its speed regionally 
increased up to 3,54 m / s. Otherwise perfusing retrogradely 
only marginal blood flow remained in the ascending aorta. 
Canula stream caused up to ten-fold higher local wall shear 
stress values, especially in the vessel roots next to the canulas 
and in the proximate aortic wall. Under these conditions mobi-
lization of arteriosclerotic plaques has to be considered. Our 
study shows that antegrade and retrograde perfusion via canu-
las change important blood flow characteristics as flow speed, 
turbulent stream and wall shear stress.

Keywords— aortic blood flow, extracorporeal circulation, 
antegrade perfusion, retrograde perfusion, com-
putational fluid dynamics.

I. INTRODUCTION 

Biofluid dynamics combining engineering with cardio-
vascular research is a young and expanding field of science.

For the development of artificial heart valves or circula-
tory assist devices it has already gained in importance. But 
only a few computational flow studies have analyzed the 
aortic flow profile.

Wood et al. (2001) [1] showed that data of aortic mag-
netic resonance imaging can be transformed into numerical 
simulation models. Secondary they visualized wall shear 
stress values in the descending aorta. Another study about 
numerically determined physiological wall shear stress and 
flow profile in the abdominal aorta has been performed by 
Lee & Chen (2002) [2].

Regarding the influence of extracorporeal circulation on 
the aortic flow profile there is a lack of simulation studies. 

Tokuda et al. (2008) [3] shaped a model of the antegrade 
perfusion of the ascending aorta during cardiopulmonary 
bypass. They detected turbulences in the aortic arch, which 
play an important role in the delamination and sequential 
embolization of arteriosclerotic plaques.

Minakawa et al. (2008) [4] examined retrograde perfu-
sion via the axillary artery, but they did not use numerical 
simulations. By means of particle image velocimetry they 
found very high flow velocity and turbulence in the ascend-
ing aorta, respectively the aortic arch.

Comparative scientific analysis of the impact of different 
types of extracorporeal circulation on the aortic flow profile 
and especially on the aortic wall shear stress profile has not
yet been performed. All the more this is important because 
wall shear stress can cause mobilization of arteriosclerotic 
plaques and thus can lead to peripheral embolization, e.g. to 
a stroke.

II. MATERIALS AND METHODS

A. Creating the geometry

At first we performed contrast-enhanced computed to-
mography of a healthy 65-year-old man. The morphological 
characteristics of the aorta and its bordering arteries were 
measured.

Then, a numerical geometric model for investigating the 
blood flow by means of computational fluid dynamics was 
built.

Examining antegrade steady-state or pulsatile blood flow 
the geometric model included the whole physiological aorta 
and its great bordering arteries. In case of simulating ante-
grade and retrograde perfusion during extracorporeal circu-
lation the proximal part of the ascending aorta was assumed 
to be separated by a clamp. Typical arterial canulas 
(d = 5 mm) were inserted either in the distal ascending aorta
or in the right common iliac artery.
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Fig. 1 Geometry of the physiological aorta (left), and the clamped aorta 
with canulas (right) inserted for antegrade (top) and retrograde (bottom) 

perfusion during extracorporeal circulation

B. General flow simulation characteristics

Three-dimensional, steady-state or pulsatile flow was 
analyzed. The wall distensibility was neglected, as this does 
not play an important role anyhow, especially for steady-
state flow. Shear stresses in large arteries are typically suffi-
ciently large to assume that blood behaves as a Newtonian 
fluid (Pedley (2003)) [5]. Thus, the Navier-Stokes equations 
with constant material properties were solved.

For the physiological flow, the Reynolds number (Re) at 
the inlet of the solution domain, i.e. at the aortic valve, was 
about 1150, based on the local diameter and the bulk veloc-
ity. On the other hand, for the antegrade and retrograde 
perfusion, the inlet Reynolds numbers (Re at the canula 
outlet) were much higher, i.e. about 6000. It is generally 
accepted that the transition from laminar to turbulent flow 
typically occurs around Re = 2000 (Streeter & Wylie 
(1975)) [6] in a pipe flow, whereby it is also known that this 
value has a rather indicative role, and turbulence onset can 
occur at different Re, depending on flow conditions. A 
fairly laminar flow throughout the aorta may rather be ex-
pected for the physiological flow, although local effects 
causing local turbulence generation in the downstream may 
not be precluded a priori. For the antegrade and retrograde 
perfusion, the inlet Re indicates a rather turbulent flow, 
which may re-laminarize in the downstream. For optimally 
coping with the situation, the flow was modeled as turbulent 
via the so-called “Shear Stress Transport” model (Menter 
(1993)) [7]. This is a viscosity-based two-equation turbu-
lence model that can principally take such transitional ef-
fects into account.

The governing equations were discretized by a colocated 
finite volume method, using the SIMPLEC algorithm for 
treating the velocity-pressure coupling, and applying Power 

Law for the discretization of the convective terms (Peyret 
(2000)) [8]. The computational grid was generated using 
basically a block-structured methodology, with some small, 
local unstructured regions. The total number of nodes of the 
resulting computational grid was about 250,000. The mod-
eling was based on the computational fluid dynamics soft-
ware package Fluent and the grid generator Gambit (Fluent 
(2006)) [9].

C. Flow simulations

After creating the geometry we simulated four settings: 
antegrade non-pulsatile and pulsatile blood flow starting in 
the ascending aorta, antegrade perfusion via a canula in the 
ascending aorta and retrograde perfusion via a canula in the 
right common iliac artery.

For the blood flow simulations in the physiological aorta 
we set a cardiac output of 5 l / min and a mean blood pres-
sure of 13 kPa. A challenge for the modeling was the defini-
tion of convenient boundary conditions at the computational 
outlet boundaries, which inevitably resulted by a “virtual” 
cut of the bordering arteries, since the computational do-
main may by far not be extended to cover the complete 
cardiovascular system.

Presently, the following approach was adopted: For the 
antegrade non-pulsatile and pulsatile blood flow, the normal 
percentage distribution of the flow rate was prescribed as 
boundary condition at the outlets. Subsequently, the result-
ing outlet pressures were taken as basis for estimating the 
flow resistances at the outlets (assuming that the latter will 
remain practically unchanged for the two perfusion methods 
to be analyzed), which were, in return, used to derive the 
outlet boundary conditions for the extracorporeal perfusion 
techniques, letting the flow rate distribution freely develop 
as a result of the computation. The output of the extracorpo-
real circulation was set to 4 l / min.

III. RESULTS

A. Distribution of blood flow

During antegrade as well as during retrograde canula per-
fusion the proportionate flow through each outlet did not 
change significantly, compared to the physiological distri-
bution.

B. Flow speed

Both pulsatile and non-pulsatile antegrade aortic blood 
flow simulations resulted in predominantly consistent flow 
speed. Using canulas the flow speed pattern became very 
inhomogeneous.
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The maximum flow speed of the antegrade perfusion 
(3,54 m / s), localized in the proximal arch, was seven times 
higher than the maximum flow speed of the physiological 
blood flow. Although the blood streamed with extremely 
high speed the supra-aortic outlets were not perfused in 
favor over the other ones, because the angles between the 
outlets and the main blood stream were not beneficial. In 
the abdominal aorta the speed values for the physiological 
and the antegrade canula simulation were similar.

Observing retrograde perfusion in the abdominal aorta 
we detected a decentralized flow with a maximum speed of 
3,54 m / s. In the supra-aortic arteries and the aortic arch 
reverse flow caused a remarkable decrease in velocity. Re-
garding the ascending aorta the blood movement was mar-
ginal. This area functionally acted as a reservoir.

Fig. 2 Flow speed profiles in the aortic arch (left) and the abdominal aorta 
(right) simulating physiological blood flow (top), antegrade (middle) and 

retrograde (bottom) perfusion via extracorporeal circulation canulas

C. Turbulent kinetic energy

Simulating physiological blood flow we detected laminar 
stream, but during extracorporeal circulation the geometry 
of the canulas caused turbulent flow instead of laminar one. 
Antegrade perfusion led to a 57-fold increase in turbulent 
kinetic energy (0,285 m2 / s2) in the aortic arch and a reverse 
stream along the inner arch wall and along the anterior wall 
of the supra-aortic vessels. Examining retrograde perfusion

measured values in the distal abdominal aorta and in the 
right common iliac artery were even higher (0,413 m2 / s2), 
and reverse flow was seen in several parts of the aorta and 
the common iliac arteries.

Fig. 3 Turbulent kinetic energy profiles in the aortic arch (left) and the 
abdominal aorta (right) simulating physiological blood flow (top), ante-

grade (bottom / left) and retrograde (bottom / right) perfusion via canulas

D. Wall shear stress

Fig 4 Wall shear stress profiles in the aortic arch (left) and the abdominal 
aorta (right) simulating physiological blood flow (top), antegrade (middle) 
and retrograde (bottom) perfusion via extracorporeal circulation canulas
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As a consequence of the high speed and the resulting tur-
bulences while perfusing via canulas the regional shear 
stress was much higher than under physiological conditions, 
especially around the supra-aortic outlets for antegrade 
perfusion and around the right common iliac artery and 
along the abdominal aorta for retrograde perfusion. The 
aortic wall and the particular ostia were stressed up to five-
fold (43,1 Pa), respectively ten-fold (90,35 Pa) more.

IV. DISCUSSION

The present study is, to the best of the authors’ knowl-
edge, the first numerical examination of regional differences 
of blood flow between physiological blood stream and dif-
ferent perfusion techniques during extracorporeal circula-
tion in the human aorta.

The profile of the mean values of pulsatile flow does not 
differ significantly from the flow profile of non-pulsatile 
flow. So it seems to be opportune to neglect the pulsatile 
characteristic of human blood flow. Otherwise a limitation 
of this study is that the distensibility of the human aortic 
wall has not been considered. Since it could change the 
profile of pulsatile flow, further simulations should examine 
that influence on our results.

Under conditions of physiological flow the speed in the 
thoracic aorta is consistent and the shear stress is low. Per-
fusing via a proximal canula, speed, turbulences and shear 
stress in the supra-aortic arteries considerably increase. This 
could enhance the risk of mobilization of arteriosclerotic 
plaques and subsequently the risk of embolic adverse events 
like stroke or limb ischemia. In case of perfusion via the 
right common iliac artery the supra-aortic outlets are not 
remarkably stressed, but in the ascending aorta the retro-
gradely moving blood nearly does not flow at all. This im-
plicates the risk of thrombus formation during perfusion via 
the femoral arteries.

In the reversely perfused abdominal aorta the blood flow 
is turbulent because of its high speed and it is directed 
against the aortic wall. The increased velocity leads to aug-
mented regional shear stress, which strains the infrarenal 
aortic wall and the roots of the common iliac arteries par-
ticularly. Again mobilization of arteriosclerotic plaques has 
to be considered.

Especially in high speed areas of the aorta the flow rate 
of an outlet is dependent on its angle. So the individual 
vessel morphology of a patient could cause differences in 
organ perfusion during extracorporeal circulation.

V. CONCLUSIONS

The numerical geometric model presented is a very use-
ful tool to simulate all possible methods of perfusion. So the 
impact of a particular extracorporeal circulation variant can 
be examined virtually and thus preoperatively. Since many 
patients in cardiac surgery suffer from arteriosclerosis it is 
all the more valuable to be able to estimate the resulting 
wall shear stress, which can cause mobilization of arterio-
sclerotic plaques. Our first results reveal several important 
differences in aortic blood stream between physiological 
flow and different extracorporeal perfusion techniques.
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Abstract—Patient specific analysis of cerebral aneurysm 
hemodynamics is based on methods of computational fluid 
dynamics (CFD) and non-invasive medical imaging. The flow 
results are influenced by the reconstructed geometry, 
especially by the length of the reconstructed parent vessel. To 
investigate the influence of the length of the parent vessel, 
rotational angiography data (3DRA) of three cerebral 
aneurysms were used. The aneurysms were segmented and 
three models of each aneurysm with different vessel lengths 
were generated.  For these nine models, flow simulations were 
performed using the CFD program FLUENT. The objective 
was the analysis of the wall shear stress (WSS) distributions at 
the aneurysm dome. The results show that the reconstructed 
parent vessel should be as long as possible – the minimum 
length should be at least 6 times the diameter of the inlet 
vessel.  

Keywords— wall shear stress, cerebral aneurysm, rotational 
angiography 

I. INTRODUCTION  

Cerebral aneurysms, which are potentially life threaten-
ing, are reported to be found in approximately 5 % of the 
population [1]. Their rupture may lead to a subarachnoid 
hemorrhage (SAH). About 50 % of people with an aneu-
rysmal SAH die immediately and about 16 % suffer severe 
disabilities [2]. Patients with incidentally detected unrup-
tured aneurysms can be monitored and eventually treated. 
The decision on the treatment should be based on the evalu-
ation of the treatment risk and the rupture risk. The rupture 
risk depends on the blood pressure, the local vessel wall 
thickness, the curvature, and the aneurysmal wall composi-
tion. Composition, thickness and function of the vessel wall 
are influenced by hemodynamic. Especially wall shear 
stress (WSS) has been shown to have a great influence [3]. 

For a patient specific flow analysis, the flow can be as-
sessed by computational fluid dynamics (CFD) on the basis 
of a medical image reconstruction. In our medical center, 
three-dimensional rotational angiography (3DRA) is used as 
a standard procedure for the examination of cerebral aneu-
rysms. The 3DRA technique uses a contrast agent injection 
during an acquisition time of 5 seconds. Therefore only a 

part of the vessel tree is imaged well and can be recon-
structed.  

The study objective is to investigate the impact of the 
parent vessel length on the WSS distribution at the aneu-
rysmal wall in CFD simulations. 

 

II. MATERIAL AND METHODS  

A. Reconstruction 

Three cerebral aneurysms were reconstructed from 

a)  b)  

c)  

Fig. 1 Reconstructed surfaces of the three aneurysms with truncated 
vessel endings of the long configuration: a - aneurysm 1, b – aneurysm 2, 

c - aneurysm 3. Black lines denote the positions of vessel subdivisions 
into segments of different lengths. 
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3DRA data acquired at Helios Hospital Berlin-Buch (Ger-
many). The raw data were acquired with an AXIOM Artis 
C-arm system and post-processed on a LEONARDO In-
Space3D workstation (SIEMENS AG, Forchheim, Ger-
many). The voxel size variations resulted from operator 
decisions, and ranged from 0.135x0.135x0.135 mm³ (mod-
el 1) to 0.543x0.543x0.543 mm3 (models 2 and 3). Models 1 
and 2 are middle cerebral artery (MCA) aneurysms with 
aneurysm volumes of about 114 mm³ (model 1) and 
225 mm³ (model 2). Model 3 is an anterior communicating 
artery (ACOM) aneurysm with an aneurysm volume of 
about 130 mm³. 

From the data sets, the vessel volumes were segmented 
with a threshold method using the program amira® (Mer-
cury Computer Systems, Chelmsford, USA). Next, vessel 
surfaces were created from the segmented volumes. During 
further steps, the surfaces were smoothed and exported to 
the mesh generation software. Figure 1 shows the recon-
structed smoothed surfaces with truncated vessel endings. 

 
B. Mesh generation 

With the grid generator software Gambit® (ANSYS Inc., 
Canonsburg, USA), the geometries were prepared for the 
study: The inlet vessels were subdivided into segments of 
different lengths by perpendicular cuts (see Fig. 1) to obtain 
three configurations (long, medium, and short) of each 
aneurysm model. For the configurations with the long inlet 
segment the maximal available parent vessel length of the 
reconstructed surfaces was fully utilized. In the next step, 
the circumferences of all vessel endings were divided into at 

least 40 nodes. Based on that, a surface mesh of triangular 
elements was generated (see Fig. 2). Three layers of wedge 
elements were generated at the surface mesh of each seg-
ment with a thickness ratio of 1.2 between the layers. The 
width to height ratio of the outer first layer cells was at 
most 10. The remaining volumes were filled with tetrahe-
dral elements. Table 1 shows the mesh parameters for the 
configurations of the long segment. The vessel segments 
with the aneurysms have identical meshes in all length con-
figurations, which allows a point by point comparison of 
results. 

Table 1 Mesh parameters of the configurations of the long segments of 
the aneurysms.  

 aneurysm 
 1 2 3 
aneurysm site     MCA     MCA ACOM 
surface triangles 94 692 50 925 97 480 
volume cells 876 886 946 626 1 008 450 

 
C. CFD study 

The numerical solutions of steady Navier-Stokes equa-
tions for momentum and mass conservation governing fluid 
motion under defined boundary conditions were calculated 
by a control volume finite element method implemented in 
FLUENT 6® (ANSYS Inc., Canonsburg, USA). Steady 
laminar flow was simulated presuming rigid motionless 
walls. A no-slip condition was assumed at the wall. A pres-
sure value was not imposed at the outlet.  

Blood was modelled as a non-Newtonian fluid with an 
adapted Power-Law model [4]. A second order discretiza-
tion scheme and a SIMPLEC model for pressure flow cou-
pling were used. At the inlet, a parabolic velocity profile 
was set. Since the inlet vessels of all of the configurations of 
the long segment were from the internal carotid artery, a 
flow rate of 222 ml/min was applied at the inlets of the 
configuration of the long segment according to literature 
data [5, 6]. The flow rates at the inlets of the short and me-
dium segment configurations are consistent with the flow 
rate at their respective sites of the configuration with the 
long segment. The convergence was assumed when the 
residual for relative errors in velocity components and pres-
sure were below 10-5 and were proved at selected flow 
points. 

For the comparison, histograms of the WSS at the aneu-
rysm wall were assessed with amira® (Mercury Computer 
Systems, Chelmsford, USA) and characterized by the aver-
age (WSSmean) and standard deviation (SDWSS). For a qualit-
ative comparison, images with color coded WSS distribu-
tions were generated with amira®

.  

 
Fig. 2 Surface mesh of an inlet branch. 
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Also the length L, which is defined by the length from 
the inlet to the entrance of a bifurcation with the aneurysm, 
was measured and normalized with the inlet diameter D of 
the respective long segment configuration. 

III. RESULTS 

Figure 3 shows the color coded WSS distributions of the 
different configurations of aneurysm 1. The WSS distribu-

tions are similar. However, the medium segment configura-
tion shows lower WSS than the others at the aneurysm 
dome, although the site of the inlet varies by two vessel 
diameters. These WSS changes affect the mean WSS of the 
configurations as well, see table 2. The SD’s of the model 
configurations are nearly unchanged.  

The WSS distributions of aneurysm 3 are also similar for 
all three length configurations. Only small WSS changes 
were ascertained. Relative differences of the mean WSS and 
SD are approximately 6%, including for the short segment 
configuration with a normalized parent vessel length of 1.8. 

The short segment configuration of aneurysm 2 caused 
relatively high WSS differences of approximately 50 % 
with a normalized parent vessel length of approximate-
ly 1.1. The WSS of the middle segment configuration shows 
a better agreement with the results of the long segment 
configuration. 

Table 2 Statistical parameters of the parent vessel and the WSS at the 
aneurysm dome 

 Inlet Branch Configurations 
 Short Medium Long 
 
aneurysm1 (D=5.7 mm ) 

   

L/D 2.56 4.20 9.30 
WSSmean [Pa] 1.84 1.54 1.80 
SD [Pa] 0.77 0.73 0.77 
    
aneurysm 2 (D=5.0 mm)    
L/D 1.1 3.7 11.9 
WSSmean [Pa] 0.35 0.57 0.61 
SD [Pa] 1.22 2.02 2.14 
    
aneurysm 3 (D=4.8 mm)    
L/D 1.8 6.6 9.84 
WSSmean [Pa] 0.64 0.60 0.62 
SD [Pa] 0.45 0.42 0.43 

IV. DISSCUSSION  

The reconstructed parent vessel has a large impact on the 
WSS distribution at the aneurysm wall since the exact ve-
locity profile of the inlet is unknown. The tortuous course of 
the parent vessel determines the development of the flow 
profile and forms also strong secondary flows. This is espe-
cially valid for the internal carotid artery, as shown in fig-
ure 1.  

A long reconstructed parent vessel between the inlet and 
aneurysm site reduces the flow alterations caused by an 
assumed inlet velocity profile. 

a)  

b)  

c)  
Fig. 3 Color coded WSS distributions in the dome region for the 

configurations of aneurysm 1 (a – short, b – medium, c – long). Arrows 
show the flow direction. Red color indicates also all WSS values higher 

than 3.5 Pa 
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V. CONCLUSIONS  

The length of the parent vessel is an important factor in 
studies of cerebral aneurysm hemodynamics. The parent 
vessel length should be reconstructed as long as possible – 
at least 6 times of the inlet segment diameter. The inlet 
position, however, should be far enough downstream from 
the injection site of the contrast agent. This is necessary to 
achieve a good mixing of the contrast agent with the blood. 
It is not recommended to generate an inlet in the strongly 
curved segments, where recirculation regions can occur. 
Furthermore, the inlet should be as far upstream as possible 
from two large bifurcating branches. Further studies are 
needed to make our recommendations more precise. 
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Biological Tissue Remodeling Using Poroelastic Gurson’s Model 
G. Argento and M. Fraldi 

Department of Structural Engineering, DIST, University of Napoli Federico II, Napoli, Italy  

Abstract—Bone is a dynamic material, able to destroy and 
create new tissue by responding to changes of physiological 
and mechanical stimuli. When loads overcome the elastic thre-
shold, the bone tissue exhibits the formation of microcracks, 
whose size can increase as function of the load history, so acti-
vating a new bone remodeling process. In the present study the 
elastoplastic Gurson’s model is used to describe the evolution 
of microcracks in the bone, in terms of strain and volume 
fraction evolutions with the time. Applying a monoaxial, triax-
ial and hydrostatic time-periodical load histories to an osteon 
unit assumed to be obeying to the Gurson’s model, it is finally 
shown that the non-linear stress-strain behaviour leads to a 
some interesting results about the corresponding non-linear 
evolution of void growth in the bone unit. 

Keywords—Bone remodeling, Gurson model, volume  
fraction. 

I. INTRODUCTION  

Bone is a dynamic tissue, constantly renewed by its cell 
population, osteoclasts and osteoblasts. A number of stimuli 
affects bone turnover including hormones, cytokines, and 
mechanical stimuli. 

Bone modeling is a process developing in the form (A → 
R), thus exhibiting osteoclasts activation (A) and subse-
quent resorption (R), or in the form that involves osteoblasts 
activation and subsequent formation (F), (A → F) [1]. 

From the mechanical point of view, bone remodeling can 
be interpreted as the ability of the bone tissue to adapt its 
internal microstructure and external shape in response to 
changes of surrounding mechanical conditions and physio-
logical environment. This complex biological phenomenon, 
also involved in tissue self-repair or healing, has been wide-
ly investigated and also approached by following very dif-
ferent ways in literature. However, a limited amount of 
research efforts have been focused on the possibility of 
bringing the mechanics of bone remodeling back to an en-
gineering model aimed to be implemented in a computa-
tional Finite Element-based code. Different theoretical 
models have been  proposed up to now in order to study this 
phenomenon and its evolution in time, selecting as variables 
the voids volume fraction, damage level and tissue miner-
alization degree as related function [2]. The aim of this 
study is getting a simpler model to describe the remodeling 
only in terms of stress, strain and volume fraction. 

II. MATERIALS AND METHODS 

In the present paper, the Gurson’s model is adopted to 
simulate the growth of voids in an osteon unit - basic ele-
ment of the bone tissue - due to the formation of micro-
cracks and, consequently, its degradation. 

The Gurson’s yield function, modified by Tvergaard, is 
given by [3] 

( )
2

2

1 2 3

0 0

3
2 cosh 1

2

eq H

v v
q f q q f

σ σ

σ σ
Φ = + − +

⎛ ⎞ ⎛ ⎞
⎜ ⎟ ⎜ ⎟
⎝ ⎠ ⎝ ⎠          (1) 

and is characterized by three parameters, q1, q2 and q3, de-
pending on geometric factors. The ranges of values reported 
in the literature are q1=1.0 – 1.5, q2=1.0, and q3=q1

2=1.0 – 
2.25 [4]. 

The volume fraction fv is introduced as a scalar value 
which defines the rate of porosity:  

. . .
v n gf f f= + .            (2) 

It is made up of two components, the rate of growth of 
pre-existing voids 

( )
. .

1 plvgf f tr ε
⎛ ⎞

= − ⎜ ⎟⎜ ⎟
⎝ ⎠

           (3) 

and the rate of growth of new voids, called nucleation: 

2. .1exp
22

eq nn eqn
nn

f
f

SS

ε ε
ε

π

⎡ ⎤⎡ ⎤−⎛ ⎞⎢ ⎥⎢ ⎥= − ⎜ ⎟⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎢ ⎥⎢ ⎥⎣ ⎦⎣ ⎦

.         (4) 

In the elasto-plasticity theory the total strain increment is 
sum of two components, the elastic one and the plastic one: 

TOT el pld d dε ε ε= + .           (5)                

For the elastic law we have the stress σ 

el elCσ ε= .             (6) 

This equation can be integrated, obtaining 

t ( ) ( )t el TOT t t pl tlCσ ε ε+Δ +Δ +Δ⎡ ⎤= Δ − Δ⎣ ⎦ .          (7) 

Writing the plastic strain in the Gurson’s model as  
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plε λ
σ

∂Φ⎡ ⎤Δ = Δ ⎢ ⎥∂⎣ ⎦
            (8) 

we have 

el TOT
t t

Cσ ε λ
σ +Δ

⎛ ⎞∂Φ⎡ ⎤Δ = Δ − Δ⎜ ⎟⎢ ⎥⎜ ⎟∂⎣ ⎦⎝ ⎠
.          (9) 

This model is applied in three cases with different stress 
patterns: monoaxial, triaxial and hydrostatic.  

For these applications, the Gurson’s model is applied 
with the aim of calculating an analytic expression able to 
relate the force applied to a cylindrical specimen, which 
represents the osteon, to the change of the volume fraction. 

A. Monoaxial Case 

In the monoaxial case the osteon is considered as isolated 
from the others. This means that there is no interaction with 
the other osteons and no lateral forces are applied. 

Let us consider a axial force acting along the x3 axis, the 
main axis of the cylindrical object. 

 

Fig. 1 Rod with monoaxial stress applied 

The stress applied on the cross section area A is  

( )( ) F tt
A

σ = .          (10) 

When this stress reaches the critical value, the voids in-
crease changing their shape and volume. The stress tensor is 

0 0 0
0 0 0
0 0 III

T
σ

⎡ ⎤
⎢ ⎥= ⎢ ⎥
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.          (11) 

and therefore we have 
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1
3 3 3

III
Hydrostatic H tr σ σσ σ σ= = = = .        (13) 

Assuming to have the only growth component of the vol-
ume fraction and an initial porosity “a”, the volume frac-
tion becomes  

1 2 2
2 0 00

2( ) 1 (1 ) ( )sinh
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q q qf t a Exp f t tλ σλ σ
σ σσ
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Solving this equation analytically is not possible, due to 
the exponential part that makes this equation a non-
algebrical one. However, we can limit the analysis explor-
ing what happens around 0, thus arresting to the second 
order the Mac Laurin’s series of the equation. 

Making this, we have a variation of the strain given by: 
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The volume fraction hence becomes: 

( ) ( ) ( ) ( ) ( )

( )( ) ( ) ( )( )

( )( ) ( ) ( )( ) ( )
( )( ) ( ) ( )( )

1
.

2 2 1 1 2

. 22 2
3 2 3 2 1

2 2 2
2 3 1 2 3

1 1 1 1 {1 ( 0

1sinh 0 ) [ 2 0 2 0 1
2

sinh 0 2 0 cosh 0 } 0

sinh 0 2 0 sinh 0 ]

f t a x t a c

c a c t c c c a

c c c a c c

c a c c c a c t

σ

σ σ σ

σ σ σ σ

σ σ σ

= + − = + − + −

− + − − −

− +

+ +

.      (16) 

B. Triaxial case 

On the cylindrical osteon stresses in directions x1 ,x2 ,x3, 
are now acting. The stresses in directions x1 and x2 are re-
lated to the stress in direction x3 by a coefficient b ∈{0,1}. 

 

Fig. 2 Rod with triaxial stress applied  



1614 G. Argento and M. Fraldi

 

  
 

IFMBE Proceedings Vol. 25

 

 

The stress tensor is 
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In this case from the Gurson’s model we obtain 
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and 
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C. Hydrostatic Case 

As a particular case of the previous one, setting the coef-
ficient b equal to 1, the model is here submitted to the same 
stresses in all the three directions x1, x2, x3. 

 

Fig. 3 Rod with hydrostatic stress applied  

The stress is 
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Now we have 
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and the volume fraction assumes the form 
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III. RESULTS  

The time-dependency of the strain and the volume      
fraction has been tested for different frequencies. 

The applied load is sinusoidal and it is shown in fig. 4. 

 

Fig. 4 Applied stress for pulse w=3Hz (blue trace) and w=9 Hz (purple 
trace) 
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The variation of the strain shows the following behavior: 

 

Fig. 5 Strain variation in the monoaxial case on a short range of time (on 
the left) and on a longer time (on the right) 
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Fig. 6 volume fraction for w=3 Hz(on the left) and w=9 Hz (on the right) 
in the monoaxial case 

IV. DISCUSSION  

As far as the strain is concerned, in all the three cases we 
can observe a similar behavior in frequency, at least from a 
qualitative point of view, but with different rising time de-
pending on the entity of the applied stress. For a triaxial 
stress state we will have a shorter rising time in the volume 
fraction  due to the lateral stress. The strain preserves the 
characteristic frequency of the applied stress, even if with a 
non proportional behavior due to the non linearity intro-
duced by the model. The amplitude of the strain increases 
slower on a short time and much faster on a long time, when 
the material gets damaged. 

The curve shows the initial value we established for the 
porosity and increases slowly at the beginning, and linearly 
when the material starts to be damaged. Finally the curve 
shows a plateau on the value 1. This value represents the 
situation in which the material is completely broken and 
voided. The curve shape is quite similar to the Gompertz’ 
curve [6], many times exhibited by biological phenomena. 
Therefore, the same curve by means of which Gompertz’ 
model describes the growth of the cells in the biological 

tissues, is obtained as a result of the Gurson’s model for the 
growth of the voids, when the Gurson’s model is introduced 
for describing bone remodeling. 

V. CONCLUSIONS  

The novelty of the study is constituted be the possibility 
of calculating, in an easy way, the most relevant parameters 
in the bone remodeling phenomenon, in particular strain and 
volume fraction evolution. Despite its simplicity, the model 
presents the advantage of asking only two constitutive pa-
rameters for the analysis, that is the yield stress σ0 and the 
elasticity Cel. As a consequence, the proposal – extended to 
the case in which also the physiological component of for-
mation of new bone and resorption are introduced into the 
model treatment – seems to be particularly suitable for 
FEM-based numerical simulations of bone remodeling, for 
example in cases where this phenomenon appears at the 
interfaces bone-prosthesis, strongly influencing the mobili-
zation. 
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Multimodal visualization of craniofacial tumors of large dimensions 
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Abstract— A special visualization approach for tumors in 
the cranio-maxillofacial region, e.g. skull base infiltrating 
tumors of large dimensions, was developed for diagnosis sup-
port as well as surgery and therapy planning.  

Methods: For complicated craniofacial tumors, mostly, high 
resolution CT and specially adapted MRI protocols are availa-
ble. For later rendering of the skeletal anatomy, the CT is 
registered on the MRI. Next, the tumor is roughly segmented 
from the MRI data with highly exaggerated safety margin. 
Thereafter, these voxels are isolated from the original MRI 
data. After detailed image processing, the CT data (skull, dark 
color) and the voxels of the tumor (highly lucent color) are 
simultaneously visualized with special transfer functions. The 
tumor is rendered with dynamically changing transparency. 
By the highly exaggerated safety margin, explicit segmentation 
of the tumor boundary is avoided which makes the overall 
approach less error prone. The dark color visualization of the 
skull based on CT data provides a good anatomical orientation 
whereby the tumor becomes clearly visible. The dynamically 
changing transparency allows varying impressions of the tu-
mor. By the highly exaggerated margin, the vascular struc-
tures around the tumor are included to the rendering.  

Results & Discussion: The approach has already been suc-
cessfully applied for a series of patients with benign or malign 
craniofacial tumors or lesions of large dimensions where pre- 
and post-op radiological data were analyzed. By experienced 
cranio-maxillofacial surgeons and neurosurgeons, the provided 
images and movies were rated as very helpful for efficient 
diagnosis support and surgery planning. The approach was 
validated by direct comparison versus anatomical findings 
during surgery.  

 
Keywords— Cranio-maxillofacial tumors, diagnosis support, 
surgery planning, visualization, direct volume rendering. 

I. INTRODUCTION  

Within a multidisciplinary cooperation project, some sys-
tematic procedure for visualization of large tumors in the 
cranio-maxillofacial region, e.g. skull base infiltrating can-
cer, was developed. The purpose was efficient diagnosis 
support, surgery and therapy planning, as well as visual 
assistance during the operation.  

The research was concerned on lesions of large dimen-
sions, but not focused on special kind or dignity of tumors. 
Within the project, inter alia benign lesions as meningioma 
or fibrous dysplasia and highly malign tumors as squamous 
cell carcinoma or sarcoma were processed. The immediate 
tasks were localization of the tumor and description of its 
morphology, but also first steps of an analysis of its inner 
consistency. Special focus was put on infiltration of the 
skull base, of the orbits, as well as of the maxillary sinus. 

The applied approach is based on a combination of sev-
eral validated image processing, reconstruction, and visuali-
zation techniques. In the following, an outline of the inhe-
rent systematics will be given. Notably, as every case in this 
field is different from the other, this can only be a rough 
sketch.  

II. METHODS 

A. Radiology 

For severe craniofacial tumors, in the mean time, refined 
radiological data are usually available, so high resolution 
computer tomography (CT) data and specially adapted 
magnetic resonance imaging (MRI) protocols with contrast 
agent, sometimes also nuclear imaging (Fig. 1, Fig. 2). 
Possible limitations are patients’ allergies or claustrophobia 
in the MRI- or CT-machine for instance. Also, radiological 
scanning performed in other hospitals shows sometimes 
reduced quality. The same is true for older data of previous 
medical examination, up to several years back. In the se-
quel, for the applied procedure, the quality of the radiologi-
cal data has to be taken into account.  

B. Hard- and software 

For all image processing, reconstruction, and visualiza-
tion steps, the toolbox Amira 4.2 and 5.2, Mercury Compu-
ter Systems, Berlin, Germany was applied [1, 2]. 

A Celsius V-Series Computer, Siemens-Fujitsu, Frank-
furt, Germany, equipped with a nVidia Quadro FX4500 
graphics board was used to meet the required hardware 
standard. 
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Fig. 1 Medial sphenoid wing meningioma infiltrating the skull base, CT, 
image matrix of 512 x 512 pixels, 1 mm z-distance (female patient, 43 Y) 

 

Fig. 2 Same patient as above, MRI, image matrix of 512 x 512 pixels,  
3 mm z-distance 

C. Registration and data superposition 

If high resolution MRI data, namely with less than 1 mm3 
voxel volume, are available within the collection of the 
most actual data sets, these data are chosen as a reference 
where the other data are registered to. Otherwise, the most 
actual CT data are chosen as reference (Fig. 3). For registra-
tion, mostly, a normalized mutual information algorithm is 
applied [1, 2].  

 

Fig. 3 Superposition of registered CT- and MRI-data 

If data from previous radiological examinations are 
available these are registered to the – more actual – data set 
chosen as reference data.   

D. Image processing and segmentation 

Using a Lanczos algorithm, all image stacks are resam-
pled to isotropic voxel size of at least 0.5 mm in x, y, and z-
direction. For later contour enhancement, the CT data are 
subjected to a contour filter [3]. Next, the tumor is seg-
mented from the MRI data with highly exaggerated safety 
margin. Thereafter, these voxels are isolated from the con-
cerned MRI data. If the tumor can be sufficiently recog-
nized in the CT data,  the CT data are processed in the same 
way for later validation purpose.  

E. Visualization 

For rendering of the skeletal anatomy, the CT data were 
subjected to direct volume rendering with a dark black and 
white color map. For better visibility of the contours, the 
filtered CT data was superposed, also by direct volume ren-
dering with black and white color map (Fig. 4). If a very 
clear differentiation is needed, the skeletal tissue is sub-
jected to shaded rendering based on the contour filtered 
data, e. g. for the details of the orbit.  

Thereafter, the voxels of the tumor are simultaneously 
visualized using a two-tone transfer function with highly 
lucent color (Fig. 5, Fig. 6). The tumor is rendered with 
dynamically changing transparency. Appropriate clipping of 
the visualization enables detailed view to the tumorous 
tissue. Notably, if several MRI series are available several 
visualizations are rendered.  
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Fig. 4 Visualization of the skeletal tissue based on CT including con-
tour filter 

If possible or necessary for some reason (e. g. if MRI da-
ta are not available), the same procedure is applied to the 
CT data. Additionally, the original radiological images are 
transparently faded in the visualization with the possibility 
to be switched on and off. Thereby, immediate change be-
tween the visualization and conventional diagnostics is 
possible.  

Though actually semi-automatically realized, the sequel 
of the applied image processing, 3D-reconstruction, and 
visualization steps is automizable with acceptable efforts. 

F. Evaluation 

If possible, the visualization is validated during pro-
cessing by comparison (or superposition) of the tumor re-
presentation stemming from different MRI series as well as 
from the CT data. Further validation is performed by – if 
necessary, slice per slice – comparison with the original 
radiological images.  

Most reliable validation is provided by direct comparison 
during surgery documented by a questionnaire. Finally, the 
approach is rated by cranio-maxillofacial surgeons and 
neurosurgeons.   

III. RESULTS  

The approach has already been applied for a series of pa-
tients with benign or malign craniofacial tumors or lesions  

 

Fig. 5 Visualization of the tumor, view from cranial  

 

Fig. 6 Visualization of the tumor, view from caudal  

of large dimensions where pre- and post-op radiological 
data were analyzed. 

The dark color visualization of the skull based on CT da-
ta was helpful for anatomical orientation whereby the tumor 
became clearly visible. Movies with dynamically changing  
transparency provided varying impressions of the tumor. By 
the highly exaggerated margin, the vascular structures 
around the tumor were included to the rendering.  
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For the considered cases, the comparison with observa-
tions during surgery was consistent with the visualization. 
By experienced cranio-maxillofacial surgeons and neuro-
surgeons, the provided images and movies were rated as 
very helpful for efficient diagnosis support as well as sur-
gical planning and evaluation.  

IV. DISCUSSION 

As oncologic radiology, visualization in oncology is a 
highly discussed topic. Of high benefit for detailed diagnos-
tics, it is subject of intensive research, but far from being 
sufficiently understood.  

The presented approach provided helpful results for the 
considered cases. By continuing efforts, the necessary ex-
penditure of time has been decisively reduced. Neverthe-
less, it is still laborious. Additionally, the hardware re-
quirements are very high.  

As volume rendering provides mostly qualitative infor-
mation this is also the case for our visualization. Notably, 
by the highly exaggerated safety margin, direct segmenta-
tion of the tumor is avoided which makes the overall ap-
proach less error prone.  
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Abstract— Electroencephalography (EEG) is a non-invasive 
method to analyze the temporal and spatial extent of neuronal 
activity in the brain. Skull discontinuities, such as fontanelles 
of the neonate skull or post-surgical skull conditions, affect 
EEG diagnostics and EEG-based source reconstruction. 
However, experimental analyses are rare. The aim of this 
study is to develop an experimental setup to characterize and 
quantify the effect of skull discontinuities on the EEG. We 
constructed an artificial current source (dipole) and a high-
resolution EEG array suitable for a rodent animal model. The 
results clearly demonstrate alterations of the EEG caused by a 
hole in the skull which extend beyond the hole itself. The 
presence of a return current path through the skull modifies 
the electric field topography which is in line with theoretic 
expectations. We conclude that discontinuities in the skull 
should be accounted for in volume conductor models used in 
the reconstruction of electric sources in the brain, such as 
finite element models. 

Keywords— skull, electroencephalography, fontanelle, 
postsurgical EEG, return current. 

INTRODUCTION  

Electroencephalography (EEG) is a non-invasive method 
to analyze the temporal and spatial extent of brain activity. 
Typically, the electric fields inside the patient's brain are 
reconstructed from the EEG using a realistic volume con-
ductor model, such as a finite element model [1, 2].  

The skull is a low-conducting medium (0.04 S/m) on the 
path between the sources in the brain and the EEG sensors, 
which modifies the EEG signal. In clinic, there are two pa-
tient groups in which accounting for the skull during EEG 
diagnostics and source reconstruction poses a particular 
problem: (1) In neonates and young children the skull is 
discontinuous due to fontanelles and sutures. (2) In  patients 
with prior head or brain surgery the skull incision, or open-
ing, can be filled with connective tissue of a much higher 
conductivity, such as that of skin (0.33 S/m) [3] or with 
other material with a much lower conductivity. 

The influence of skull discontinuities has been investi-
gated theoretically with simulations using finite element 

models [4]. However, detailed experimental evidence is 
rare. Therefore, the aim of this study is to develop an expe-
rimental setup using an animal model to quantify and cha-
racterize the effect of skull discontinuities on the EEG. 

MATERIALS AND METHODS 

Artificial Current Source  

To obtain a well-defined dipolar current source inside the 
brain of an animal model, we constructed an implantable 
physical coaxial dipole (Fig. 1; patent DE 101 43 705.6) 
from platinum material and polytetrafluoroethylene insula-
tion. The distance of inner and outer pole is 1 mm. The 
poles are 0.5 mm thick. The tip and the outer insulation are 
durable, making the dipole reusable. A sinusoidal current 
source (20 Hz, 0.1 mA) was connected to the dipole. 

 
Fig. 1 Coaxial physical dipole to simulate an electric brain source. The 

distance between inner and outer platinum pole is 1 mm. 

Electroencephalography 

The electric potentials at the skull surface generated by 
the intracranial current source need to be sampled with a 
high spatial density. For this purpose, we constructed a 64-
channel EEG array (Fig. 2), in which Ag/AgCl electrodes 
(0.6 mm diameter) are arranged in a regular grid with elec-
trode distance 1.4 mm. The array is shaped to match the 
outline of the superior skull and cortex surface (Fig. 5, low-

1 mm 
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er left). However, the array only has about 1/3 of the size of 
a rabbit’s superior cortex surface. This allows the array to 
sample different areas of the brain, in particular to study 
evoked potentials in the future. The EEG array was made 
for multiple use. The EEG signals were amplified using 
commercial amplifiers: SynAmps (Compumedics NeuroS-
can, Charlotte, NC, USA). 

 
Fig. 2 64-channel EEG for bioelectric measurements composed of 
Ag/AgCl electrodes with Ø 0.6 mm and 1.4 mm neighbor distance. 

Stereotactic Localization Device and Co-registration 

To study the effect of skull discontinuities, the EEG ar-
ray needs to be placed on top of the discontinuity. A stereo-
tactic device (Fig. 3) is used to determine the exact position 
of the EEG array relative to the skull and the discontinuity 
within an orthogonal coordinate system. Four spherical CT 
markers (Ø 2.3 mm, Beekley Corp., Bristol, CT, USA) are 
glued onto the skull as landmarks for co-registration with a 
high-resolution computer tomogram (CT) of the animal 
model and the implanted artificial source model (Fig. 4). 

 
Fig. 3 Stereotactic device with orthogonal axes and digital coordinate 

measurements mounted on a construction to physically fixate rabbit’s head. 

 
Fig. 4 Sagittal view of a computer tomogram (0.4x0.4x0.4 mm voxels) of 

an animal model with the implanted artificial current source visible as 
bright spot and a prominent superior hole in the skull. 

Experimental Setups 

With ethics approval (Freistaat Thüringen 02-034/08), a 
rabbit was anaesthetized (10 mg Ketamine + 1 mg Xylacine 
per kg bodyweight per hour i.v.) and the physical dipole 
was implanted in the rabbit’s brain approx. 1 cm below the 
superior skull and firmly attached to the skull.  

To study the effects of skull discontinuities, we first 
measure the EEG on the surface of the intact skull above the 
dipole as the reference and then create defined holes in the 
skull which we fill with agar of the conductivity of skin 
(0.33 S/m) as a medium. We consecutively record the skull 
surface potentials of the following three setups (Fig. 5): 

 
Setup 0: intact skull, 
Setup 1: one rectangular hole approx. 4x4 mm, 
Setup 2: + second round hole on other side of dipole. 

Data Preprocessing 

We used common average referencing of the EEG. The 
signals were band pass filtered (3-30 Hz, 3rd order Butter-
worth) and for each experimental setup 600 trials were av-
eraged. The coordinates of the edge of the holes in the skull 
as well as the artificial current source were transformed into 
the stereotactic coordinate system using a rigid body trans-
formation based on the landmarks. 

Deviation Measures 

To quantify the topographical and magnitude deviation 
caused by the first and the combination of the first with the 
second hole, we determine the relative difference measure:  
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and the relative magnitude difference [1]: 
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where i is the channel number, refi is the value of the 
reference signal, here the recording with intact skull, and 
measi is the value of the measured signal, here the recording 
with either one or two holes. 

RESULTS 

Topographically, the potential map of Setup 0 (Fig. 5, 
top left) shows a dipolar pattern slightly modified by the 
anatomy, in particular the thickness of the skull. In Setup 1 
(Fig. 5, top center), due to a hole in the skull the dipolar 
moment is shifted downwards which is clearly visible in the 
difference plot (Fig. 5, bottom center) in a dominant vertical 
extent of the negative pole. This topographic change is re-
flected in an RDM* of 20% (Tab. 1). When the second hole 
is introduced (Setup 2), the dipolar pattern lies centrally on 
top of the physical dipole (Fig. 5, top right). The difference 
plot uncovers a more horizontal extent of the negative pole 

(Fig. 5, bottom right). In terms of RDM*, the topography of 
Setup 2 differs more from the reference than Setup 1.  

Table 1  Quantified deviation of field maps from reference map  

 RDM* MAGrel 

Setup 1 0.2 0.28 
Setup 2 0.26 0.4 

 
The magnitude of the potentials increases strongly from 

Setup 0 to Setup 1, which is expressed in a MAGrel of 0.28 
(Tab. 1) and the minimum and maximum potentials in 
Fig. 5. The weaker positive pole of Setup 1 is much stronger 
in Setup 2 due to the second hole (Fig. 5, maximum values 
of Setup 1 and 2). This leads to stronger gradients between 
the poles. 

DISCUSSION  

In this study, we successfully developed and applied an 
experimental setup to investigate the effect of skull discon-
tinuities on the EEG. The results are in line with theoretical 
expectations and clearly demonstrate the strong influence of 
skull discontinuities. This emphasizes the need for more 

 
Fig. 5 Electric potential maps of the superior skull surface for all three experimental setups at the time of maximum amplitude of the sinusoidal source. The 
first larger rectangular skull hole below the EEG array is indicated in black outline as well as the second smaller hole. The artificial dipole is marked as line 

with two circles as poles. The negative pole is marked in blue (dark grey) and the positive one in red (light grey). For each field map the minimum and 
maximum value as well as the isopotential line increment is stated. 
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experimental research in this area. The benefits for the pa-
tients, in particular infants and children, are more exact 
EEG diagnostics as well as more informed pre-surgical 
planning in cases where brain surgery is necessary. 

We conclude that discontinuities in the skull should be 
accounted for in volume conductor models used in the re-
construction of electric sources in the brain [4]. Our next 
steps are to model, using the finite element method, and 
experimentally validate the influence of different conductiv-
ities of the medium or tissue that fills discontinuities in the 
skull. We aim to quantify the impact of these conditions on 
the EEG-based source reconstruction accuracy. 
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Abstract— This study deals with the development of a new 
model of the Cold Face Test (CFT). In humans, activation of 
the diving reflex by a cold stimulus to the face results in bra-
dycardia and peripheral vasoconstriction. This study was 
undertaken to quantify the effect of cold face stimulation on 
the cardiovascular system. Our purpose was to develop ma-
thematical models and fit measurement data obtained via 
heart rate, body temperature, and skin vascular resistance 
monitoring in order to quantify the level of parasympathetic 
and sympathetic discharge of the subjects. 

Responses of 14 healthy human subjects to CFT were ana-
lyzed and evaluated during application of a cold stimulus 
(around 0 °C) to the forehead for approx. 60 s.  

A feedback model of simplified thermoregulation in hu-
mans was developed. The model was augmented with a feed 
forward control component driven by the diving reflex. We 
used an adapted nonlinear least square algorithm and success-
fully demonstrated that our model can predict data obtained 
during CFT. Our model reveals parameter estimates to quanti-
fy the level of sympathetic nerve activity on the vasculature 
and the level of parasympathetic nerve activity on the sinoatri-
al (SA) node in the heart. Additionally our model demonstrates 
that sympathetic nerve discharge on the sinoatrial node is 
negligible on the overall response to CFT. Finally the model 
shows that body core temperature is conserved during CFT.  

Keywords— Cardiovascular Control, Cold Face Test, Feed-
back-Feedforward Control, Sympathetic and Pa-
rasympathetic Response, Model of Thermoregula-
tion. 

I. INTRODUCTION 

The Cold Face Test (CFT) is a cardiac autonomic test 
which consists of a cold stimulus applied to the forehead for 
30 seconds to 1 minute using a cold compress or an ice pack 
(temperature usually under 1 °C). The CFT activates the 
diving reflex which results in bradycardia (increase in effe-
rent parasympathetic discharge on the SA node slowing the 
heart rate), peripheral vasoconstriction in the skin and in-
crease in blood pressure [1]. CFT provides an effective 
standard for assessment of both trigeminal – vagal – cardiac 
and trigeminal – sympathetic – vascular smooth muscle 
pathways [2]. We believe this test provides ways to better 
understand how both paths of the autonomous nervous sys-
tem influence the cardiovascular system. Our approach is to 

use mathematical models and experimental data to estimate 
this level of influence, which is believed to be a significant 
emerging property of the cardiovascular system and might 
have a relevant pathophysiological meaning. 

II. METHODS 

A. Measurements 

14 subjects underwent the Cold Face Test. Their age va-
ries between 25 and 82 years. Plastic bags filled with ice 
cubes and cold water or blue gel packs were applied to the 
forehead for 60 seconds. Prior to the test, baseline mea-
surement was performed for 60 seconds. Biopac MP35 
student system [3] was used for measurement. 3 leads ECG 
was recorded on all 14 subjects, using SS2L electrodes 
placed on the left and right wrists and on the left part of the 
abdomen just above the belt. A Biopac temperature trans-
ducer SS6L was applied on the forehead skin just under the 
ice pack for skin temperature measurement on 6 subjects. 
Two Biopac electrodes SS57L (galvanic skin response) 
were fixed around the index (ground) and middle finger (+) 
for peripheral vessel resistance measurement on 5 subjects 
following the recommendations in [4]. All three analog 
signals were sampled at 500 Hz with the Biopac Student 
Lab software [3]. They were exported in time series ASCII 
files for further processing in Matlab.  

A. Feedback-Feedforward Model 

 We propose a physiologically based model to explicitly 
represent the response during Cold Face Test. Using the 
experimental data we upgraded the model as a combined 
negative feedback and feedforward control system depicted 
in Fig. 1. The model consists of a negative feedback part for 
controlling the core temperature (CT). Its current value is 
measured by the hypothalamus central thermoreceptors. We 
assume this measurement to be error free, thus: 

.                

The set point of the controlled variable is the target tem-
perature (model constant TT, we use the average body tem-
perature 37 °C, which is however subject to considerable 
variation [5]). The feedback controller is the hypothalamus 
thermoregulatory center. It receives as input the quantity 
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CT+ET-TT, denoted HT and generates a command signal in 
form of sympathetic neuron tone to the actuator (medulla 
cardiovascular control centre). We used a limited exponen-
tial function where HTthreshold (=27°C) is a threshold tem-
perature below which the tone increases up to SCmax, other-
wise it remains constant with value SCrest:  | | ,,

The sympathetic command originated from the hypotha-
lamus reaches the medulla where it is integrated in the car-
diovascular control vasocenter. We assumed that the sympa-
thetic response follows the direct law with a model constant 
time delay tSL as suggested in [6] with value 6 seconds for 
young subjects or 8 seconds for elderly subjects: 

We assumed that the medulla sympathetic discharge on 
the peripheral blood vessels linearly affected their resis-
tance, thus we can write 

Combined feedback and feedforward significantly improves 
the model of thermoregulation. With feedforward control, 
major external disturbances can be measured before it af-
fects the system output [7]. 

 Fig. 1 Block diagram of the feedback-feedforward model of CFT 

The cold stimulus (CS) when applied to the skin induces 
heat loss by conduction from the blood in skin vessels. This 
disturbance is sensed by skin thermoreceptors. The mecha-

nism of transduction of temperature change is not fully 
understood [8]. For simplification we assumed that recep-
tors sense the average of the cold stimulus temperature 
(CS), room temperature (RT) and blood temperature (BT) 

This measured disturbance is relayed by the Pons into the 
medulla vagal cardiovascular control center. We modeled 
the resulting parasympathetic output tone as a limited expo-
nential function where ETthreshold is a threshold temperature 
(=27°C) below which the tone increases up to PLmax, other-
wise it remains constant at PLrest:    | | ,,  

This output signal directly affects the heart rate (HR) fol-
lowing an adapted top-limited piecewise linear function 
(suggested in [9]). ,
where HRbasic is a model constant describing the basic heart 
rate of the SA node (we used 100 beats/min [10]). 

Changes in heart rate and peripheral resistance affect 
blood flow, and temperature in the vasculature. The Van 
Der Waals equation was used to relate temperature, volume 
and pressure of blood flow in the following simplified form: ,

where V(t) is the blood volume in the peripheral vessels; 
P(t) is the blood pressure in those vessels and kPT3 is a con-
stant describing the physical properties of blood. Assuming 
the blood volume is proportional to the peripheral resistance 
and the blood pressure is proportional to the heart rate, the 
equation above can be rewritten as  ,
and the blood temperature is given by: ,

B. Parameters Estimation 

The mathematical model for CFT response contains 9 
unknown parameters: KPR (unit μMho), KHR (unit beats min-

1), KPT (unit °C min beats-1 μMh-1), KSC (unit 1), SCrest(unit 
1), SCmax(unit 1), KPL (unit 1), PLrest(unit 1), PLmax(unit 1) 
To estimate these parameters from the experimental data, 
we implemented the model in SIMULINK and used 
MATLAB to resolve the nonlinear least-squares problem 
minimizing the difference between the measured and simu-
lated values of heart rate, skin temperature and resistance.  
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We used initial parameter values set (KPR, KHR, KPT, KSC, 
SCrest, SCmax, KPL, PLrest, PLmax) = (1.6, 50, 0.74, 0.4, 0.6, 
0.71, 0.4, 0.6, 0.8) calculated as a mean of the simulation 
results on experimental data over the first 10 s after cold 
stimulus. The parameters were constrained by lower and 
upper bounds (KPR, KHR, KPT, KSC, SCrest, SCmax, KPL, PLrest, 
PLmax) in ([0.1 3], [10 70], [0.5 5], [-1 1], [0.1 1], [0.1 1], [-1 
1], [0.1 1], [0.1 1]).  

III. RESULTS AND DISCUSSION 

We simulated the model to fit 22 data sets obtained from 
14 subjects in 3 groups: 1) 3 healthy men and 4 healthy 
women ages 25-28 years; 2) 2 healthy men and 2 healthy 
women ages 48-58 years; 3) 2 moderately healthy men and 
1 moderately healthy woman ages 73-82 years.  For group 3 
only ECG signal was recorded. The data was filtered, re-
sampled and linearly interpolated to remove features which 
reduced data quality. Mean values of estimated parameters 
are given in Table 1. Heart rate simulation results compared 
to the measured values are depicted in Fig. 2. For young 
subjects it shows a decrease of heart rate from a mean value 
of 75 to 68 beats/min within the first 20 seconds of CFT.  

Table 1 Mean parameter values 

Grp KPR KHR KSC KPL KPT SCmax SCrest PLmax  PLrest 

1 1.32 50 1 0.2004 1.0011 0.7567 0.6325 0.6395 0.4971 
2 0.27 52 -0.4 0.5220 0.74 0.71 0.60 0.6818 0.6383 
3 n/a 55 n/a n/a n/a n/a n/a n/a n/a 

 
The level of parasympathetic tone on the heart deter-

mines how strong bradycardia response to CFT will be. This 
information is quantified in our model by the parameter KHR 
estimated to 50 in a scalar of 10 to 70 for healthy young 
subjects. The parameter KPR is a good candidate for quanti-
fying the level of sympathetic tone on the peripheral blood 
vessels; it has been estimated to 1.32 in a scalar of 0.1 to 3 
for young subjects. Fig. 3 illustrated the resulting vasocon-
striction during CFT. We can see the time delay between 
application of cold stimulus and onset of vasoconstriction. 
This physiological fact is well captured in our model and 
illustrated in Fig. 4 as well.  Graphs in Fig. 4 illustrate the 
minimum and maximum tone of both branches of the auto-
nomous nervous system. Young subjects had higher maxi-
mum tone of sympathetic discharge (SCrest, SCmax) to the 
vasculature both at rest and during CFT, whereas older 
subjects had the predisposition to experience a stronger 
parasympathetic discharge (higher PLrest, PLmax). They had 
also a higher value for the parameter KPL, which indicates 
how fast the response to the cold affects the heart rate (with-
in 5 seconds for older subjects and 10 to 20 seconds for 
young subjects). 

 

 

 

 
Fig. 2 Heart rate simulation results 

 

 
Fig. 3 Peripheral resistance simulation results 

Subjects in group 2 however had an opposite effect on 
the vasculature as predicted by the model; their peripheral 
resistance appeared to decrease instead of increasing. This 
was captured in the model by a negative value -0.4 for the 
parameter KSC, which tells how fast a subject responses to 
CFT with vasoconstriction. Additional study is required to 
determine the root cause of this unexpected observation.  

The overall purpose of our feedback model is the control 
of body core temperature. The simulation result in Fig. 5 
shows that this goal was achieved and its value remains 
constant around the set point even with a cold stimulus of 
0°C applied applied for 60 seconds. The graph also shows a 
good corelation between the measured skin temperature and 
the predicted environmental temperature. 

Finally we used the model to investigate if there is sym-
pathetic modulation of heart rate during CFT. The common 
literature agrees that there were no tachycardia noticed 
during Cold Face Test since the diving reflex induces the 
opposite response. In order to verify the general accepted 
statements in the literature, we modified the mathematical 
equation (7) as followed: 
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where Ksymp is an additional mode
representing the level of sympathetic modul
heart rate. 

The modified model has been simulated on 
data obtained from the group of young subjec
parameters introduced previously were used wi
presented in Table 1. The nonlinear least-squa
could not find appropriate values for Ksymp fitt
The results in Fig. 6 reflected instable abnorma
rates with oscillating values. The core temperat
be regulated and reached 46°C. We could ach
able results only with very small values of Ks

zero. Therefore we can conclude that sympath
tion of heart rate during CFT is likely to be neg
pared to the stronger parasympathetic discharge
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Fig. 5 Environmental temperature simulation re
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IV. CONCLUSIONS 

This paper introduced a new model a
tification of some cardiac parameter
directly measured. Given a heart rate an
tance change during Cold Face Test, we
the level of sympathetic and parasympa
method has been verified on subjects 
health condition and sex. Physiologic
model parameters need to be studied
more complex experiments. 
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Reliability and Robustness in Image Based Surgical Planning  
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Abstract— Computational support in intervention planning 
promises to support the subjective interpretation of data with 
reproducible measurements. Moreover, it is possible to develop 
and apply models that provide additional information which is 
not directly visible in the data. Beside the ability of patient 
individual adaptation, proper treatment of errors and 
uncertainty is of crucial importance to assure the clinical 
relevance of models for computer-assisted diagnosis and 
therapy. In the context of image based planning for liver 
surgery, a model for intrahepatic vascular structures is 
combined with individual, but in the degree of vascular details 
limited anatomical information from radiological images. As a 
result, the model allows for a dedicated risk analysis and 
preoperative planning of oncologic resections as well as for 
living donor liver transplantations. The clinical relevance of 
the method was approved in several evaluation studies of our 
medical partners and more than 3500 complex surgical cases 
have been analyzed since 2002. 

To support the preoperative evaluation of surgical 
strategies not only the affected areas are evaluated, but also 
the robustness concerning uncertainties in size and positioning 
of the tumor should be taken into account. The work presented 
here shows, that due to the evaluation of robustness the 
localization of critical structures is improved and the 
reliability of planning results is enhanced. 

Keywords— Medical image computing, Risk analysis, 
Computer assisted diagnosis, Liver surgery 

I. INTRODUCTION  

In this paper, we will discuss robustness and reliability in 
risk analysis for tumor resections in the liver. An optimal 
resection in terms of surgical technique is the so-called R0-
resection that guarantees the complete excision of the lesion 
and a microscopically tumor-free resection margin. On the 
other hand as much healthy parenchyma as possible should 
be preserved. Considering the anatomy of the liver, we have 
to take into account vascular structures in the neighborhood 
of the tumor. Removing the tumor together with the safety 
margin from the liver, local vascular structures have to be 
transected that are supplying or draining a dedicated liver 
region and thus defining a territory at risk [1, 2]. The risk 
distribution can be considered as a function of the vascular 
systems and the two parameters tumor location and safety 
margin. Regarding an individual vascular structure as a 
fixed parameter, then position and margin influence in 

particular two attributes of the risk territory: First, the size 
of that region depends on the influence of the transected 
vessels in terms of supplied or drained parenchyma. Second 
and much more important for the surgical intervention is the 
sensitivity of the territory to small changes of the 
parameters position and margin [3]. There exist parameter 
settings with a ‘robust’ risk where changes that are e.g. in 
the magnitude of the achievable surgical precision alter the 
risk territories only to a limited extend. But more interesting 
and even more difficult to estimate are risk territories with 
parameters, where small modifications change the risk 
significantly and thus demand a different resection strategy. 
The more sensitive the risk distribution appears at a specific 
position of a tumor the more important is a risk analysis for 
this region. Taking into account the fact that the liver is 
supplied or drained by four vascular systems, the risk 
distribution is even more complex. For the final aim of 
supporting the physician in identifying an optimal resection 
strategy, also aspects of surgical feasibility have to be 
considered.  
 

II. IMAGE BASED PLANNING 

A. Identification of Risks 

For the risk analysis for tumor resections we closer 
examine the vessels extracted from the pre-operative 
images. Following a nearest neighbor model for the 
assignment of a given position within the liver parenchyma 
to a certain subbranch of each vascular system, a Voronoi 
tessellation of the liver volume according to the centerline 
voxels of the segmented vascular structure approximates the 
perfusion or drainage areas. If a subbranch of a vascular 
system is cut, the assigned regions of the parenchyma add 
up to a dedicated liver region that defines the corresponding 
risk territory for this vessel. Combining this information 
with a distance transformation with respect to the tumor 
boundary and taking the hierarchical dependencies of the 
vascular tree into account, a “safety map” of the liver can be 
calculated. This map then encodes the safety margin at 
which each particular volume will be affected by the tumor.  

The combined risk of different vascular systems can then 
be simply computed by assigning each voxel the minimum 
value of the individual safety maps. The quantification of 
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compromised volume as a function of the safety margin is 
extracted from these maps by histogram analysis. The 
discontinuities in the compromised volume curves 
correspond to the transection of major vessels, setting the 
dependent territories at risk. Hence, these curve 
discontinuities directly correspond to sensitive parameters 
for the surgical planning: Given that the corresponding 
safety margin is required to guarantee the R0-resection, the 
surgeon has to decide, whether the loss of functional 
volume in this magnitude can be tolerated. The smooth 
combined evaluation of two or more vascular systems in the 
risk analysis is unique. Particularly, the importance of the 
venous drainage was underestimated in the past. A venous 
congestion can result in restricted outflow, stasis of the 
blood in the arterial or portal venous system, and 
thrombosis. 

The next step would be the development of a resection 
proposal based on the risk territories and the selected safety 
margin. Before going into this, we will take a more general 
view to the relation of safety margin and liver volumes at 
risk.  

 
B. Risk Maps 

As we have discussed in the beginning, the sensitivity of 
the risk distribution to inaccuracies in tumor localization or 
intended safety margin reflects the criticality of the 
succeeding surgical procedure. To give a first guess of the 
distribution of sensitive and of robust tumor locations in the 
liver, we conduct a statistical experiment: By placing 
artificial tumors with an assumed distribution of radii at 
different locations within the liver, we calculate the 
probability that a given safety margin will just coincide with 
the distance to a larger vessel.  

For these situations, a small inaccuracy in the resulting 
surgical procedure will either save or endanger the volume 
supplied or drained by the vessel in question. Assuming a 
Poisson distribution with mean size of 3cm for the tumor 
diameter and a safety margin of 1cm, we get the resulting 
assessment of sensitivity for a tumor position as shown in 
Fig. 1. Here ‘robust’ represents a mean value of less than 
two substantial clashes for a distribution of tumors located 
at that specific position and ‘very sensitive’ represents more 
than four substantial clashes. We assume a substantial clash, 
if more than 5% of the liver volume is in question. These 
risk distributions are evaluated for portal vein and hepatic 
veins.  

In terms of this new definition, the robust positions are 
located at the outer regions of the organ with no major 
vessels, but interestingly also in the very central part of the 
liver (Fig. 1). In this central region, the nearest affected 
vessel often leads to a loss of the total liver or of a complete 

liver lobe, hence the mean number of critical clashes is low 
–  even though a tumor at this position might be inoperable. 
The most critical positions in terms of uncertainty or 
inaccuracy are located half way out from the central vessels. 
In these regions, the segmental structures of both vascular 
systems interweave each other. The resulting risk maps give 
a first guess about the locations of tumors, for which a 
precise planning of the surgical strategy promises the most 
benefit 

 
C. From Risk Territories to Resection proposals 

Due to the entanglement of the different vascular systems 
within the liver, it is in general not possible to remove 
reasonable parts of the liver in such a way that the supply as 
well as the drainage will completely be ensured for all parts 
of the remnant. As the risk territories for the different 
vascular systems do not overlap with each other exactly, the 
removal of any of these territories will cut off some 
primarily not affected parts of the other vascular systems, 
respectively. Hence, the removal of a primary territory at 
risk from one vascular tree will in general enlarge the 
affected volumes induced by the other vascular systems and 
vice versa. The resulting cascading of risk areas is most 
prominent for centrally located lesions, but will appear in 
the peripheral regions as well, where the vascular systems 
are more unidirectional. As a consequence, surgical 
resection planes must be adopted such that as many as 
possible major vessels are saved. In case of the liver, this is 
of particular importance for the arterial vessels and bile 
ducts.  

Based on the risk analysis for a given safety margin that 
is defined by the surgeon or derived from the margin-
volume function we can compute the risk territories for the 
portal vein and the hepatic veins. It is obvious, that the 
intersection of these territories should be part of the 
resection proposal as it includes the tumor and represents a 
region without supply or drainage.  

The first resection proposal that would come into one’s 
mind is the union of the two risk territories. But, as the 
discussion above has shown, a resection of this area would 
result in additional impaired liver regions without perfusion 
or drainage and, thus, the resection proposal should rather 
be smaller. In general, the optimal resection plane lies 
between the intersection and the union of all risk territories. 

Our experience and the discussion with our surgical 
partners have shown that besides the results of the risk 
analysis several other factors have to be considered for an 
adequate resection proposal. Some of these factors are 1) 
maintenance of import supplying vessel branches (hepatic 
artery and portal vein), 2) access to the tumor 3) minimal 
resection surface 4) consideration of typical, well 
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experienced resection types (e.g. hemihepatectomy), 5) 
remaining volume, 6) possibility of anastomoses and 
reconstruction of vessels, 7) typical surgical approaches for 
multiple metastases and 8) the option of alternatives such as 
radiofrequency ablation. In conclusion, it is an ambitious 
task to create feasible automated resection proposals and 
unclear if it is even possible for all cases. Within our 
software the resulting resection proposal is defined 
interactively by the surgeon and the effect of different 
surgical strategies can be compared quantitatively. 

III. CLINICAL EVALUATION 

A typical clinical evaluation requires a study with a 
randomized decision of utilizing the results of the risk 
analysis or not and the subsequent evaluation of clinical 
criteria, i.e. patient outcome in terms of 5-year-survival, 
complication rate, tumor recurrence, blood loss and others. 
There are two reasons why this standard evaluation 
procedure is not suitable for the software-assisted risk 
analysis. First, it is ethically not justified to leave out 
information that helps the physician in decision making and 
operation planning and second, the clinical criteria of the 
study depend on multiple factors, e.g.  medical history of 
the patient, degree of liver steatosis, experience of the 
surgeon, surgical technique that would require from the 
statistical point of view an enormous, not achievable 
number of cases for reliable conclusions. 

Nevertheless, it is possible to analyze a dedicated aspect 
for application of the model-based risk analysis. Lang et al 
showed that with 15 oncologic resections, the surgical 
strategy was changed in one third of the cases when taking 
the results of the risk analysis into account [4]. In another 
study, results of the resection of hilar cholangiocarcinoma 
with the preoperative analysis were compared to older 
interventions where the software was not available. Here, 
the sensitivity, specificity and accuracy of the new methods 
proved to be significantly higher and even increased the R0-
rate from 62.3% before 2002 to 92.9% with our software [5, 
6]. In a recent case of liver metastases that were treated 
preoperatively by chemotherapy, one lesion was no longer 
visible in CT data and not palpable during surgery. 
Therefore, the resection was performed as one of the first 
world-wide as navigated surgery and on basis of the risk 
analysis and planning that was made on a combination of 
the two CT data sets before and after chemotherapy [7]. 
Several other clinical partners have approved the usefulness 
of the risk analysis and preoperative planning for oncologic 
surgery [1, 2, 8-10]. Clinical evaluation suggested, that the 
proposed methods are especially of use in case of extended 
left hepatectomy [11]. In these cases, tumor locations with 

potential high criticality, e.g. the demand of high precission 
during the surgical resection, coincide with few local 
anatomical landmarks to guide the intra-operative 
orientation. 

IV. CONCLUSIONS  

We have presented an example how mathematical 
models can be applied to a medical problem: the analysis of 
vascular structures and the approximation of liver territories 
supplied or drained by them. Based on the model, we 
developed a risk analysis for liver surgery. Discussing 
miscellaneous aspects of combined risk territories and the 
difficult transfer from the risk analysis to a clinically useful 
resection proposal, we showed what problems have to be 
overcome before a model could be applied in clinical 
reality. Especially the effect of the systematic and random 
errors and uncertainties, which pollute the patient individual 
data, has to be taken into account. In this the proposed 
criticality analysis promises to optimize the proposed 
surgical planning in terms of robustness. To evaluate the 
reliability of planning results, on has to provide means to 
monitor the suitability of the underlying model. 

Our approach provides a new, measurable and objective 
basis for the assessment of risks in liver surgery and the 
development of new surgical standards. Due to the 
evaluation of robustness the localization of critical 
structures is improved and the reliability of planning results 
is enhanced. In this paper we have concentrated on the 
surgical planning for oncological resection, however the 
methods presented are of use in other clinical situation (e.g. 
in case of LDLT) in similar manner. Since 2002 we have 
analyzed more than 3500 data sets from more than 95 
clinical sites world-wide and transferred our research results 
into a commercially available service. More than half of the 
processed cases are related to living donor liver 
transplantations and more than 1000 data sets were analyzed 
for oncologic resections. About 250 analyses were 
performed for surgical interventions of other organs e.g. 
kidney and lung, and show that our approach is not 
restricted to the liver but can also be applied to other organs 
characterized by hierarchical vessel systems.  

The application of models to radiological data gives an 
example how medical image computing can provide a basis 
for new developments and values for diagnosis and therapy. 
Essential in this context is the step from subjective 
interpretation to reproducible quantification.  
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Fig. 1 Sensitivity distribution for tumor positions concerning the stability of risk territories: Each cube represents the statistical mean value of sensitivity of 

the respective position. The images show positions with different levels of sensitivity, from robust to very sensitive (left to right). 
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Abstract— The impact of disorders on the EEG signal 

caused by tumors, ischemia or vasogenous edema has been 

evaluated. Hereby we offer explanations for the results of 

recent studies on animals and predict the effect on measure-

ments on humans. In the grey and white matter we changed 

the magnitude and the anisotropy of the electrical conductivity 

tensors, as it is caused by expanding bleedings, ischemia or 

tumors. The dipole-sources, representing the neural activity in 

our model, were placed at different positions in gyri and sulci 

and aligned radially and tangentially to the surface. We solved 

the EEG forward problem using the finite elements method in 

a subvolume of a simplified model of a human head. 

The simulated electric potentials on the scalp show a strong 

impact on the magnitude for tangential sources. An amplifica-

tion of more than 600 % could be observed. The effect of ra-

dial sources was considerably lower. Remarkably the signal 

amplitude of a radial dipole in a sulcus is higher than the sig-

nal of a gyrus when both are having an ischemic area under-

neath. The sulcus’ signal was amplified by 5 times and more. 

Our results show that pathological changes have to be 

considered when evaluating EEG signals, especially when 

doing source localizations. Predictions cannot be made without 

considering the geometry, which has a strong impact on the 

current density distribution and can even lead to stronger 

signals from sources in a sulcus than from a gyrus. The effect 

of the magnitude change by a vasogenous edema has to be 

taken into account for the use of monitoring of patients at 

acute risk of vasogenous edema. Knowing the propagation of 

the electric field changed by diseases is also highly important 

for the technique of deep brain stimulation, which is used in 

the treatment of Parkinson’s disease. 

 

Keywords— EEG, Electrical Conductivity Tensor, Tissue Ani-

sotropy, Vasogenous Edema, Ischemia 

I. INTRODUCTION  

In an electroencephalogram (EEG)[1] the signals are 
caused by active neurons acting as electrical sources. The 
superposition of thousands of simultaneously active neurons 
can be modeled as a current dipole [2]. These sources cause 
a potential field that strongly depends on the medium, 
where it is spread through and so do the electrical potentials 
on the surface, picked up by the EEG. The different tissue 

types vary in the magnitude of their electrical conductivity 
and in its orientation, since there is an anisotropy in the grey 
and white matter due to aligned nerve tracts [3].  

The calculation of the potentials caused by a given elec-
trical source configuration is called the solution of the for-

ward problem, while finding the sources of a measured 
potential distribution is called the inverse problem of EEG 
source analysis. Solving the inverse problem consists of 
stepwise changing an imaginary source configuration and 
comparing their forward solution with the measured val-
ues.[4][5] 

Contemporary applications are determining the position, 
strength and orientation of the underlying electromagnetic 
sources (electromagnetic source imaging; ESI) inside the 
head, as well as the imaging of the tissue’s electrical imped-
ance (electrical impedance tomography; EIT), when there 
are known sources. The accuracy of both applications suf-
fers from poor knowledge about the impact of conductivity 
changes. While in the past models were as simple as spheri-
cal shells, it is now possible to simulate on realistically 
shaped head models, reaching a resolution that makes it 
more and more necessary to consider the effects of anisot-
ropic tissue disorders. Better knowledge of the impact of 
changed conductivities caused by tissue-altering diseases is 
also highly important for other applications like deep brain 
stimulation (DBS) or the monitoring of patients at acute risk 
of vasogenous edema. The latter is interesting for patients 
with a strong anticoagulant medication (blood-thinners), 
which is exhibited as prophylaxis against thromboembolism 
during and after many surgeries. 

When affected by an edema, blood diffuses into the ex-
tracellular fluid and increases its conductivity, while during 
an ischemia the tissue necrosis leads to a reduced conduc-
tivity. Tumor tissue is known to be less oriented and there-
fore has an isotropic conductivity. Recent studies on rats 
with ischemia showed a lowering of the magnitude [6] 
while cats with edema had a stronger signal [7]. 

Simulations on completely realistic head models lead to 
results that are too complex to interpret the nature of poten-
tial changes from anisotropy disorders [8]. Hence, in our 
current model we built a clearer geometry, still based on 
realistic parameters, captured via magnetic resonance imag-
ing (MRI). 
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II. MATERIALS AND METHODS 

A. Creating the model 

The model used is based in part on an MRI of a human 
head (see figure 1a). Characteristic parameters where taken 
and a CAD (computer-aided design) model was constructed 
similar in design. Using the software COMSOL Multiphys-
ics (Comsol Multiphysics GmbH, Göttingen, Germany) we 
then divided the model into up to 8.4 million tetrahedra, 
obeying the borders between the tissues (as shown in figure 
1b) and suitable for the finite elements method, a technique 
to solve partial differential equations. 

 

Fig. 1 a) MRI of a human head (MPRAGE sequence) to obtain characteris-
tics for our model’s geometry b) FEM-mesh of the 3D-model (resolution 
coarsened for illustration), obeying the tissue borders c) The model was 

filled with conductivity tensors depending on the tissue and its orientation. 

Afterwards electrical conductivities where assigned to 
the volume elements, depending on their position and there-
fore on their tissue type and orientation. The conductivities 
where represented by prolate (“cigar-shaped”) tensors, writ-
ten as 3  3 matrices using MATLAB. As illustrated in 
figure 2, long represents the electrical conductivity parallel 
(longitudinal) to the tissue’s fiber direction and trans is per-
pendicular (transversal) to it. To fit the tissue’s orientation 
the tensor was aligned by rotating it through certain angles 
using the corresponding rotation matrix R. 

B. Anatomical and physiological assumptions 

Our model consists of six tissue types, shown in table 1. 
The edema, ischemia and tumor affect grey matter and 
white matter by disturbing anisotropy and magnitude of the 
conductivity tensors in the affected volume elements.  

The white matter (WM) holds two different anisotropy 
ratios in our model: 5:1, caused by the corticospinal tracts in 
the bulk of it and 10:1 in the highly aligned pyramidal tracts 
connection adjacent gyri, called u-fibers.  

The tensors in the grey matter (GM) are aligned parallel 
to the pyramidal cells, which means they are orthogonal to 
the cortex’ surface, as shown on figure 1c. 

 

  = R 1
long 0 0

0 trans 0

0 0 trans

 

 

 
 
 

 

 

 
 
 
R           (1) 

Fig. 2 Conductivity tensor in a FEM tetrahedron. Each tensor is aligned by 
rotating it through a certain angle, depending on the tissue orientation, 

using a rotation matrix R. Thousands of them fill the mesh (figure 1b-c). 

In the past, the skull, consisting of two hard compacta 
layers, below and above the softer spongiosa layer, was 
modeled anisotropically. [4] The spongiosa contains water 
and ions, making it much more conductive than the com-
pacta and therefore the skull as a whole conducts many 
times better in the tangential direction than in the radial. 
Since nowadays computers are powerful enough to divide 
the skull into sufficiently small elements, we modeled three 
separate layers, each having its own isotropic conductivity.  

The edema, the ischemia and the tumor where simulated 
with a spherical shape and with changed conductivities, 
according to table 1. They had their center in the white 
matter, close to the border to the grey matter and affected 
GM and WM in a certain radius. For the edema an extend-
ing hemorrhage was simulated. 

Table 1 Conductivity values and anisotropy of the modeled tissues 

Tissue type ( long : trans -ratio) Electr. conductivity ( ) [S/m] 

Cerebrospinal fluid (CSF) (1:1) 1.79 

Skull, inner and outer compacta (1:1) 0.010 

Skull, spongiosa (1:1) 0.025 

Scalp (1:1) 0.33 

Tumor (1:1) 0.33 

Ischemia (1:1) 0.05 

Edema (1:1) 0.667 

 long [S/m] trans [S/m] 

White matter, ordinary (5:1) 0.41 0.0818 

White matter, u-fiber (10:1) 0.65 0.065 

Grey matter (2.5:1) 0.57 0.23 

C. Performing the forward calculation and data analysis 

The potentials of three dipoles (placed as illustrated in 
figure 3) with 1 nAm of strength were calculated separately 
by solving the Poisson’s equation using the finite elements 
method. The resulting linear system of equations was solved 
with a conjugate gradients algorithm including a Jacobi 
preconditioner. The software environment used was SCI-
Run, an open source product from the Scientific Computing 
Institute in Utah [9]. 
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The surface potentials along a straight line on the head’s 
surface, parallel to the x-axis, where plotted as illustrated in 
figure 4a (along the dotted line). 

III. RESULTS 

The simulated electric potentials (fig. 5) on the scalp 
show a strong impact on the magnitude for tangential 
sources with amplifications of more than 600 %. The effect 
of radial sources was considerably smaller for both edema 
and tumor whereas the strongest signal at an ischemia could 
be observed from radial sources. 

Remarkably, the signal of a radial dipole in a sulcus be-
low a spreading bleeding first dropped below the original 
magnitude, then rose above it after it got completely sur-
rounded by the edema.  

 

Fig. 3 Position of the dipole sources and the tissue disorders in the x-y-
plane at z=0. In separate simulations the electric potentials for tumor, 

edema and ischemia with different radii and three different dipole positions 
where calculated. The contours used are the same as in the plots in figure 5. 

The tumor-affected signal of radial dipoles on top of a 
gyrus is almost the same as for healthy cases. On the oppo-
site, the signal in case of a tumor is much stronger than in 
the healthy case, when the dipole is located in a sulcus. 

During an ischemia the highest signal changes are ob-
served when the dipole points towards the affected tissue. In 
evidence, the two curves in figure 5e show the huge rise 
when the ischemic region grows till underneath the dipole. 
While there is a strong impact even for small damaged areas 
(as shown in fig. 5d) as long as they are below the sources, 
the effect does not keep growing significantly though hav-
ing a huge dissemination. The reduced conductivity due to 
the ischemia leads to the shunting effect [10] that directs the 
volume currents to regions with higher conductivity. Hereby 
the potential field is influenced and in our geometry shifted 

towards the liquor. Above a source in a sulcus the currents 
are literally piped to the surface and therefore the signal out 
of a sulcus is even stronger than from a gyrus. (fig. 4b-c) 

 

Fig. 4a Cut through the 3D-model in the x-y-plane at z=0. From three 
different locations in sulci and gyri tangential and radial to the scalp the 
dipole sources generate an electrical potential field through the different 
tissues. The potentials on the surface are the signals that would be picked 
up by an EEG. 4b shows the current density around a source in a sulcus 
next to an ischemia. In 4c the ischemia encloses the source and therefore 
literally pipes the currents in the CSF between the affected tissue towards 

the scalp. 

IV. DISCUSSION  

Expanding tumors squeeze the surrounding tissue and 
cause an intracranial mass shift. There are no established 
reports on the effect to the conductivity, but it is very likely 
that an impact exists and that it should be considered. 

Our model parameters where set to fit a human brain and 
lead to identical trends. Thus our results agree with the 
observation of higher signals during a bleeding. 

While we discovered an increased signal for the ische-
mia, the studies on cats showed a drop. This can be ex-
plained by two phenomena. We showed that by the shunting 
effect the field is shifted towards the surface, as the source 
lies on top of the affected area. Deeper sources and there-
fore sources situated below the ischemic region would be 
shielded to the center of the head. Secondly, it is to be ex-
pected that in a necrotic area the neural activity and there-
fore the dipole strength drops rapidly. Furthermore reduced 
source strengths have to be considered. 

The influence of the mesh resolution was evaluated by 
achieving all calculations with different mesh sizes 
(140,000 to 8.4 million) and the dipole enclosed with grey 
matter elements. The results differed by less then 10 % from 
each other, which is two orders of magnitude lower than our 
observations on the effects from the tissue changes. 
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V. CONCLUSIONS  

The results show that pathological changes have to be 
considered when evaluating EEG signals, especially when 
performing source localizations. The effect on the magni-
tude change by a spreading bleeding has to be taken into 
account for monitoring of patients at acute risk of vasoge-
nous edema, since reducing the reaction time lowers the risk 
of permanent damage to the brain. 

The effect to the MEG will be evaluated next, and further 
investigation on the precise effects on the source localiza-
tion will be performed. 
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 Dynamic Electrical Impedance Tomography Image Reconstruction of Neonate 
Lung Function based on Linear Kalman Filter techniques 

Hussein El Dib, Andrew Tizzard and Richard Bayford

Department of Natural Sciences, Middlesex University, London, UK. 

Abstract: Electrical impedance Tomography (EIT) has 
great potential as a low cost continuous monitoring
system for neonate lung function. However EIT data 
obtained from clinical measurements are inherently noisy 
and require reconstruction algorithms that are robust 
enough to cope with these difficulties. In this paper, we 
examine the potential of a linear Kalman approach for 
EIT difference imaging. Simulated data is used for the 
reconstruction process; real time-data is being tested and 
the results will be introduced at a latter stage of this 
research. Our objective is to use this initial research to 
develop a nonlinear Kalman filter for frequency 
difference imaging of neonate lung function.  

I INRODUCTION 

Electrical Impedance Tomography (EIT) has great 
potential to become an alternative imaging technique to 
x-ray and MRI. It has advantages compared to other 
techniques in terms of simplicity, cost, and the absence 
of ionizing radiation. In the clinical area, there is 
considerable interest in the use of EIT in imaging lung 
impedance, in particular, the assessment of lung 
functionality for neonates, which can only be viably 
assessed through EIT as there is difficulty in applying 
traditional imaging techniques on ventilated and 
sedated babies. Lung growth disorders and maturation 
are considered as among the most important problems
faced by the neonatologist. Premature birth occurs in 5-
10% of all pregnancies and is frequently accompanied 
by complications due to lung immaturity. Many 
preterm infants exhibit lung dysfunction characterised 
by arrested lung development and interrupted 
alveolarisation. This immature lung phenotype 
accounts for 75% of early mortality and long-term 
disability in infants delivered prematurely. Despite 
improved survival of extremely premature (EP) infants 
i.e., those born < 27w gestational age (GA), the 
prevalence of chronic lung disease in infancy (CLDI; 
commonly defined by oxygen (O2) dependence at 36 
weeks post-menstrual age [PMA] i.e., 4weeks before 
the baby was due to be born), has remained high over 
the last decade. CLDI is associated with long-term, and 
possibly life-long, respiratory morbidity. Objective, 
non-invasive measures of lung maturity and 
development, oxygen requirements and lung function,
suitable for use in small, unsedated infants, are 
urgently needed to define. 
At present we are developing an integrated system to 
image neonate lung function, we have previously 
examined the effects of boundary form on the 

reconstruction algorithm for linear difference imaging 
[1] using a Truncated singular value decomposing 
(TSVD) which shows that this simple linear approach
is sensitive to the change in boundary form.   Clinical 
neonate data is inherently noisy and the application of 
EIT to the monitoring of neonate lung function would 
benefit from a reconstruction approach, which is more 
robust in the presence of noise.  A number of research 
groups have previously used Kalman filtering, [2 - 6], 
however the filter was applied on data collected from 
phantom tanks, adults or industrial process, at present 
the Kalman approach does not appear to be applied to 
neonates within a real clinical environment.  Kalman 
filtering is an important part of statistical signal 
processing, namely the statistical estimation theory. 
Theoretically it is an estimator for what is called linear-
quadratic problem; a problem of estimating the 
instantaneous state of a linear dynamic system 
perturbed by white noise.  The Kalman filter provides a 
means for inferring the missing information from 
indirect and noisy measurements; an important 
behaviour that can that can be employed in EIT 
dynamic or differential image reconstruction of neonate 
lung function. It is well known that to solve the image 
reconstruction problem is to solve an inverse problem 
and this requires the solution of the forward problem.   
The evaluation of a Kalman filter based EIT method 
for image reconstruction of simulated data is presented 
in this paper. 

II THEORY 

The development of the Kalman filter for image 
reconstruction requires the state space formulation of 
the inverse problem. In state-space discrete time 
approach, the temporal evolution of conductivity 
distribution can be modelled as [2, 9 - 10]: 

1k k k kwσ σ
+

= +F
                                        

(2.1) 

In Eq. (2.1), 1kσ
+

is the conductivity distribution at 

time 1k + ; N N
k

×
∈ℜF , is the state transition 

matrix at time k and N is number of states of the 

conductivity distribution; kw is the white Gaussian 

noise with a known covariance 

w T N N
k k kE w w ×⎡ ⎤= ∈ℜ⎣ ⎦Γ . Because there is no a 
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priori information on the time evolution of the 
conductivity distribution it is possible to assume that 

k k=F I (identity matrix) for all k .  

The nonlinear observation model links the vector of
measured voltages, 

1 2, , ,
TL L

k k k kV V V V⎡ ⎤= ∈ℜ⎣ ⎦ to the conductivity 

distribution σ  at time k : 

( )k k k kV U vσ= +                          (2.2) 

In Eq. (2.2), kU is the k-th voltage induced on l-th 

electrode obtained from the FEM model, and kv is the 

voltage-measurement error that is assumed to be white 
Gaussian noise.  Linearizing (2.2) leads to  

( ) ( ) ( )0 0 0 H.O.Tsk k k k kV U vσ σ σ σ= + ⋅ − + +J     (2.3)

In Eq. (2.3), kJ is the Jacobian obtained from the FEM 

model [8]; H.O.Ts are higher order terms, which are
assumed to be additional white Gaussian noise. Doing 
some algebra it is possible to rewrite Eq. (2.3), i.e. the 
linearized observation equation as: 

( )0k k k ky vσ σ= ⋅ +J
                                      

(2.4)  

where kv is composed of the measurement and the 

linearization error with known covariance 

T L L
k k kE v v ×⎡ ⎤= ∈ℜ⎣ ⎦Γ                             

Based on equations (2.1) and (2.4) it is possible to 
formulate a cost functional that is when minimized it 
yields an estimate of the required conductivity 
distribution. The cost functional for the linearized 
Kalman filter is of the form: 
   

( ) ( ){ }1 1

22
0 0

1

2 k k
k k k k kyσ σ σ σ σ− −

Ξ = − + − ⋅c ΓJ
    

(2.5)  

where, 

( )( )0 0
T N N

k k kE σ σ σ σ
×⎡ ⎤

= − − ∈ℜ⎢ ⎥⎣ ⎦
C  ,is 

the error covariance matrix. Minimizing Eq. (2.5) leads 
to the recursive linearized Kalman filter algorithm in 
two steps namely filtering and prediction. The filtering 
(measurement updating): 

( )
1

| 1 | 1
T T

k k k k k k k k k
−

− −
= +G C J J C J Γ

      
(2.6)  

( )| | 1k k N k k k k −
= −C I G J C

                          
(2.7)  

( )| | 1 | 1ˆ ˆ ˆk k k k k k k k kyσ σ σ
− −

= + −G J
          

(2.8) , 

and the prediction (time updating): 

1| |
T w

k k k k k k k+
= + +C F C F Γ

                          
(2.9)  

  

1| |ˆ ˆk k k k kσ σ
+

= F
                                              

(2.10)  

Using Eq. (2.8) the required conductivity distribution is 
obtained. Equations (2.6), (2.7) and (2.9) can be pre-
computed off-line and store the Kalman gain matrix 

kG  to reduce the on-line computational time. 

III RESULTS 

The algorithm based on the Kalman filter was tested on 
simulated data and the result is shown in Figure 1. The 
simulated data was produced using sixteen electrodes 
and the adjacent current drive model, this is 
programmed intentionally to match the real system 
used to acquire the neonate’ data.  
A Matlab program was implemented intentionally with
high and low conductivity regions within the forward
model’ elements produced by the FEM model to 
evaluate the algorithm. The solution of the forward
model i.e. the simulated data was fed to the linear
Kalman filter. The result of the Kalman filtering gave 
promising results even with the simulated data 
contaminated with 10dB noise.  Figure 1 shows the 
right lung with high conductivity distribution (red
colour). Left lung with much lower conductivity 
distribution (blue colour).
   
   

Figure 1 Image reconstructed using Kalman filter 
on simulated data.  
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IV CONCLUSION 
 
The linear Kalman filter in EIT for imaging 
neonate lung function was evaluated on simulated 
and shows promising results. We are currently 
applying this algorithm to sets of clinical neonate 
data and will present the results of this evaluation. 
Our aim is twofold that is to enhance the linear 
Kalman filter for time difference imaging for 
neonate lung function and investigate the potential 
of both the linear and nonlinear Kalman filter for 
EIT frequency difference imaging of neonate lung 
function.          
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First steps in 4D-visualization of human foot during ankle joint flexion  
under strong muscles’ tension based on MRI 
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Abstract— Based on so called “quasi-continuous MRI” of a 
highly trained volunteer, 4D-visualization of a moving human 
foot due to ankle joint flexion is provided. In particular, visua-
lization of the pedestrial superficial soft tissue as well as of the 
skeletal tissue is given. By our approach, we inter alia contri-
bute to various kind of simulation of the lower leg by providing 
realistic boundary conditions.   

Keywords— 4D-visualization, human feet, ankle joint, volume 
rendering, MRI. 

I. INTRODUCTION  

Better understanding of soft tissue functional biomechan-
ics, especially for human extremities, is subject of intensive 
research. For soft tissue organs such as muscles, skin, or 
cartilage, 3D-reconstruction only provides a – probably 
never recurring – snapshot of continuously deforming struc-
tures. In contrast, full 4D-viualization based on real time 
dynamic magnetic resonance tomography (MRI) is still 
beyond the technical possibilities especially for “large” 
organs as the human lower limb. As an alternative, we ana-
lyze what we call “quasi continuous” data acquisition where 
the organ is stepwise moved, but without going back to its 
original situation, namely without muscles’ relaxation. This 
article is dedicated to visualization based on “quasi conti-
nuous” MRI data of a human foot due to ankle joint flexion 
by a highly trained volunteer (male, 38 Y).  

II. METHODS 

This study is based on a 2 series of 5 respectively 6 high 
resolution MRI data sets (Fig. 1) each comprising 40 sagit-
tal slices with 1.1 mm x 1.1 mm pixel size and 2 mm slice 
distance (Siemens Symphony, 1.5 T, vibe_tra_bh_nativ 
imaging sequence: special fast, fat suppressed MRI protocol 
without contrast agent). After refined image processing of 
the MR images, the anatomical structures were visualized 
by means of direct volume rendering using different transfer 
functions and degrees of transparency. Continuous update 
for every time step provided dynamical sequences of ankle 
joint flexion. All image processing, visualization, and re-

construction steps were performed using the visualization 
platform Amira [1, 2]. Due to very high hardware require-
ments, a Celsius V-Serie Computer (Siemens-Fujitsu) was 
used equipped with a nVidia Quadro FX4000 graphics 
board. 

III. RESULTS 

Dynamic sequences of whole lower leg and foot during 
ankle joint flexion were provided. The actual visualization 
was performed with special focus on deformation of the 
foot as well as its superficial structures (Fig. 2). Due to the 
highly complicated skeletal formation of the human foot, 
tracking of the pedestrial skeletal tissue is a challenge. 
Therefore, as a second focus of our actual study, we chose 
the visualization of the bone which was aggravated by the 
well known dark contrast of cortical bone in MRI. Never-
theless, the complicated bone formation within the human 
upper foot and ankle joint becomes visible especially for the 
first time steps. Notably, for the later time steps, the visuali-
zation of the toes becomes unclear (Fig. 3, Fig. 4).  

 
Fig. 1 Superposed MRI slices of moving ankle joint  

in transparent rendering 
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Fig. 2 Visualization of deforming superficial soft tissue of the human 
foot, images 1-4 refer to different time steps 
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Fig. 3 Visualization of the skeletal tissue, medial view 
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Fig. 4 Visualization of the skeletal tissue, frontal view 

IV. CONCLUSION AND DISCUSSION 

The presented approach is still very demanding. Notably, 
besides being in highly trained physical condition, the con-
cerned volunteer had detailed medical background. High 
resolution MRI with fast acquisition time as well as 4D-vi-
sualization is subject of ongoing research.  

Actually, we are contributing to functional anatomy and 
biomechanics by providing insight to the dynamical 
changes mainly in the foot. Further areas of interest are 
bone and joint, tendons and tendon sheaths, muscles, liga-
ments, vascular structures, and nerves, which will be step by 
step processed [3]. With regard to various kind of simula-
tion, we are able to contribute to validation as well as by 
providing constraints resp. boundary conditions as mostly 
the whole structure is too complex for the simulation. Fu-
ture research will be dedicated to improvement of the MRI 
acquisition, especially further reduction of acquisition time, 
refinement of the visualization with regard to anatomical 
details, and automization of the data processing.  
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Abstract—The objective of this work is to extend a B-spline 
deformable registration method to the multi-modality problem 
of matching a T1 Magnetic Resonance (MR) atlas to a Com-
puted Tomography (CT) scan for improving image guidance in 
radiosurgery treatments of trigeminal neuralgia (TN). Trige-
minal Rhyzotomy has been used in an attempt to alleviate TN 
in patients in whom pharmaceutical treatment fails in pain 
control or induces unendurable side effects. We tested the 
developed algorithm on a two patients dataset, using a 3 Tesla 
MR scan as ground truth. The validation was conducted by 
means of visual inspection and computing the surface distance 
between the trigeminal nerve outlined both on the warped 
atlas and CT. Three raters contoured the region of interest on 
both scans, thus providing inter-rater accuracy evaluation. 
Good results in terms of qualitative trigeminal nerve overlap 
were supported by the median distance (below 1.3mm and 
1.5mm for patient 1 and 2, respectively) and the consistency 
between the raters judgment. Though subject to inaccuracies 
mainly caused by manual contouring variations, suggest the 
proposed approach can be a valid alternative to 3Tesla MR 
scanning. 

Keywords—Radiosurgery, Multi-modality deformable regis-
tration, Segmentation, Trigeminal Neuralgia. 

I. INTRODUCTION 

Trigeminal neuralgia(TN) is a well suited treatment 
Trigeminal neuralgia (TN) is a well suited treatment indica-
tion for frame based (Gamma Knife) or frameless (Cyber-
Knife - Accuray, Inc., Sunnyvale, CA) radiosurgery in se-
lected patients suffering from the typical facial pain 
syndrome. This is described as attacks with abrupt in onset 
with lancinating characteristics. Radiosurgery may be used 
as an alternative to microvascular decompression or thermo 
coagulation and as a coadjuvant to anticonvulsants in order 
to reduce the amount of required medication [1]. Several 
reports document long term pain relief after focal irradiation 
in 70 – 80% of patients through frame based or frameless 
radiosurgery.  

Enhanced imaging techniques with high resolution MRI 
may facilitate treatment planning and result in wider clinical 
applicability. Exact target definition is of utmost impor-
tance, as not only the applied dose to the nerve, but also the 
volume of the irradiated nerve, directly affect pain relief and 
potential adverse reactions, such as facial dysesthesias or 
numbness. Even though thin cut (0.7 – 1.0 mm) T1 and T2 
Magnetic Resonance (MR) imaging studies are nowadays 
widely applied, the definition of the full outline of the nerve 
in its cisternal compartment along the retrogasserian trige-
minal root is a complex task. This applies specifically to 
patients with recurrent pain syndromes with documented 
surgical procedures, as the nerve might be atrophic and 
therefore difficult to identify. Moreover, there might be 
significant variations in patient’s local anatomy and mor-
phology, which should be accounted for in order to optimize 
outcome and reduce the complication rate.  

In an attempt to better elucidate the anatomical localiza-
tion of the trigeminal nerve, we implemented a registration 
algorithm for alignment and warping of T1 weighted MR 
atlas to a patient Computed Tomography (CT) scan. The 
main goal is to provide the physician with a fast and reliable 
tool for robust localization of the trigeminal nerve in ab-
sence of 3 Tesla MR images, that are not yet widely avail-
able. In addition, limitations may exist for patient MR imag-
ing (e.g. presence of pacemakers).  

In this work, we investigate the feasibility of intensity 
based methods for multi-modality deformable registration in 
two patients affected by trigeminal neuralgia. The method 
models the transformation between atlas and CT with B-
Splines, optimizing the mutual information shared by the 
two input datasets. We used 3 Tesla T1 weighted MR scans 
as an independent check. The output of the registration 
procedure was visually inspected to check anatomy consis-
tency and alignment of atlas and CT. Finally we evaluated 
the inter-rater variability to study the influence of rater’s 
judgment on the surface distance results.  
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Fig. 1 The overlap between CT, 3TMR and warped atlas for patient 1 after registration. Panel a: the 3TMR is shown in the upper right and bottom left 
quarter, whereas the other two depict the CT images on corresponding slice. Panel b: the warped atlas of the patient is shown in the upper left and bottom 
right quarter. Panel c: the final overlap between warped atlas (upper right and bottom left) and 3TMR(upper left and bottom right). Notice that the back of 
the brain case seems to be cut after the registration as a result of the warping 

II. MATERIALS AND METHODS 

A. Experimental Dataset 

Our patient study includes 2 patients with medically re-
fractory TN, which are suitable candidates for radiosurgery. 
Patients were imaged with a 16-slices CT scanner 
(SOMATOM® Emotion 16, Siemens Medical Solutions). A 
3-Tesla T-1 weighted MR (3TMR) scan is used to validate 
the atlas-based trigeminal nerve localization. Patient 1 and 2 
were acquired with MAGNETOM Trio, a Siemens Tim 3 
Tesla system.  

A brain atlas, whose electronic version is referred to as 
“colin27”(http://imaging.mrc-
cbu.cam.ac.uk/downloads/Colin/) according to the Montreal 
Neurological Institute standard brain volume, was employed 
for trigeminal nerve localization.  

B. Algorithm Description 

Aligning a MRI-based brain atlas to a CT scan of a pa-
tient implies several issues to be solved, due to the inter-
patient nature of the two datasets and to the different acqui-
sition modality.  

First of all, we pre-processed the input volumes with the 
aim of compensating the different soft tissue contrast and 
orientation in the two modalities (Figure 1). Therefore we 
rescaled the CT histogram, in an attempt to increase soft 
tissue discrimination in the brain, and we rigidly pre-aligned 
the CT, atlas and 3TMR data using Amira® (Visage Imag-
ing, Andover, MA).  

Nevertheless, rigid registration is not sufficient to reach 
the required accuracy level for this application. Therefore, 
we used a combined affine and deformable B-spline based 

registration algorithm to compensate for shape and position 
misalignments in the two datasets. Cropping the images in 
the region of the trigeminal nerve was necessary to avoid 
the loss of anatomical consistency during the deformable 
registration iterations.  

A multistage affine and deformable atlas-to-CT registra-
tion was performed by means of an in-house software 
(www.plastimatch.org) [2]. The affine stage served to scale 
the atlas onto CT images, by means of minimization of 
Mattes Mutual Information (MMI)[3] through Repetitive 
Stochastic Guesstimation (RSG) algorithm. We opted for B-
Splines deformable registration because of its flexibility and 
robustness. The transformation was approximated by cubic 
B-Splines and the mutual information (defined as in [4]) 
shared by the two images was maximized by a bounded 
Limited memory Broyden-Fletcher-Goldfarb-Shanno (L-
BFGS-B) optimizer. The methods used in this work are 
intensity based and blind from any prior knowledge of ana-
tomical features and/or landmarks.  Hereafter, we refer to 
the final output of the deformable registration as “warped 
atlas”. The algorithm computational time was around 13 
minutes for 256x256x50 volume datasets on a laptop pc 
equipped with a 2.4GHz Dual Core CPU and 2GB DDR2 
RAM.  

C. Validation 

The gold standard for the evaluation of the algorithm per-
formances is represented by the comparison between the 
warped atlas with the 3TMR. In both these datasets, the 
trigeminal nerve is identifiable and relatively easy to  
segment.  
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Fig. 2 Trigeminal nerve of patient 1 and 2. Panel a: the left branch of the trigeminal nerve on the warped atlas for patient 1. Panel b: the trigeminal left 
branch on 3TMR scan for patient 1.  Panel c: the overlap between trigeminal nerve as imaged on 3TMR (background) and warped atlas (in the circle) for 
patient 1. Panel d: the trigeminal nerve on the warped atlas when this is registered on patient 2 CT scan. Panel e: the trigeminal nerve for patient 2 on the 
3TMR scan. The right branch is difficult to locate as it is compressed by the brainstem and the cortex. Panel f: the overlap between 3TMR (background) and 
warped atlas (in the circle). Despite the anatomical differences, the structure of interest appears to be matched after the registration 

We evaluated the automatic registration performance in 
comparison with manual segmentation. We asked three 
raters for patient 1 and two raters for patient 2 to outline the 
trigeminal nerve both on the warped atlas and on the 3TMR 
and we measured the distance between the segmented struc-
tures, as the distance between each vertex of one surface 
and the closest point belonging to the other surface; the 
computation was performed by means of  Amira® software. 

The inter-rater variability, i.e. the discrepancy between 
judgments, was also evaluated by means of pairwise com-
parison in the distance distribution (described by their me-
dian and 25th/75th percentile). We chose not to evaluate the 
intra-rater variability, i.e. the repeatability in outlining struc-
tures. Several authors report that the most significant error 
is the inter-observer variability, and that intra-rater variabil-
ity is of smaller magnitude [5,6].  

III. RESULTS AND DISCUSSION 

The results of both visual inspection and surface dis-
tances for patient 1 and 2 will be presented.  

The optimization of algorithm parameters was a crucial 
part of this work. In fact, the intensity-based algorithm 
suffers from the absence of prior anatomical knowledge, in 

particular for multimodality registration tasks. Nevertheless 
the output of the registration between 3TMR and CT (rigid 
transformation), atlas and CT (affine and deformable regis-
tration) are satisfactory (Figure 1, panels a and b). In panel 
(a), we show how the braincase of patient 1 imaged on the 
CT fits to the brain structures and the skin captured by the 
3TMR. The same happens for the CT and warped atlas 
overlay shown in panel (b). Panel (c) shows the agreement 
between the atlas warped on CT and the 3TMR, thus prov-
ing the high-quality performances of the algorithm.  

The right branch of the trigeminal nerve in patient 2 was 
only partially recognizable on the 3TMR scan (Figure 2, 
panel d). If we look at table 1, we notice that - despite the 
difficulties in outlining - the surface distance between con-
tours is below a clinically acceptable threshold, which in 
our case correspond to 2mm, thus being the pixel size [7]. 
One important driver of the distribution of distances is the 
difficulty in establishing where the structure begins and 
ends. Especially for the case of patient 2, the distribution 
presented several outliers, mainly located at the border of 
the structures, which can be linked with the discrepancies in 
the rater’s judgments.  
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Table 1 Median and 25th / 75th percentile of the distribution of the distance 
between the trigeminal nerve segmented on atlas warped on CT and the 
3TMR for patient 1 and 2 

 Rater Median  
[mm] 

25th Percentile 
[mm] 

75th Percentile 
[mm] 

A 1.19 0.53 1.60 

B 1.01 0.56 1.99 Patient 
1 

C 1.20 0.60 1.90 

A 1.32 0.64 3.25 Patient 
2 B 1.45 0.61 3.43 

 
The median distance between the outlines of the 2 raters 

was 0.5mm for both warped atlas and 3TMR with a 75th  
percentile equal to 1.4mm. This confirms the hypothesis 
that the main source of error for this patient comes from the 
difficulty in clearly identifying its right branch on the 
3TMR, whereas the left branch shows a better agreement 
between the warped atlas and the validation dataset. 

Patient 1 scans were less noisy and the contrast between 
the trigeminal nerve and other structures was better than for 
patient 2 (Figure 2, panels a,b and c).  In this case, we no-
tice a better overlap following deformable registration and 
also the median distance (never above 1.3mm) supports our 
visual inspection judgement (Table 1). Nevertheless we 
experienced quite a few outliers in the distance distribution, 
which were again located at the border of the structures.  

Looking at the inter-rater variability, we notice that the 
75th percentile of the distances between the surfaces, as 
outlined by the raters taken pairwise, never exceeded 
1.5mm, whereas the median values are all around 0.5mm 
for both atlas warped on CT and 3TMR, thus suggesting a 
satisfactory agreement between the evaluations of the dif-
ferent raters.  

IV. CONCLUSIONS  

This feasibility study was perfomed to evaluate the per-
formance of a B-spline deformable registration algorithm in 
implementing atlas-based segmentation procedures. The 
choice of an intensity-based method that is blind to the 
actual anatomical structure brings along the need for check-
ing the results in terms of anatomical consistency. Results 
were checked visually and quantitatively evaluated by com-
paring the trigeminal nerve outline on the 3TMR scan 
(ground truth) with the warped atlas. A foreseen develop-
ment is the extension of the procedure to include also the 
most innovative MR sequences, such as Fast Imaging Em-
ploying Steady-state Acquisition (FIESTA) and three-
dimensional Constructive Interference in Steady State 
(CISS) MR imaging, whose usefulness for a robust localiza-

tion of nerve branches and their surrounding vascular sys-
tem has been demonstrated [8].  

The overall indication derived from this study is that the 
algorithm is able to register the two datasets, although a 
patient specific fine tuning of the parameters might be nec-
essary. A more robust validation on an enlarged patient 
dataset is ongoing, including further quantitative indexes 
(such as the Dice coefficient). The influence of landmark 
and/or feature selection to drive the registration procedure 
will also be investigated, introducing also thin-plate-splines 
based registration besides the B-spline algorithm.  

The obtained results need to be assessed in comparison 
with the outcome of the analysis of inter-rater segmentation 
variability, which highlighted the difficulties in locating the 
exact begin and end of the trigeminal nerve in its cisternal 
compartment. In addition, considerable anatomical varia-
tions among different patients further complicate the 
trigeminal nerve outlining, increasing the variability be-
tween the different raters performance.  
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Abstract—Pulse delay is measured between ECG signal R-
peak and 50% of PPG signal rising front value. Registered 
PPG signal can be with low noise-to-signal ratio. For better 
PPG rising front detection, the PPG signal is preprocessed 
with adaptive comb filter, which is using ECG signal as refer-
ence. Comb filter averages the signal over constant number of 
periods. Due to it, the computed result for pulse delay is aver-
aged as well. 

Keywords—Photoplethysmography, electrocardiogram, 
pulse transit time, adaptive comb filter, moving average  
window. 

I. INTRODUCTION  

Pulse transit time (PTT) is the time it takes a pulse wave 
to travel between two arterial sites. It has been shown, that 
PTT is inversely proportional to systolic blood pressure [1]. 
Besides other methods, the photoplethysmography (PPG) 
have been used to register pulse wave and measure the PTT. 

PPG is optical non-invasive method to measure the blood 
volume in illuminated microvascular bed of tissue by red or 
infrared light. PPG signal pulsating AC component, which 
is more than ten times smaller than DC component, is asso-
ciated with heart pulse.  

The time interval between the peak of R-wave on the 
electrocardiogram (ECG) and the onset of the correspond-
ing PPG pulse can serve as a measurement of PTT [2] and 
takes as pulse delay between two signals. This method is 
also called in referenced materials as ‘R-wave-gated pho-
toplethysmography’ (RWPP). PPG signal shape is varying 
slowly and its starting point is hard to determine. The pulse 
delay (PD), which is measured similarly to RWPP, is sug-
gested to measure between 50% of PPG signal AC compo-
nent raising front and ECG R-peak [3]. In this article we 
call this time delay as PD50. 

Registered PPG signal in 24-hour monitoring system can 
be with low signal-to-noise ratio (SNR) due to poor perfu-
sion state and different noises (e.g. motion caused noises) 
[4]. The noise may share the same frequency band as the 
signal. In our previous study the adaptive comb filter with 
ECG reference was proposed for offline use [5]. The filter is 
extracting PPG signal harmonical components and  
 

suppressing the noises between them. In this case it has 
been shown, that adaptive comb filter is more effective in 
extracting the PPG signal than FIR band-pass filter. 

Due to comb filter algorithm it averages the signal  
over the constant number of periods. Also the PD50 is ex-
pected to be averaged. In this article we are going to analyze 
how the comb filter affects the PPG signal and PD50  
determination. 

II. METHODS 

Comb filter frequency plane consists of a series of regu-
larly spaced band-pass spikes on frequency plane. A simple 
sum FIR comb filter is described with following equation 
[6]: 

 

 ( ) ( ) ( )( )
2

Dkxkxky −+= ,                       (1) 

 
where D is delay with integer number of samples and k is 
the sample number. The filter frequency response places the 
band-pass peaks at multiples of the fundamental frequency: 

 

 
D
sff =1 ,                      (2) 

 
where f1 is the fundamental frequency of comb filter and fs 
is sampling frequency. Generally comb filter output is the 
mean value of two consecutive signal periods, which length 
is D. 

In case of biosignals (e.g. PPG and ECG), which are re-
lated to heart, are recurring, but not periodic. For every 
recurrence, there has to be designed a new comb filter (cal-
culation of D). ECG signal, which is synchronous with PPG 
signal, is used as reference to calculated comb filter funda-
mental frequency. 

In proposed adaptive comb filter algorithm [5], the two 
consecutive PPG signal recurrence lengths are equalized. 
The equalization is done by rescaling previous recurrence 
into the length of present recurrence. For the next step the 
equation (1) is applied within the present recurrence to 
calculate filter output. 
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To achieve better noise suppression between the filter 
band-pass lobes, the mean value calculation is expanded 
over larger number of signal recurrences.  

Assume that comb filter output is calculated over r recur-
rences. On Table 1 is given relationship between the num-
ber of delays and filter first side lobe attenuation. It is visi-
ble, that there is not much advantage, in mean of noise 
suppression, to use for filter output calculation more than 4 
up to 5 previous recurrences. 

Adaptive sum comb filter output can be taken also as 
product of moving window average. Therefore the output 
signal is delayed for half of the number periods, what is 
used in filter calculation. 

The PD50 is measured between ECG signal R-peak and 
50% of PPG signal rising front. The level of 50% of raising 
front is calculated separately for each recurrence. Within 
one recurrence, the PPG signal maximum and minimum 
points are detected and 50% value is calculated. 

Let the comb filter output be calculated by using two 
consecutive recurrences. It is expected that PD50 value is 
average from two consecutive recurrence PD50 value. 

In the case of comb filter, with one period delay, the 
PD50 mean value is calculated by using next equation: 

 

( ) ( ) ( )
2

50PD150PD50PD 2
nnn +−= ,           (3) 

 
where n is number of recurrence in PPG signal. PD50 index 
2 means the number of recurrences, which are used in comb 
filter. Generalization for the equation (3) can be written: 
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Equation (4) can be taken as well as moving average 

window method, where window length is r. The output of 
the moving average window is delayed regarding to input 
by half of the window length, which is similar to filter out-
put calculation. It means that calculated PD50 value from 
comb filtered signal is average over r recurrences and de-
layed half of the r recurrences. 

In addition to previous discussion, test signals were gen-
erated in MATLAB to analyze comb filter influence on 
PD50 value calculation. 

Signal generator first input is unit impulse train, which is 
related to ECG signal (Fig. 1c). Each unit impulse marks 
ECG signal R-peak. Impulses appeared with constant fre-
quency 1Hz. Second generator input is PD50 value, what 
determines PPG signal raising front delay from R-peak for 
each   generated   recurrence   (Fig.  1b).  In   the  middle  of  
 

Table 1  Comb filter first side lobe attenuation relationship between the 
number of recurrences r, that is used in output calculation 

 
 

 
Fig. 1 a) Part of the generated PPG signal. b) Impulses, which are 
marking the detection of PPG signal raising front 50% level. c) PPG 
signal generator first input signal. Impulse train, which is related to 
ECG signal R-peak 

generated PPG signal, the PD50 value sweeps between 
0.25-0.35s. One period from raw PPG signal was taken as 
template. PPG signal template was stretched and com-
pressed through rescaling for every generated recurrence to 
achieve given PD50 value (Fig. 1a). 

For the next step, the PD50 value is determined from raw 
generated signal and from signals, which are filtered with 
two and six recurrences averaging comb filter. Results are 
given on Fig. 2. It is visible, that PD50 values for raw signal 
differs from filtered signals. As it was discussed before the 
comb filtered signal PD50 values are shifted from raw sig-
nal PD50 values. 

To illustrate the filter reaction time for PD50 computa-
tion, the test signal was generated. In the middle of gener-
ated PPG signal, the PD50 value was changed sharply from 
0.35s to 0.25s. On figure 3 is given results for PD50 calcu-
lation in case of raw PPG signal and comb filtered signals in 
case of using two and six recurrences for output calculation. 

In case of sharp PD50 change, the reaction time for adap-
tive comb filter with six recurrences averaging is longer 
than for adaptive comb filter with two recurrences averag-
ing as it was discussed before. For the quick changes in 
recorded signal similar behavior is expected. 
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Fig. 2 Calculated PD50 values while using: raw generated PPG signal 
(solid line); generated PPG signal, which is preprocessed with six 
recurrences averaging comb filter (dotted line). PD50 values were 
sweeping linearly over given range 

 
Fig. 4 Signals are starting from the beginning of Valsalva maneuver. a) 
Calculated inverse value of PD50 by using ECG and only high-pass filtered 
PPG signal. b) Calculated inverse value of PD50 by using ECG and two 
recurrences averaging comb filtered PPG signal. c) Calculated inverse 
value of TD50 by using ECG and four recurrences averaging comb filtered 
PPG signal. d) Heart rate 

 

Fig. 3 Calculated PD50 values while using: raw generated PPG signal 
(solid line); generated PPG signal, which is preprocessed with two 
recurrences averaging comb filter (dash dotted line); generated PPG 
signal, which is preprocessed with six recurrences averaging comb 
filter (dotted line). PD50 value was changed in the middle of generated 
signal from 0.35s to 0.25s 

III. EXPERIMENTS  

The experiment was carried out to show the comb filter 
influence on PPG signal and PD50 calculation in the case of 
registered signals from subject. 

The PPG and ECG signals were registered synchronously 
by using LabVIEW environment and National Instruments 
DAQCard 6034. The analogue-to-digital conversion was 
done with 250Hz sampling rate and 16-bit resolution. 

PPG signals were registered from the forehead, while the 
healthy subject was sitting down besides table. During the 
recording process, the Valsalva maneuver was carried out. It 
is known, how Valsalva maneuver have effect on heart rate 
and blood pressure, in the case of healthy subject. In this 
way it is easier to see the influence of comb filter over the 
PD50 value. 

After recording session, PPG and ECG signals are proc-
essed offline in MATLAB. ECG signal R-peaks are de-
tected and PPG signal lower frequencies are eliminated by 
high-pass FIR filter with order of 900 and with cutoff fre-
quency 0.5Hz. 

For the next step PPG signal is processed with two comb 
filter separately. Two and four recurrences averaging comb 
filters are used. PD50 is calculated for comb filtered and for 
PPG signal, which was only high-pass filtered. 

The resulted signals are shown on Fig. 4. Typical heart 
rate raise (105sec.) to Valsalva maneuver is visible on Fig. 
4(d). On Fig. 4(a-c) the calculated inverse values of PD50 
are given, in case of different preprocessed PPG signals. 
PD50 inverse value should be taken here as relative blood 
pressure value. It does not equal with certain blood pressure 
estimation. 
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On Fig 4(c) it is visible in the beginning of Valsalva ma-
neuver (95sec.) typical blood pressure change, which is not 
so strongly appearing in other signals. Also the PD50 in-
verse value shift is visible in this place, between signals on 
Fig. 4(b) and Fig.4(c). PD50 value, which is determined 
from four recurrence averaging comb filter, has smoother 
shape, than the other two signals, which is caused by comb 
filter averaging characteristics. 

The small fluctuations in signal on Fig. 4(a) maybe 
caused by imprecise 50% raising front detection or it is 
related straightly to blood pressure change. From one side, 
by using large number of recurrences for averaging the 
signal, more noise is suppressed. The detection of PPG 
signal front is more precise. From the other side because of 
averaging, the small changes in signal may be lost. There 
has to be found balance for the number of recurrences. 

It has been shown, that adaptive comb filter can be used 
in case of PPG signal filtering. It has averaging effect on 
PPG signal and also on calculated PD50 value, which has to 
be taken account. From the other side it has been shown in 
previous research [5], that adaptive comb filter has good 
properties in suppressing noises, which are sharing the same 
frequency band as signal itself. 

IV. CONCLUSIONS  

PPG signal processing, with adaptive comb filter was 
discussed. As one part of it comb filter influences on PD50 
value was analyzed. Comb filter has averaging mechanism, 
which affects PPG signal and also PD50 value calculation. 
The averaging effect was shown with test signals as well 
with recorded signals from healthy subject. In case of using 
adaptive comb filters on PPG signals, averaging effect of 
comb filter should be taken account.  
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Abstract— Fatigue Monitoring Technologies (FMT) aim at 
detecting dangerous states of subjects during driving. In a re-
cently published technology report of Caterpillar Machine Re-
search 35 FMT solutions were listed, whereby 22 of them were 
commercially available in 2006. Most of them utilize measure-
ments of driver behavior such as video recordings of eyelid 
movements. Alternatively, 5 FMT solutions were based solely 
on the analysis of driving performance variables such as stan-
dard deviation of lateral position in lane, of steering angle and 
of longitudinal speed. Based on these variables we investigated 
how accurate fatigue states can be estimated under ideal condi-
tions, i. e. during simulated driving in the lab. Non-linear dis-
criminant analysis utilizing Support-Vector Machines resulted 
in mean test set errors of 13 % and standard deviations of 2 %. 
Preliminary results on intra-subject variability were obtained 
by cross validation analysis of independent data sets of one 
subject who finished 10 experimental nights in our real-car 
driving simulation lab. It turned out that intra-subject vari-
ability was relatively high; mean test set errors ranged be-
tween 9 % and 24 % when the discriminant function was vali-
dated on data of one data set against all other data sets. In 
conclusion, results imply that driving performance variables 
alone may not have the potential to feed FMT devices, even 
under ideal conditions. We recommend aiming at data fusion 
of heterogeneous sources.  

Keywords— Central Fatigue, Driving Simulation, Periodo-
gram, Support-Vector Machines. 

I. INTRODUCTION  

Fatigue during highway driving as well as operator fa-
tigue in 24/7 shift-working industries are important human 
factor causing accidents. During recent years this topic has 
received broad attention from authorities, from the public 
and as well as from the research community. Technological 
countermeasures tend to monitor performance, to detect 
dangerous states and to initiate adequate warnings. In a 
recently published technology report [1] authors of Caterpil-
lar Machine Research and Circadian Technologies showed 
how to evaluate such Fatigue Monitoring Technologies 
(FMT) devices provided that they are commercially avail-
able. Special concern was given to the mining industry 
which has become very conscious on safety, particularly 
with regards to operator fatigue. For the year 2006 authors 
have listed 35 different FMT solutions, whereby 22 of them 

were commercially available. Most of them utilize meas-
urements of driver behavior such as video recordings of 
eyelid movements. Alternatively, 5 FMT solutions were 
based solely on the analysis of driving performance vari-
ables such as variability of lateral deviation of lane position 
and variability of steering angle. For the latter variables we 
investigated how accurate fatigue states can be estimated 
under ideal conditions i.e. during simulated driving in the 
lab. 

Driving performance as a measure of driver fatigue was 
utilized by several authors in the last two decades. Advanta-
geously, they are assessed non-obtrusively, and other causes 
of performance decrements such as inattention and distrac-
tion are involved. But, up to now accuracy is limited and 
validation studies are lacking. Biosignals as alternative 
measures (first of all EEG and EOG, but also ECG) have 
the potential for a laboratory reference standard to validate 
FMT devices [2]. Their potential for field use is disbelieved. 

In field experiments driving variables are influenced by a 
lot of other factors than decrements of driver performance, 
like e.g. road quality, roadway characteristics, lighting and 
crosswind. They can be neglected in driving simulation. 
Furthermore, controlled experimental conditions and re-
duced traffic complexity are guaranteed. The aim of this 
contribution is to evaluate the potential of driving variables 
as fatigue indicators under ideal conditions and under utili-
zation of modern methods of Computational Intelligence.  

The latter point is important. Several authors who have 
investigated performance variables under operator fatigue 
(for a review see [3]) utilized descriptive statistics or linear 
discriminant analysis of time-domain features. Because dri-
vers perceive a lot of heterogeneous information and experi-
ence changing road scenes, their driving behavior is extre-
mely situation specific. This leads to relatively complex dis-
tribution densities in the feature space, e.g. many more or 
less compact regions. Modern Computational Intelligence 
methods are known to deal with this. They allow adapting 
nonlinear discriminant functions, and to regularize them 
over a wide range from strong locality to complete global-
ity.  

Another advantage is that they are non-parametric meth-
ods. Therefore, they overcome limitations of parametric 
statistics. This is important if effects varying from individ-
ual to individual are expected. For several fatigue related 
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variables Ingre et al. [4] reported on large inter-individual 
differences, among them one driving performance variable. 

In the literature the two most often utilized driving per-
formance variables are lateral lane position of the vehicle 
and steering angle. Further variables are speed of the vehi-
cle, parameters of lane departure such as time to line cross-
ing, headway distance, and angle of throttle and break ped-
als. A variety of derived variables were proposed. For 
example, Knipling and Wierwille [5] pursued to quantify 
“drift-and-jerk” steering and fluctuations in lateral lane 
position. Therefore, they proposed following operational 
measures such as high-pass lateral velocity of the vehicle, 
standard deviation of the lateral position relative to the lane, 
time span that steering velocity exceeds 150” per sec, num-
ber of periods and time span during which the steering 
wheel velocity is zero for at least 0.4 sec. In contrast, Ingre 
et al. [4] recently investigated only the lateral lane position 
and emphasized the general problem of large inter-indivi-
dual variability. 

II. EXPERIMENTS 

In order to investigate this variability it is essential to as-
sess many data of each subject. Therefore, only subjects 
were recruited who agreed in participating in 10 overnight 
driving simulations. In most cases subjects drove at one 
night per one or two weeks, so that they stayed in their 
normal sleep - wake cycle. All 10 experimental nights were 
finished at least after 3 months. This relatively long time-
frame met our intention that subjects should participate 
under a wide range of their psychophysiological conditions. 
Each participant completing all nights was compensated by 
donation of 600 Euro; incomplete participations led to pro-
portional reductions. Here we report on preliminary results 
of data analysis of only one subject (male, age 26). 

 
 

Fig. 1: Timing of one experimental night from 11 pm to 8 am. Each subject 
had to complete seven driving sessions, vigilance tasks (VT 1 - 3), and had 
to respond to the Visual Analogue Scale (VAS) and Thayer’s Activation-

Deactivation Adjective Checklist (ADACL).  

Based on experiences of earlier driving studies, each ex-
perimental night was divided in 7 driving sessions from 1 
a.m. to 8 a.m. Every session had duration of 40 min and was 
preceded and followed by vigilance tests, responding to 

sleepiness questionnaires, and a short break (Fig. 1). Re-
ports on vigilance tests will be given elsewhere. This design 
may be considered as disadvantageous because of non-
continuous driving. But apart from that, large total time on 
task was gained and time of day effect due to passing the 
circadian trough was observable. Otherwise, we experi-
enced earlier that it is hard to motivate a subject for con-
tinuous driving in a simulator for longer than two or three 
hours; most of them are willing to give up when the first 
microsleep episodes arises. 

In total, driving performance was investigated in 70 
overnight driving sessions per subject. Time since sleep was 
at least 16 hours which was checked by wrist actometry. 
Subjects have been prepared beforehand by training in the 
driving simulator. 

Lateral position in lane, steering angle, and longitudinal 
speed as variables of the system roadway - car were recor-
ded (sampling rate: 10 Hz). Also several electrophysiologi-
cal signals were recorded, but their analysis is not consid-
ered here. In addition, three video recordings (driver’s head 
& pose, driver’s eyes, driving scene) were stored in order to 
provide observer ratings of fatigue during experiments as 
well as off-line. Self-experienced sleepinesss during driving 
was asked every 2 min and subjects had to answer orally on 
the Karolinska Sleepiness Scale (KSS). Further experimen-
tal details have been published elsewhere [2]. 

III. DATA ANALYSIS 

Based on these KSS self-ratings fatigue level was di-
vided into two classes: mild and strong fatigue. The first 
was selected when KSS ≤ 7 (‘fatigue, but no effort to stay 
awake’) and KSS ≥ 8 (‘effort to stay awake’).  

Both classes were separated by discriminant analysis 
which typically comprises pre-processing, feature extrac-
tion, classification, and validation. The main step in pre-
processing was signal segmentation which has to be done 
non-overlapping in order to avoid biased estimation of test 
set errors. Optimal segment length was found empirically 
(see below).  

The common periodogram as a direct method to estimate 
logarithmic power spectral densities (PSD) and summation 
in spectral bands were utilized for feature extraction. For 
comparison, a parametric PSD estimation technique (Burg 
method) and two non-parametric (Welch’s method, Multi-
Taper method) were also applied, but all resulted in slightly 
lower classificator performance compared to PSD estimated 
by periodogram. Similar results were found earlier when 
processing EEG and EOG of fatigue states and utilizing 
Computational Intelligence methods [2]. It seems that in the 
framework of these methods, the relative high variance and 
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low bias of the periodogram performs better than estimation 
techniques with lower variance at the cost of bias. 

The summation of PSD values in equidistant spectral 
bands is a simple data reduction step. The lower and upper 
cut-off frequencies and the width of the spectral bands have 
been found empirically. Based on all data, all 3 parameters 
were varied over a relatively wide range and classification 
performance was monitored. Minimal classification errors 
for the test set were found for the 3 parameters at 0.1 Hz, 
10.0 Hz, 0.5 Hz, respectively. Therefore, 21 PSD values per 
driving variable were obtained from each segment. Due to 3 
measured variables 63 PSD values were obtained in total.  

Two modern Soft Computing methods were utilized for 
the stage of classification, namely Optimized Learning Vec-
tor Quantization (OLVQ1) and Support-Vector Machines 
(SVM). Both methods have the ability to adapt a nonlinear 
discriminant function without any presumptions on the data 
distribution. In order to gain good adaptivity and also high 
generalizability several internal parameters have to be opti-
mized which consumes much computational time. The most 
important parameter of OLVQ1 to be optimized is the num-
ber of neurons. Important parameters of SVM are the RBF-
kernel parameter γ and the regularization parameter ξ. 

The last stage of discriminant analysis comprises valida-
tion in order to estimate the true error of classification. The 
expectation value of the classification error based on the 
training data set has been shown to be biased [6]. This error 
is called training set error and is a useful measure to check 
how good the adaptation of the discriminant function has 
been working. Several cross validation methods were de-
veloped in order to get a second measure, the test set error. 
One cross validation method, the so-called “leave one out” 
method, is an almost unbiased estimator of the true classifi-
cation error, but is computationally much more expensive 
than e.g. the “random hold out” method. For the latter it has 
been shown numerically to perform also well in case of two 
practical biosignals applications [7]. Therefore, we will use 
“random hold out” when OLVQ1 is applied. The data set 
was randomly partitioned in training and test set by a ratio 
of 80:20. Partitioning was repeated 50 times due to confi-
dent estimation of mean and standard deviations of the 
classification errors. When SVM is used the “leave one out” 
method is applied because the usage of a limited set of sup-
port vectors, not all data, allows a computational efficient 
implementation [6]. 

IV. RESULTS 

Mean errors of the test set reached values below 15 % 
when the segment length was at least 100 s (Fig. 2). It is 
depicted that segment lengths of more than 150 s do not 

further improve classificator performance. But with increas-
ing segment length, the number of examples is decreasing 
and for this reason also the size of the training and the test 
sets. In consequence the variance of estimation increases 
which is depicted by increasing error bars in Fig. 2. In the 
following the segment length was fixed to 100 s. 

 

 

Test Error
Train Error

0 50 100 150 200
0

5

10

15

20

25

30

E
rr

or
 [%

]

Segment length [s]  

Fig. 2: Mean and standard deviation of the empirical classification error 
versus segment length. Errors of the test set (upper curve) and of the train-

ing set (lower curve) are both decreasing.  

The intra-subject variability was estimated by cross vali-
dation as covered below. All data (feature vectors) acquired 
in the first night formed the test set, where data of the other 
nine nights formed the training set. Discriminant analysis 
was performed and test and training errors were estimated 
and entered to the plot (Fig. 3) at night 1. Afterwards, all 
data of night 2 formed the test set and data of night 1, 3 to 9 
formed the training set. Classification errors were depicted 
at night 2. This hold-out procedure was repeated until data 
of night 9 formed the test set and data of night 1 to 8 formed 
the training set.  

Results show relatively large variations of mean test er-
rors between 10 % and 25 %, whereas standard deviations 
ranged between 1 % and 4 %. The reason why results of 
night 5 and 6 were inferior to night 1 to 4 by factor 2 are not 
known. Training errors show no signs of simple mistakes in 
data processing or additional noise and fluctuations in the 
data. We have also checked results of vigilance tests (VT1 
to VT3) and results of subjective self ratings of sleepiness 
(VAS, ADACL), but no indications of alterations in night 5 
and 6 were found. Therefore, the reasons for this remarkable 
error increase remain undisclosed. 
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Fig. 3: Results of experiment hold-out procedure (see text). Mean and 
standard deviation of test / training errors (upper / lower curve) indicate a 

relatively large intra-subject variability.  

V. CONCLUSIONS  

We have shown that there is a large intra-subject vari-
ability in driving variables. This resulted even under ideal 
conditions when a subject is driving in the simulator always 
the same roadway, the same vehicle, and has a low-event 
rate driving task. 

In the real world where more complex roadway condi-
tions, like e.g. variable pavement surfaces or altering trans-
verse gradients of the road, are present, this variability is 
expected to be higher. Also the complex influence of wind 
and other weather conditions will have the same conse-
quences. Therefore it is of limited value if only such vari-
ables are processed in order to detect critical driver states, 
like distraction, drowsy driving, or microsleep. In conclu-
sion, data fusion of driving variables together with other 
variables, like e.g. biosignals of the driver, has the potential 
to get much higher classification performance than driving 
variables alone. In most FMT devices the camera-based 
acquired biosignal PERCLOS is utilized [1]. It represents 
the percentage in time where the driver has closed his eye-
lids. Based on a data set of another experimental study, we 
have shown recently that also PERCLOS alone is not a 
reliable fatigue measure [8]. It is an open question how 
much performance will be gained if these types of signals 
are fused together. 

The proposed methodology was discriminant analysis 
based on SVM and OLVQ1. Intra-subject variability was 
estimated based on cross validation, namely the so-called 
“experiment hold-out”. This provides adaptation to the data 
distribution of (N-1) experimental nights and testing the 
generalization ability of this model adaptation on data of the 
remaining experiment. It is an estimation of the classifica-

tion performance of how large could be the variability if 
further experiments will be added in future. Despite the fact 
that the classification methods are non-parametric and have 
the ability to adapt to multimodal data distributions, a rela-
tively large intra-subject variability was observed.  Fluctua-
tions in classificatory performance by factor 2 were ob-
served and we failed in revealing underlying reasons. On 
the one hand this indicates that more effort has to be in-
vested to gain controlled experimental conditions and on the 
other hand that much more robustness is required for practi-
cal applications. The latter could be achieved by data fusion 
[2]. Presented results are only preliminary, because a large 
data set of only one subject was analyzed. In future, further 
subjects are to be analyzed.  
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Abstract— Temporally changing heterogeneous Poincaré 
plot patterns were reported in arrhythmia subjects who show 
multiple clusters.  Since conventional descriptors rely on the 
fitting of an ellipse to the plot, they may have limitation in 
describing multiple clusters accurately.  Previously, we re-
ported on the dynamic changes of Poincaré plot patterns ob-
served during the transition from normal sinus rhythm to 
atrial fibrillation episodes.  In the current study, by treating 
the Poincaré plot as intensity surface, we described the shape, 
size, intensity, count, and texture of clusters in the Poincaré 
plot.   Multiclass logistic regression analysis classified Poincaré 
plots into torpedo, island, and multiple side lobe patterns with 
the average accuracy of 99.4 %.  Our results suggested new 
descriptors may provide better analysis tools of commonly 
occurring arrhythmia as well as normal heart rhythms. 

 

Keywords— Atrial fibrillation, heart rate variability, Poincaré 
plot, electrocardiogram, image analysis 

I. INTRODUCTION  

Poincaré plot is a two dimensional scatter plot of each 
heartbeat interval plotted against the subsequent interval, 
thus, depicting the correlation between successive heartbeat 
intervals [1].  Recently, Poincaré plots of arrhythmic ECG 
data were systematically investigated to discover ten dis-
tinctive prototypical patterns representing different kinds of 
arrhythmias from 24 hour Holter ECG data [2].   For exam-
ple, fan shaped Poincaré plots were typical in subjects with 
atrial fibrillation (AF); multiple side lobe patterns specified 
the presence of atrial premature beats or ventricular prema-
ture beats; whilst an island pattern was highly correlated 
with atrial flutter or atrial tachycardia [2].  We recently 
reported that the transition part of ECG data prior to AF 
onsets represents highly heterogeneous Poincaré plot pat-
terns in different time points and in different subjects [3].  
These seemingly normal ECG data were plotted as multiple 
numbers of small clusters (“island” pattern) and multiple 
number of side lobes (“multiple side lobe” pattern) along 
with varying amounts of ectopic beats during the transition 
to AF events.   

Conventional descriptors used in Poincaré plot analysis 
include standard deviation of minor axis (SD1), standard 
deviation of minor axis (SD2), ratio of SD1 and SD2, stan-

dard deviation of the RR Interval (SDRR), standard devia-
tion of the successive differences (SDSD), the correlation 
coefficient (rRR) [4].  These descriptors rely on the fitting 
of an ellipse to the plot and may not describe effectively 
complex Poincaré plots that contained multiple islands and 
side lobes, thus, only adequate for a typical elongated clus-
ter pattern (“torpedo” pattern).  Furthermore, conventional 
descriptors have been proven to be strongly correlated with 
existing heart rate variability (HRV) features [3, 4].   Thus, 
we sought to develop new descriptors that help to classify 
the Poincaré plot patterns automatically and that may even-
tually lead to more accurate analysis of arrhythmia as well 
as normal heart rhythms. 

In this study, we treated a Poincaré plot as intensity sur-
face on which image analysis techniques could be applied 
for their quantitative analysis.   New descriptors represented 
size, shape, intensity, count, texture features of clusters and 
percent of points in and out of clusters in the Poincaré plot.  
Based on these descriptors, commonly occurring Poincaré 
plot patterns in normal and AF subjects were automatically 
classified. 

II. METHOD AND MATERIALS 

A. Subjects and data acquisition 

Seventeen AF ECG data sets were downloaded from 
MIT-BIH Atrial Fibrillation database available at Physio-
Bank of Physionet [5] (subject data unknown).  Based on 
the annotation data, a total of 162 sets of 30 minute long 
ECG data were extracted manually from the normal part of 
ECG using the “rdsamp” tool available in Physio Toolkit.  
The ECG signals from AF database were sampled at 250 
samples per second.      

Our ECG analysis software was used to detect R peaks 
and produce time intervals between successive R peaks (RR 
intervals) [6-8].  RR intervals shorter than 300 ms or longer 
than 2,000 ms were removed since these cannot be feasible 
physiologically [9].  In addition, RR intervals 0.5 or longer 
than 2.0 times of the accumulated average of RR intervals 
were also removed to avoid unusually short or long RR 
intervals caused by noisy signals or missing R peaks, re-
spectively. 
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B. Data processing and Analysis 

Poincaré plots were constructed by using RR intervals.  
In addition to the previously reported conventional de-

scriptors [4], new cluster descriptors were calculated by 
analyzing Poincaré plot surface.  First, Poincaré plot images 
(Fig. 1A) were thresholded at the gray level of 0 (Fig. 1B).  
Second, binary plot images were eroded once with the 3×3 
structuring element, reconstructed with respect to the binary 
plot, and seed-filled (Fig. 1C) [10].  A cluster was defined 
as an isolated group of connected points containing more 
than 12 points.  The number of clusters in the image was 
counted.  Shape, size, intensity, and texture features [11] 
were calculated in each cluster and reported as an average 
of all clusters.  Table 1 describes our new cluster descriptors.  

New cluster descriptors of several patterns were com-
pared by Kruskal-Wallis test (StatGraphics Plus V4.1).  To 
examine the effectiveness of cluster descriptors in classify-

Table 1  New cluster features categorized into number, size and shape, intensity, and texture features of Poincaré plot images  

Types New cluster features 
Torpedo pattern 

(Mean ± Std. dev) 
Island pattern 

(Mean ± Std. dev) 

Multiple side lobe 
pattern 

(Mean ± Std. dev) 
No. of clusters** 1.011±0.107 3.842±2.455 2.429±1.263 

Number  
No. of clusters on the diagonal line* 1.011±0.107 1.0±0.0 1.107±0.312 
Area ** 156±142.021 59.217±16.973 145.446±107.783 
Perimeter ** 65.01±43.49 30.62±4.58 73.11±39.40 
Nuclear roundness factor ** 1.46±0.36 1.14±0.08 1.71±0.39 
Form factor** 0.55±0.23 0.78±0.12 0.43±0.17 
Major axis length** 12.07±5.80 6.09±1.08 11.80±4.60 
Minor axis length* 4.26±2.75 3.25±0.38 4.89±2.86 
Ratio of major/minor axis** 3.13±1.46 1.88±0.23 2.90±1.62 

Size and shape  

Angle ** 44.56±2.03 43.04±3.01 21.66±33.38 
Sum intensity ** 1,963.58±238.05 1,346.36±1113.44 1,094.02±575.01 
Sum square intensity** 119,432.7±98,123.55 110,800.8±115,625.9 52,053.52±55,379.55 
Average intensity** 20.21±12.94 18.82±14.62 9.39±8.97 
Standard deviation intensity** 27.50±20.11 21.60±17.55 13.55±13.79 
Max intensity** 122.06±72.65 83.60±59.34 68.32±52.20 
Range intensity** 121.06±72.65 82.60±59.34 67.32±52.20 
Average intensity of upper 25% quarter** 60.56±42.80 51.96±42.07 28.19±29.77 
Average intensity of lower 25% quarter** 1.19±0.32 1.32±0.64 0.85±0.16 
Difference of average intensity of both quarters** 59.36±42.74 50.63±41.51 27.33±29.73 

Intensity  

Median intensity** 7.28±4.21 8.87±6.03 3.45±2.69 
Angular 2nd moment** 0.016±0.008 0.036±0.021 0.048±0.022 
Contrast* 1,066.17±1,372.43 817.32±922.91 495.40±943.05 
Correlation** 0.572±0.077 0.408±0.115 0.362±0.145 
Variance** 1,151.26±1,429.99 885.38±978.74 455.79±846.89 
Inverse difference moment** 0.205±0.070 0.238±0.107 0.326±0.083 
Sum average** 38.148±24.426 35.711±28.780 16.215±15.793 
Sum variance** 5,454.90±6,750.54 4,948.15±5,535.89 1,872.02±3,510.53 
Sum entropy** 3.423±0.378 2.982±0.780 2.434±0.508 
Entropy** 5.250±0.416 4.593±0.843 4.147±0.648 
Difference variance* 725.21±929.73 483.17±548.29 352.27±650.09 
Difference entropy** 3.256±0.520 2.955±0.767 2.440±0.556 
Information measures of correlation 1** -0.267±0.069 -0.232±0.093 -0.146±0.062 

Texture  

Information measures of correlation 2** 0.878±0.100 0.767±0.145 0.647±0.147 
* Multiple sample Kruskal-Wallis test (p < 0.05) 
** Multiple sample Kruskal-Wallis test (p < 0.005). 

  

  
 

Fig. 1 The Poincaré plot of island pattern (A), 
its binary plot (B), eroded plot followed by 
reconstruction and seed-fill (C), and cluster 
boundary overlaid onto the binary plot (D). 

(A) (B) 

(C) (D) 
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ing Poincaré plot patterns, we calculated and compared the 
accuracy of three models that were based on conventional 
HRV features only, new cluster descriptors only, and both 
conventional and new cluster descriptors, respectively.  
Principle component analysis (PCA) was performed to 
select significant features from each feature set (Waikato 
Environment for Knowledge Analysis; Weka ver. 3.4.13).  
Then, multiclass logistic regression analysis was performed 
on PCA components to establish each model (Weka ver. 
3.4.13).  Ten fold cross validation was done to report the 
classification accuracy.  Test results were considered sig-
nificant if p-value was less than 0.05 (95% confidence 
level). 

III. RESULTS 

The Poincaré plots as well as their above mention cluster 
descriptors were obtained.  The first type of Poincaré plots 
shows a centrally located elliptical cluster equivalent to 
“torpedo” pattern as reported earlier [1, 2] (Fig. 2A).  The 
second type shows numerous small and round clusters 
neighboring the central cluster (Fig. 2B) equivalent to “is-
land” patterns [2].  The last type shows a main diagonal 
cluster with two or three side lobes (Fig. 2C) similar to 
“multiple side lobe” patterns [2].  Numerous “out of cluster” 
points representing ectopic rhythms existed between clus-
ters [4].   

All cluster descriptors were significantly different among 
torpedo, island, and multiple side lobe patterns (multiple 
sample Kruskal-Wallis test, p<0.05) (Table 1). 

Logistic regression analysis using only conventional 
Poincaré plot features showed the accuracy of 78.4 % in 
classifying Poincaré plot patterns (Table 2).  New cluster 
descriptors classified Poincaré plot patterns with 84.0 % 
accuracy (Table 3).  The accuracy was improved to 99.4 % 
if both conventional and new cluster descriptors were used 
(Table 4). 

IV. CONCLUSIONS AND DISCUSSIONS 

The heterogeneity of Poincaré plot patterns was demon-
strated in different subjects showing torpedo, island, and 
multiple side lobe patterns as previously reported [3].  New 
cluster descriptors performed slightly better in classifying 
Poincaré plots into three different patterns (Table 2 and 3) 
and combined descriptors resulted in the best accuracy (Ta-
ble 4).  Thus, our results suggest that accurate classification 
of Poincaré plot patterns is feasible to provide more accu-
rate detection of ventricular and atrial arrhythmias. 

Among new cluster descriptors, texture features were 
able to distinguish two clusters that were similar in terms of 
size and shapes (Fig. 3 and Table 5).   Thus, texture features 
of Poincaré plot may provide more insights in understand-

   
Fig. 2  Poincaré plots of torpedo (A), island (B), and multi side lobe pat-
tern (C). 

Table 2 Pattern classification table only using conventional Poincaré 
plot features 

 

Group 
Torpedo 
(n=87) 

Multiple 
side lobe 
(n=56) 

Island 
(n=19) 

Torpedo 77 10 0 

Multiple side 
lobe 

10 40 6 

Island 1 8 10 

ACCURACY 78.4 % 

 
Table 3 Pattern classification table using new Poincaré plot features 

 

Group 
Torpedo 
(n=87) 

Multiple 
side lobe 
(n=56) 

Island 
(n=19) 

Torpedo 82 3 2 

Multiple side 
lobe 

13 41 2 

Island 4 2 13 

ACCURACY 84.0 % 

 
Table 4 Pattern classification table using both conventional and new 

Poincaré plot features 
 

Group 
Torpedo 
(n=87) 

Multiple 
side lobe 
(n=56) 

Island 
(n=19) 

Torpedo 87 0 0 

Multiple side 
lobe 

1 55 0 

Island 0 0 19 

ACCURACY 99.4 % 

 

(A) (B) (C) 
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ing the dynamics of heart rhythms during, for example, the 
transition from normal sinus rhythm to arrhythmic events. 

  In future studies, we intend to investigate the contribu-
tion of new cluster features in separating the normal and 
abnormal heart rhythms as well as classifying different 
kinds of arrhythmias. 
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Fig. 3   Two clusters (A, B) sharing similar 
shape features but different texture features. 

Table 5 Shape and texture features of two similar images 
 Figure 3A Figure 3B 

Size and shape features* 
Area  1,288 1,186 
Perimeter  263.236 249.016 
Nuclear roundness factor  2.069 2.039 
Form factor 0.233 0.240 
Major axis length 44.783 40.837 
Minor axis length 10.057 10.251 
Angle  45.438 44.379 

Texture features** 
Angular 2nd moment 0.182 0.181 
Contrast 25.322 42.363 
Correlation 0.103 0.135 
Variance 14.063 24.483 
Inverse difference mo-
ment 

0.537 0.530 

Sum average 2.172 2.783 
Sum variance 26.968 48.951 
Sum entropy 1.101 1.171 
Entropy 2.897 3.022 
Difference variance 21.049 35.576 
Difference entropy 1.833 1.953 
Information measures of 
correlation 1 

-0.045 -0.048 

Information measures of 
correlation 2 

0.361 0.380 

* Wilcoxon signed-ranks test, p-value = 0.1083 
**Wilcoxon signed-ranks test, p-value = 0.0064, from Ref. 
[11]. 

(A) (B) 
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Abstract—Haemodynamic forces within the carotid artery 

(CA) are well understood to be a key player in the initiation 

and progression of vascular disease and detailed measure-

ments of the interaction between the local flow field and wall 

shear stress (WSS) within the CA facilitates a better under-

standing of local haemodynamics. Most experimental ap-

proaches, including in-vivo measurements, provide insufficient 

spatial or temporal resolution needed for a detailed quantita-

tive assessment of CA haemodynamics. In the present study, 

we present a three-dimensional tomographic Particle Image 

Velocimetry (Tomo-PIV) measurement in a patient specific CA 

flow phantom. The CA model is reconstructed from medical 

image data and reproduced in a 3 times scaled transparent 

silicone phantom. The Tomo-PIV measurements utilize an 

arrangement of four digital CCD cameras and a volumetric 

laser light illumination of suspended tracer particles in an 

aqueous glycerin solution. The full three-dimensional and 

three-component (3D3C) velocity field within the CA is deter-

mined by tomographic reconstruction and subsequent cross-

correlation of the recoded particle images and the subsequent 

WSS distribution is derived from the experimental 3D velocity 

field. 

Keywords— In vitro measurements, carotid artery, Tomo-

graphic PIV, 3D Wall Shear Stress 

I. INTRODUCTION  

Arteriosclerosis is a progressive narrowing of the blood 

vessels in the human vasculature, which often leads to sten-

osis and complete vessel occlusion. In particular the carotid 

artery is one of the predominant sites for atheriosclerotic 

lesion, which is understood to be a result of the disturbed 

haemodynamic environment with low wall shear stress 

(WSS) and endothelial dysfunction. [1-2]. Recognising the 

severe consequences of CA atheriosclerotic plaque forma-

tion at its correlation with the local 3D flow structure, much 

work has been done in this area in the past, both numeri-

cally and experimentally [1,3-4]. 

Modern medical imaging modalities such as magnet 

resonance velocimetry are widely used [5] and enable 3D3C 

measurements in-vivo, but usually require long acquisition 

times and provide insufficient spatial resolution. In-vitro 

techniques such as Laser Doppler Velocimetry (LDV) and 

Particle Image Velocimetry (PIV) can offer accurate three-

dimensional velocity measurements with high temporal and 

spatial resolutions, but are typically restricted to point wise 

or planar measurements (i.e 1D3C and 2D2C). Hence, im-

portant haemodynamic parameters, such as full 3D velocity 

maps, WSS and WSS gradients are not readily available 

with these techniques.   

Recent work [6] has demonstrated the reconstruction of 

the 3D flow field within a mild stenosed coronary artery 

using 2D2C PIV, and Particle Tracking Velocimetry (PTV) 

was used to map the 3D flow field within an abdominal 

aortic aneurysm [7]. 

In the current work we present a new three-dimensional 

Tomographic PIV (Tomo-PIV) technique [8,9] for the 

measurement of the three dimensional flow field and WSS 

within an anatomical accurate CA model.  

II. METHODOLOGY 

A. Experimental Setup 

The geometry of an anatomical realistic human carotid 

artery bifurcation was obtained from Magnet Resonance 

Imaging data and comprises of the common, internal and 

external carotid artery (Fig. 1). The geometry was repro-

duced in a 3 times life-size transparent silicon model using a 

technique reported previously [4] with mean vessel diame-

ter at the common carotid artery of 20mm. The flow phan-

tom was connected to a closed loop flow circuit containing 

an aqueous glycerin mixture to mimic the rheologic proper-

ties of blood with a kinematics viscosity of μ = 12.7mPa s at 

18.5°C. The experiments were carried out under steady flow 

conditions at a flow rate of 3.52 l/min, which corresponds to 

a Reynolds number of 339. 

The Tomo-PIV setup consists of three main components, 

namely the image acquisition system, a volume laser light 

illumination and neutrally buoyant tracer particles. Four 

PCO Pixelfly CCD cameras (1280 1024 pixels) were posi-

tioned in an angular arrangement of 45° and 60° as shown 

in Figure 2. Illumination was provided by two Spectra Phys-

ics Nd:Yag laser with a maximum energy of 400mJ per 
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pulse at a rate of 10Hz. The laser beams were shaped into a 

sheet of approximately 4mm thickness and orientated to 

illuminate the vessel cross-section as shown in Figure 2. 

Hollow glass spheres with a mean diameter of 20μm were 

used as flow tracers and were added directly to the working 

fluid. Viewing prisms at the phantom sidewalls were in-

stalled to minimize optical distortion due to the oblique 

viewing angles. The four cameras were calibrated outside 

with a rectangular calibration grid cast into a separate sili-

con phantom of identical size and optical properties. The 

overall calibration error was smaller than 1 pixel or 50μm.  

B. Tomographic Particle Image Velocimetry 

Similar to traditional PIV, in Tomo-PIV, two successive 

images of the tracer particles within the illumination volume 

are recorded simultaneously by all four cameras. Following 

the image acquisition, the 3D light intensity distributions of 

the recorded tracer particles are reconstructed from all four 

images via a tomographic reconstruction technique [8]. In 

the present study, the 3D particle locations were estimated 

based on the multiplicative algebraic reconstruction method 

MART [9], which involves a multiplicative correction to the 

voxel intensity in each iteration k, based on the ratio of the 

recorded Pi to the projected ( jWijIj) pixel intensity: 

I j

k+1 = I j

k Pi

WijI j

k

j

 

 

 
 

 

 

 
 

μWij

  (1)

where μ is a relaxation parameter and Wij the voxel weight-

ing matrix. An extensive description of the tomographic 

PIV technique can be found in Ref. [8,9]. 

The final reconstruction volume had a size of 25x25x4 

mm
3
 with a discretisation of 40 voxels per mm

3
. Following 

the reconstruction of the 3D light distributions, a multigrid 

3D cross-correlation [9] was performed to determine the 

particle displacement between the two successive image 

frames yielding a 3D3C vector field with and averaged 

spacing of 12 voxels or 0.3mm. 

 The shear stress at a given point in the volume was de-

rived from the 3D stress tensor (ST) defined as follows: 

  

ST =

xx xy xz

yx yy yz

zx zy zz

 

 

 
 
 

 

 

 
 
 

 (2) 

Fig. 2 Schematic of the experimental setup 

showing the flow phantom, camera posi-

tions and measurement plane   

Fig. 1 Patient specific carotid artery geometry; Overview of the measure-

ment volumes in the bifurcation region and the internal carotid artery 
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where  are the normal and  the shear stresses [6]. For 

incompressible flow, the individual components in ST can 

be calculated directly from the velocity gradient tensor and 

the hydrostatic pressure p. 

  

ij = p ij + μ
ui

x j

+
u j

xi

 

 
  

 

 
    (3) 

The computation of the velocity gradients in Eq, (3) was 

performed with a central difference scheme in the flow 

domain and a forward difference scheme at the vessel walls. 

The 3D principal shear stress was found as max min( ) / 2 , 

where 
  max

 and 
  min

 are the eigen values of ST. The subse-

quent WSS distribution was obtained by interpolation of the 

principle shear stress onto the vessel wall. 

III. RESULTS AND DISCUSSION 

Volume Measurements were performed within the bifur-

cation region and the carotid sinus as indicated in Figure 1. 

A representation of the flow field at four planar cross sec-

tions corresponding to bifurcation region and the proximal, 

mid and distal sinus location is shown in Figure 3. The 

contour plots represent the streamwise velocity component 

(z-direction), and the secondary flow (x-y-plane) is visual-

ized by in-plane streamlines. At the bifurcation (A), high 

streamwise flow exists along the right vessel wall and a 

strong lateral flow component towards the external carotid 

artery (left) persists throughout the cross-sectional plane. At 

the sinus entrance (B), two lateral recirculation zones de-

velop along the lower and upper vessel wall. A relative low 

velocity region and flow separation in streamwise direction 

occures at the sinus outer wall, which progresses down-

stream into the mid sinus region (C). Here, the secondary 

flow recirculation reduces with most flow directed laterally 

towards the flow divider wall. At the distal sinus (D), 

streamwise flow accelerates due to the reduction in vessel 

cross-section and the high flow region is located centrally.     

The WSS distribution within the bifurcation region and 

the carotid sinus is presented in Figure 4. A low WSS re-

gion exists along the outer and upper sinus wall with re-

gions of high WSS at the proximal and distal sinus. Along 

the inner sinus wall, WSS is elevated near the bifurcation 

apex but rather moderate throughout the sinus. The WSS 

distribution is noticeably asymmetric with the low WSS 

region being larger on the sinus upper wall. A more detailed 

analysis along the lines A-C is presented in Figure 5. Once 

again, WSS is the lowest along the outer wall (line A), 

which agrees well with previous observations [1,4]. Along 

the upper (line C) and lower (line B) sinus wall, WSS is low 

initially, but increases further downstream due to the flow 

acceleration. Though, the maximum WSS values of ap-

proximately 2.5 Pa occur along the proximal outer sinus 

wall. The corresponding WSS for a Poiseuille inlet flow at 

Re = 339 at the common carotid artery is 0.96 Pa.     

Fig. 3 Comparison of the streamwise and secondary velocity distribution along the planar cross-sections within the bifurcation 

(A: z=-12mm); the proximal sinus (B: z=1mm), mid sinus (C: z=10mm) and distal sinus (D: z=25mm). 
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IV. CONCLUSIONS  

 The current study presented tomographic PIV meas-

urements of the three-dimensional flow field and WSS 

within a scaled and anatomical accurate CA bifurcation. 

The technique utilizes an arrangement of four digital CCD 

cameras and 3D tomographic reconstruction of the recorded 

particle images and subsequent 3D cross-correlation. The 

spatial resolution was 40 voxels per mm
3
 or 67 velocity 

vectors per vessel diameter for the two measurement vol-

umes comprising the bifurcation region and the carotid 

sinus. 

 Measurements were conducted under steady flow con-

ditions and the primary and secondary flow fields were 

analysed at four cross-sectional planes, demonstrating a 

non-uniform velocity distribution, with flow separation and 

recirculation at the outer and upper sinus wall. The 3D WSS 

distribution was derived from the stress tensor and confirms 

the existence of low flow and WSS regions along the sinus 

outer wall and low to moderate WSS along the flow divider 

wall. High WSS values were found at the proximal and 

distal sinus locations.  
 

 

Fig. 5 Wall Shear Stress magnitude along lines A-C as specified in Fig.4 
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Fig. 4 Wall Shear Stress distribution in the bifurcation region and carotid sinus; (a) inner sinus wall, (b) outer sinus wall 
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Abstract— Lumbar lordosis is defined as the anterior con-
vexity of the lumbar spine in the sagittal plane. Its degree is 
variable between individuals, affected many other factors. 
Clinical methods to define lumbar lordosis are Cobb's angle 
measurement and the angle between extension line of boun-
dary of the first and fifth vertebral body. In this study, the 
lordotic angle calculated by reflective markers when the three 
dimensional motion capture system was used compared to the 
angle calculated from radiography. The coordinates of verte-
bral body center from radiographic images were digitized. The 
vertebral body center coordinates from radiographic image 
and the coordinates from markers were used to calculate lum-
bar lordotic angle with three different method(ratio method, 
three point method and curve-fit method). The lordotic angles 
from radiographic image( f ) were larger than the angles from 
markers( m) in all three methods. The ratio method using 
radiographic image and the curve-fit method using markers 
showed the largest coefficient of variance( f - m)and the coef-
ficient of variances in all three methods using radiographic 
image were smaller than using markers. However, the analysis 
according to Bland-Altiman plot showed a good agreement 
between both methods(radiography and motion analysis). 

Keywords— Lumbar lordosis, Radiography, Motion analy-
sis system, Reflective marker 

I. INTRODUCTION  

Lumbar lordosis is defined as the anterior convexity of 
the lumbar spine in the sagittal plane[1]. Its degree is varia-
ble between individuals, affected many other factors. 

The fifth lumbar vertebra (L5) is wedge-shaped, the ante-
rior aspect of the vertebral body being approximately 3 mm 
thicker than the posterior aspect[2]. The vertebrae above L5 
are less wedge-shaped, but due to the shape of L5 and the 
first sacral(Sl) vertebrae, each vertebra above this level lies 
slightly posterior to the vertebra above it. The intervertebral 
discs in the lumbar area are also wedge-shaped, especially 
between L4 and L5, and between L5 and Sl, the interverte-
bral disc at the L5-Sl interspace being 6-7 mm thicker ante-
riorly than posteriorly[3]. These factors all contribute to 
producing the normal lumbar lordosis. 

Various methods for measuring the lumbar lordosis have 
been used in an attempt to quantify the curve. Goniometry, 
radiography, skin markers over the spinous processes, and 

use of flexible rulers have all been used [3-7]. Clinical me-
thods to define lumbar lordosis are Cobb's angle measure-
ment and the angle between extension line of boundary of 
the first and fifth vertebral body. In this study, the lordotic 
angle calculated by reflective markers when the three di-
mensional motion capture system was used compared to the 
angle calculated from radiography. 

II. METHODS 

A. Subjects 

Thirteen healthy males volunteered for this study(age: 
23.5±0.76year, body weight: 66.5±6.37kg, height: 
172.1±6.03). Each subject was taken pictures of x-ray with 
quiet standing position, and they were also taken three di-
mensional motion captures with the same position. For the 
motion capture, the seven reflective markers(T10~SACR ) 
were mounted on the back. Fig. 2(a). 

 
B. Lumbar lordosis calculation methods 

The data from two different measurements were used for 
calculation of the lumbar lordosis curvatures. The lumbar 
lordosis calculation was performed using the three different 
methods. They were (1) ratio method, (2) three point me-
thod, (3) curve fitting method[Fig 3. (a)~(c)].  

 

Fig. 1 Lumbar lordosis from 1st lumbar spine to 5th lumbar spine 
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(a) 

 

(b) 

Fig. 2 Lumbar lordosis from 1st lumbar spine to 5th lumbar spine 
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(b) Three point method 
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(c) Curve fitting method 
Fig. 3 Three methods to calculate the lumbar lordosis 

 
C. Experiments 

The three dimensional motion analysis sys-
tem(VICON612, UK) and x-ray device E7252X(Toshiba, 
Japan) were used in this study. The subjects were required 
to stand quietly and comfortably in radiation room and 
motion laboratory. x-ray images were digitized to calculate 
the coordinates.  

 
D. Analysis of data 

The coordinates from digitized x-ray images and reflec-
tive markers were used for calculation of lumbar lordosis 
and curvatures.  
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III. RESULTS  

Table. 1 shows the angles and coefficient of variations of 
lumbar lordosis from x-ray image and markers with three 
methods. The bland-altman plotted by using these data(Fig. 
1). The lordotic angles from radiographic image( f) were 
larger than the angles from markers( m) in all three methods. 
The ratio method using radiographic image and the curve-fit 
method using markers showed the largest coefficient of 
variance( f- m) and the coefficient of variances in all three 
methods using radiographic image were smaller than using 
markers. However, the analysis according to Bland-Altiman 
plot(Fig. 4) showed a good agreement between both me-
thods(radiography and motion analysis). 

Table 1 Mean, standard deviation (S.D.) and coefficient of variation (C.V.) 
of lumbar lordosis in a single standing subject, measured by the three 

methods 

Radiography( f) Marker( m)

Method Unit Mean S.D. C.V.(%) Mean S.D. C.V.(%)

Ratio % 12.22 1.72 14.10 5.75 1.47 25.51

Three point Degree 27.45 3.71 13.52 14.43 3.63 25.17

Curve fit Degree 54.91 7.42 13.52 28.48 7.79 27.35

 

 
Fig. 4 Bland-Altman plot 

 

IV. DISCUSSIONS 

In this study, in order to know whether the lumbar lordot-
ic curves calculated by three dimensional motion capture 

system were reliable or not, these lumbar lordotic angles 
were compared with the angles calculated by using the x-
ray images. According to the bland-altman results, motion 
capture method was reliable. However, the critical limita-
tions of this study were that the x-ray device and motion 
capture device were not synchronized. And the lumbar 
curves in different trunk angles might be analyzed with the 
same methods but only standing position was considered in 
this study. The number of data from x-ray and markers were 
not matched. Intraclass correlation of the lordotic angles 
from the digitized x-ray images should be calculated. 
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Simulation on the dynamics of Neural states transition  
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2 Departamento de Física, Universidad de Guanajuato, León, México 

Abstract— Simulation of electrocortical activity requires the 
determination of the relevant parameters to be modelled, as 
well of the equations that will reproduce the brain electrical 
events. We report some results to this problem, arisen from the 
use of a chaotic system to simulate the transition between 
different brain states. 

Keywords— Brain dynamics, stochastic and deterministic 
dynamics,  neural states transitions. 

I. INTRODUCTION  

      Neuroscience is a discipline attempting to understand 
the relation between events at different brain scales and 
their corresponding phenotipic expressions. In spite of the 
extreme complexity and variabilityof brain electrical be-
haviour, there is a profusion of experimental data sugges-
ting persistent spatio-temporal relations between activities 
of individual neurons, neural ensembles, and brain structu-
res. Many studies have been done on physical aspects of 
neural dynamic activity. The theoretical interpretation based 
on mathematical and physical modeling of brain phenomena 
is indispensable for the success of further purpose-oriented 
studies. In this work, we have used the values of the discrete 
logistic equation to emulate EEG-brain activity from per-
sons in eyes-closed rest and visual focused  
 
      Our goal was to simulate the dynamic relation between 
resting wakefulness and attentive brain states. We propose a 
model to show a different dynamic behaviour among the 
afore mentioned states. 

II. DESCRIPTION OF THE MODEL 

In this work, we used a model based first, in a fuction 
that resembles the neuron spike, in such a way that no 
change is produced after the pulse disappears. 

 
 

 

 

For  = 2 ms-1, the pulse reaches the polarization state at 
time  ms and ends after ~ 6 ms.  Secondly, we 
used the logistic map for the logistic equation to propagate 
in time the initial pulse (1) acording to the rule 

 

 

 
 

 
taking 
 

 
 
When the initial spike reaches its “polarization” state, 

corresponding to time , the algoritm generates a child pulse 
like (1), with a , given by (3). The process continues until 
the desired time interval    is reached. 

 
We have used the values of the discrete logistic equation 

to resemble EEG-brain activity from persons in eyes-closed 
rest and visual focused conditions, based on the assumption 
that we can use a simple model of active neural population, 
arisen from the discretized logistic equation, in whom we 
can interpret “births” as a group of active (on) neurones, 
and “deaths” as an inactive (off) one.  Furthermore, we have 
analyzed de behaviour of our model for different values of 
the parameter  in equation (3) with the purpose mentioned 
above. 

III. RESULTS AND DISCUSSION 

As we can see in the following figures, by using the lo-
gistic equation we have previously modeled EEG normal 
activity, now, just changing a parameter in the same equa-
tion we have been able to reproduce paroxysmal activity, 
shifting from 8.7 Hz predominant activity, in the alfa win-
dow, to close to 6 (5.7 Hz) in the theta band. On top of 
those activities shorter period waves can be seen, moving in 
such case from Beta 1 to Beta 2 spectrum similar to what is 
recorded during real brain paroxism. 
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                       (a) 
 
  

                 
                      (b) 
 
 

IV. CONCLUSIONS 

       Although we have not modeled the electrical behaviour 
of each one of the basic elements (the neurone), we can, by 
using a simple model that contemplates the chaotic syn-
chronization of groups of neurones, obtain EEG- like sig-
nals that emulate the transition between different neural 
states, as the normal and paroxistic states. 
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Figure 1.a shows the transition from normal to paroxistic state, and normal state again; figures 1.b and 1.c show the power spectra of the 
normal and paroxistic states respectively. 
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Simulation of the Different Respiratory Mechanics Effect upon the Efficiency of 
Artificial Lung Ventilation Using Mathematical Model of the Respiratory System  

M. Rozanek, K. Roubik and Z. Horakova

Faculty of biomedical engineering, Czech Technical University in Prague, Kladno, Czech republic 

Abstract— The study deals with design and implementation 
of a mathematical model of the human respiratory system 
according to its anatomical structure. The model is designed in 
order to simulate distribution of important intrapulmonary 
parameters along the bronchial tree such as pressure 
amplitude, tidal volume and regional mechanical lung 
properties. The model is based on the lung morphology and 
electro-acoustic analogy is used to design the model. The model 
allows changing the mechanical parameters of the airways and 
alveolar compliance. conducted simulations suggest that 
efficiency of artificial lung ventilation is significantly 
dependent on the mechanical properties of lungs.  

Keywords— Conventional ventilation, high-frequency 
ventilation, total lung impedance, respiratory 
mechanics.  

I. INTRODUCTION  

A lot of patients suffering by respiratory diseases require 
use of artificial lung ventilation (ALV). ALV is the most 
efficient method for treatment of acute respiratory failure. 
Despite the fact that new ventilatory techniques are 
introduced there are still strong adverse effects of artificial 
ventilation upon patient’s respiratory system. The modern 
trend is use of protective ventilatory regimens and to 
minimize the risk of the respiratory system impairment   

High-frequency ventilation (HFV) is one of the new 
ventilatory techniques. Frequency rate is in range 10–25 Hz 
during HFV. The increase of the ventilatory frequency 
allows a significant decrease in pressure amplitude and 
delivered tidal volume. Use of small pressure amplitudes 
during HFV and breathing with very low tidal volumes 
prevent the lungs from overdistension, barotrauma and 
volutrauma. The difference in the frequency, pressure and 
tidal volume represent the most significant difference 
between HFV and conventional artificial lung ventilation 
(CV).  

Many parameters can influence the oxygenation, but their 
effect is mostly impossible to study directly in the human 
body. Therefore, design of the model of the respiratory 
system exactly corresponding with the reality can be the 
only possibility how to study influence of mechanical, 
geometrical and other lung properties through the 

respiratory system. A unique modelling approach has been 
chosen in this study based on the respiratory system 
modelling according to its exact anatomical structure. 
Geometrical dimensions of the adult human lung are used to 
design the mathematical model of the respiratory system. 

II. METHODS 

The aim of this study i to design the model of the human 
respiratory system with respect to its anatomical structure.  
Morphological geometrical dimensions of the adult human 
lung are used to design the model [1]. The real structure of 
the bronchial tree is very complex; therefore the irregular 
dichotomy is neglected. Airways have then uniform length 
and diameter in each generation of the bronchial tree. 

The Weibel’s morphological model [1]–[3] is used to 
design mathematical model of the respiratory system that 
respect the anatomy of the respiratory system. 

   The respiratory system is considered as an acoustic 
system. All individual airways are considered as short 
acoustic wave-guides with known geometrical dimensions 
from the morphological model. 

Acoustic parameters of the airways are computed from 
its dimensions. Acoustic inertance ma, acoustic compliance 
ca and acoustic resistance ra are computed according to the 
functions (1), (2) a (3) [4]: 

 
 

(1) 
 

 
(2) 

 
 

 
(3) 

 
 

where 0 stands for air density, l stands for length, S 
stands for cross-sectional area, V stands for volume, c0 
stands for propagation velocity, μ stands for air viscosity 
and Rt stands for diameter of the tube. 
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Fig. 1 Model of the respiratory system. 

 
Alveolar space is modelled as acoustic compliance. The 

compliance is distributed in the model according to spatial 
distribution of alveoli in the respiratory system. 

It is possible to consider the acoustic parameters as 
electric according to electro-acoustic analogy [4]. 

The final model has 23 generations as morphological 
model and it employs 67 108 859 individual components. 
The complete electrical model of the human respiratory 
system is suggested Fig. 1. The index of the electric 
elements represents the corresponding airways and alveoli 
in the respiratory system. 

III. RESULTS 

The total lung impedance (TLI) was computed for the 
adult lung (Fig. 2). The chart shows that ventilatory 
frequencies used during HFV are close to fr. The impedance 
is higher for the frequencies that correspond to the use of 
CV.  

Changes of alveolar compliance have significant effect 
on TLI during CV (Fig. 3) while TLI changes during HFV 
are not essential (due to the effect of airway inertances). 
Contribution of airway resistance changes is significant 
mainly during HFV (Fig. 4). TLI is an essential variable for 
the pressure controlled ventilation modes. Results of 
simulations describe and explain some clinical experience. 

IV. CONCLUSIONS  

The model of the respiratory system that is designed 
according to anatomical structure of the respiratory system 
is introduced. It is possible to use the model to simulate the 
CV and HFV usage. Model allows study effects of different 
ventilatory regimens upon the intrapulmonary parameters. 
Also influence of the changes of mechanical properties 
upon the efficiency of ALV is studied. The model allows 
study intrapulmonary conditions during different 
mechanical parameters of the respiratory system.  
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Fig. 2 Dependence of the total lung impedance of the adult lung upon 
the ventilatory frequency. 

 

 

Fig. 4 Dependence of TLI upon frequency for normal and increased 
airway resistance. 
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Fig. 3 Dependence of TLI upon frequency for normal and reduced alveolar 
compliance.

 
Mechanical properties of the lung tissue are changed 

during acute respiratory distress syndrome (ARDS) [4]. The 
change is dependent upon the origin of ARDS [5]. It is 
possible to use this model to observe the efficiency of the 
various ventilatory strategies during different mechanical 
properties of the respiratory system and choose optimal 

entilation therapy for different types of ARDS. v 
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Study of the gastric motility using bio-conductivity   
A.C. Giouvanoudi1, A. Sutton2 and N.M. Spyrou3  
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                                              2 Royal Surrey Hospital /Clinical Pharmacology Unit, Guildford, United Kingdom 
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Abstract— Gastric signals were recorded using the 
epigastric electrical impedance measurements taken by the 
Epigastrograph. Alternating current (32kHz, 1-4mA rms) was 
generated by the  Epigastrograph and applied over the gastric 
area by a pair of disposable surface electrodes. Another pair 
was measuring the developed potential difference at pre-
selected epigastric sites with 5Hz sampling rate and the 
impedance was calculated. Test meals, in liquid or semi-liquid 
form were given to human subjects after overnight fasting and 
the impedance was monitored from fasting state till 1hr post-
prandially. The recorded epigastric signals were analyzed by 
Fourier transformation and the power density spectrum was 
calculated after dividing the recorded signals in epochs. The 
results showed periodicity in the range 1.5-4.5 cycles per 
minute for all meals. This frequency range corresponds to 
gastric contraction frequencies. Concluding, this method can 
detect the gastric frequencies and studies of gastric motility 
can be performed..                                                                                        
                                                                                                                                       

Keywords— Gastric motility, bio-conductivity, FFT, PSD, bio-
impedance. 

I. INTRODUCTION  

During the last two decades researchers started to study the 
gastric function based on the Epigastric Electrical Impedance 
(EEI) measurements [2,3]. During the ingestion and digestion of a 
meal in the stomach the EEI measurements show changes giving 
typical profiles over time, which depend on meal’s conductivity.  

The epigastric impedance Rimp is given according to equation 1, 
if the stomach is considered as cylinder with the long axis l, cross-
sectional area S and gastric content conductivity σ [1, 4]:  

II. EEI METHOD AND MATERIALS 

A. Experimental procedure 

 The EEI measurements in healthy human subjects were taken 
using the prototype device Epigastrograph. The Epigastrograph, a 

portable battery operated machine, which generates and applies 
alternating current of 32kz and 1-4mA rms using a pair of 
disposable surface electrodes at pre-selected sites, including both 
sides of the stomach. Another pair of electrodes at least at 1cm 
apart of the former one was monitoring the potential difference 

Fig 1: The placement of the surface electrodes    over the 
abdomen area (green circles).   

with sampling rate 5Hz. Then, the impedance (Rimp) was 
calculated.  

B. TEST MEALS  

 Test meals of 450mL, in liquid or semi-liquid state with 
conductivity (σ) less or equal to 2.0 mS cm-1 (non conductive 
meal), were given to volunteers through a straw. In specific, four 
meals were given to volunteers: M1 (bottled water), M2 (glucose 
10%), M3 (water (450mL), maltodextrine (50g), fat (8g), flavor 
(10g)) and M4 (water (450mL), maltodextrine (50g), fat (92g), 
flavor (10g)).   

C. Subjects 

Four groups of healthy volunteers, 24 to 40 yrs old with BMI 
less than 27 kg/m2 undertook the test, each one group being tested 
with a specific meal. Volunteers were in semi-supine posture on a 
hard test-bed and the electrodes were placed on them as shown in 
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Figure 1.  The measurements of the EEI started with the stomach 
empty, continued during the ingestion of the meal until almost 1hr 
post-prandially. Figure 2 shows the biosignal of meal M4. All non- 
conductive simple meals, without containing proteins showed the 
same profile. These profiles show a steady baseline of the EEI 
measurements during the fasting state, progressively increased 
measurements in the ingestion period and progressively decreased 
measurements in the post ingestion period ending with a 
postprandial baseline. 

 

D.  Analysis-Results 

 
 The epigastric signals were analyzed applying the Fourier 
transformations. In specific, the EEI signals were segmented in 
epochs of 3.4 minutes (1024 samples) with overlap of 50s (256 
samples) and transformed to power spectral density and were 
presented in the form of 3-pseudo dimensional graphs (water 
falls). The sampling rate of 5Hz allow the detection of the gastric 
contractions (3 cycles per minute) according to Nyquist theorem. 
Indeed, with all meals frequency range of 1.5 to 4.5 cycles per 
minute (cpm) was detected.  
 Figure 3 shows the water fall spectra of the meal presented in 
Figure 2. 
 
 

 
Fig 2: Typical profile of the EEI measurements over time, from 

the fasting state of the stomach to 1 hr post-prandially with the 
non-conductive meal M3 (σ≤ 2.0mS/cm).  
 
The “water fall” presentation allows us to observe changes in the 
frequency and power spectral density throughout the time; because 
of that these two variables can be studied in detail in the three 
distinctive periods: fasting, ingestion, post-prandial. 

 

 
 
Fig 3: Power spectral density of the EEI signal of figure 2. 

Periodic activity is shown in the range 1.5-4.5cpm (gastric 
contractions) throughout the test and in the range 16.0-19.0cpm, 
corresponding to breathing frequency. In the ingestion phase the 
spectral density rises abruptly 

III. CONCLUSIONS  

In all subjects powerful activity was detected in the 
frequency range 1.5-4.5cpm. In the post-prandial period 
frequencies 2.5 to 3.5cpm dominate [3, 5, 6]. During the fasting 
period frequencies 1.5 to 2.8cpm were detected and also the 
frequency 3cpm corresponding probably to hunger 
contractions [3, 5]. No differences found on frequencies and 
amplitudes for different meals.  

There was, also, observed powerful activity in the 
frequency range 15.0 to 20.0cpm, corresponding to 
breathing frequency. This may allow to relate the breathing 
frequency and amplitude to ingredients and energy of the 
test meals.  

 Concluding, EEI measurements may form the basis for 
the study of the gastric motility.    
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Evaluating the Effects of Border Zone Approximations with Subject Specific 
Ischemia Models  

D.J. Swenson1,3, J.G. Stinstra1,2, B.M. Burton1,3, K.K. Aras1,3 , L.J. Healy3, and R.S. MacLeod1,2,3 

 

1 Scientific Computing and Imaging Institute, University of Utah, Salt Lake City, USA 
2 Nora Eccles Harrison Cardiovascular Research and Training Institute, University of Utah, Salt Lake City, USA 

3 Department of Bioengineering, University of Utah, Salt Lake City, USA 

Abstract— Current computational models of acute ischemia 
are deficient because of their inability to be validated against 
experimental data and their lack of geometric realism. Past 
models of ischemia have been based on geometric primitives or 
hearts for which no electrical measurements exist. One conse-
quence is that it is necessary to make modeling assumptions 
that are not supported by measurements or direct validation 
with experiments. Based on our subject specific simulations 
and measurements, we hypothesize that assumptions about the 
nature and scale of the border zone play a significant role in 
determining the cardiac potential distributions from ischemic 
sources of injury current. Geometrically accurate models were 
created from Magnetic Resonance Imaging (MRI) and Dif-
fuser Tensor Imaging (DTI) after an in situ canine ischemia 
experiment. The ischemic zone was defined based on transmu-
ral electrode readings and was used in a static bidomain simu-
lation representing a time point during the ST segment. Vary-
ing the width of the border zone in the simulations changed the 
magnitude and distribution of epicardial depressions and 
elevations. We also found that a border zone with linear varia-
tion of potential from healthy to ischemic regions was not 
adequate to simulate measured potentials. A more sophisti-
cated border zone that included an explicit region of partial 
ischemia was necessary to simulate the field gradients seen in 
experimental data. 

Keywords— ischemia, bidomain, subject-specific, border zone 

I. INTRODUCTION  

ST-segment elevation and depression in ECG signals are 
important indicators of myocardial ischemia, despite a in-
complete understanding of their physiological mechanisms 
and clinical interpretations [1]. Simulations based on the 
bidomain approach to modeling electric potentials in myo-
cardial tissue have been used to evaluate proposed mecha-
nisms that give rise to the development of the depressions 
and elevations on the epicardial surface [7]. However, re-
searchers and clinicians have been unable to draw strong 
correlations between the locations of the ST depressions and 
the location of the ischemic zone using either current clini-
cal standards or bidomain models. Most reports have con-
cluded that more sophistication is required in the models in 

order to better represent the distribution of epicardial poten-
tials during ischemia [2,5].  

Traditionally, these models consist of three distinct re-
gions: the border zone, ischemic zone, and healthy myocar-
dium and geometric approximations of these regions are 
thought to be a significant source of simulation error [3].  
The ischemic region is traditionally modeled as a wedge or 
square shaped ischemic zone that begins at the subendocar-
dium and extends transmurally toward the endocardium 
with an extent representative of the degree of ischemia 
[2,3,4,5]. The ischemic region is one continuous region with 
homogeneously depressed membrane potential.  In such 
formulations, the border zone is a relatively narrow (3 mm 
or less) zone in which the membrane potential transitions 
smoothly from the ischemic to the healthy values.  

We hypothesize that the details of the border zone play a 
significant role in determining the epicardial potential dis-
tributions. Typical models assume a binary state of ischemia 
and thus a sharp transition between two homogeneous re-
gions [2,3,4,5], a formulation derived from studies of infarc-
ted hearts in which there is a distinct, sharp but irregular 
boundary between healthy and necrotic muscle cells [8]. 
Acute ischemia, however, is a very dynamic and spatially 
heterogeneous process only incompletely understood [7]. 
Thus the shape and width of an ischemic border zone could 
vary significantly from those in infracted hearts.  Because 
injury currents, the primary source of epicardial depres-
sions, develop in the border zone, the shape of the border 
zone is likely to impact the surface potentials [3].  

We have created subject specific models from ischemia 
experiments that allowed direct comparison with measure-
ments. Rather than fixing the border zone, its parameters 
became adjustable parameters in the model that were varied 
to best match the measured epicardial potentials. Post mor-
tem MRI and DTI scans provided the basis for geometric 
models and measurements of ST potentials from 450 trans-
mural electrodes determined location of ischemic changes.  

Using a model that only consisted of the three traditional 
regions: ischemic zone, border zone, and healthy tissue, it 
was not possible to reproduce measured epicardial poten-
tials. To account for heterogeneity, we added an additional 
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region that represented a partially ischemic zone. The fully 
ischemic region transitioned smoothly to a larger, less 
ischemic region. A much sharper transition was then im-
plemented between the partially ischemic region and the 
healthy tissue. This produced epicardial potential differ-
ences that were much closer to what was measured experi-
mentally.  

II. METHODS 

A. Experimental Setup 

Ischemia was induced in an open chest canine prepara-
tion by cannulating the LAD artery and controlling the flow 
of blood with a digital rotary pump routing the blood from 
one of the carotid arteries. The heart was paced from the 
atrial appendage using a pacing clip while the blood gasses 
were monitored and corrected using a respirator. A 247 
electrode sock was placed around the heart and 45 fiber-
glass plunge electrode needles with 10 electrodes per needle 
were placed through the ventricles on the anterior of the 
heart. The data was collected using a 1024 channel re-
cording unit at 1KHz sampling rate.  After inserting the 
needles, 1 hour was given for the preparation related injury 
currents to subside. The flow rate was controlled at a rate of 
23 ml/min, 16 ml/min, and 9 ml/min while the heart rate 
was reduced from 380 ms to 230 ms by increments of 30 ms 
for every flow rate. Every thirty seconds a recording was 
taken for 5-second increments and saved for later process-
ing. 

 
B. Geometric Model Creation 

The excised heart was scanned with a 7 Tesla small ani-
mal scanner for an anatomical scan with approximately 450 
micron resolution in all directions and a diffusion tensor 
imaging (DTI) scan to identify the fiber directions. Needle 
and sock electrodes were digitized and registered to corre-
spondence points in the MRI scans. The software package 
Seg3D (software.sci.utah.edu) was used to segment heart 
tissue using classical segmentation techniques such as 
thresholding and watershedding algorithms. These segmen-
tations were imported into the SCIRun simulation environ-
ment (software.sci.utah.edu) where Marching Cubes and 
Taubin’s mesh fairing [10] algorithms were used to create 
smooth polygonal surfaces with up to 450,000 faces. Tetgen 
(tetgen.berlios.de) was then used to create the volume tetra-
hedral mesh of about 1.5 million elements. Subsequently, 
fiber directions were mapped to each element from the DTI 
data. 

The shape of the ischemic zone was modeled based of 
the needle data. We choose a time instant in the middle of 

the ST segment and reconstructed the potential distribution 
within the myocardial wall. We used a volumetric Laplacian 
method to reconstruct the potential distribution throughout 
the volume based on 450 needle measurements. The 
ischemic border zone corresponded to an isosurface of the 
reconstructed potential distribution at an ischemic elevation 
of 11 mV.   

 
C. Simulation 

The simulation was based on a static bidomain approxi-
mation [4,6] described by equation (1). 
 

( ) mieei MMM φφ ∇⋅−∇=∇+⋅∇                      (1) 
 

Where Mi and Me are tensors of the anisotropic conduc-
tivity and      and       are the extracellular and membrane 
potentials. The membrane potential is equal to the differ-
ence between the intracellular and the extracellular poten-
tials. For ischemic regions, this difference was set at 30 mV 
in accordance with previous studies [4]. The relative ground 
was adjusted to match the measured voltages by integrating 
the potentials over both data sets and subtracting the differ-
ence. All simulations were implemented in the SCIRun 
problem-solving environment, which solves differential 
equation (1) using a finite element method [9]. The normal-
ized conductivity values came from a computational evalua-
tion of the published conductivity values by Stinstra et al 
[6]. 

Table 1 Bidomain normalized conductivity values 

 Healthy  Ischemic  

Intracellular longitudinal conductivity 1 1 

Intracellular transverse conductivity .05 .05 

Extracellular longitudinal conductivity 1 .5 

Extracellular transverse conductivity .333 .25 

 
The border zone was modeled by using a Gaussian blur-

ring on the edges of the ischemic zone using equation (2)  

2

2

230)( σ

t

etG
−

=                (2) 

 Where G(t) is the potential at the distance t from the 
ischemic zone and variance of the Gaussian distribution is 
the variable that controls the overall width of the border.  
This equation was used to evaluate the effects of border 
zone width. 
 The transition region was also modeled with a Gaussian 
function but with a much larger variance.  The actual value 
of the variance was optimized to fit the data.  When the 

eφ mφ
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transition region was included in the model, the border zone 
started at the edge of the transition region and decreased to 
zero over a few millimeters as seen in Fig 1. 
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Fig. 1 Potential profile across border zone.  The dashed blue line shows the 
transition from 30 mV transmembrane potential to 0 mV using a Gaussian 
function with a variance of 2. The green solid line shows a gradual transi-
tion region along with a sharp border zone. 

III. RESULTS 

A. Approximation of the ischemic region 

The elevated extracellular potentials in the center of the 
ischemic region transitioned smoothly to those in the 
healthy tissue—there was no evidence of two distinct re-
gions. Fig. 2 shows the potentials from the needle data used 
to identify ischemic regions as an isosurface at 11 mV ele-
vation over the baseline value. These surfaces represent the 
outer boundary of an ischemic region and inner surface of 
the surrounding border zone. When a transition zone was 
included in the model, the surface represented the interface 
between the ischemic and transition zones. 

 
 
 

mV

A. B..

 
Fig. 2 A. An early stage of ischemia just becoming transmural.  This 
corresponds to a run with a flow rate of 16 ml/min, paced at 320 ms.  The 
scale was truncated at 11 mV to indicate the region considered ischemic in 
bright red.  The maximum voltage was 18 mV.  B. Shows a fully devel-

oped ischemia corresponding to a flow rate of 16 ml/min and paced at 230 
ms.  Maximum potential difference was 26 mV.   

B. Border Zone Sensitivity 

For a border zone with variance less than 2, the maxi-
mum elevation and minimum depression on the epicardial 
surface were highly sensitive to changes in the border zone. 
A variance of 2 corresponded to a border zone width of 
about 3 mm, which is commonly used in bidomain models. 
The resulting sharp transition produced depressions that 
were localized at the edges of the border zone. In contrast, 
the smoother transition of the border created depressions 
that were diffused across a larger area that was not specifi-
cally localized to lie over the border zone. 
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Fig. 3 ST-segment shifts as a function of border zone.  The graph on the 
left shows the minimum epicardial potential in the simulation when the 
border was varied based on the given variance of a Gaussian distribution. 
The graph on the right is the corresponding maximum epicardial potential. 

 

C. Matching the simulation with the experimental data 

To simplify the results we divided the simulations into 
three groups, narrow border zones (less than 3 mm), wide 
border zones (10 mm to 15 mm), and simulations with tran-
sition regions.  The narrow border zone simulations showed 
regions of steep epicardial potential gradients along their 
border separating homogeneous ischemic and healthy re-
gions. This result was significantly different from the ex-
perimental data, which had field gradients within the 
ischemic region and in the healthy region. The gradients in 
the experimental data were much smaller in amplitude and 
more smoothly distributed than in the narrow border zone 
simulations. The wide border zones produced less severe 
gradients over the border zone, but also produced homoge-
neous epicardial potential elevations. The third set of simu-
lations, that used a transition zone, resulted in field gradi-
ents that were closer in magnitude and distribution to the 
measured data.  However, there were fewer gradients within 
the healthy region of the model. Figure [4 B] shows a simu-
lation that included a transition region of 10 mm and a bor-
der zone of 3 mm. 
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Fig. 4 Simulated and measured epicardial potentials during ischemia. 
Panel A shows measured extracellular potentials during the ST segment of 
an ischemia protocol.  Panel B  shows the simulated epicardial potentials 
from a subject specific model at a corresponding  point in time. 

IV. Discussion 

A. Approximation of the ischemic region 

The location, shape, and continuity of the ischemic zones 
reconstructed from the plunge needle electrodes, varied 
significantly from the ischemic zones seen in the literature 
[2,3,4,5]. Most simulations assume that the ischemic region 
is one continuous group of similarly ischemic cells, how-
ever, the data from this experiment did not support such an 
assumption. Results showed a small central region of maxi-
mum potential elevation that gradually transitioned to lower 
elevations. This gradual transition made it difficult to 
separate the border zone from the ischemic zone.  

B. Border Zone Sensitivity 

Varying the border zone width showed that the simula-
tions where highly sensitive to rate of transition of mem-
brane potential.  Most simulations have failed to match the 
potential magnitudes seen in experimental data [2,7], a 
finding largely attributed to the anisotropy ratios chosen in 
the bidomain models. However, our results indicate that the 
border zone width and profile are important factors in de-
termining the magnitude and shape of the elevations and 
depressions on the epicardial surface. Sharper border zone 
transition regions produced more localized and severe de-
pressions, which occurred near features such as corners and 
parts of the border zone with high curvature.  In fact, any 
feature in the potential distribution that produced a sharp 
transition had a significant effect on the potential distribu-
tion.  This finding suggests a source of artifact in any simu-
lations that use geometry with sharp corners, such as square 
ischemic zones, which are obviously not physiologically 
correct. 

C. Matching the simulation with the experimental data 

We were unable to match the epicardial potential distri-
bution using the traditional model of a border zone regard-
less of border zone width. This finding, along with the ab-
sence of a distinct ischemic border in the measured needle 
electrode data, led us to create a transition region in the 
biodomain model. Inclusion of this transition region created 
epicardial field gradients similar to those seen in measure-
ments. A much sharper transition was then implemented 
between the partially ischemic region and the healthy tissue, 
which was necessary to achieve distinct depressions located 
along the border zone. 

It is apparent that the border zone is much more complex 
then previously thought and that it plays a significant role in 
the distribution and magnitude of the epicardial potentials. 
More research is needed to validate these findings and de-
termine the actual shape of the transition region. More re-
search is also needed to validate and explore the physiologi-
cal significance of a transition region in ischemia.   
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Abstract Atherosclerosis is prone to form at some places such 

as bifurcation, bend and stenosis of arteries. In this study we 

built a Y-branch two-dimension vascular model by GAMBIT 

software , then carried out gridding partition inputted Fluent 

software, and adopted two-phase flow mixture model to solve 

the equation. Then we simulated the concentration 

distribution of low density lipoprotein(LDL) of bifurcation 

vessel to understand the transfer mechanism of atherosclerotic 

lipids. The results indicated LDL concentration polarization 

was observed both in a lateral bifurcation model and a 

symmetrical bifurcation model of blood vessels obviously, and 

the positions of high lipid concentration were around the 

bifurcations. Lipids concentrations in local positions increased 

drastically with the augmentation of velocities of flows, but it 

did not change obviously with the augmentation of LDL 

concentration in blood flow, neither with the reverse of blood 

flow. The obvious LDL concentration polarization at the 

bifurcation vessels may greatly contribute to the formation  

and development of atherosclerotic lesions at local vessels. 

 

Keywords—low density lipoprotein, concentration 

polarization, numerical simulation, bifurcation 

vessel  

. INTRODUCTION  
 

Atherosclerotic plaques are commonly found at some 

predilection sites in cardiovascular system. They occurs 

usually at the curves, branch and narrow parts of arteries, 

where the abnormal wall shear stress of local blood vessel 

is considered a significant cause for AS formation [1]. This 

distribution state of atherosclerotic plaques may result from  

the changes of artery wall’s normal construction in some 

regions, and/or the changes of  some physiological or 

biochemical process of artery wall [2].  

The phenomenon of lipid concentration polarization is a 

new explanation to the formation of atherosclerosis (AS).  

Deng et al[3-5]  found that concentration polarization (a very 

well-known mass transfer phenomenon in engineering) of 

atherogenic lipids occurred in the arterial system and it 

might play a very important role in the localization of AS. 

They have confirmed that concentration polarization of 

lipids has occurred at the luminal surface of the straight 

segment and stenosis of carotid artery. However, it is not 

clear for other segments of the artery.  So it is necessary to 

further study the relationship between lipid concentration 

polarization and hemodynamics factors in bifurcation of 

blood vessels. 

 

.MATERIALS AND METHODS 

A. Set up model and gridding partition 
 

To built a Y-branch vascular two-dimension model by 

GAMBIT software, and set the angioaccess  diameter,  

length, angle of the lateral bifurcation and symmetrical 

bifurcation of blood vessels. Then the above models were 

carried out gridding partition, and the documents were 
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saved as mesh pattern, as shown in Figure 1. 

 
 
Figure1.Two kinds of bifurcation grid model of blood vessels 

B. Set the boundary conditions  
 

To make the gridding figures input Fluent software, 

check the partition of gridding, and select solver (2D or 3D, 

etc.). In this paper, we adopted two-phase flow mixture 

model, the first phase was plasma, and the second one was 

the low-density lipoprotein (LDL) particles, the physical 

density was 1.063. The simulated blood vessel structures 

were lateral bifurcation and symmetrical bifurcation vessels. 

The variables for input were: velocity: 1m / s, 2m / s; lipid 

concentration in volume percentage: 0.05, 0.1. 

 

C. Aftertreatment   
 

After setting the initial variable we began iterative 

solution, obtained the results including vascular wall 

pressure, fluid flow rate, the percentage of particle 

concentration, as well as the wall shear stress.  

.RESULTS 

 The effects of the two bifurcation vascular shape on 

lipid concentration polarization 
 

The vascular wall pressure, speed, lipid concentration 

distribution, velocity vectors of lateral bifurcation are 

shown in Figure 2. When the flow rate is 1m/s and the 

percentage concentration of particles volume is 0.05, the 

lipid concentration range is 0.0531-0.0469; when the flow 

reverse, the lipid concentration range is 0.0527-0.0492. 

Lipid concentrations increase 6.2% and 5.4% respectively.  

  The vascular wall pressure, speed, lipid concentration 

distribution, velocity vectors of symmetrical bifurcation are 

shown in Figure 3. When the flow rate is 1m/s and the 

percentage concentration of particles volume is 0.05, the 

lipid concentration range is 0.0520-0.0482. When the flow 

reverse, the lipid concentration range is 0.0522-0.0488, 

lipid concentrations increase 4% and 4.4% respectively.  

 

 
 

Figure2  Filled contours and XY plot of a lateral 

bifurcation model of blood vessels velocity: 1m/s, lipid 

concentration: 0.05 

 

 

 
 

Figure3. Filled contours and XY plot of a symmetrical 

bifurcation model of blood vessels velocity: 1m/s, lipid 

concentration: 0.05 
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 The effects of lipid content on the lipid concentration 

polarization 
  

Lateral bifurcation vessel as shown in Figure 4. When 

the flow rate is 1m/s and the percentage concentration of 

particles volume is 0.1, the lipid concentration range is 

0.105-0.0944 when the flow reverse, the lipid concentr- 

ation range is 0.105-0.0985, lipid concentrations increase 

5% and 5% respectively. Symmetric bifurcation vessel as 

shown in Figure 5. When the flow rate is 1m/s and the 

percentage concentration of particles volume is 0.1, the 

lipid concentration range is 0.103-0.0969; when the flow 

reverse, the lipid concentration range is 0.104-0.0978, lipid 

concentrations increase 3% and 4% respectively.  

 
 
Figure 4. Lipid concentration filled contours and XY plot 

of a lateral bifurcation model of blood vessels 

velocity:1m/s, lipid concentration: 0.1 

 

 
 
Figure5. Lipid concentration filled contours and XY plot of 

a symmetrical bifurcation model of blood vessels velocity: 

1m/s, lipid concentration: 0.1 

 The effects of flow rate on lipid concentration 

polarization 
 

In lateral bifurcation vessel, when the flow rate is 2m/s 

and the percentage concentration of particles volume is 

0.05, the lipid concentration range is 0.0558-0.0446 when 

the flow reverse, the lipid concentration range is 

0.0552-0.0484, lipid concentrations increase 11.6% and 

10.4% respectively. In symmetric bifurcation vessel, when 

the flow rate is 2m/s and the percentage concentration of 

particles volume is 0.05, the lipid concentration range is 

0.0536-0.0468; when the flow reverse, the lipid 

concentration range is 0.0546-0.0474, lipid concentrations 

increase 7.2% and 9.2% respectively. 

 

. DISCUSSION 

  
Our results showed that the point of flow separation in 

arterial blood flow was most obvious place where lipid 

concentration increased, this might be a important cause for 

AS. The final results of Deng[5,6,7] and others’  numerical 

simulation also showed that LDL concentration polarization 

indeed happened in arterial vessels.    

Through the above concentration polarization simulation, 

it can be seen that lipid concentration polarization 

phenomenon exist in two-phase flow vessel with different 

structures, the concentrations volume percentage in the 

lateral and symmetrical bifurcation increase 6.2% and 4% 

respectively, increase 5.4% and 4.4% in reverse flow. 

Besides, the place with highest concentration locates on the 

bend of vessel where flow rate and wall shear stress 

transform dramatically from higher to lower, and the press 

value of these regions are lower than the surrounding parts. 

When the percentage concentration of particles volume of 

blood flow increased , lipids concentrations in local 

positions didn’t increase obviously. When the flow rate 

raise to 2m/s, the lipid concentration increase significantly, 

the concentration of two Y-branch increase 11.6% and 7.2% 

respectively. Because of the increase of velocity, the 

situation that flow field develop separation and disorder 

becomes more serious, the lipid concentration on separation 

point will be higher. The simulated shapes of blood vessel 
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in this experiment were the most common type of AS 

development, the results were corresponding with the 

clinical predilection site of AS. From the simulation results, 

the changes of blood flow rate may play an important role 

to variation of local lipid concentration, which indicates 

that the development of AS may be related with the blood 

flow rate.   

. CONCLUSIONS 

In this study we confirm that there is obvious LDL 

concentration polarization at the Y-branch vessels by means 

of numerical simulation, which may be a important reason  

for  the formation and development of artherosclerosis. 

The current results of this experiment were based on 

two-dimensional hydromechanics analysis and an mode 

parameters under ideal state, so the results  of our 

theoretical analysis need be further verified by experiments.  
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Abstract— This paper presents a novel image processing 
procedure dedicated to the automated detection of the medial 
axis of the root canal from dental micro CT records. The 3D 
model of root canal is built up from several hundreds of paral-
lel cross sections, using image enhancement and segmentation, 
center point detection in the segmented slice, three dimensional 
inner surface reconstruction and morphological skeleton ex-
traction in three dimensions. The central line of the root canal 
is is interpolated as a 3D spline curve. The proposed procedure 
can help prepare several kinds of endodontic interventions. 

Keywords— medial axis detection, morphological skeleton, 
fuzzy c-means algorithm 

I. INTRODUCTION  

Root canals differ from individual to individual and from 
tooth to tooth. That is why whenever an endodontic inter-
vention is planned, the shape of that given root canal needs 
to be accurately detected. Modern medical imaging devices 
make it possible to record high resolution cross sections of 
the teeth, which can be fed to image processing techniques 
to extract the shape of the root canal. This problem has been 
solved several different ways, based on recorded data origi-
nating from various imaging tools.  

Analui et al [1] elaborated a geometric approach for 
modeling and measurement of root canal of human dentition 
based on stereo digital radiography. Hong et al [2] used 
both 2D radiographic and endoscopic images to build up a 
3D tooth model, while Endo et al [3] turned to ultrasonic 
imaging and implemented a fuzzy logic based root canal 
detection. Lee et al [4] used micro CT images and a 3D 
reconstruction software to measure the three-dimensional 
canal curvature in maxillary first molars via mathematical 
modeling. 

Recently, several other 3D dental structure reconstruction 
systems were elaborated, icluding Willerhausen et al [5] 
who used X-ray images, and Van Soest et al [6], who ap-
plied optical coherence tomography records for 3D structure 
reconstruction. Germans et al [7] presented an imaging 
system based on virtual reality that can navigate through the 
reconstructed 3D structure and make measurements con-
cerning the curvature of the root canal. 

For further reading in the topic, the reader is referred to 
the reviews elaborated by Peters [8] and Dong et al [9]. 

In this paper we introduce a complete image processing 
procedure, which starts with the enhancement of input mi-
cro CT slices, continues with 2D image segmentation based 
on an enhanced fuzzy c-means clustering [10], identification 
of the root center in 2D slices via a region growing method. 
At this point the algorithm can bifurcate: we can interpolate 
the 3D shape of the root canal’s medial axis from the cen-
ters detected in 2D, or we can build a 3D tubular shape 
model and extract the medial axis using 3D morphological 
operations. 

The rest of the paper is structured as follows: section II. 
describes the proposed image processing procedure, section 
III exhibits and comments some resulting images, while 
conclusions are presented in section IV.  

II. METHODOLOGY 

Micro CT records consist of single channel intensity im-
ages, representing high-resolution (1500-3000dpi) scans of 
parallel cross sections of a certain tooth. There are several 
hundreds of scanned horizontal planes, which are linearly 
distributed along the vertical axis. In normal cases, cross 
sections contain a light gray spot (lighter at its edges, with 
circularly distributed texture due to artifacts), possibly sur-
rounding one or a few darker regions. We need to identify 
these darker regions and localize their central points in each 
slice. Afterwards, we need to track the 3D curve that crosses 
these points and thus approximates the central line. How-
ever, there are several difficulties which stem from the fol-
lowing origins:  

1. The central line may contain ramifications, which are 
detectable from the variation of the number of dark re-
gions from slice to slice. However, a bifurcation does 
not always mean the complete separation of the two 
dark regions. The accurate spatial position of the rami-
fication is difficult to track under such circumstances.  

2. Some slices may contain false dark regions, which do 
not affect the central line. However, these ones usually 
do not have a corresponding continuation in neighbor 
slices.  
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3. Dark regions are not always completely surrounded by 
the light area. This really affects the detection of the 
root canal. 

The proposed image processing methodology consists of 
the following steps:  

1. Preprocessing for image enhancement requires a simple 
median filter, which reduces the high frequency noise 
that is most visible in the texture of the light region. 
Moreover, a morphological opening and/or closing can 
be performed, in order to regularize the boundary of the 
root canal. A further step is establishing the region of 
interest (ROI) by trimming the image: this way we get 
rid of the dark areas that represent outer space. It is 
necessary to store the exact coordinates of the ROI.  

2. The segmentation of the slice into dark and light re-
gions is performed by a quick, histogram based fuzzy c-
means clustering [10]. There are two strategies that 
have been developed for this purpose. The simpler 
strategy sets the number of classes to two, and thus we 
obtain a binary segmented image. This approach is ex-
tremely quick, but sometimes fails because of the arti-
facts that occur quite frequently. This is why a two-
stage clustering technique was developed. According to 
this evolved approach, in the first stage the clustering 
produces four classes of pixels. In the second stage it is 
decided, whether one or two of the darker shades will 
belong to the dark areas, based on the differences of the 
cluster prototype colors.  Finally we obtain a binary im-
age, where the darker regions have to be tracked.  

3. The identification of dark spots situated within the light 
area of the binary image, is performed by an iterative 
region growing method. As long as there are dark pixels 
in the segmented image, a dark pixel is chosen and a 
region is grown around it. Outer space (which is also 
dark) is obviously discarded, and the detected dark 
spots are separately stored. There are some cases, when 
a single canal is manifested by more than one dark re-
gion. To detect such cases, an artificial neural network 
(ANN) was trained, which decides the number of cen-
ters to b detected from the number of dark regions and 
their relative positions. 

4. Central point localization takes into consideration a few 
features: as a first approximation, the dark region’s cen-
ter of gravity is considered central point. This first deci-
sion has to be overruled or adjusted whenever:  
a) the first approximation resides outside or too close 

from the edges of the dark region;  
b) the shape of the dark region is odd (possibly two or 

more dark regions are unified);  

c) the dark region is connected with outer dark areas, 
that is, it’s not completely surrounded by the light 
area; 

d) adjacent slices from the micro CT record have to 
correlate: there cannot be a relevant change in the 
structure found within neighbor slices. Whenever a 
relevant difference is obtained, there are two pos-
sible choices: either we find the cause of the differ-
ence, or we can even afford to discard the “outlier” 
slice, as the missing information won’t affect too 
much the approximation of the 3D medial axis.  

5. The central line is constructed upon the detected central 
points, and is modeled as a spline curve in three dimen-
sions.  

6. A better approximation of the root canal’s central axis 
can be achieved with a 3D skeleton detection method. 
In this order we need to reconstruct the 3D boundary of 
the root canal, which will look like a curved and de-
formed tube with possible bifurcations [11, 12]. The ob-
tained tube is then skeletonized using 3D morphology.  

7. Further on, from the segmented slices, we can extract 
the outer surface of the light region and reconstruct a 
tubular surface model of the whole tooth, which after a 
triangulation, can be interactively visualized using 3D 
computer graphics.  

The algorithm of central point and line localization is 
implemented as a binary decision tree, most of whose deci-
sions are made automatically. However, in some odd cases, 
when several centrally located dark spots are found within a 
single slice and adjacent slices cannot clarify the case, it is 
necessary to help the algorithm at some decisions. In this 
case, some interaction is required to accomplish the image 
processing. All other processing steps are performed auto-
matically. 

III. RESULTS AND DISCUSSION 

The proposed algorithm can automatically process more 
than 95% of the recorded image sets, while the rest of the 
cases need manual interaction. Using a Pentium4 PC, the 
processing of a slice in 2D lasts 0.3-0.5 seconds, while a 
central canal reconstruction is interpolated in less than a 
second. The accuracy of the detected medial axis also de-
pends on the number of slices involved. An accuracy that is 
suitable to guide medical intervention can be obtained from 
carefully selected subsets of at least 20 slices.  

Figure 1 exhibits the intermediary results provided by the 
2D segmentation. Three cases of various difficulties are 
presented in the three rows of the image.  
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Fig. 1. Detailed view of image segmentation in 2D: each row represents a different slice. First column shows the original recorded images; second column 

presents the clustered images (4 clusters); last column indicates the segmented binary images with detected center points 

 
Fig. 2. Medial axis of a root canal, represented in 3D: numbers reflect 

millimeters 

The first row presents a simple case involving a slice 
with two dark spots representing two different, easily de-
tectable root canals (there was a bifurcation several slices 
away from this one). The slice in the middle row manifests 
an odd shaped dark region, which was successfully de-
tected. The slice presented in the third row shows a difficult 
case: three different dark spots are present in the segmented 
images, but they belong to only two different canal ramifi-
cations. This is the case which requires correlation test with 
neighbors or decision overruling performed by the ANN. 

Figure 2 shows an interpolated medial axis, extracted 
from 82 parallel slices, distributed equidistantly with a few 
exceptions. 3 slices were excluded from the processing 
because their segmentation failed in the sense that the re-
sulting center points did not correlate with the ones in the 
neighbor slices. 
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IV. CONCLUSIONS 

We have proposed and implemented a complex image 
processing procedure for the detection of the center line 
from dental micro CT records. In most cases the algorithm 
performs automatically, but there are still a few nodes in the 
decision tree where the decision has to be made interac-
tively. Thus we have created an imaging system that can 
efficiently assist certain medical interventions.  
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Abstract— The aim of the work described in this paper is reg-

istration of a 4D preoperative motion model of the heart to the

video view of the patient through the intraoperative endoscope

of the daVinci surgical robot, in order to overlay the real video

sequence with it. As the heart motion is cyclical it can be mod-

elled using multiple reconstructions of cardiac gated coronary

CT. This image sequence is used to construct a 4D model of the

heart surface.

We propose the use of photoconsistency between the two

views through the da Vinci endoscope to align to the preoper-

ative heart surface model from CT. We propose averaging of

the photoconsistency over the cardiac cycle to improve the reg-

istration compared to a single view. Though there is consider-

able motion of the heart, after correct temporal alignment we

suggest that the remaining motion should be close to rigid.

Results are presented for simulated renderings and for real

video of a beating heart phantom. We found much smoother

sections at the minimum when using multiple phases for the reg-

istration, furthermore convergence was found to be better when

more phases are used.

Keywords— Registration, Image-Guided Therapy, Enhanced

Reality, Medical Robotics, Endoscopic Procedures

I. INTRODUCTION

In this paper we describe a registration method for an
image-guided robotic surgery system for the treatment of
coronary artery disease. We aim to enhance the endoscopic
view provided by the da Vinci robot with information from
preoperative imaging. An important requirement is accurate
registration of the preoperative images to the intraoperative
video images of the stereo endoscope, which we want to
present in this paper.

Totally endoscopic coronary artery bypass (TECAB) has
the potential to treat coronary artery disease without the need
for invasive sternotomy or heart-lung bypass. However there
is still a conversion rate to more invasive methods of 20-
30% [1, 2, 3].

We have identified two critical points in the procedure that
might gain from intraoperative guidance. It is hoped that pro-

viding more such guidance will make surgery more efficient
and reduce the conversion rate for TECAB.

II. MATERIALS & METHODS

A. Heart Phantom

To allow for reproducible testing the motion model was
derived from a 4D CT scan of a pneumatic heart phantom
made by The Chamberlain Group, Great Barrington, MA,
USA.

The phantom was reconstructed at ten different phases of
the cardiac cycle. The ECG signal for the heart phantom
was generated by a signal generator. The surfaces of the ten
phases were extracted using the marching cubes algorithm.

B. Video Images

The target, the daVinci robot, is equipped with a stereo
endoscope. As a development system two Sony DCR-TVR
30E digital video cameras were used.

C. Temporal Registration

Aligning the phases of the video sequence and the 4D CT
was done by visual judgment. There are several time points
that can easily be found in both the rendered CT surface and
the video sequences and can be used for temporal synchroni-
sation.

D. Photo-consistency Registration

Point based registration was used as a starting value for
photoconsistency.

The idea behind registration using photo-consistency is to
judge whether given projections of a surface are compati-
ble with the lighting model. Assuming a Lambertian lighting
model a surface point should have the same colour in all of
its projections.

For the registration we have to find the transformation
from the surface to the common coordinate system of the

O. Dössel and  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1692–1694, 2009. 
www.springerlink.com 

W.C. Schlegel



(a) registration example

T

P3

P2

P1

(b) photo-consistency

Fig. 1: 1a Registration using photoconsistency. In the upper image the
situation after the point to point registration step is shown. The bottom

image shows the effect of application of photoconsistency registration. 1b
The transformation T has to move the surface object in a way that the

projections of every point of the surface into the video images using the
camera calibrations Pi are photo-consistent.

camera calibrations. After applying this transformation the
surface object will be in a position where the projections of
the surface points are (photo-)consistent.

If the colour diversity in the left and right images is eval-
uated by the variance, then the desired transformation T can
be found by:

T = argmin
(

mean
x

(var
i

(PiT x))
)

(1)

Where Pi denotes the projection matrix for camera calibration
i. The comparison for the mean value is done over the surface
points that are visible in both images. Figure 1b shows the
situation for three cameras.

Photo-consistency as a similarity measure for 2D-3D reg-
istration was introduced by Clarkson et al. [4].

E. Photo-consistency with an image sequence

To use the whole image sequence available for registra-
tion, one can try to use the different phases together to get the
transformation. Assuming that all the deformation or move-
ment of the object can be found in the surfaces and is com-
pletely periodic, the transformation from the preoperative to
the intraoperative coordinate system is always the same.

III. RESULTS

For camera calibration we used 12 images of a checker-
board pattern with 11 × 9 squares for every channel. The
baselines of the squares was 7.5mm. Typical calibration er-
rors with the endoscope were 0.51 and 0.45 pixels in x resp.
y direction for the separate channels before undistortion and
stereo calibration. After undistortion and stereo calibration
the distortion coefficients were ten times smaller and the er-
rors in the same magnitude as before, in a concrete example
0.4, resp. 0.33 pixels.

A. Renderings as Target Images

To evaluate the method without introducing errors by the
camera calibration, the temporal alignment or the quality of
the video images we did a first registration series from the
surface model to renderings of the surfaces. The renderings
were made using camera calibration data from the robot’s
stereo endoscope neglecting the distortion. Unsurprisingly
the photo-consistency graph of the surface is smoother when
more phases are used. To quantify this, the total variation nor-
malised by the range of the graph along the coordinate axes
is derived. The corresponding normalised total variations for
the function in Figure 2 were 1.69,1.43, and 1.4.

Furthermore we made a test series to compare the conver-
gence, starting at a 5 different positions. The starting posi-
tions were found using a minimum point and then changing
this with random numbers. The random numbers were gen-
erated using the built in function int random(). As they
are equally distributed in [0,RAND MAX] we did value√

6
· 2 ·(

random()
RAND MAX −0.5

)
with value=14 as a target distance. The

distances to the target point can be found in Table 0a.
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Fig. 2: The image shows translation along the x-axis vs photo-consistency
at the minimum point using 1,5, and 10 phases for the video sequence.

(a) Rotation and translation were changed.

before 8.5 4.7 7.8 9.3 9.9
one phase 5.8 2.7 6.4 3.8 8.2
five phases 5.4 2.6 6.4 5.1 7.3

(b) Just the translation components were changed for the
starting value.

before 8.9 11.6 7.6 2.8 9.3
one phase 5.7 3.9 2.4 2.1 4.6
five phases 4.9 1.0 1.4 1.7 3.5

Table 1: Distances to the minimum points for five sequences.

Another test series with the same method but a target
value of 20 and changes just in the translation components
was done. The results can be found in Table 0b.

IV. CONCLUSIONS

We have presented the notion of using photoconsistency
to register intraoperative stereo endoscopic video to a pre-
operative motion model of the heart surface. Using multiple
synchronised frames produces smoother minima in the cost
function. We will examine how well this translates into robust
3D registration. This could provide an important step towards
model-based guidance of TECAB procedures.
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Abstract—In clinical practice ST elevation is used in the
ECG to detect myocardial infarction. Additional information
from the depolarization phase (QRS complex) can improve
diagnosis and risk stratification of the patient. In this paper
we present a study of the upward (IUS) and downward (IDS)
slopes of the QRS complex as an alternative for detecting and
quantifying ischemia induced depolarization changes. From
ECG recordings both in a resting state (control recordings) and
during PCI-induced transmural ischemia, we develop a method
for quantification of IUS and IDS that incorporates dynamic
ECG normalization so as to improve sensitivity in the detection
of ischemia induced changes. We show that IUS and IDS present
high stability at resting state, thus providing a stable reference
for ischemia characterization. In PCI recordings we show that
IUS and IDS present maximum relative factors of change of 6.01
and 9.31, respectively, with respect to their own variability at
control. We also show that the timing for the occurrence of
significant changes in IUS and IDS varies with lead, ranging
from 30 s to 2 min after initiation of coronary occlusion. We
conclude that QRS slopes offer a robust tool for evaluating
depolarization changes during myocardial ischemia.

Keywords—PCI, depolarization, QRS slopes, ischemia.

I. INTRODUCTION

Prolonged percutaneous coronary intervention (PCI) pro-
vides an excellent human model to investigate the electro-
physiological changes during the initial minutes of trans-
mural ischemia [1], [2]. Several studies have reported po-
tentially reversible changes in the depolarization phase in
addition to ST-T changes during acute myocardial infarction
in both animals and humans. These include changes in QRS
amplitudes [3], QRS duration [4] and “distorsion of the end
of the QRS complex” [5] in the standard electrocardiogram
(ECG). The latter, in addition to relating to more severe
ischemia, also correlates to worse clinical outcome in a
large cohort. Changes in high frequency QRS components
of the high-resolution signal-averaged ECG have been re-
ported as well [1]. These methods have, however, not been
implemented clinically. Among various limitations, one is
the difficulty of correctly delineating the end of the QRS
complex with simultaneous pronounced ST elevation. In a
recent study, Pueyo et al. proposed a more reliable method
for characterizing changes in the QRS complex during is-
chemia, considering both amplitude and duration changes by

determining the upslope and downslope of the QRS complex
during PCI [6]. In that work, the variability of the QRS
slopes in a control recording was used as a reference for
quantification of the ischemia induced changes. However,
the stability of this reference was not further explored by
means of the normal or intra-individual variation within or
between different recordings, nor was an analysis performed
to properly characterize factors that affect the measurement
of the QRS slopes.

The objectives of the present study are to: 1) Evaluate the
normal variation of the QRS slopes at resting state (control
recordings) in a larger population, with the purpose of
determining reliable limits of significant QRS slope changes
due to an ischemic pathophysiological process. 2) Test the
performance of this improved method in tracking QRS slope
changes along the dynamic ECG recordings during PCI-
induced ischemia. 3) Determine the timing of significant
changes during PCI.

II. MATERIALS AND METHODS

A. Data

The total study population consists of 151 patients, 73 of
whom were admitted to the Department of Clinical Physiol-
ogy at Lund University Hospital, Sweden for exercise testing
(STRESS dataset). The other 78 patients were admitted to
the Charleston Area Medical Center in WV, USA for elective
PCI (STAFF III dataset) [1], [3]. Only control recordings at
rest were used in the STRESS population, whereas both
control recordings and PCI recordings were used in the
STAFF III subset of patients (see below).

All ECGs were recorded using the same equipment by
Siemens-Elema AB (Solna, Sweden). Nine standard leads
(V1-V6, I, II, and III) were recorded and digitized at a sam-
pling rate of 1 kHz with amplitude resolution of 0.6 μV.
The augmented leads aVR, aVL, and aVF were calculated
from the limb leads to generate the standard 12-lead ECG.

Control recordings: For all 151 patients, two control
recordings, continuously acquired at rest for 5 minutes each
in a supine position prior to any procedure (stress test/PCI),
were used. The electrodes were located at the same position
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in the two recordings, either by keeping the electrode or by
marking their position.

PCI recording: In the subset of the 78 patients from the
STAFF III, the ECG acquired during the PCI, starting and
ending at balloon inflation and deflation, respectively, was
additionally used. The mean inflation duration was 4 min
and 26 s. The occlusion sites of the PCI procedures were:
LAD in 26 patients, RCA in 35 and LCX in 17.

B. Preprocessing

All signals involved in the study are preprocessed as
follows: (1) QRS detection, (2) normal beats selection
according to [7], (3) baseline drift attenuation via cubic
spline interpolation, and (4) delineation using a wavelet-
based technique [8].

C. QRS slopes analysis

To quantify the ischemic QRS changes we first compute,
for each beat of each lead, the following two indices:
• IUS: the upward slope of the QRS complex.
• IDS: the downward slope of the QRS complex.

These indices, proposed and computed as described in
detail in [6], represent the slope values that result from
fitting two lines to the 8-ms segments of the QRS complex
centered at the points with maximum and minimum slope,
respectively, within the QRS. The upward slope is measured
between the Q and R waves, and the downward slope
between the R and S waves.

To quantify the ability of a certain index I (IUS or IDS)
to track ischemic changes, we introduce the parameter R

I

[2]. At each time t during the PCI, the parameter R
I

is
defined as the ratio between the absolute change observed
in the index I from oclussion start until time t, denoted by
Δ

I
(t), and the normal fluctuations of I at rest, measured

by the standard deviation (SD) σI of the index I during the
control recording preceding the PCI.

D. Normalization procedure

The use of the parameter R
I

, aimed at providing an
estimate of the extent of ischemia induced changes in I
that are additional to those observed at rest, heavily relies
on the way normal fluctuations σI at rest are evaluated.
When large physiological variations occur in the ECG
signal at rest, the potential value of R

I
as a marker of

ischemia is highly reduced because of the increase of σI at
the denominator in R

I
. This occurs when respiration or

other low frequency modulation on the ECG affects the
QRS complex amplitude and so the slope estimates. To
compensate for this, an ECG signal normalization procedure
is proposed in the present study. In brief, the normalization
considers a running window of 15-ms duration centered

around each processed beat bi(n), with i denoting beat
index, and n beat sample. The median of the R wave
amplitudes corresponding to the N beats within the window
is computed: Rmi

= median{Ri−N/2, ..., Ri+N/2}, and the

normalized beat b̂i(n) is defined as b̂i(n) = Rmi

Ri
bi(n). The

normalization is applied to both control and PCI recordings.

E. Intra-individual variability of QRS slopes variations

To assess the intra-individual variability of QRS slopes
variations, we measure IUS and IDS on the normalized beats
of the two control recordings. The SD of I (IUS or IDS),
denoted by σI

l,k(j), is computed for each patient j = 1, ..., J ,
and lead l = 1, ..., 12, in each of the two control recordings
(k = 1, 2). The difference between the SDs of the two
control recordings is quantified: dIl (j) = σI

l,1(j) − σI

l,2(j).
A statistical test (1-sample t-test) is applied to the dif-

ference dIl (j) evaluated for the whole set of patients, and
each lead l and index I = IUS or IDS, with the purpose of
contrasting the following hypothesis:
• H0: the intra-individual change is different from zero.
• H1: the intra-individual change is null.

F. Inter-individual variability of QRS slopes variations

To assess the inter-individual variability of QRS slopes
variations, the mean of the two SDs σI

l,k(j), k = 1, 2, is
computed for each patient j, lead l, and index I: σI

l (j) =
1

2
{σI

l,1(j) + σI

l,2(j)}. Then the SD of σI

l (j) over patients is

quantified, and denoted by s
I, �
l . Additionally, the SD of the

σI

l,k(j), k = 1, 2, for each patient j is also computed and
denoted by sI,↔

l (j) = 1
√

2
|σI

l,1(j) − σI

l,2(j)| = 1
√

2

∣∣dIl (j)
∣∣.

A statistical test (1-sample t-test) is applied to compare
the intra-individual variability, sI,↔

l (j), j = 1, ..., J , with
the inter-individual SD of the whole population, s

I, �
l .

G. Changes in QRS slopes during ischemia

Determination of significant changes in the QRS slopes
due to the induced ischemia during PCI, and identification
of their timing, is performed in this study by applying a
statistical test of the type described in section II-E. In this
case, differences are computed between the mean, Iref ,
of the analyzed index I (IUS or IDS) during the first five
seconds of the PCI recording (taken as a reference) and the
current values of I in the PCI recording, IPCI(t), evaluated
at time instants t taken in increments of 3 s from the onset
of occlusion (t = 0) at each lead l.

III. RESULTS

A. Intra-individual variability of QRS slopes variations

Figure 1 presents the QRS slope values measured in the
two control recordings and the PCI recording of a particular
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patient of the STAFF III population. As can be observed
from the comparison of the two control recordings (left
and middle columns), both the upward and downward QRS
slopes show high stability. More importantly, their degree
of variation in the two control recordings is very similar.

0 5

50

60

70

80

90

0 5

50

60

70

80

90

0 5

50

60

70

80

90

0 5
−120

−100

−80

−60

0 5
−120

−100

−80

−60

0 5
−120

−100

−80

−60

time (min)time (min)time (min)

Control 1 Control 2

I
U

S
(μ

V
/

m
s)

I
D

S
(μ

V
/

m
s)

PCI

Fig. 1 QRS slopes evaluated on normalized ECGs of a patient from
the STAFF III dataset. Top: IUS, and bottom: IDS, in control and PCI
recordings.

An example of the effect of the normalization technique
described in section II-D is presented in Fig. 2, which
shows sequences of IDS values measured before and after
application of the ECG normalization. It is clear from
the figure that normalization cancels the low frequency
oscillations, most likely generated by respiration, that affect
the slope measurements through modulation of the QRS
amplitude. As a consequence, the variability observed in IUS

and IDS in any recording at rest becomes substantially lower
after applying the normalization procedure, thus making
those measurements suitable for assessing ischemia induced
changes through evaluation of the relative ratio R

I
.
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Fig. 2 IDS values measured in a control recording of a patient from
the STAFF III dataset before (top) and after (bottom) applying ECG
normalization.

The high intra-individual stability of the QRS slopes
variations is confirmed by the results of the statistical test
described in section II-E. In all leads, except for V3, I,
-aVR and II, the p-value of the test is < 0.05 and the
hypothesis H1 of the intra-individual QRS slope change
being negligible is accepted. In leads V3, I, -aVR and II,

despite showing a p > 0.05, differences between the two
control recordings are very close to 0. To illustrate that, Fig.
3 presents averaged results for the differences dIl (j) between
the SDs of I (IUS or IDS) in the two control recordings.
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Fig. 3 Mean ± SD over patients of the difference dI
l
(j) between the

SDs of I (IUS or IDS) in two control recordings.

B. Inter-individual variability of QRS slopes variations

The inter-individual variability of the QRS slopes varia-
tions is also investigated in the present study. A represen-
tation of how the SDs of IUS and IDS at resting state vary
within the whole population is presented in Fig. 4.
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Fig. 4 Mean ± SD over patients of the variations σI

l
(j) for IUS and IDS.

The statistical test explained in section II-F confirms that
in all the leads, the differences between the intra-individual
variations sI,↔

l (j) and the SD s
I,�
l of the whole dataset are

highly signicant (p < 0.05), being always s
I,�
l > sI,↔

l .

C. Dynamic changes of QRS slopes during ischemia

Relative changes of the QRS slopes measured during PCI,
and averaged over patients, are found to reach maximum
values in leads V3 and V5. In lead V3, the maximum factors
of change of IDS and IUS, quantified by the parameter R

I
,

are found to be 9.31 and 5.11, respectively. In lead V5, the
maximum factors of change are 8.06 and 6.01. This means
that QRS slopes are very sensitive to the ischemia induced
changes, and their values during PCI change by at least a
factor of five (in leads V3 and V5) with respect to their
normal variations during control.

The amount of relative change, R
I

, averaged for all
patients and leads is found to increase by 27.3% when the
ECG normalization described in section II-D is applied prior
to measuring IUS and IDS.

D. Timing of significant QRS slope change during PCI

Figure 5 shows examples of the time course during PCI
of the p-values computed for the statistical test described
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in section II-G. A p-value < 0.05 implies that significant
changes in the QRS slopes occur due to the induced is-
chemia. In leads V4 and V5 significant changes in IUS and
IDS are found to occur between 1 and 2 min after initiation
of the coronary occlusion. In lead V3 significant changes are
already seen at around 30 sec. In leads V3 and V4 significant
changes occur in IDS earlier than in IUS. This performance
is representative of most of the other leads. Notice that, as
time progresses, there is a decline in the number of patients
under occlusion and, consequently, the p-values shown in
Fig. 5 are computed for a different number of patients at
each time instant.
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Fig. 5 Significance of changes in IUS and IDS along time during PCI
as evaluated by the p-value of the statistical test described in section II-G.
The threshold for significance, p = 0.05, is shown in black solid line.

IV. DISCUSSION

In this study we measure the slopes of the QRS complex
and assess their performance for detection and quantification
of ischemia induced changes in patients undergoing PCI.
QRS slopes were first introduced in [6] as a method for
characterizing ECG alterations due to myocardial ischemia.
In the present work we propose an improvement for the
quantification of QRS slope changes, with the purpose
of providing more sensitive and reliable estimates of the
occurrence of significant changes in the ECG caused by
ischemia. Our proposal is to dynamically normalize the QRS
signal amplitude so as to avoid low and very low frequency
oscillations (due to respiration and very low frequency of
uncertain origin) that directly influence variability of the
estimated slopes. Results obtained after applying normaliza-
tion provide measurements of relative QRS slope changes,
R

I
, during PCI that are 27.3% larger than those measured

without normalization. The reason for that improvement can
be found in the fact that the SD of the QRS slopes in
normalized control recordings is substantially reduced, thus
leading to an increase in the relative ratio R

I
during PCI.

Analysis of the intra-individual slope variability in differ-
ent control recordings showed that the slopes present high
stability for each patient, thus providing reliable reference
for the evaluation of ischemic changes in the QRS complex.
On the other hand, the inter-individual variability was sig-
nificantly larger, thereby supporting the proposal of having

a patient dependent normalization of the R
I

index, R
I

=
Δ

I
/σI , provided the reference σI used in the proposed

method is taken from the same patient so as to be able to
assess ischemia variations.

Significant changes in QRS slopes during PCI-induced
ischemia are found to occur around 30 s after initiation of
the artery occlusion in some of the analyzed leads and up to
2 min in other leads. The IDS index shows earlier reaction
to the induced changes than IUS in most leads.

V. CONCLUSION

The performance of the QRS slopes as indices for
assessing ischemia induced changes in ECG ventricular
depolarization is investigated in this study. We show that
QRS slopes and their variations at resting state present high
intra-individual stability, thus being suitable for character-
izing changes due to ischemia in PCI recordings. Temporal
analysis during PCI shows that significant changes in QRS
slopes occur between 30 s and 2 min after initiation of
the coronary occlusion, depending on the analyzed lead.
Changes in the downward slope usually occur earlier than
in the upward slope.
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Abstract— Syringomyelia is a disease in which high-
pressure fluid-filled cavities, called syrinxes, form in the spinal 
cord which can cause progressive loss of sensory and motor 
functions. Poor treatment outcomes have led to myriad hy-
potheses for its pathogenesis, which unfortunately are often 
based on small numbers of patients due to the relative rarity of 
the disease.  However, accumulating evidence in the last dec-
ade from animal studies implicates arterial pulsations in syrinx 
formation.  In particular, it has been suggested that a phase 
difference between the pressure pulse in the spinal subarach-
noid space and the perivascular spaces, due to a pathologically 
disturbed blood supply, could result in a net influx of cerebro-
spinal fluid (CSF) into the spinal cord (SC).  A lumped-
parameter model is developed of the cerebrospinal system to 
investigate this conjecture.  It is found that although this 
phase-lag mechanism may operate, it requires the SC to have 
an intrinsic storage capacity due to the collapsibility of the 
contained venous reservoir.  If this storage requirement is met 
then the results presented here suggest that, on mechanical 
grounds, a syringo-subarachnoid shunt may be a better surgi-
cal treatment option than a subarachnoid for post-traumatic 
syringomyelia. 

Keywords— Syringomyelia, lumped-parameter model. 

I. INTRODUCTION  

CSF pulsations result from changes in blood volume in 
the closed craniospinal cavity.  Although percussive events 
such as coughing induce relatively large pressure fluctua-
tions in the spinal subarachnoid space (SSS) through venous 
distension [50 mmHg; 1], a recent analysis suggests that the 
peak pressure differentials are not consistent with syrinx 
locations [2].  Moreover, these events are isolated and do 
not offer a mechanism for the maintenance of a raised in-
tramedullary pressure. Alternatively, the cardiac cycle pro-
vides the CSF with a source of continuous, albeit smaller, 
pressure pulsations. If the dynamic equilibrium of this sys-
tem were adversely perturbed then the progression of any ill 
effects may be slow but unrelenting. 

The cardiac cycle sets up a spinal CSF pulse wave, about 
40% of which is generated by spinal arterial pulsations, an 
equal contribution comes from spinal venous pulsations and 
the intracranial CSF pulse wave passing through the spinal 
canal from the brain contributes the remaining 20% [3].  

The CSF in the SSS communicates with the fluid in the SC 
via the perivascular spaces (PVS) that fenestrate the pial 
membrane.  Of these, the passage around central arteries has 
been suggested as the main route [4]. Syringomyelia is a 
situation involving localized build up of fluid in the SC—
which might be due to a disruption in the mechanism that 
normally regulates flow between the regions on either side 
of the pial membrane. Stoodley et al. [5] demonstrated in 
animal studies that perivascular flow from the SSS into the 
CC is abolished when the SC arterial pulsation is reduced 
while maintaining mean arterial pressure. The same CSF 
pathway was observed into extracanalicular syrinxes [6], 
which was the preferential destination when accompanied 
with a subarachnoid block [7].  

The resistance to flow through a PVS is set by the level 
of inflation of the vessel passing through it. This, in turn, is 
set by the cardiac pulse—the same pressure source that 
provides the CSF with its pulsation. Bilston et al. [4] pro-
posed that phase differences between the SSS and arterial 
pulse waves enhance perivascular flow. In a CFD model 
consisting of a small section of the SSS with one PVS they 
found that when peak SSS pressure coincided with mini-
mum cardiac pressure there was maximal perivascular in-
flow. Alterations to a normal phase difference might occur 
as a result of scar tissue, associated with syrinxes, interrupt-
ing the local blood supply. Although Bilston et al.’s [4] 
model was only intended to demonstrate the possibility of 
phase-dependent perivascular flow, its usefulness is limited 
by the fact that the greater part of the cerebrospinal system 
was omitted, all of which would normally be in direct hy-
draulic communication with the small section modeled. 

To address the above concerns, a lumped-parameter 
model of the complete cerebrospinal system was con-
structed. Pial conductance was allowed to vary periodically 
with a phase lag with respect to the SSS vascular pressure. 
The governing equations were solved numerically permit-
ting long-timescale simulations to reach a periodic steady 
state. The sensitivity of SSS-cardiac phase differences to 
changes in local and system parameters was investigated, 
leading to the simulation of disease conditions and treat-
ment options. 

O. Dössel and  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1699–1702, 2009. 
www.springerlink.com 
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II. METHOD 

A. Theoretical model 

The cerebrospinal system was divided into a set of com-
partments as shown in Fig. 1.  CSF may be exchanged be-
tween the SC and SSS via the PVS, which is quantified by a 
conductance (zPVS), and associated changes in volume may 
be accommodated by the compliance of the pial membrane 
(cPVS).  There are also conductances associated with CSF 
flow downward from the SSS proper to the extent of the 
filum terminale (zFT), or upward into the cerebral ventricles 
(zV).  The vascular network in the spinal canal was func-
tionally divided into excitation source and volume storage.  
The vascular source compartments provide the driving pres-
sure to the SC and SSS via compliant interfaces (cVasc,SC and 
cVasc,SSS, respectively), representing combined arterial and 
venous contributions.  The SC contains a venous bed com-
partment which, upon collapse, will eject blood towards the 
heart and in doing so make room for more fluid in the SC 
(cSC).  A similar effect will occur in the SSS except that the 
compliance also accounts for the displacement of epidural 
fluid (cSSS).   Likewise the ventricular compartment can 
accommodate extra CSF by reduction in cerebral blood 
volume, represented as a compliance with the brain com-
partment (cBrain). The spinal axis was discretized into N 
segments, each containing a SC, SSS and vascular source 
compartment; there were n (= 3N+6) compartments in total, 
the first m (= 2N+2) of which contained CSF. 

 

Fig. 1 Schematic diagram of the lumped-parameter model. 

B. Governing equations 

Conservation of mass and momentum leads to a set of m 
first-order linear ordinary differential equations,  

),()()()( tttt spZpC =+&   (1) 

where p = {p1, p2,…,pm} are the CSF compartment pres-
sures, the coefficient matrices C and Z are given by 

Cij =
∑k=1

n ci,k , i = j

−ci, j , i ≠ j

⎧ 
⎨ 
⎪ 

⎩ ⎪ 
,  (2a) 

Zij =
∑ k=1

n zi,k , i = j

−zi, j , i ≠ j

⎧ 
⎨ 
⎪ 

⎩ ⎪ 
,  (2b) 

and the elements of the source vector s are 

si = qi + ci,k
d pk

d t
+ zi,k pk

⎛ 
⎝ 
⎜ 

⎞ 
⎠ 
⎟ 

k= m +1

n∑ ;  (3) 

the quantities ci,j and zi,j  denote the compliance and conduc-
tance between a pair of compartments i and j, respectively. 

Neither the production nor absorption of CSF were in-
cluded so qi ≡ 0. The brain, the venous bed of the SC, and 
the venous bed of the SSS combined with the epidural space 
are all considered to be connected to sufficient compliance 
for a change in volume to produce a negligible change in 
pressure. Since none of these compartments have a flow 
connection with the CSF compartments they won’t make a 
contribution to s; i.e., dpk/dt ≈ 0 and zi,k ≡ 0 for i = 2N+3, 
3N+5, 3N+6. 

The vascular source pressure was prescribed by a sinu-
soidal function; for segment k, 

pk (t) = p Vasc + ˆ p Vasc sin{ωHR[ t − (k −1)τ seg ]}, (4) 

where p Vasc  is the mean and ˆ p Vasc  the amplitude of the 

pulse, ωHR is the oscillation frequency (HR denotes heart 
rate), and τseg is the time required for the pulse wave to 
travel the length of one segment. The cardiac cycle will also 
cause the central arteries in the PVS to pulsate and thus the 
conductance of the pial membrane to vary periodically. For 
a given compartment pair in segment i of N , the transpial 
conductance is defined as 

zi,N + i (t) = z i,N + i + ˆ z i,N + i sin{ω HR[ t − (i −1)τ seg ]+ π −θ i}  (5) 

The additional phase offset π is required since inflation of 
the central artery corresponds to increasing vascular pres-
sure (and perivascular resistance) but decreasing perivascu-
lar conductance. 
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C. Physiological parameters 

The values of the various compliances and conductances 
were estimated from other cerebrospinal lumped-parameter 
models, where available, as well as simple calculations from 
anatomical measurements; these are summarized in Table 1.  
In all cases it was assumed that ci,j = cj,i and zi,j = zj,i. To 
evaluate the source pressure and pial conductance several 
further quantities were required.  The vascular pulse was 
prescribed by: p Vasc= 1.33 kPa (10 mmHg), ˆ p Vasc= 133 Pa 

(1 mmHg), ωHR = 2π (1 Hz), and τseg = LSC/(N vpw), where 
LSC is the length of the SC (0.45 m) and vpw is the pulse 
wave velocity (5 m/s).  The amplitude of the pial conduc-
tance pulsations was set at ˆ z Vasc = z Vasc /2. 

Table 1 Physiological parameter values. 

Parameter Value Parameter Value 

cPia 2×10-10 m3/Pa cVasc,SC 0 m3/Pa 

cSSS 2.9×10-9 m3/Pa zPia 1.0×10-11 m3/Pa·s 

cSC 1.0×10-10 m3/Pa zSSS 4.3×10-9 m3/Pa·s 

cFT 2.9×10-9 m3/Pa zSC 4.9×10-16 m3/Pa·s 

cV 1.6×10-9 m3/Pa zFT 1.3×10-8 m3/Pa·s 

cVasc,SSS 1×10-10 m3/Pa zV 3.8×10-8 m3/Pa·s 

 

III. RESULTS 

A. Phase-lag mechanism 

Figure 2 shows the converged steady state solution for a 
10-segment model having the parameter values listed in 
Table 1, and p(0) = 0.  A non-zero Δp  (= p SC − p SSS) profile 
exists for each value of θ; the trend in x is due to the finite 
pulse wave velocity.  However, this mean transpial pressure 
difference was abolished when either the pial conductance 
was held constant or the intrinsic compliance of the SC (due 
to the collapse of the contained venous bed) was set to zero.  

Fluid will tend to flow into the SC when ∆p < 0 and back 
out again when ∆p > 0, but if the conductance varies peri-
odically and is out of phase with ∆p, inflow to the SC will 
be encouraged by large z but outflow will be met with re-
duced conductance (i.e., higher resistance). Thus the pial 
membrane acts as a dynamic valve, driven by but lagging 
behind the cardiac pressure.  For fluid to accumulate in the 
SC due to this mechanism, thereby raising Δp , additional 
storage space must be made.  Since the pial membrane is 
distensible, a pressure gradient favoring flow of CSF into 
the SC will also tend to constrict the SC, driving fluid out, 
thus the two effects will cancel.  However, if the SC venous 

volume is at a lower pressure then these vessels may col-
lapse and provide the space to accommodate extra CSF.  
This may be a viable mechanism for syrinx formation.  The 
amplitude of transpial pulsations is not affected by θ but 
does diminish towards the ends of the spinal canal due to 
the damping effect of the ventricles and dural sac. 

 

 

 
Fig. 2 Demonstration of the phase-lag mechanism 

 
B. Disease and treatment simulations 

The θ = π/2 solution from Fig. 1 was designated as a 
nominal ‘healthy’ state for having a small and mostly posi-
tive ∆p as representative of the intraspinal system.  The site 
of post-traumatic syringomyelia (PTS) was chosen to be the 
mid-thoracic region of the SSS and SC which corresponds 
to segments 5 and 6.  It was assumed that the pathological 
condition disturbed the SC blood supply and effected a local 
cardiac-PVS phase difference, thus θ = π in segments 5 and 
6 and θ = π/2 in the remaining eight segments. 

PTS is characterized by scar tissue formation caused by 
arachnoiditis, and an associated syrinx.  The scar tissue 
tends to obstruct flow through the SSS, which was simu-
lated by reducing the SSS conductance between segments 5 
and 6 (zSSS×10−6).  The attachment of scar tissue to the SC 
surface will stiffen the pial membrane; this was simulated 
by reducing the pial compliance at the same location 
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(cPia×10−4).  Syrinxes will locally increase the porosity of 
the SC and typically elongate beyond the original injury 
site.  This was implemented as an increase in the SC con-
ductance between segments 5 to 7.  These three mechanical 
disturbances define the disease state denoted as ‘PTS’ in 
Fig. 3.  As compared to the healthy state the PTS shows ∆p 
pulsations with (a) an elevated mean, indicating fluid accu-
mulation, and (b) a greater amplitude, suggesting a more 
vigorous fluid exchange.  Both of these effects were more 
pronounced when the compliance and conductance values 
were altered further. 

 

 
Fig. 3 Simulated disease and surgical treatments 

Two surgical treatments were simulated: (i) a syringo-
subarachnoid shunt and (ii) a subarachnoid bypass. The first 
procedure involves implanting a short plastic tube that per-
forates the syrinx so as to provide permanent drainage into 
the SSS.  The shunt was simulated by increasing the pial 
conductance and setting it to be constant in the segment 
below the blockage. This reduced Δp  across the level of the 
syrinx, to zero in the caudal and mid regions and to a nega-
tive value at the rostral end. Likewise the shunt acted to 
attenuate the amplitude of transpial pulsations in the region 
of the disease to values at or below the healthy state. These 
results favor the syringo-subarachnoid shunt as a treatment 
for syrinxes in association with arachnoiditis. 

The subarachnoid-bypass procedure involves forming an 
alternative CSF pathway between opposite sides of a SSS 
blockage. An ‘ideal’ bypass was implemented as a conduc-
tance between the SSS compartments in segments 4 and 7, 
with a value proportional to the normal SSS conductance.  
The simulated bypass tended to equalize Δp  across the span 
of the syrinx but the magnitude remained approximately the 
same as for the diseased state. The amplitude of transpial 
pulsations was scarcely affected by the bypass. These re-
sults suggest that the bypass procedure does little to allevi-
ate the pressure pulsations acting across the pial membrane.  
However, in practice this procedure has been used with 
some success, which may have more to do with the compli-
ance of the passageway than its flux function; i.e., the by-
pass did not simulate a psuedomeningocele.  

IV. CONCLUSIONS 

The phase-lag mechanism for perivascular flow may lead 
to fluid accumulation in the SC if the contained venous 
reservoir provides sufficient volume compliance.  If this 
mechanism is in operation in PTS then a shunt might pro-
vide a more effective mechanical solution than a bypass. 
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Abstract—The aim of this paper is to study the difference 
between HRV and PPGV by changes of respiration rate. For 
investigating the change of PPG, we evaluated the parameters, 
such as pulse transit time, morphological features of PPG, and 
the correlation coefficients between PPI(peak to peak interval 
in PPG and RR interval. 

Keywords— Pulse transit time, Respiration, Photoplethysmo-
graphy. Heartrate variability, PPG variability 

I. INTRODUCTION  

Photoplethysmography(PPG) is a simple and low-cost 
optical technique that can be used to detect blood volume 
changes in the microvascular bed of tissue. The PPG tech-
nology has been used in a wide range of commercially 
available medical devices for measuring oxygen saturation, 
blood pressure and cardiac output, assessing autonomic 
function and also detecting peripheral vascular disease[1]. 

Recently, several studies have been made on the assess-
ment of autonomic nervous system by PPG waveform va-
riability(PPGV). However, there is very little agreement 
that the PPGV is validate with heart rate variability(HRV) 
as  the standard non-invasive tool to assess of the autonomic 
function. Nitzan, et al, have shown that the variability of the 
PPG parameters shows promise for the assessment of the 
function of the autonomic nervous system. Sheng Lu, et al, 
compared PPGV to HRV parameter in supine position, and 
concluded that PPGV could be used as an alternative mea-
surement of HRV. N. Selvaraj, et al, is show that HRV can 
also be reliably estimated from the PPG based peak to peak  
interval method, and  showed insignificant differenc-
es[2,3,4]. 

But, the other researchers are opposed to their experi-
ments. The cause of increasing difference both HRV and   
PPGV under the mental stress, Nicholas, et al, recommend-
ed HRV. Michael, et al, conclude that there is a strong rela-
tionship between changes in pulse transit time(PTT) hanges 
in RR interval, with PTT changes following RR changes 
with a mean delay in this study of approximately three beats 
[5,6]. For PPGV is influenced by PTT variation, PPGV 
have the limitation tool as an alternative HRV. Although 

under several conditions, PPGV may represent an accepta-
ble surrogate signal for HRV, Isabelle, et al, suggested that 
PPGV does not exactly reflect HRV especially in standing 
healthy subjects and in patients with low HRV. They 
thought that the variations of pulse wave velocity due to 
mechanical respiratory influence via cardiac output is the 
cause[7]. Actually, respiration is used in a number of HRV 
tests and is known to influence the features of  PPG[8, 9].  

The aim of this paper is to study the difference between 
HRV and PPGV by changes of respiration rate. For investi-
gating the change of PPGV, we evaluated the parameters, 
such as pulse transit time, morphological features of PPG, 
and the correlation coefficients between PPI(peak to peak 
interval in PPG and RR interval.  

II. MARTERIAL AND METHOD 

A. Pulse Transit Time 

PTT can be defined as the interval between ventricular 
electrical activity and the appearence of a peripheral pulse 
wave form. The R-wave in electrocardiogram(ECG) is gen-
erally used to indicate the start of the PTT estimation of the 
corresponding pulse arrival at the periphery using photople-
thysmography(PPG)[10] . 

 

PTT = R-wave in ECG – 50% in PPG Max-Min           (1) 

 
Conventionally the point on the PPG pulse waveform 

which is either 50 % (depending on which equipment is 
used) of the height of the maximum value is taken to indi-
cate the arrival of the pulse wave like the eq (1)[10]. How-
ever, other researchers attempted to regard the peak or onset 
point in PPG as the arrival point [6, 11, 12]. We have consi-
dered the these opinions, and analyzed  the 3-type of  PTT.  
 
B. PPG-component Detection Algorithm 

For analyzing variation of PPG due to respiration rate, 
we were developed the PPG component extraction algo-
rithm. Previous researches have been made on peak and 
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onset detection by the local minima and maxima or zero-
crossing[2, 5, 7]. Although they are simple and convention-
al, the accuracy of algorithms may be fallen if the local 
window size in local minima and maxima is not adaptive 
and PPG signal were weaken by moving artifact and poor 
perfusion. Moreover, PPG signals have time-varient feature 
because, it is under the autonomic nervous system. We 
proposed the mixed method between zero-crossing and 
local minima & maxima. 

 

Step 1. Enhancement component

Step 2. 1st Zero Crossing
Detection of peak and onset point

Step 3. 2nd Zero Crossing
Detection of the middle point 
between onset and peak point in PPG
Detection of  reflection point  

Fig. 1 The diagram of the algorithm for detecting PPG component  

 
The proposed algorithm has a 3 step as follow: 
 
Step 1. Enhancement of PPG component : According to 

McDonald’s experiment, cardiovascular system is normally 
in steady state oscillation and PPG have a harmonic compo-
nents[12].  One period in PPG has the frequency component 
about a near 1 Hz and its harmonics. Therefore, we applied 
PPG to highpass filter(2 Hz) and could obtain the enhanced-
signal of peak, onset, and reflection point in PPG.  

Step 2. 1st Zero-Crossing : The peak and onset points  
are detected  by 1st zero-crossing of enhanced PPG. But, the 
1st detected points have some time interval because the time 
delay of 2 Hz highpass filter and changes the waveform of 
PPG. Therefore, final detection points are compensated 
through local maxima and minima in raw PPG near 1st de-
tected points. 

Step 3. 2nd Zero-Crossing : The PTT and reflection point 
are detected. The final detection points of PTT and reflec-
tion point are compensated like step 2. 

 Fig. 1 shows the diagram of the algorithm for detecting 
PPG components and Fig. 2 shows the detection results at 
the different condition state.  

 
(a) Normal 

 
(b) Poor perfusion 

          
(c) Baseline drift 

Fig. 2 The detection results at the various states 

Table 1. The processing procedures for the entire signal 

Physiological signal Item Method 

ECG Denoising Moving average 

 Peak Detection Pan-Tomkins 

   

PPG Denoising Moving average 

 Peak Detection The proposed algorithm

   

Respiration Denoising Moving average 

   

PTT PPT-p PPG peak - ECG peak  

 PPT-m  PPG middle - ECG peak

 PPT-l  PPG onset  - ECG peak

 

C. Measurement 

Five volunteer subjects(mean 32  3 years) participated 
for this experiment. Before the experiment, they had a rest 
time for 5 min. Each subject controlled own the respiration 
rate - spontaneous,  0.13 Hz, and  0.16 Hz. The respiration 
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rate was visually controlled by sine waveform in the moni-
tor of personal computer.  

The nasal respiration signal, ECG and PPG were conti-
nually acquired for 5 minutes at 1 kHz using the BIOPACTM 
MP150(The Biopac Systems Inc,  CA, USA).  

 
D. Signal Processing  

The all algorithm were developed in Matlab(The Math-
Works, Natick, USA). The signal processing have a 3 
steps : denoising, peak detection, and calculating for PTT. 
Table 1 show the pre-processing procedures for the entire 
signal  

III. RESULT & DISCUSSION 

We have been observed the changes of PTT due to respi-
ration rate. As the table 2 shown, the total PTT vary directly 
as the respiration rate. Compared with spontaneous respira-
tion,  PTT at 0.13Hz and 0.16 Hz is reduced and standard 
deviation is increased. The center frequency of spontaneous 
respiration is the 0.25 Hz, it seems that respiration rate has 
not a regular trends.  

Table 2  The changes of PTT due to respiration rate. 

Parameter 0.13 Hz  0.16 Hz Spontaneous 

PTT-p 317 ± 44.864 396 ± 40.327 349 ± 26.191 

PTT-m 240 ± 40.078 324 ± 37.685 283 ± 24.747 

PTT-o 177 ± 39.415 259 ± 37.997 222 ± 24.323 

 
The correlation between PPGV and HRV is shown to ta-

ble 3. At 0.16 Hz, PPGV has the hightest correlation and 
PTT has the lowest value. On the other hand,  PPGV the 
lowest correlation and PTT has the highest value at 13 Hz. 
We confirmed that the variation of PTT influenced the in-
terval of PPG.  

Table 3 The correlation between PPGV and HRV in time series 

Parameter 
Correlation 

PPG-p / HRV 
Correlation 

PPG-m / HRV 
Correlation 

PPG-o / HRV 
Total 

0.13 Hz 0.957 0.993 0.985 0.978 

0.16 Hz 0.923 0.987 0.952 0.954 

Spontaneous 0.968 0.962 0.951 0.960 

 
However, above the result has the limitataion that analy-

sis method is very simple, has not the SDNN, analysis in 
frequency domain, such as LF, HF, and LF/HF. 

IV. CONCLUSION 

This paper has been to observe changes of correlation be-
tween HRV and PPGV during paced respirations. We are 
confirmed that respiration rate changes the PTT, thus corre-
lation between HRV and PPGV are influenced. It seems to 
interact with respirations and cardiovascular system, In the 
future, we will observe the various characteristics of PPG 
due to paced respirations. 
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Abstract— Borrowing from the fields of paleoanthropology

and cranial anthropology we mathematically transform a uni-

versal head model to reflect the size of an average female of

other ethnic groups. Our goal is to make deformable generic

head models readily available for individuals who have not been

medically imaged. We concluded that elliptical and exponential

functions must be implemented to reshape the template in the

frontal, occipital and parietal lobes. We have identified a few

parametric values, namely the exponents and major-to-minor

axis ratios to generate realistic human shapes.

Keywords— Anthropometry, head model, deformation, power

and elliptical function

I. INTRODUCTION

Computationally-tractable head models that represent var-
ious populations and subpopulations demand that we ex-
amine the anatomy of the neurocranium, basicranium, and
splanchnocranium i.e. the cranial vault, cranial base, and the
face [1] as well as how head models are typically constructed.
There are three primary classes of head-model geometries.
The first class is the geometric models, which are the sim-
plest representations of the human head. Typical variations
consist of either three or four concentric spheres [2,3]. A less
common variation are the ellipsoidal models [4]. Collectively,
these simpler models can all be solved analytically, which re-
quires at least ellipsoidal symmetry [5].

The second class is a realistically-shaped model obtained
from directly segmenting either an MRI, CT, or a matched
MRI-CT set [6–8]. These models specifically correspond to
a unique individual and could represent other individuals that
are of the same gender, same ethnic group, and a similar age.
Consequently, these models are used for exact source local-
ization. These complex models require numerical solutions
such as the boundary element method (BEM), finite element
method (FEM), or finite difference method (FDM) [5, 9].

Lastly, the third class of head model integrates the first two
sets. This hybrid consists of a set of realistic models that are
smoothed, partially down-sampled [10] from the specific re-
alistic images, and geometrically adapted to correspond with
wider groups of gender, race, ethnicity, and age. These mod-

els are best suited for evaluating and analyzing how different
parameters affect the sensitivity distributions applicable to
EEG, bioimpedance, and transcutaneous electric neural stim-
ulation (TENS).

A. Anthropometric Motivation

Whether we build spherically or realistically-shaped mod-
els, it is important to obtain measurement data representa-
tive of the subpopulation of interest, when making observa-
tions about a particular group. We discovered that most EEG
or related head-modeling publications – especially spher-
ical models – consistently reference the same or similar
measurements, thus all corresponding to a larger male head
of Northern-European caucasian descent [11, 12]. We made
those correlations with hat and wig sizes worn by millions
of individuals coupled with anthropometric data measured
across thousands of people from different ethnic groups. For
this work we delved into anthropometric, craniometric, and
cephalometric data to support these initial findings to begin
adapting a generic head model into a subpopulation-specific
model.

We know that the best model for a particular patient
matches his image data exactly; however, it is not always pos-
sible or feasible to have an exact model that matches every
patient or to segment every individual’s MRI or CT data ac-
curately and efficiently so an appropriate generic model is
warranted. Therefore, it is of utmost importance to obtain
data representative of the subpopulation that correlates with
the patient’s head shape. Our goal is to create head models
that use the a priori measurements and estimate the internal
and external structure of the patient as accurately as possi-
ble in order to make quick utility of the likely closest-fitting,
realistically-shaped model. Furthermore, these models will
fill the scientific void of various shapes to determine by how
much EEG source imaging is influenced.

II. METHODS

A. Models

We calculate the deformed geometry of the a realisti-
cally shaped female head model based on the Visible Human
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Fig. 1: Generic template of Caucasian American origin.

Project woman dataset (Fig. 1). We used the cylindrical coor-
dinate system to parametrically deform the template accord-
ing to the modulation of the power function

f (x) = axb + c, (1)

where b is the exponent of 0.01 used to deform the parietal
lobe and a and c are derived from the coordinates of the tem-
plate. We used the elliptical curve to reshape the frontal and
occipital lobes evaluating

x = h+acos(t)−bsin(t)sin(φ) (2)

y = k +bsin(t)+acos(t)sin(φ). (3)

s We set the major-to-minor axis ratio to 0.3 and the orienta-
tion to 25◦.

III. RESULTS

We alter pre-existing individual realistically-shaped head
models by applying modulation of the power and elliptical
functions (Fig. 2 & 3). We simply scale the template accord-
ing to anthropometric statistics reported by [12] that belongs
to each ethnic subpopulation to generate a new model. While
deriving multiple generic head models, we use stochastic fac-
tors to generate a set of anatomical possibilities and con-
straints to prevent subsequent models with nonhuman and
atypical human shapes and sizes. When applying too large ex-
ponents or major-to-minor axis ratios we yielded cone-head
shaped models, which do not represent normal humans.

IV. DISCUSSION

When we want to evaluate a method or an analysis, it is
critical that we evaluate the appropriateness of the geometry
of the model that we are claiming as a basis of a set of results.

(a) Caucasian American (b) German

(c) Indian (d) Vietnamese

(e) Zulu (f) African American

Fig. 2: Generating Generic Ethnic Head Models: (a-f) adult female heads of
average size per ethnic group. All heads are scaled accordingly and

modified with an exponential function of 0.01.

We believe that when authors state certain claims regarding
a certain subpopulation, they should validate that their model
corresponds within statistical significance of the experimen-
tal subpopulation possibly within the context of race, ethnic-
ity, gender, and age.

Archeological studies analyzing the cranial structures of
prehistoric man use covariation of multiple traits to investi-
gate the evolutionary changes of man via computational geo-
metric analyses supported by multivariate statistics. Stochas-
tic factors generate a set of anatomical possibilities and con-
straints in the determination of prehistoric evolution, which
can be applied to the shape and size distinctions of various
subpopulations according to ethnicity and gender. Currently,
the key areas of development that we can adopt are morpho-
logical modularity, anatomical integration, and heterochrony.

We can further look to cranial morphology to enhance
our models. [13] investigated the evolution of the cranium
through the scope of allometry, indicating that the size and
shape of the skull changes due to adaptations as well as
stochastic factors. They attributed the increase in volumet-
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(a) Caucasian American (b) German

(c) Indian (d) Vietnamese

(e) Zulu (f) African American

Fig. 3: Generating Generic Ethnic Head Models: (a-f) adult female heads of
average size per ethnic group. All heads are scaled accordingly and

modified with an elliptical curve having a ratio of the major axis length to
the minor axis length of 0.3 and orientation of 25 degrees.

ric cranial capacity as one of the primary factors affecting the
cranial shape. Additionally, the neocranium, face, and base
of the skull change in shape and size as a result of the growth
of the internal organs, primarily the brain, thus leading us to
the connection between modern man, the Homo sapiens, and
his three prehistoric counterparts originating from Homo er-
gaster.

Many anthropologists no longer accept that modern man
has evolved from one sole ancestor but has independently
evolved in parallel through at least 3 differently evolved hu-
man species: H. sapiens in Africa, H. neanderthalensis in Eu-
rope, and H. erectus in Asia [13–17]. It is clearly evident that
different ethnic groups today have different shapes both in
the cranial features as well as the cranial case. We can plau-
sibly relate the cranial capacity of various ethnic groups to
their prehistoric differences [13]. In 1870 [18] mildly focused
on cranial shape. By 1962 [19] described five racial types
(i.e. skull shapes) based upon craniofacial features: Cauca-
soids from Europe, West Asia, and parts of India; Capoids
from South Africa; Congoids from sub-sahara Africa; Aus-

traloids from Australia, New Guinea, and Melanesia; Mon-
goloids from East Asia and artic North America. Capoids and
Congoids are the two main branches of the single African
race known as negroids.

Today forensic anthropometry and reconstructive surgery
utilize and apply racial types to obtain appropriate cranio-
facial metrics. Depending on the specific requirements, only
three racial types are considered instead of five - Caucasoids,
Mongloids, and Negroids. We concur that using a normal-
ized representative of each of these three groups as the basis
for mathematical manipulation will allow us to more plau-
sibly derive the different head shapes across different ethnic
groups belonging to each class with localized deformations
such as in the frontal, temporal, or occipital lobes. Mathemat-
ically it is easier to make these manipulations while staying
within one racial type due to the complex relation of multiple
craniofacial metrics. If we consider the midsagittal profile,
most Caucasoids have a rounded profile, Mongoloids have an
arched profile, and Negroids have a flat profile.

We should consider the effects of shape versus size
changes. Whether we reference our current universal base
model or these three representative racial base models, math-
ematical congruency associated with growth will have the
same effect [13]. Figs. 2 and 3 correctly scale each ethnic
model in terms of head breadth, length, and depth per inter-
national anthropometric surveys [11, 12]. Contrastingly, our
exponential and elliptical transformation of our universal cau-
casian model across racial types does not fully exhibit the cra-
nial or facial metrics of the new (target) ethnic groups of the
target racial type. In the instance of the cross racial transfor-
mation the new model fails to assume the correct shape of the
midsagittal profile of its racial type. In order to accomplish
this, we need to further employ a combination of multiple de-
formations considered together and to increase our statistical
survey according to [12] or we need to define a few generic
templates to truly capture the behavior of the skull.

V. CONCLUSION

We found that mathematically deformed a generic model
to represent another ethnic group. We applied the power func-
tion and elliptical function to more accurately reflect the pro-
files associate with each ethnic group. We can partially math-
ematically reflect the new shape of the midsagittal profiles of
the target racial type. In our goal of EEG modeling, we aim
to primarily fit the cranial case to the patient although the fa-
cial features may represent another individual. According to
the field of anthropometry, we found grounds for requiring
three base models destined for mathematical manipulation –
one of each racial type: Caucasoid, Mongloid, and Negroid
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or the need to acquire more statistically databased medically-
imaged data according to ethnicity.
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Abstract—In regenerative therapy, it is of paramount im-
portance to diagnose functional potentiality of mechanical 
permanence before transfer to a patient, however, there has 
not been developed any devices available for such diagnosis. 
On the other hand, we recently developed a Tactile Mapping 
System (TMS) that topographically measures elastic modulus 
of tissues and has been widely used to study the relationship 
between stiffness of organs and their histological structure. In 
this report, distribution of elastic modulus over a submerged 
fresh slice of rat liver cirrhosis, hepatitis and normal liver were 
measured, and the elasticity images were compared. As a re-
sult, a degree of pathological regions and cirrhotic progress 
were clearly identified from those images without any staining 
protocols. 

Keywords—Scanning Needle Microscopy, Elasticity, Tactile 
Mapping, Liver cirrosis. 

I. INTRODUCTION  

Liver cirrhosis is always complicated with a hardening 
and the empiric evaluation of liver consistency is currently 
used to plan the surgical strategy. In the recent past, a corre-
lation between the liver hardness and the degree of liver 
fibrosis has been indicated [1] and it has been considered 
that the liver consistency can be useful to estimate func-
tional reserve for hepatectomy [2-3]. In addition, preopera-
tive quantification of extra-cellular matrix components of 
laminin, type III collagen and type IV collagen is useful as 
an index to the hepatic regeneration activity after partial 
hepatectomy for liver cirrhosis [4]. What needs to be inves-
tigated at this juncture is to quantitatively measure the elas-
ticity of liver components from the cellular level for further 
understanding of biomechanics of the liver hardening. 

We developed a tactile sensor using phase shift method 
[5] and measured the elasticity of living tissues from the 
cellular level [6,7] to organs [8], and an importance of tissue 
elasticity has been indicated for studying their physiological 
activity. Using this novel tactile sensing technology, we 
developed a Scanning Needle Microscopy to measure two-
dimensional elasticity distribution map over a very thin 
sliced tissue [9]. A micro tactile sensor (MTS), as a sensor 
probe of the Scanning Needle Microscopy, was designed to 
detect the moment of contact with the tissue surface and to 

measure the elasticity with very high sensitivity so that it 
can measure the elasticity of very thin sliced tissues [10]. In 
this study, the elasticity distribution image of the liver cir-
rhosis, hepatitis and normal liver were measured and com-
pare the elasticity images as regards to the amount of hard 
and soft elasticity components. 

II. MATERIALS AND METHODS 

Animals and slice preparation: Five-week-old Wister 
rats were housed in individual cages with a 12-hour light-
dark cycle at 22 degrees. Liver fibrosis (chronic hepatitis 
and liver cirrhosis) was induced by intra-peritoneal admini-
stration of thioacetamide (TAA) (200 mg/kg, 3 times/wk) 
for 8 and 12 weeks, respectively. Laparotomy was per-
formed all under pentobarbital (30 mg/kg) anesthesia. 100 
μm thick slice was cut using super micro-slicer (ZERO-1, 
Dosaka-EM co. ltd., Kyoto, Japan) without any fixation nor 
freezing. In total, rats with normal (n=6), hepatitis (n=10) 
and cirrhosis (n=12) were developed for this study. 

Elasticity distribution measurement: Elasticity distribu-
tion of the sliced fibrotic liver was measured using the 
Scanning Needle Microscopy (Fig. 1). The 1000 μm × 1000 
μm measurement area was measured. Measurement points 
were set 40 μm apart in both x and y directions for a total of 
676 points 26×26). Since the MTS can detect the moment of 
contact with the sensor tip and the object, surface roughness 
image can also be obtained during the same measurement 
procedure. 

 

Fig. 1 Tactile Mapping system 
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III. RESULTS 

Typical examples of elasticity distribution image and sur-
face roughness image of normal liver, chronic hepatitis and 
liver cirrhosis are shown, respectively, in Fig.2 Fig.3 and 
Fig.4. In both elasticity distribution images, the elastic 
modulus is displayed in gray scale, i.e., the lighter for the 
harder area. As can be seen in those figures, images are 
different from smooth to rough as the cirrhosis developed.  

 

Fig. 2 Elasticity distribution image (left) and surface roughness image 
(right) of a normal liver slice 

 

Fig. 3 Elasticity distribution image (left) and surface roughness image 
(right) of a chronic hepatitis 

 

 

Fig. 4 Elasticity distribution image (left) and surface roughness image 
(right) of a liver cirrhosis 

All measurement results were then classified into A, B 
and C, depending on the roughness of images, which corre-

sponds to the typical images of Fig.1, 2, and 3, respectively. 
As a result, among the 6 images of normal group, all images 
were recognized as A. Among the 10 images of hepatitis 
group, 9 images were recognized as B but one as C. Among 
the 12 images of cirrhosis group, 11 images were recog-
nized as C but one as B.  

IV. CONCLUSIONS 

Pathological model rats of liver cirrhosis and hepatitis 
were developed and the elasticity distribution over their 
liver sections was measured. Images were then classified as 
A, B and C depending on the roughness of the images. Re-
sults clearly showed that the degree of cirrhotic progress 
can be diagnosed by elasticity distribution images without 
staining. Our former study showed the elasticity distribution 
image is well corresponds to azan staining image which is 
normally used for clinical biopsy of a liver. Therefore, the 
elasticity distribution imaging can be an alternative for the 
conventional biopsy without troublesome staining protocols. 
Furthermore, the novel microscope should benefit for the 
quality assessment of regenerated tissues if the relationship 
between the elasticity distribution and physical functions of 
those tissues is evaluated. 
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POST-MEAL HYPERGLYCEMIA INDUCED OXIDATIVE STRESS IMPAIRS 
CARDIAC/VASCULAR FUNCTION BY INCREASING MYOCARDIAL 
ENERGY DEMAND IN NON-HYPERTENSIVE PEOPLE WITH TYPE 2 
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Abstract—Given the high prevalence and prognostic rele-
vance of diastolic myocardial dysfunction in people with type-2 
diabetes (D) associated with decreased myocardial energy 
availability, we tested the hypothesis that post-meal hypergly-
cemia induced generation of oxidative stress is associated with 
cardio-vascular dysfunction from myocardial energy imbalance 
by using tissue Doppler and the new Wave Intensity in D pa-
tients. 

Methods. In 31 D and 46 control individuals without hyper-
tension, the effects of a carbohydrate breakfast (48 g) on oxida-
tive stress, cardio-vascular function and myocardial energy 
expenditure were assessed in the fasting and the post-meal 
states by determining nitrotyrosine, systolic and diastolic (E’) 
myocardial velocities, the rate pressure product (RPP), a meas-
ure of myocardial oxygen consumption, carotid arterial stiff-
ness and the early systolic peak W1 of pulse Wave Intensity, a 
measure of blood wave energy transfer into the systemic circu-
lation by a combined echo-tracking Doppler-system.  

Results. In D, the post-meal increase of glucose, insulin and, 
particularly, nitrotyrosine was significantly higher (p<0.001). 
E’ was lower (p<0.001) but RPP (p<0.007) and stiffness pa-
rameters (p<0.04) were higher, as was W1 (11842±8466 vs 
7949±3911mmHg/s3, p<0.02) which had a positive correlation 
with RPP (r=0.669, p<0.001). In multivariate regression models, 
independent predictors of E’ were age, septal thickness and the 
post-meal changes of nitrotyrosine (R2 0.480), for W1 the RPP 
and HbA1c (R2 0.422) and for RPP the pulse pressure and post-
meal nitrotyrosine (R2 0.644).  

Conclusions: In diabetic patients, post-meal hyperglycemia 
induced oxidative stress is associated with diastolic dysfunction 
and increased myocardial oxygen requirements and energy 
transfer into the stiffened vascular bed. Given the multiple 
impairments of myocardial energy availability, this increased 
energy demand already at rest suggests an energy de-
mand/supply mismatch as basic mechanism at least contribut-
ing to diabetic cardiomyopathy.  

 

Keywords— diastolic function, ventricular-arterial interaction, 
type 2 diabetes, tissue Doppler, Wave Intensity 

I. INTRODUCTION  

The epidemic rise in the incidence of type two diabetes 
mellitus (D) and essential hypertension with their associated 
risk for left ventricular hypertrophy and diastolic heart fail-
ure has led to the increasing use of diagnostic ultrasound 
techniques [1-3]. The most recent Wave Intensity approach 
analyses forward and backward blood wave travel in order 
to quantify the amplitude and the direction of energy trans-
fer in the systemic circulation [3,4] thereby offering insight 
into the myocardial energy expenditure which possibly 
contributes to diastolic heart failure as an additional factor 
beyond myocardial stiffness [5]. Accordingly, Wave Inten-
sity appears particularly suitable to evaluate the cardiovas-
cular system in D patients, given the high prevalence of 
both stiffened arteries and diastolic myocardial dysfunction 
and its prognostic relevance as shown by sensitive tissue 
Doppler methods [6-8]. 

In experimental diabetes, increasing data have demon-
strated the impairing effect of post-meal hyperglycemia and 
oxidative stress on myocardial function and energy avail-
ability [9]. Accordingly, the hypothesis was tested in man, 
that by producing oxidative stress and endothelial dysfunc-
tion, post-meal hyperglycemia impairs myocardial energy 
balance, diastolic function and arterioventricular interaction 
in well controlled D individuals without overt cardiovascu-
lar disease.  

II. METHODS 

Patient population and study design 

This prospective study involved 77 caucasian non-
hypertensive patients between 40 and 80 years either with 
type 2 diabetes (D, n= 31) or controls without D (C, n=46). 
Exclusion criteria were: antihypertensive treatment or blood 
pressure >140/90 mmHg at three occasions within one 
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week, ejection fraction <50%, any signs or history of heart 
failure or overt coronary heart disease or peripheral arterial 
disease, >mild grade valvular heart disease, atrial fibrilla-
tion and severe diabetic neuropathy.  

The relation between myocardial and vascular function, 
myocardial energy expenditure and metabolic data was 
examined in D patients and controls (C) in the fasting state 
and two hours after a standardized carbohydrate breakfast 
(48 g) by determination of the following: serum glucose, 
insulin, lipids and nitrotyrosine (in representative subgroups 
with C= 19 and D=21) and 2-d echocardiography, pulsed 
tissue Doppler and vascular ultrasound for the traditional 
stiffness indexes and the new Wave Intensity. Ultrasound 
investigations and analysis were performed by two inde-
pendent investigators, blind to clinical and metabolic data. 
All participants gave written informed consent to the study 
which was designed in accordance with the Declaration of 
Helsinki and approved by the local ethics committees 

2d-Echocardiography and pulsed tissue Doppler 

Using a commercially available system (ALOKA SSD-
5500) equipped with tissue Doppler imaging, a 2.5 MHz 
transducer and an ECG for the determination of heart rate, 
the traditional cardiac measurements were taken in the 
parasternal long axis and apical views. Tissue Doppler was 
applied as described earlier [6] for the assessment of peak 
systolic velocity (S’) and early diastolic velocity (E’) as 
measure of global left ventricular function.  

Vascular Ultrasound 

At the right common carotid artery, elastic modulus ε, 
pulse wave velocity and the new pulse Wave Intensity (W1) 
were evaluated using a combined Doppler and echo tracking 
system (Aloka SSD-5500) and a 13 MHz linear array trans-
ducer as previously described [4,10]. The blood pressure 
was measured three times at the right arm by an automated 
cuff sphygmomanometer and averaged to calculate the rate 
pressure product (RPP)(mmHg/min).  

The novel hemodynamic index Wave Intensity analyzes 
the amplitude and the direction of energy transfer into the 
arterial system being defined as (dP/dt) * (dU/dt) at any site 
of the circulation, where dP/dt and dU/dt are the derivatives 
of blood pressure and velocity of blood flow with respect to 
time. It was obtained at the right common carotid artery by 
using a range gated colour Doppler system for blood veloc-
ity measurement combined with an echo tracking system 
and calculated as the product of intravascular pressure and 
flow velocity derivatives in real time. The resulting curve 
has two characteristic positive peaks, the first one during 

early systole (W1) at the time of maximal increase of pres-
sure and flow.  

 
Statistics 
 

Students’ t-test or nonparametric tests were used for 
group comparisons where appropriate. Linear regression 
analysis was performed by least square fitting. Multivariate 
regression models were used to detect metabolic determi-
nants of diastolic function, RPP and Wave Intensity. Intra-
observer intersession variability was assessed from two 
separate sessions two hours apart, expressed as CV (%) = 
standard deviation of the mean difference/√2/pooled mean 
(2) and interobserver intrasession CV by two experienced 
observers. Significance level was established for two-tailed 
test at p <0.05. 

III. RESULTS 

Age (60 ±10 vs. 58±8 years) and sex were similarly 
distributed in D vs. C groups but BMI was higher (30 ±6 
vs. 24 ±4 kgm-2, p<0.001). The mean duration of diabetes 
was 10±7 years and insulin used in 97% of the D patients 
resulting in good glycemic control (HbA1c 7.0 ±1.2%). 
Expectedly in D, fasting serum glucose (171±48 vs.96±15 
mg/dl, p<0.001) and insulin values (26±26 vs.7±7 µIU/ml, 
p<0.001) were higher and so were the respective post-meal 
values (200±80 vs. 91±11 mg/dl and 41±40 vs. 12±10 
µIU/ml, p<0.003) and post-meal increases (Δ) (29±60 vs. 
0±12 mg/dl, p<0.04 and 17±18 vs. 6±7 µIU/ml, p<0.02). 
Lipid levels did not change post-meal. Post-meal nitrotyro-
sine (4.1±0.9 vs. 3.1±0.6 ng/ml, and Δnitrotyrosine were 
higher in D (0.3±0.4 vs. -0.3±0.4 ng/ml, p<0.002).  

Hemodynamic and cardiac data 

D patients had significantly higher systolic blood pres-
sure (137 ±18 vs. 124 ±16 mmHg, p<0.003), pulse pres-
sure (56 ±15 vs 47 ±11 mmHg, p<0.004) and RPP (9009 
±2647 vs. 7853 ±1438 mmHgmin-1, p<0.02).  

Left ventricular and atrial size were comparable to C but 
the septal wall was thicker although just within normal 
range (12±.2 vs 10±.2mm, p<0.023). Tissue Doppler de-
rived systolic velocity S’ was comparable in D vs C (7.8 
±0.8 vs. 7.9 ±0.9 cm/s), but diastolic velocity E’ was highly 
significantly lower (7.9±1.5 vs. 9.9±1.4 cm/s, p<0.001).  
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Determinants of fasting and post-meal diastolic function  

In the pooled data, significant and inverse correlations 
confirmed the impact of the stiffness factors age (r=-0.469, 
p<0.001 and r=-0.325, p<0.04), septal thickness (r=-0.524, 
p<0.001 and r=-0.561, p<0.001), blood pressure and arterial 
wall stiffness on E’ and post-meal E’. But, there were also 
significant and inverse impact factors from glucose metabo-
lism and oxidative stress (table 1). 

 
Table 1: Univariate correlation coefficients  

 E’ RPP W1 po W1 
BP 
systolic 

-0. 255 n.a. 0.612 
*** 

0.450 
** 

pulse 
pressure 

-0.235 0.664 
*** 

n.a. n.a. 

po pulse 
pressure 

(-0.25) 0.794 
*** 

0.437 
** 

0.356 
* 

elastic 
modulus 

-0.373 
** 

0.370 
** 

0.481 
*** 

0.505 
*** 

RPP -0.244 n.a. 0.579 
*** 

0.324 

BMI -0.385 
*** 

0.367 
** 

0.281 
* 

0.397 
** 

HbA1c -0.411 
*** 

n.s. 0.300 
* 

0.329 
* 

glucose -0.551 
*** 

0.258 n.s. 0.360 
* 

po glu-
cose 

-0.392 
** 

n.s. 0.281 0.377 
** 

insulin -0.324 
* 

0.344 
** 

0.388 
** 

0.397 
** 

po insu-
lin 

-0.369 
** 

(0.24)  0.375 
* 

0.385 
** 

po ni-
troty 

n.s. 0.378 
* 

n.s. n.s. 

Δnitroty -0.394 
* 

(0.27) n.s. n.s. 

RPP = rate pressure product, po = post-meal, BP = blood pressure,; Δ = 
post-meal increase, nitroty = nitrotyrosine, n.a. = not applicable, n.s.= no 
correlation at p<0.10 level, brackets = missed significance (p value >0.05 
and <0.10), *= p≤0.02, **= p≤0.01, ***= p≤0.001 

 
Using multivariate regression models, age, septal thick-

ness and Δnitrotyrosine were identified as independent 
predictors for E’ (R2 0.480, p<0.001) and septal thickness 
and Δnitrotyrosine for post-meal E’ (R2 0.436, p<0.001). 

Vascular function 

In D, elastic modulus ε (175 ±85 vs. 117 ±34 kPa, 
p<0.001), pulse wave velocity (8.1 ±1.9 vs. 6.7 ±0.9 m/s, 
p<0.001) and Wave Intensity (W1) were increased (11842 
±8466 vs. 7947 ±3911 mmHgms-3, p<0.013). The intraob-
server intersession variabilities expressed as CV (%) were: 

elastic modulus ε 8.0%, pulse wave velocity 3,4% and W1 
13.5% and for interobserver intrasession variability 8.5%, 
4.4% and 14.8%, respectively. 

 
Determinants of W1, post-meal W1 and RPP 
 
In the pooled data, W1 had many significant positive cor-

relations: with RPP, with S’ (r=0.250, p<0.047) and with 
diabetes specific metabolic parameters (table 1).  

Using multivariate regression models, independent pre-
dictors for W1 were RPP and HbA1c (R2 0.422, p<0.001) 
and for post-meal W1 the post-meal RPP and post-meal 
insulin (R2 0.220, p<0.004).  

RPP had positive correlations with metabolic parameters 
and with oxidative stress. Independent predictors for RPP 
were pulse pressure and post-meal nitrotyrosine (R2 0.624, 
p<0.001) and for post-meal RPP the post-meal pulse pres-
sure and post-meal nitrotyrosine (R2 0.644, p<0.001). 

IV. DISCUSSION 

This is the first human study using Wave Intensity and 
tissue Doppler to compare cardiac and vascular function of 
persons with and without diabetes and relating it to hyper-
glycemia induced oxidative stress and indicators of myo-
cardial energy demand. We found, that only in D, post-
prandial hyperglycemia is associated with oxidative stress 
generation which correlates with decreased diastolic myo-
cardial function and increased myocardial oxygen require-
ment and energy transfer into the stiffened vascular bed 
already at rest. Given the multiple impairments of energy 
availability in the diabetic myocardium, our data suggest a 
post-meal hyperglycemia induced energy demand/supply 
mismatch impacting on diabetic cardiomyopathy. 

Diastolic myocardial dysfunction and oxidative stress  

The observed diastolic dysfunction implies severe prog-
nosis: a two-fold risk for cardiovascular death [8]. Our uni-
variate analysis confirmed the traditional impact factors for 
diastolic dysfunction, age, septal thickness and arterial stiff-
ness [6,7]. Due to their normal values in the present D pa-
tient selection, however, they cannot explain the observed 
extent of dysfunction. In a pathological range, though, were 
the diabetes specific metabolic determinants for E’: BMI, 
glucose, insulin and oxidative stress, and multivariate 
analysis identified Δnitrotyrosine as an independent deter-
minant of diastolic dysfunction beyond stiffness associated 
factors. Indeed, oxidative stress may decrease myocardial 
energy availability, and thus diastolic function,  by multiple 
mechanisms [9]. 
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Due to the study design with a pure carbohydrate meal in 
well controlled, non-hypertensive D patients without overt 
hyperlipidemia, the effective stressor post-meal hypergly-
cemia appears to play the dominant role for the observed 
activation of reactive oxygen species generation, which 
probably acts as mediator towards reduced diastolic func-
tion. To minimize this stressor should become an important 
therapeutical goal in the preventive and therapeutic man-
agement patients with diabetes.  

Wave Intensity and RPP 

The Wave Intensity approach analyzes forward and 
backward blood wave travel in order to quantitate the trans-
fer of energy in its amplitude and direction. The magnitude 
of the first peak W1 during early ejection relates to LV 
systolic function [3,10]) as confirmed by our observation of 
a significant correlation with S’. Mean W1 in the controls 
was comparable to the measurements reported on healthy 
Japanese individuals and so was the reproducibility [11].  

We found an increased W1 in D patients compared to 
controls. Dependence of W1 on the pathophysiological 
mechanisms of diabetes mellitus is suggested by the posi-
tive correlations to arterial wall stiffness, BMI, insulin and 
glucose. Altogether, the abnormally high W1 indicates that 
the diabetic left ventricle at rest is capable to transfer an 
increased amount of energy into the systemic circulation. 
Indeed, the close and positive correlation between the en-
ergy delivered with the blood wave, expressed as W1, and 
myocardial oxygen requirements, taken as RPP, supports 
this concept. This elevated energetic demand in the diabetic 
myocardium, unfortunately, is not facilitated by augmented 
energy availability from perfusion or intracellular ATP 
production. On the opposite: reduced perfusion and reduced 
mitochondrial energy production have been demonstrated 
by multiple techniques (5,9,12) suggesting in combination 
with our data a myocardial energy demand/supply mismatch 
at least contributing to diabetic cardiomyopathy. In line 
with this consideration is the well known limitation of exer-
cise capacity in diabetic individuals. 

Conclusions 

In individuals with diabetes mellitus, early risk stratifica-
tion and application of appropriate therapy is indicated to 
improve prognosis. Tissue Doppler and Wave Intensity 
quantify subclinical myocardial dysfunction and impaired 
ventriculo-arterial interaction and can be easily incorporated 
to a routine ultrasound study. On this basis, tissue Doppler 
and Wave Intensity may have the potential to indicate early 

abnormalities with the progredient risk of diastolic heart 
failure and, subsequently, to monitor efficacy of preventive 
therapy such as tight glycemic control with a focus on the 
reduction of post-meal hyperglycemia induced oxygen 
stress production and/or the amelioration of myocardial 
energy availability.  
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ABSTRACT
Personalisation of a cardiac electrophysiology model is crucial not
only to understand and simulate the actual dynamics of pathologies
such as arrhythmia, but also to predict the behaviour of the heart in a
therapeutic environment. In this paper, we present personalisation of
a simplified ionic 3D cardiac electrophysiology model, the Mitchell-
Schaeffer model (2003), for single and multiple heart rates. The
personalisation is performed using the epicardial depolarisation and
repolarisation maps obtained ex-vivo from optical imaging of large
porcine healthy heart. First, we present a method to personalise the
model to a constant heart rate, thus estimating the model parameters
that could result in model predictions similar to the actual clinical
data at the given heart rate used for personalisation. Next, we show
a method to personalise the model to the observed actual spatial dis-
persion of the action potential duration restitution property in order
to have model predictions more similar to the clinical data also at
multiple heart rates.

1. INTRODUCTION
Building computational models of the human body has been an im-
portant research topic for the last few decades. In order to have
sufficiently accurate model predictions in the clinical applications,
there is a huge need of model personalisation, which is defined as
the estimation of the model parameters that gives model simulations
similar to the actual clinical data. Cardiac electrophysiology model
personalisation is essential to develop predictive models that can be
used to improve therapy planning and guidance. For instance, Ra-
diofrequency (RF) ablation therapy on patients suffering from atrial
fibrillation (AF) and ventricular tachycardia (VT) has only 50% suc-
cess rate due to non availability of clinical consensus on optimum
RF ablation patterns. Whereas personalised cardiac electrophysiol-
ogy models could help understand the actual underlying mechanisms
and dynamics involved in the formation of the wavebreaks causing
AF and VT. Hence it could provide optimum RF ablation patterns
leading to an increase in the success rate of RF ablation therapy. In
this paper, we propose one personalisation method for cardiac elec-
trophysiology model at a constant heart rate and an extended per-
sonalisation approach to the actual spatial dispersion of the action
potential duration (APD) restitution at multiple heart rates. APD
restitution is defined as the relationship of the succeeding APD with
the preceeding diastolic interval (DI). The spatial dispersion, hetero-
geneity and slope of the APD restitution is one of the cause leading

The research leading to these results has received funding from the Euro-
pean Community’s Seventh Framework Programme (FP7/2007-2013) under
grant agreement n 224495 (euHeart project), CardioSense3D and Microsoft
Research.

to the maintenance and stability of arrhythmia [1]. The personalisa-
tion is done using the fusion of high quality ex-vivo optical and MR
imaging data.

A variety of mathematical models describing the cardiac elec-
trophysiology have been developed and simulated at various scales.
These models can be categorised into three main categories: Ionic
models (IM), Phenomenological models (PM) and Eikonal models
(EM). IM [2] characterise ionic currents flowing through the cardiac
cell membrane and usually involve many parameters and variables,
making it not well suited to solve inverse problem. However they
do have analytic biological interpretation of the parameters and their
influence on the behaviour of the model. EM [3] are very simple,
describing only the time at which a depolarisation wave reaches a
given point and does not precisely model the reaction parts of the
cardiac electrical phenomenon. At the intermediate level are PM [4],
which describe the action potential generation and propagation along
the cell membrane, and are divided into mono-domain, modeling the
transmembrane potential variable, and bi-domain modeling the intra-
and extra-cellular potential variables. Authors have focused recently
on estimation of parameters using EM [5] and PM [6], on 2D sur-
face, using PM on 3D volume [7]. In this paper, we personalise one
simplified IM, the Mitchell-Schaeffer (MS) model [9], described by
two nonlinear ordinary differential equations for transmembrane po-
tential variable and a gating variable for sodium current depicting
the repolarisation phase. We chose to use this model because of the
following reasons: (i) It has benefits of an ionic model, (ii) It has a
few number of parameters to estimate, (iii) It is more efficient for
personalisation compared to the PM model [8] and (iv) It has ex-
plicit formulae for maximum APD and APD restitution, which is
later proven to be highly beneficial in parameter estimation. In our
approach, the electrophysiology model is spatially integrated using
a 3D tetrahedral mesh of the myocardium created from MR images
taking into account the fibre orientation as well, and is temporally
integrated using an optimum time integration scheme.

In summary, the main contributions of this paper are: (i) a per-
onalisation method for a 3D cardiac electrophysiology model to con-
stant heart rate, and (ii) an extended personalisation approach to
multiple heart rates taking into account the actual spatial dispersion
of APD restitution.

2. ELECTROPHYSIOLOGY MODEL SIMULATION

MS Model MS model [9] is a simplified ionic model derived from
the Fenton Karma (FK) ionic model. FK model [9] has three ordi-
nary differential equations corresponding to sodium, potassium and
calcium currents, but the MS model contains two ODEs correspond-
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ing to sodium and potassium currents:

8>>><
>>>:

∂tu = div(D∇u) +
zu2(1 − u)

ζin
− u

ζout
+ Jstim(t)

∂tz =

8<
:

(1 − z)
ζopen

if z < zgate

−z
ζclose

if z > zgate

(1)
u is a normalised transmembrane potential, and z is the gating vari-
able for sodium ion influx which depicts the repolarisation phase.
Jin = (zu2(1 − u))/ζin represents the combination of inward
sodium current which raises the action potential voltage and Jout =
−u/ζout represents the outward potassium current that decreases the
action potential voltage describing repolarisation. Jstim is the stim-
ulation current, at the pacing location. The parameters ζopen and
ζclose control the repolarisation variable, with ζclose directly related
to the APD.

The diffusion term in the model is controlled by the diffu-
sion tensor D. This spatial diffusion can be related to a pseudo-
conductivity. In the longitudinal direction of the fibre, this pseudo-
conductivity is set to d which is one of the parameters we adjust,
and to d/2.52 in the transverse directions. The electrophysiology
model is solved spatially over a volumetric tetrahedral mesh of the
left and right ventricles using the finite elements method, and in
time using an optimum time integration scheme as Modified Crank-
Nicolson/Adams-Bashforth (MCNAB) scheme, which is evaluated
in terms of accuracy, stability and computational time [8].

3. OPTICAL AND MR IMAGE DATA

In this paper we performed the adjustments using optical recordings
obtained on a healthy porcine heart. The explanted hearts were at-
tached to a Langendorff perfusion system which permits to maintain
the electrophysiological integrity of the hearts over 1-2 hours. The

(a) (b)

Fig. 1. (a) Raw optical signal (anterolateral view) showing action
potential wave (white) and (b) Volumetric myocardial mesh gener-
ated from MR data, with projected depolarisation time isochrones
(in s) derived from filtered optical data.

fluorescence dye (reflecting directly the changes of transmembrane
potential) and the electro-mechanical uncoupler were injected into
the perfusion line (more details are given in [10]). The heart was
paced with an electrode by delivering square pulses of duration 5
ms, near the apex. The fluorescence signals are captured with high
temporal (270 fps) and spatial (< 1mm) resolution, using a pair of
CCD cameras (BrainVision Jp). At the completion of the optical ex-
periment, the hearts were imaged using MR imaging for anatomy.
A volumetric mesh was generated from the images with the INRIA
softwares CGAL and GHS3D, resulting in a tetrahedral geometry.
Diffusion Tensor Imaging was also used to estimate the fiber direc-
tions. The optical images recorded by the 2 CCD cameras were used

to reconstruct a 3D stereoscopic surface of the heart. Several opaque
markers were glued onto the epicardium to provide a way to register
the optical images with the surface of the model generated from MR
images. We estimated a rigid transformation between the optical and
MR markers by minimising the least-square differences. We then
projected the isochronal maps onto the registered volumetric mesh
from MR Imaging with an interpolation from the triangular stereo-
scopic surface. For the adjustment to multiple heart rates, we used
the similar optical data of another healthy porcine heart but recorded
with a range of pacing frequencies f (0.5, 0.7, 0.9, 1.1 and 1.2 Hz)

4. PERSONALISATION METHOD

Estimation of the model parameters that result in a simulation which
is similar to the measured data is defined as personalisation. Firstly,
we present a method to personalise the model to a single heart rate
and next, we present an extended personalisation approach to the
multiple heart rates.

4.1. Personalisation to single heart rate

Here, we match the depolarisation and repolarisation time isochrones
derived from the optical data to those obtained from the model sim-
ulation by optimising two model parameters. The adjustment of d in
order to match the depolarisation isochrones is achieved in two suc-
cessive phases (Calibration and Iterative Adjustment) while ζclose is
estimated in a direct manner.

Calibration. This step is used to initialise the model parameter
values using analytical relationships between the measures and the
parameters. The calibration function used here is similar to [7] and
is given as c(d) = α

√
d + β, where c is the conduction velocity and

the constants α and β are determined by performing several model
simulations for a range of d and computing corresponding c, and
then fitting the function in non-linear least squares sense to the mea-
sures c. Once the relationship is estimated, it is used to determine
the initial parameter value d for the median value of c computed for
the actual reference data.

Iterative Adjustment. This step is used to optimise the d pa-
rameters with calibration result as initial guess. In order to keep
computations reasonable, we divide the left ventricle into 17 zones
as defined by American Heart Association and a similar division of
9 zones for the right ventricle, when an iterative adjustment is per-
formed. The algorithm used here is a trust region method which
finds the minimum of a subproblem, such as a quadratic model cre-
ated using gradient and approximate hessian matrix at the current
search point, and which is implemented using the Trilinos solver
package. Here we use an objective function that minimises the dif-
ference between the simulated and measured depolarisation times by
iteratively adjusting the d parameter value for each zone.

For ζclose, the maximum action potential duration for a single
cardiac cycle is directly given by the model [9] as follows: APD =
ζclose log(1/hmin) where hmin = 4ζin/ζout. As we only have one
measured apd available from the data, we choose to adjust ζclose,
while keeping the other parameter values from the literature [9]. It
is defined by the model that c has no relationship with ζclose, which
provides no coupling between the action potential duration and the
conduction velocity. Thus we can simultaneously adjust parameter
d and ζclose. The defined relationship between ζclose and APD re-
mains valid also in 3D thus allowing us to directly estimate locally
at each vertex, the parameter ζclose without calibration and iterative
adjustment.
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4.2. Personalisation to multiple heart rates

In order to have valid model predictions for different heart rates, it
is important to adjust the model conduction velocity and APD resti-
tution to the actual restitution of the heart. Parameter estimation
using the ECG-based restitution curves have been studied for the
MS model [11]. Here, we present a method to personalise the car-
diac electrophysiology model to the observed APD restitution phe-
nomenon from the optical data. Thus we can have the model predict
similar APD results to the actual data at different pacing frequen-
cies. One of the advantages of the MS model is that it has an explicit
formula for the APD restitution curve derived from the model, and
is given as follows:

f(DIn) = APDn+1 = ζclose ln

0
BB@1 − (1 − hmin)e

− DIn
ζopen

hmin

1
CCA
(2)

where APDn+1 is the succeeding action potential duration and DIn

is the preceding diastolic interval at time instant n. Using the optical
data of one pacing frequency f , we extract APDn+1 and DIn for all
pixels M having valid data. Each extracted pixel i has the APDn+1

- DIn relationship given as: APDi
n+1 = CL − DIi

n where cycle
length CL = 1/f . The same is done for all given pacing frequencies
N = 4 (except 0.9 Hz). This relationship is shown by the negative
slope of APDn+1 for all pixels at each f as shown in Fig.5. Next,
for each corresponding pixel i over the range of pacing frequencies
j = 1 to N , we fit the analytical restitution curve using the nonlinear
least squares method which minimises the error between f(DIj

n)

computed using (2) and APDj
n+1 extracted from the optical data.

The objective function is defined as,

min
θ

NX
j=1

(f(DIj
n, θ) − APDj

n+1)
2 (3)

where f(DIj
n, θ) corresponds to (2) and θ = [ζclose, hmin, ζopen]

is the estimated parameter vector.

5. RESULTS
Before personalisation of the model, the simulations are computed
with the parameter values given from literature.

Action Potential Duration. The mean absolute error on apd
before personalisation is 159.5ms (≈ 40% of apd), reduced to
8.72ms (≈ 2%) after personalisation to single heart rate and with
direct estimation of the parameter ζclose locally, as shown in Fig.2.

(a) (b)

Fig. 2. Action potential duration error maps (in s) (a) before and (b)
after personalisation to single heart rate

Depolarisation time. Before personalisation, the mean absolute
error on the depolarisation time is 58.9ms (≈ 30% of depolarisation

duration), which reduces to 5.1ms (≈ 2%) with adjustment of the
parameter d for single heart rate.

(a) (b)

Fig. 3. Depolarisation time error maps (in s) (a) before and (b) after
personalisation to single heart rate

(a) (c)

Fig. 4. Maps of estimated (a) parameter d and (b) parameter ζclose

with personalisation to single heart rate

APD Restitution. The absolute mean square error over all pix-
els, after personalisation to multiple heart rates is 0.58ms, which
implies a good fit of the restitution curves as shown in Fig.5. The
parameters estimated using the optical data are then projected on the
volumetric mesh for further analysis as given in Table.1 and in Fig.7
With these parameter values, we predict the steady-state APD for an-
other pacing frequency 0.9 Hz, which is not used for personalisation
to multiple heart rates. Fig.6 shows the mean steady-state APD for
LV and RV with pacing frequency 0.9 Hz. Whereas Fig.8 shows a
comparison of the APD error map for steady-state APD prediction
at heart rate 0.9 Hz, with personalisation to multiple heart rates and
with personalisation to a single heart rate.

Parameter LV RV
Mean Std.Dev. Mean Std.Dev.

ζclose 0.1880 ±0.0012 0.1808 ±0.0006
hmin 0.2406 ±0.0006 0.2301 ±0.002
ζopen 0.4477 ±0.0104 0.6188 ±0.0267

Table 1. Mean and standard deviation of estimated parameter values
with personalisation to multiple heart rates (0.5, 0.7, 1.1, 1.2 Hz)

6. DISCUSSION AND CONCLUSION
The first part of this work presented personalisation of the model to
a single heart rate. This approach helps us simultaneously estimate
two parameters d and ζclose controlling the conduction velocity and
the APD respectively. The model simulations using these estimated
parameters would be similar to the actual clinical data but only for
that particular heart rate, which was used to personalise the model.
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Fig. 5. Extracted APD-DI values (crosses, for 10 pixels) and analyt-
ical restitution curves before and after personalisation to single and
multiple heart rates , values in s

Fig. 6. Mean analytical restitution curves for LV and RV using the
parameters (Table.1), and Cycle Length (CL) for heart rate 0.9 Hz

Fig. 7. Histogram of parameter values over both ventricles

However in order to adapt the model to the actual APD restitution
property of the cardiac cells and have valid model predictions for dif-
ferent heart rates, the second part of this work presented an extended
approach which estimates three parameters ζclose, ζopen and hmin.
Estimated parameters ζclose and hmin have a quite homogenous dis-
tribution over LV and RV. Whereas parameter ζopen which controls
the slope of APD restitution, is different for LV and RV, thus caus-
ing APD difference for LV (longer) and RV (shorter), also shown by
Fig.6. Adapting the simulated restitution curve to the actual resti-

(a) (b)

Fig. 8. Action potential duration error maps (in s) for steady-state
APD prediction at pacing frequency 0.9 Hz, (a) with personalisation
to single heart rate (0.5 Hz) and (b) with personalisation to multiple
heart rates (0.5, 0.7, 1.1, 1.2 Hz)

tution curve is crucial to understand the mechanisms and dynamics
of pathologies such as arrhythmia and ventricular tachycardia. Also
it could produce model predictions similar to the actual pathologi-
cal data. Future steps would be to study the correlation between the
spatial heterogenity of APD restitution and electrical alternans and
to adjust the parameters to the actual conduction velocity restitution,
in order to have better model predictions.
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Abstract—Multiple studies demonstrate the influence of the
limbic system on the processing of sensory events and attentional
guidance. But the mechanisms involved therein are yet not
entirely clear. The close connection of handling incoming sensory
information and memory retrieval, like in the case of habituation
towards insignificant stimuli, suggests a crucial impact of the
hippocampus on the direction of attention.
In this paper we thus present a neurofunctional forward model
of a hippocampal comparator function based on Vinogradovas
theory of theta–regulated attention. Subsequently we integrated
this comparator model into a multiscale framework for the
simulation of evoked responses. The results of our simulations
were compared to experimental data on electroencephalographic
(EEG) correlates of habituation towards familiar stimuli.
In consequence we are able to present additional evidence for
limbic influences on the direction of attention driven by stimulus
novelty and a functional framework for the statements given in
the theta–regulated attention hypothesis.
Keywords: Hippocampus, Comparator, Oscillatory Model, Syn-
chronization, Attention, Stimulus Novelty, Evoked Responses.

I. INTRODUCTION:

Attention can be considered as a process of selecting
important sensory information for higher processing while
suppressing insignificant stimuli at the same time. A second
important function is to assign processing resources to the
attended signal stream. Crucial for this workflow is the de-
tection of signal novelty and habituation to already known
signals. In almost every environmental setting the organism
is confronted with concurrent perceptual stimuli of different
behavioral importance. The attunation of indifferent perceptive
events concurring to behavioral important stimuli is highly
important for avoiding energy expanse and for the government
of limited processing resources. The appraisal of incoming
sensory information with reference to their overall novelty
demands the involvement of brain structures closely related
to memory. However the influence of the limbic system on
the processing of sensory events and attentional guidance is
yet not entirely clear.
Mathematical forward modeling has become a valuable tool
for the analysis of fundamental processes in neuroscience. The
mathematical description of biological features allows in the

simulation the adjustment and adaptation of parameters not
accessible in the human experiment and thus provides the
opportunity to make clear predictions on pathogenic changes
in the system. Going hand in hand with an experimental
evaluation of the simulated data the forward model is a
promising approach to gain a deeper insight in the functional
mechanisms of attentional guidance.
In preliminary studies we could demonstrate an objective
evaluation of attentional binding towards a repetitive acoustic
event. We were able to show a significant loss of attention
over the presentation of a stimulus that is not affecting the
subject, while a stimulus that is clearly annoying is keeping a
constant level of attentional binding [1]. That loss of attention
can only be explained by a ”habituation” of attention due to a
familiarity of the stimulus. So the claim exists for a mechanism
combining attentional guidance and memory retrieval of al-
ready classified events. This claim is supported by a number of
studies. The idea of the hippocampus working as a comparator
device of incoming sensory events and already stored memory
was proposed by many authors [2][3][4][5][6]. Yi et al. could
demonstrate in 2005, that only selectively attended events were
able to form memory traces [7]. Also various animal models
showed an unsettled attentive behavior after hippocampal le-
sions, compareable to the explorative behavior in entirely new
environments [8][9][10]. A habituation towards the orienting
reaction might be considered as loss of attention. Novelty
thus seems to serve as its own quality for focussing attention
and the conduction of behavioral schemes. Furthermore some
studies gave evidence for a loss of stability in selective
attention in schizophrenic patients with hippocampal lesions
[11][12][13].
Considering these links of unsettled attentive behaviour and
impaired memory formation our goal was to demonstrate a po-
tential impact of limbic influences on attentional information–
processing. Based on the neurophysiological work of Vino-
gradova [14] and Kryukov [15] we developed an compu-
tational oscillatory model of the hippocampal comparator
function.
In 1973 Hillyard could demonstrate a difference in the pro-

O. Dössel and  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1720–1723, 2009. 
www.springerlink.com 

W.C. Schlegel



cessing of attended and unattended stimuli at the level of
late auditory evoked potentials [17]. Especially the N1–P2
complex shows a significant difference in reaction to pure
exogenous components of the auditory stimuli compared to the
reaction to a willingly attended signal or rather the endogenous
component arising from focussed attention. In preliminary
work we were able to show a difference in the synchronization
stability of the N1–P2 latency in the cases of attended and
unattended stimuli [18].
Our comparator model is integrated into a multiscale frame-
work for the simulation of evoked responses, so we are able
to compare our simulated ERPs directly to experimental data.
In this paper we take only the processing of a single sensory
stream into account. According to Bregmans Auditory Scene
Analysis (ASA) [16] the formation of an auditory stream is
divided into two stages: The decomposition of the acoustical
environment into discrete sensory elements and the subsequent
recombination of those elements into a sensory stream. This
stream can be seen as the spatial representation of a single
sound source. We hypothesize that the input signal originating
from the medial septum (MSDB) is nearly entirely stripped
from higher properties of the actual auditory signal, but
still carries information on the signals spatial location and
exogenous weight.

II. THE MODEL:

A. comparator function and evolving mechanisms

The proposed model is a modular expansion of our math-
ematical model for the simulation of evoked responses. Our
model of the hippocampal comparator function consists of four
functional structures. The MSDB and Fascia Dentata (FD)
subunits serve as modules for the formation and evolution
of the neuronal stimulus representation by feature extraction.
They form two inputs to the comparator subunit CA3, which
is on its part controlling the valve-element CA1. The CA1
subunit also receives input from a cortical element EC. See
figure 1 for a symbolic model representation.

Fig. 1. Schematic outline of the proposed module of habituation towards
stimulus novelty and selective attention guidance for integration into the
Trenado framework. FD=fascia dentata, MSDBB=medial septum and diagonal
band of Broca, SC=Schaffer collaterals, PP=perforant path.

The MSDB subunit is directly processing the sensory stim-
ulation. According to Vinogradova et al. [14] we can assume
the MSDB activity as stimulus dependant but stripped of

every higher signal property. We consider the MSDB activity
as being a direct neuronal representation of the exogenous
stimulus weight. In our model the activity of the MSDB
element is given by the equations (1) and (2) formulating the
oscillating membrane Umms potential and the gamma band
bursting Ubms. Let Am, Ab and Al are constants in R+

denoting amplitudes while φ1 is a constant in R+ denoting a
phase shift. s(n) is a function in R acting as a slope–factor
governing the evolving decrease in firing length:

Umms(t) = Am · Al

1 + exp (t · s(n))
· sin(ωt + φ1) (1)

Ubms(t) = Ab · exp(−dmst) ∗
∞∑

k=−∞
δ(t − kT0)

∀ Umma(t) ≥ Γ (2)

.
The underlying theta–band oscillation of the membranes

serves us (and also might in vivo) as time and phase window.
This leads to a bursting spike neuron model as long as the
membrane potential reaches a given threshold value Γ. The
dependence on the sigmoid damping coefficient s from the
number of stimuli n represents neuronal firing habituation
on the level of a functional unit by the number of stimulus
presentations as demonstrated by Vinogradova et al 2001.
[14] Also the FD subunit activity is given by a damped
oscillation and superposed high frequency oscillation as shown
in the equations for the membrane potential Umfd (3) and the
gamma-band bursting Ubfd (4). In this FD model the damping
and the phase depend on the number of stimulus presentations
n. In the experimental setting the FD shows no habituation
on cellular level but a process of elongated firing - i.e. the
formation of memory traces. In our model this mechanism is
given by a decrease of the oscillation–damping s(n):

Umfd(t) = Am · Al

1 + exp (t · s(n))
· sin(ωt + φ2(Δφ)) (3)

Ubfd(t) = Ab · exp(−dfdt) ∗
∞∑

k=−∞
δ(t − kT0)

∀ Umfd(t) ≥ Γ (4)

.
In our model the phase of the FD oscillation behaves

according to Adler’s equation for weakly coupled oscillators
given in (5). The MSDB is acting as the actual oscillation
pacemaker, while FD oscillations behave accordingly to a
weakly driven oscillator. The coupling of both oscillators ε,
also given in (5), is assumed to be a constant, but might in-
vivo follow a non-linear function due to synaptic plasticity.
This approach is plausible as experimental data is not sufficient
to evaluate the phasic behavior of the FD firing in detail:
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dΔφ

dt
= Δω + ε · sin(Δφ) (5)

As long as CA3 neurons are not pre-recruited by FD
projections they will react to MSDB input by a suppression
of their tonic fire. In future this state is referred as reaction
to novelty. In terms of modeling: The FD input imprints a
response threshold on the CA3 subunit for a given timeframe
defined by the decline of the potential given in (4). As long
as the response threshold in CA3 is not higher than a given
value it will react to MSDB input by a suppression of its
tonic fire thus putting the CA1 element into a receptive state.
During this receptive state the CA1 subunit integrates the input
from entorhinal cortex (EC). If a determined number of spikes
arrives in a theta-band window the CA1 element reacts with a
single action potential. The firing rate of CA1 is calculated in
formula (6). We define a natural firing frequency of the CA1
neurons in the theta band by calculating a time–window for
the integration of incoming spikes. Upper and lower limit of
every time window is given by the zeroes of a theta–frequency
oscillation and T denoting the duration of the CA3 reaction
to novelty (7)(8):

FCA1(n) =

⎧⎪⎨
⎪⎩

δ if
Wti(n+1)∑

Wti(n)

δEC ≥ threshold

0 else

(6)

Wi = Ai · sin(ωit + φ3) (7)

Wti(n) =
n

ωiπ
− φ3 ; 0 ≤ n ≤ 1 + (2 · T/ωi) (8)

B. Integration into the multiscale framework

Subsequently we integrated this model into a multiscale for-
ward model for simulating evoked response potentials (ERPs)
[19]. For closing the gap between the different model scales
we needed to approximate a function describing the CA1
firing. As shown in the Results subsection the sum of action
potentials in the CA1 module can be approximated by a
sigmoid function.

III. RESULTS:

Using our comparator module we could simulate in general
the results of Vinogradova et al. [14] We can clearly show a
significant regression of the duration of the CA1 firing over
the number of presented stimuli. The CA1 activity can be seen
as the bridge connecting the two different scaled models. On
one hand it depicts the regulating output of the comparator
module to thalamic area, on the other hand the CA1 activity
is the input into the modulated gain G1 of the large–scale
cortico–thalamic model. Figure 2 depicts our final results in
the simulation.

Fig. 2. Activity of the CA1 neurons in the theta band in reaction to the
1. (1.row) to 16. (last row) stimulus. The number of subsequent stimuli is
indicated on the right. Timebase indicated on right floor is ca. 200ms

For further processing the G1 gain is modulated by the
number of stimuli presented. The results of our simulations
resemble remarkably the experimental findings related to the
synchronization stability of late AEPs. Increased activity of
the CA1 module, due to simulated stimulus novelty, leads
to a higher synchronization stability in the artificial evoked
responses, as well as a decrease in CA1 activity leads to
a desynchronization. Our experimental findings confirm a
significant loss in synchronization stability of the N1–P2
component of late AEPs in the case of habituation towards
a familiar stimulus [1].
Figure 3 depicts a comparison of our experimental results of
the time–scale coherence of late AEPs and the results of our
simulation.

Fig. 3. Comparison of experimental data (left) and the in–silico results (right).
Both pictures show the evolution of time–scale coherence (normalized scale)
over the number of stimuli presented. The grey line in both pictures depicts
the loss of attention due to stimulus familiarity. The black line depicts the
binding of attentional resources on an unpleasant stimulus. We comment this
behavior in the following section [1].

IV. DISCUSSION:

We were able to simulate experimental data on attention
and habituation using our model based on the hypothesis
of hippocampus working as a comparator and Vinogradovas
theta–regulated attention theory. The effects of attention and
habituation on the N1–P2 components of late AEPs were
reproduced. Besides the Vinogradova model there exits a
different model of CA1 working as a comparator by Lisman
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and Grace. [20] In this hypothesis the CA3 area predicts future
events on the base of associative memory, while the CA1 is
the factual comparator of incoming sensory information and
predicted environmental changes. Lisman and Grace state, that
the locus of novelty detection in the hippocampus is not known
with certainty. Latest results however suggest that the CA3
area of the hippocampus is the factual comparator. Lee et al
and Hasselmo confirmed a potential role of the CA3 in novelty
detection in 2005 [21][22].

Crick stated 1984 a high importance of the thalamic reticular
nucleus (TRN) for the attentional spotlight [23]. Latest pub-
lications support this hypothesis. Animal models report from
impairments in the attentional orienting after TRN lesions and
the result of c-fos stains suggest a critical role of the TRN in
attentional gating. Our results also support this hypothesis in–
silico.

Facing the problems of hippocampal models our model -
in expanse - can provide satisfying results. Along with the
habituation there come a number of related claims and tasks
like stimulus specificity, dishabituation or simply the inability
to habituate towards annoying stimuli [15]. In all cases we
assume a shift in at least the coding phase. Dishabituation
occurs with changes in the signal parameters, thus in a change
in the exogenous weight or spatial location, or an electrical
stimulation of the reticular formation. In our model the conti-
nous signal stream is interrupted and the new encoding results
in a new signal phase and possibly new frequency coding.

Most interesting is the question why sometimes an inability
to habituate towards certain stimuli occurs. A number of pub-
lications demonstrated the influence of the central amygdala
on the dentate gyrus [24][25]. An unpleasant stimulus thus
might, by its activation of accompanying brain areas like the
amygdala, prevent the habituation by a modification of the
FD firing pattern. Similar to this case we hypothesize the
possibility of voluntary attending insignificant stimuli. Planing
areas are likely to influence also the coded pattern in the FD as
well. The feedback of the CA3 to the reticular formation (FR)
via the Raphe nuclei (RN) is not included in the model. We
consider the FR responsible for the selection of the attended
stream and the release from tonic inhibition during the reaction
to novelty as method to stabilize the attended stream against
concurrent stimuli [14].

V. CONCLUSION:

In conclusion the presented expansion of our forward
model is a promising approach to gain deeper insights in
the mechanisms of habituation and the guidance of selective
attention driven by stimulus novelty. Also our module
could provide a better understanding on the effects of small
neuronal groups on measurable large–scale effects like
the electroencephalogram. We did not want to model the
formation of associative memory traces, but focussed entirely
on the guidance of attentional resources by limbic structures.

This work has been supported by the German Federal Ministry
of Education and Research (BMBF), Grant FZ: 17N1208.
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Abstract—We have recorded electroencephalography dur-
ing scoliosis corrective surgery from 7 channels from a patient 
under anesthesia. The data was used to develop a fast method 
to detect a response loss indicating impending neural damage. 
A combination global field power utilizing reference free 
channel derivations and averaging of the responses yields a 
fast responding result enabling the surgeon to make corrective 
procedures to the operation technique to save the patient’s 
nerves from permanent injury.  

Keywords—Global Field Power, Averaging, Somatosensory 
evoked potentials, intraoperative monitoring. 

I. INTRODUCTION 

The human brain is estimated to have 1010 [1] neurons 
which continuously receive input from the peripheral nerves, 
process the information through its tightly interconnected 
neural network and output the decisions to the motor system 
to execute. During demanding surgeries the patient is anes-
thetized to enable the surgeons to operate on the body of the 
patient. A typical general anesthesia comprises of analgesia 
(blocking the perception of pain), hypnosis (unconscious-
ness), amnesia (preventing memory formation), relaxation 
(preventing unwanted movements) and obtundation of re-
flexes (preventing exaggerated autonomic reflexes). These 
leave the patient unresponsive to impending complications.  

Electroencephalography (EEG) and evoked potentials are 
used to assess the depth of anesthesia and to give informa-
tion about the integrity and the activity of the sensory stim-
uli processing neural systems. In somatosensory evoked 
potentials (SEP) the patient’s peripheral nerves are electri-
cally stimulated from the limbs. Usually median or ulnar 
nerve stimulation is used in the upper limbs and tibial nerve 
stimulation in the lower limbs. Action potentials evoked by 
the stimuli are conducted by the peripheral nervous system 
to the spinal cord, brain stem, and the cortex. The somato-
sensory area corresponding to the stimulated nerve gives a 
response which can be picked up using EEG electrodes.  

In scoliosis corrective surgery tibial nerve somatosensory 
evoked potentials (tSEP) are used when there is a high risk 

of spinal cord injury [2]. Loss of response to the stimuli or 
lengthening of the response latency can be interpreted that a 
complication is threatening some part of the somatosensory 
tract. The surgeon is warned and corrective measures are 
taken to restore the responses.   

The signal-to-noise ratio (SNR) of the evoked potentials 
is poor. Individual evoked potentials have very low ampli-
tude, ranging from 0.1 to 10 μV, and are hidden in the ongo-
ing EEG background activity, having amplitude on the 
order of 10 to 100 μV [3]. Therefore signal processing 
methods are used to improve the SNR and detect the re-
sponses and their possible loss due to complications. 

The de facto method for SNR improvement in evoked po-
tentials is to use averaging of the recorded epochs [4].  In 
neuromonitoring new responses are added to the summation 
as they come available during the recording. Gradually the 
static response waveform emerges from the spontaneous neu-
ronal activity. Many methods to improve the SNR are increas-
ingly being developed since the digital signal processing soft-
ware and computing power have been readily available. 

In this work we propose a new technique to study the 
somatosensory evoked potentials under anesthesia. The 
method combines the uniform noise canceling properties of 
averaging using arithmetic mean and the reference electrode 
independent global field power (GFP) [5]. 

II. MATERIAL AND METHODS 

The patient for this study, a 13 year old girl with no neu-
rological defects, undergoing elective surgery for idiopatic 
scoliosis was monitored for spinal cord somatosensory tract 
integrity in propofol anaesthesia using 7 channels of EEG 
and tSEP. 

The monitoring device was Endeavor Bravo intraopera-
tive monitoring system (Viasys Healthcare, PA, USA). The 
acquired EEG was sampled at 8 kHz. EEGs were recorded 
using similar subdermal steel needle electrodes. The re-
cording electrodes were positioned according to the interna-
tional 10-20 electrode locations standard [6]. Unipolar re-
cording electrodes were placed at Fz, Cz, Oz, C3' (midway 
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between C3 and P3), C4' (between C4 and P4), A1, and A2 
positions. The reference electrode was located in the mid-
line between Cz and Fz (Fig. 1). The impedance of the elec-
trodes was set below 5 kΩ, to ensure the quality of the re-
cordings. The tSEP stimulation frequency was 3.1 Hz. The 
tSEP stimuli to the tibial nerve were administered using 0.4 
mm stainless steel subdermal needle electrodes, inserted 
behind the medial malleoli of each lower limb. Left and 
right tibial nerves were stimulated in turns with a rectangu-
lar 200 μs current pulse. The current used was 30 mA.  
The delay between left and right tibial nerve stimulus was 
96.8 ms. 

 

Fig. 1 Locations of the seven EEG channels Fz, Cz, C3’, C4’, Oz, A1, A2. 
The reference electrode was located between Fz and Cz. Stainless steel 
needle electrodes were used for the recording. Figure modified from [7] 

After recording the EEG (Fig. 2) was converted for off-
line analysis into European data format (EDF) [8], and im-
ported into a Matlab computing environment (Mathworks, 
MA, USA). The power line interference, which was excep-
tionally strong in the C3’ and C4’ traces, was removed from 
the data with sharp band stop filters in 50 Hz (main freq), 
100 Hz (1st harmonic freq) and 150 Hz (2nd harmonic freq). 
After experimentation a suitable band pass filter of 20 to 
400 Hz was implemented to suppress low frequency base 
line wondering and high frequency noise.  

 

Fig. 2 10 second sample of the unipolar EEG channels Fz, Cz, C3’, C4’, 
Oz, A1, A2 with hardware filtering 0.2 Hz - 3 kHz. The patient is in deep 
propofol burst-suppression anesthesia. Above the traces is the stimulus 
trigger trace, which was used to capture the epochs holding the tSEP 
responses. The traces, especially C3’ and C4’, contain mains artifact 
which, was filtered out during processing 

100 ms epochs of the filtered EEG were collected ac-
cording to the triggers of the stimuli to the tibial nerve of 
the right leg. Only epochs containing voltage values be-
tween +/- 50 μV were accepted. Because a normal peak-to-
peak amplitude tSEP results are in the order of 10 μV, any-
thing over +/- 50 μV can be considered artifact (either tech-
nical or other bioelectrical signals than tSEP). 

The signal-to-noise ratio in tSEPs is very poor and thus 
signal processing methods are needed to improve SNR. A 
single response from an electrical stimulus to the tibialis 
nerve cannot be seen in the EEG and arithmetic mean of N 
100 ms long epochs were calculated. The spontaneous EEG 
and other interfering noise that is not synchronous to the 
stimuli gradually diminish and the tSEP response emerges 
usually between 10 to 100 averaged epochs. Ideally the 
SNR increases as a function of the square root of N [9] so 
increasing the SNR ten fold needs 100 averaged epochs. 

Even after almost all the noise has been expelled from the 
signal in N=1000 the result is a signal with an amplitude 10 
μV or less (Fig. 3). In the tSEP recording guidelines [10] and 
tSEP intraoperative monitoring technique summary [11] the 
preferred scalp recording channels are Cz’-Fz and C3’-C4’ 
(in here Cz is used instead of Cz’, which is 2 cm posterior to 
Cz). An optimal tSEP channel was found by calculating 21 
bipolar combinations from the seven unipolar channels.  

Global Field Power measures the standard deviation 
across many channels. The GFP quantifies the global activ-
ity of the potential field measured from the EEG scalp elec-
trodes. In the calculated GFP waveform peaks represent 
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large deviations of the EEG from the zero voltage line and 
troughs small deviations approaching zero potential.  

To take the results from all the recorded channels into 
account GFP was calculated. Unfortunately the tSEP re-
sponses are too weak to be seen using GFP on single ep-
ochs. The solution here was to calculate the 21 bipolar 
combinations from the 7 EEG unipolar channels and their 
inverted counter parts making the total number of channels 
42. Then averaging using arithmetic mean was calculated 
on all the channels to improve the SNR of the tSEP. GFP 
was calculated through out the 42 channels after averaging 
over N = {5,10…45, 50, 100, 1000} using  

 

 ∑∑
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where n is the number of electrodes, which measure poten-
tials ei and ei ; i, j = 1…n; the observed voltages are  
u=ei- ecommon reference [12]. 

III. RESULTS 

The guidelines suggest that channels Cz’-Fz and C3’-C4’ 
should be used for recording the tSEP. The calculated opti-
mal channel giving the highest tSEP amplitude for this 
patient was found to be Cz-C3’, which is not quoted in the 
guidelines (Fig. 3, Table 1).   

Fig. 3 Here are shown the results of averaging using arithmetic mean over 
N epochs in two standard monitoring channels Cz-Fz and C3’-C4’ and an 
optimal Cz-C3’ channel, which gives the highest amplitude values in the 
time interval of 30 to 40 ms 

Table 1 Peak-to-peak voltages in μV of the tSEP results calculated from 
the time interval of 30 – 40 ms of the averaged result 

N Cz’-Fz C3’-C4’ Cz-C3’ 
10 8.7 9.2 10.3 
100 7.6 7.1 10.3 

1000 7.2 5.4 9.6 

The results of the combined averaging over multiple ep-
ochs and GFP calculation from the averaged channels are 
shown in Figure 4.  In N=15 the GFP wave shows a clear 
peak in 40 ms. The peak is the result of high cerebral activ-
ity captured by many of the 42 channels used in the calcula-
tion.  The amplitudes of the peak from the zero line are 76.9 
μV,  87.3 μV, and  81.5 μV in N={10,100,100} respec-
tively.  The GFP peak results are 7 to 12 times higher than 
in averaged tSEPs. 

 

Fig. 4 The results after averaging N epochs of all the possible 42 channel 
combinations and calculating the Global Field Power through out them 

IV. CONCLUSIONS  

The tibial somatosensory evoked potential results are 
usually viewed on only a few channels. The optimal chan-
nels giving the highest tSEP results may be some other 
derivation as was shown in here. The reference-free Global 
Filed Power takes into account every possible combination 
of the measured EEG channels thus covering the measure-
ment area in highest possible detail. The single tSEP  
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responses have a very low signal-to-noise ratio and thus 
averaging synchronous to the administered electric stimuli 
using arithmetic mean was conducted through out the 42 
possible channel combinations.  

GFP gave a clear response after 15 to 20 averaged epochs 
resulting in a maximum deflection from the zero line that 
was 7 to 12 times higher than using conventional averaging 
on individual monitoring channels. A high response facili-
tates the monitoring of the somatosensory responses 
through the patient’s somatosensory tract. If a clear lower-
ing or a shifting of the peak is seen it may tell about an 
impending damage in the tract and the surgeon needs to be 
warned.  15 and 20 responses takes 4 to 5 seconds to accu-
mulate on a stimulation rate of 3.1 Hz, which is very fast 
compared waiting for hundreds or in noisy conditions thou-
sands of responses to form the tSEP result. 

ACKNOWLEDGMENT 

This study was funded by the Finnish Ministry of Educa-
tion through the International Graduate School in Biomedi-
cal Engineering and Medical Physics in the Tampere Uni-
versity of Technology. The use of the patient material was 
approved by the chief administrative medical officer of the 
Tampere University Hospital (decision number R0853). 

REFERENCES  

1. Nunez PL, Srinivasan R (2006) Electric fields of the brain: the neuro-
physics of EEG. Oxford University Press, New York 

2. Nuwer M, Dawson E, Carlson L, Kanim L, Sherman J (1995) Soma-
tosensory evoked potential spinal cord monitoring reduces neurologic 
deficits after scoliosis surgery: results of a large multicenter survey. 
Electroencephalography and Clinical Neurophysiology/Evoked Po-
tentials Section 96:6-11 

3. Sörnmo L, Laguna P (2005) Bioelectrical Signal Processing in Car-
diac and Neurological Applications. Academic Press, New York 

4. Dawson G.D (1954) A summation technique for the detection of 
small evoked potentials. Electroenceph. clin. Neurophysiol. 6: 65–84 

5. Lehmann D, and Skrandies W (1980) Reference-free identification of 
components of checkerboardevoked multichannel potential fields, 
Electroencephalography and Clinical Neurophysiology 48:609-621. 

6. Klem G, Lüders H, Jasper H, Elger C (1999) The ten-twenty electrode 
system of the International Federation. The International Federation 
of Clinical Neurophysiology Electroencephalogr Clin Neurophysiol 
Suppl. 52:3-6. 

7. Malmivuo J, Plonsey R (1995) Bioelectromagnetism - Principles and 
Applications of Bioelectric and Biomagnetic Fields. Oxford Univer-
sity Press, New York  

8. Kemp B, Värri A, Rosa AC, Nielsen KD, Gade J (1992) A simple 
format for exchange of digitized polygraphic recordings. Electroen-
ceph clin Neurophysiol. 82:391–3. 

9. Luck S (2005) An introduction to event-related potential technique. 
MIT Press, Cambridge 

10. Mauguière F, Allison T, Babiloni C, Buchner H, Eisen A, Goodin D, 
Jones S, Kakigi R, Matsuoka S, Nuwer M, Rossini P, Shibasaki H 
(1999) Somatosensory evoked potentials, Recommendantions for the 
Practice of Clinical Neurophysiology: Guidelines of the International 
Federation of Clinical Physiology, Electroenceph. clin. Neuro-
physiol., Supp 52:79-90 

11. Nuwer M, Packwood J (2008) Somatosensory evoked potential 
monitoring with scalp and cervical recording, Intraoperative Monitor-
ing of Neural Function, Handbook of Clinical Neurophysiology, vol 
8, Elsevier, Amsterdam   

12. Lehman D, Skrandies W (1984) Spatial analysis of evoked potentials 
in man - a review, Progress in Neurobiology 23:227-250 

Corresponding author: 

Author: Atte Joutsen  
Institute: Department of Biomedical Engineering / Tampere Univer-

sity of Technology 
Street: Biokatu 6, 4th floor  
City: Tampere 33520  
Country: Finland 
Email: atte.joutsen@tut.fi  

 
 



Ultrafast Detection of Chirp- and Click-Evoked Auditory Brainstem Responses

F. I. Corona-Strauss1, W. Delb2, B. Schick2 and D. J. Strauss1

1 Computational Diagnostics & Biocybernetics Unit, UdS/HTW, Homburg/Saar, Germany
2 Center for Research in Communication Disorders, Homburg/Saar, Germany

Abstract— We propose for the first time Gabor frame op-

erators as efficient feature extraction technique for ABR sin-

gle sweeps that can be processed using a novelty detection

paradigm. We use this decomposition technique to derive the

Gabor frame phase stability (GFPS) of ABRs sweeps. Chirp and

click evoked ABRs were obtained from 20 volunteers (threshold

<15 dB(HL); 24.453.80 years; 13/7 female/male) with no history

of hearing problems. In each experiment 2 types of electrodes

passive (PE) and active (AE) were used (Impedances remained

<5KΩ). First AE were attached and ABRs were obtained us-

ing clicks at intensity levels of 40, 30, 20 dB(SPL) and the spon-

taneous activity (using no stimuli). Later the chirps were pre-

sented for the same intensity levels. Then, the electrodes were

changed for PE and the same stimulation procedure was ap-

plied. Each condition had 2000 sweeps free from amplitude arte-

facts (15 μVolts). We show that the GFPS of chirp evoked ABRs

provide a stable discrimination of the spontaneous activity from

stimulations above the hearing threshold with a minimum num-

ber of sweeps, especially for the chirp stimulations. This is the

first study directed to an ultrafast single sweep analysis of chirp

evoked ABRs. It is concluded that the GFPS represents a robust

feature of ABRs which allows for an ultrafast discrimination of

the spontaneous activity from stimulation intensities above the

hearing threshold, especially for chirp stimulations, and might

be used in expert based diagnostic procedures directly or for

the ultra-fast detection of the hearing threshold by cojoint sys-

tems with a computational decision making stage according to

the novelty detection paradigm. We conclude that our study re-

inforces the use of chirp stimulations for the fast hearing thresh-

old detection.

Keywords— Gabor Frame Operators, Phase Stability, Chirps,

Auditory Brainstem Responses

I. INTRODUCTION

Auditory brainstem responses (ABRs) are accepted to be
the most reliable method for the objective diagnosis and
quantification of hearing loss in non–cooperative patients, i.e.
newborns, e.g., see [1, 2, 3]. Due to a poor signal–to–noise ra-
tio, many sweeps, i.e., responses to individual stimuli, have to
be averaged in order to obtain a meaningful signal at a par-
ticular stimulation level, making the procedure time consum-
ing. This measurement time requires often the state of spon-
taneous sleep, strong sedation, or narcosis in the newborns.

The availability of a method which allows for the detection
of hearing by ABRs at the time scale of seconds might have
the following impacts: Newborn Hearing Screening (NHS)
programs can be organized as a 1–stage procedure instead
of 2 or 3–stages [4], then sedation or narcosis would not be
necessary and it could also be used for hearing aid fitting pro-
cedures [5].

Chirp vs. Click Stimulations: It was commonly believed
that ABRs were elicited by the onset or offset of a stimu-
lus, hence clicks were preferred because of their abrupt onset
and wide spectral content, e.g., see [1]. However, recently the
authors in [6, 7] showed that ABRs are enhanced by an ap-
propriate temporal organization of the stimulus (rising chirp)
related to the properties of the basilar membrane (BM). A va-
riety of series of chirps has been developed in [8, 9, 10]. The
authors in [8] have reported that all chirps tested evoked a
larger wave V in ABRs than the ones evoked by clicks, espe-
cially for lower stimulation intensities. The chirp that resulted
in the largest response was based on functions fitted to tone–
pulse evoked ABR wave V latencies at various stimulation
levels, see [8, 11] for details.

The Novelty Detection Paradigm: In [4, 5] we introduced
a novelty detection paradigm for the fast detection of ABRs
using kernel based learning machines. The basic idea of this
approach is to design a computational recognition scheme
that is adjusted to the individual measurement condition us-
ing the spontaneous electroencephalographic activity. In the
next step, larger auditory stimulation levels are applied. If
there is a stimulus locked neuronal group synchronization
at the brainstem level to the stimulation, i.e., a correlate of
physiological hearing, a regular and consistent event must be
present in the respective time interval. The detection of such a
regular, consistent, stimulus locked event is very challenging
due to the poor signal–to–noise ratio, especially when using a
minimum number of sweeps to reduce the measurement time.

Phase Stability: phase synchronization measures have re-
cently been applied in [12] for the assessment of the neu-
ral synchronization stability in late auditory evoked response
single sweep sequences. Such a scheme could also be ap-
plied for the detection of a stimulus locked activity in ABRs.
We use this concept for ABRs using Gabor frame operators
(GFO) which can be sampled on a less dense and thus less
redundant time–frequency grid as compared to the complex
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Fig. 1: Waveforms of the different types of stimulation: chirps and click.
The chirps were calculated with a frequency range of 0.1-10KHz, and

different intensity levels: 40, 30 and 20 dB (SPL). From the right to the left,
chirp for 40 dB (SPL)(black continuous line), chirp for 30 dB (SPL) (gray
dot-dashed line), chirp for 20 dB (SPL) (gray dashed line) and click of 80

μsec (gray continuous line).

continuous integral transforms applied in [4]. This study is
driven by the need for a robust feature extraction in ABRs
that might be exploited for the ultra–fast hearing threshold
detection. In this work, we introduced for the first time Ga-
bor frame operators (GFO) as analysis tool for ABRs and we
show (a) the effectiveness of GFO to extract the phase sta-
bility information in ABRs and (b) the effectiveness of chirp
stimulations for the fast ABRs single sweep processing. This
is the first study that is directed to the fast single sweep pro-
cessing of chirp evoked ABRs.

II. METHODS

A. Stimuli, Measurement, and Subjects

Stimuli Characteristics and Calibration: Based on the re-
sults in [7], we calculated the chirps which yielded the largest
evoked responses (in [7] referred as A-chirps). For a detailed
explanation we refer to [13].

Three types of chirps were computed for the intensity lev-
els of 40, 30 and 20 dB sound pressure level (SPL). For the
click stimulation, we used unit impulses with alternating po-
larity and a duration of 80 μsec. All the stimuli are shown
in Fig. 1. The frequency ranges for all the chirps are in the
interval [0.1 KHz,10 KHz], and their resulting durations are
7.84, 9.21 and 10.81 ms for 40, 30 and 20 dB (SPL), respec-
tively. For all the stimulation conditions the repetition rate
was 20 Hz. The setup and stimuli were calibrated according
to [9, 14, 15]. For that purpose, the peak equivalent (pe) SPL
had to be calculated for each type of stimulus. For details in
the procedure we refer to [13].

In other studies reported in literature, the chirp stimuli
were presented in dB sensation level (SL), which required
obtaining the hearing threshold for each subject and for each

type of stimulus. In order to avoid a subjective threshold ad-
justment every time when we had a different subject-stimulus
combination, we obtain the peSPL as specified in [9, 14, 15],
for signals of short duration such as clicks and chirps.

Electrodes and Preprocessing: Ag/AgCl active electrodes
(Easycap GmbH, Germany) were placed as following: ipsi-
lateral to the stimulus at the right mastoid, common reference
at the vertex and ground at the upper forehead. Impedances
were always below 5KΩ in all the measurements. The elec-
troencephalographic activity was acquired by a high–end 24
bit biosignal amplifier (gUSBamp, gTec, Austria) using a
sampling frequency of 19.2KHz, and a band–pass filter with
cutoff frequencies of 0.1 and 1.5 KHz, respectively.

Experiments: The time for one complete experiment was
approx. 1 hour including the time for the preparation of the
subject. Electrodes were attached, and the subjects were in-
structed to lay on a bed in an acoustically insulated room try-
ing to remain quiet, with the eyes closed, and sleep if possi-
ble. The headphones were placed and after verifying correct
impedances, the lights were turned off. Subsequently, ABRs
were obtained using clicks for the intensity levels of 40, 30,
20 dB (peSPL) and the spontaneous activity for the same time
segments (i.e., number of samples) that were used in the stim-
ulated condition. In other words, we obtained single sweeps
of the spontaneous activity. Later the chirps were presented
for the same intensity levels and in the same order. In each
recording and condition 2000 sweeps free from amplitude
artefacts (artefacts were removed by an amplitude threshold
(15μV) detection) were recorded.

Subjects:Twenty volunteers (mean age 24.45 years with a
standard deviation of 3.80 years; 13 female, 7 male) with no
history of hearing problems and normal hearing thresholds
(below 15 dB (HL)) participated in the experiments. After a
detailed explanation of the procedure, all subjects signed an
information concern.

B. Gabor Systems and Gabor Frame Operators

A Gabor system (ϕ,α,M−1) for �2 (i.e., the space
of square summable sequences) is defined as ϕm,n[·] =
e2πım·M−1 ϕ[·−αn], Eq.(1), i.e, the system represents a fam-
ily of sequences which are generated by one particular se-
quence due to modulation and translation. A Gabor system
that is also a frame for �2 is called a Gabor Frame for �2.
For αM−1 > 1 the system is undersampled and cannot be a
basis or a frame for �2. For αM−1 = 1 we have the critically
sampled case and, if the Gabor system represents a frame, it
is also a basis. For αM−1 < 1 we have the oversampled case
and the Gabor system cannot be a basis but a frame. We deal
with the latter case throughout this paper.
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An important property of Gabor frames is that the dual
frame is also generated by a single sequence such that
ϕ̃m,n[·] = e2πım·M−1 ϕ̃ [·−αn], Eq.(2), with ϕ̃m,n = F−1ϕm,n.
Let us introduce the index set I = {0,1, . . . ,M−1}. We de-
fine the Gabor frame analysis operator G : �2 �→ �2(I ×Z)
by Gϕ x)[m,n] = C[m,n] = 〈x,ϕm,n〉�2 , Eq. (3).

We define the Gabor synthesis operator G ∗̃
ϕ : �2(I ×Z) �→

�2 by x[·] =
(
G ∗̃

ϕC[m,n]
)

[·] = ∑m,n∈ZC[m,n]ϕ̃m,n[·], Eq.(4).
The described Gabor decompositions can also efficiently

be implemented by oversampled uniform band discrete
Fourier transform filter banks as shown in [16].

Table 1: Analyzed intervals for the different stimulations according to the
intensity. The interval for each chirp starts after 3 ms of its respective

duration, and ends after 7 ms.

Intensity

dB (peSPL)

Interval

[bl ,bu] (ms)

Clicks 40 [5,11]

Clicks 30 [5,11]

Clicks 20 [5,11]

Chirp 40 [10.84,17.84]

Chirp 30 [12.21,19.21]

Chirp 20 [13.81,20.81]

C. The Gabor Frame Phase Stability

Let x denote the analytic signal of an ABR single sweep,
i.e., x = s + ıH s where s represents the original ABR sin-
gle sweep waveform and H the Hilbert transform operator.
Given the sequence X I = {xI

k ∈ �2 : k = 1, . . . ,K} of analytic
signals of K ABR single sweeps obtained at stimulation in-
tensity I, we define the Gabor frame phase stability (GFPS)
by ΓJ

m,n(X I) := 1
J

∣∣∣∑J
k=1 eıarg((Gϕ xI

k)[m,n])
∣∣∣ , J ≤ K, Eq.(5).

Let us introduce the set J = {1, . . . ,J}. For a fixed mod-
ulation index m, we define the moving average representation
of the GFPS in Eq. (5), by the sequence ΛI

m[n, j] : I ×J →
[0,1] such that ΛI

m[n, j] = ∑ j
k=1 Γk

m,n(X
I), Eq(6).

In the further analysis, we restrict our interest to the time
intervals where most of the energy of the ABRs was induced
for our data segments, see Tab. 1. Let U I denote the sam-
pling space, i.e., the set of samples that corresponds to these
intervals. Then Eq. (6)averaged for these sampling spaces is
given by ΛI

m[ j] = |U I |−1 ∑n∈U I , Eq.(7).
In other words, Eq. (7) represents the moving average

(over the sweeps with index j ∈ J ) of the mean (for a fixed

modulation index m) ABR GFPS.

III. RESULTS AND DISCUSSION

For the experiments in this section, we used the Gaussian
function to generate the family of functions in Eq. (1) and Eq.
(2), with M = 60 modulations and α = 1. Note that these val-
ues result in an overcomplete Gabor frame decomposition,
with frequency channels of approx. 100Hz bandwidth with
m = 0,1, . . .60. The bands m = 1,2 and 3 are in which most
of the energy of the ABRs was induced in all the subjects,
which is in line with the time–scale ABR entropy analysis in
[17], where we showed that most of the information in ABRs,
for instance, binaural interaction correlates in a binaural stim-
ulation, are represented by low frequency components.

Fig. 2: The evolution of sweep sequences in the complex plane for 30 dB
(SPL) stimulation and for the spontaneous activity.

Fig. 3: Results for active electrodes and m = 1: (a): mean of ΛI
m[ j] for the

spontaneous activity and increasing click intensities; (b) mean of ΛI
m[ j] for

the spontaneous activity and increasing chirp intensities; (c) ANOVA for (a)
and (d) ANOVA for (b).

In the Complex Plane: In Fig. 2 we have shown the quan-
tity (Gϕ xI

k)[m,n] for m = 1 and a fixed n taken from the inter-
val of wave V in line. More precisely, in this figure a complex
number (with absolute value one) associated with a sweep
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k + 1 is ”attached” (linearly translated with conserved abso-
lute value and phase) to the complex number associated with
sweep k (each straight line represents one sweep in Fig. 2).
The origin of the complex plane is marked by the circle. The
very same number of 2000 sweeps is shown for the sponta-
neous activity and for the 30 dB (peSPL) chirp stimulation.
It is noticeable that the phase for the spontaneous activity is
moving chaotically around in the complex plane whereas the
phase for the chirp stimulation is locked and exhibits stable
angles, resulting in a large vector or smoother line, respec-
tively, in the complex plane. It is easy to see that the appli-
cation of the GFPS would yield a larger value in the latter
case.

Performance Comparison Clicks vs. Chirps: In Fig. 3 we
have shown a performance comparison between click and
chirp stimulations for m = 1, different stimulation intensities,
and passive electrodes. In particular, we have shown the mean
of ΛI

m[ j] over all the subjects for j = 1,2, . . . ,1000 in Fig. 3
(a) for clicks and in Fig. 3 (b) for chirps. In Fig. 3 (bottom)
the p–values for the (one–way) ANOVA significance test are
shown for the spontaneous activity vs. stimulation, in Fig.
3 (c) for clicks and in Fig. 3 (d) for chirps. It is noticeable
that the chirp stimulation converges for a much smaller num-
ber of sweeps ( j) to significant (p < 0.05) values than the
click stimulations. Thus, at least from a theoretical point of
view, low frequencies reach their sensation locus at the same
time as high frequencies such that we have a synchronous
discharge of the cochlea.

IV. CONCLUSION AND FUTURE WORK

We have introduced Gabor frame operators as novel fea-
ture extraction method to derive the GFPS of ABR single
sweep sequences. We showed that this method provides a fast
and reliable discrimination of the spontaneous activity from
stimulations above the hearing threshold with a minimum
number of sweeps as compared to conventional schemes
in which thousands of sweeps are averaged. Moreover, our
study reinforced the use of the recently proposed chirp stim-
ulations to evoke ABRs, especially at lower stimulus inten-
sities. The presented method might be used in expert based
diagnostic procedures directly or for the ultra–fast detection
of the hearing threshold by cojoint systems with a compu-
tational decision making stage according to the novelty de-
tection paradigm. More clinically oriented studies should in-
clude hearing impaired patients and newborns as the key
group for objective therapies.
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Abstract— We propose a signal processing tool for evaluat-

ing the electroencephalogram (EEG) phase reset due to auditory

attention by utilizing an inverse analysis of the instantaneous

phase for the very first time. EEGs were acquired through an

auditory attention experiments with the highest entropy stim-

ulation paradigm. We examined single sweeps of auditory late

response (ALR) with the complex continuous wavelet trans-

form. The phase in the frequency band that corresponds to au-

ditory attention was reset to the mean phase of the averaged

EEG. Then the inverse transform was applied to reconstruct the

phase–modified signal. We found a significant enhancement of

the N100 wave in the reconstructed signal. Analysis of the phase

noise shows the effects of phase jittering on the generation of the

N100 wave implying that a preferred phase is needed to generate

the event related potential (ERP). Furthermore, by resetting the

phase only at the theta border of no attention data to the mean

phase of attention data yields a result that resembles the atten-

tion data. These results show direct connections between EEGs

and ERPs and thus reinforce studies on the importance of the

EEG phase reset in the ERP generation.

Keywords— EEG phase reset, auditory attention, inverse trans-

form.

I. INTRODUCTION

Event related potentials (ERPs) are usually considered as
the time–locked, stimulus–locked, and synchronized activity
of a group of neurons that add to the background EEG (i.e.,
completely independent from the background oscillations).
A different theory explains the evoked responses as a reorga-
nization of the ongoing EEG. According to this view, ERPs
can be generated by a selective and time–locked enhancement
of a particular frequency band or at least in part by a phase
resetting of ongoing frequencies. In particular, the study of
event related oscillations (EROs) in the frequency domain
have been explored by some researchers on the effort to es-
tablish the interrelationship between EROs and ERPs ([1, 2]).

The neural fundamental of ERP is crucial for us to gain
deeper understanding on neurofunctional mechanisms in-
duced by different cognitive processing. There exist a huge
amount of research and discussion on this topic [3, 4, 5]. Most

researchers focus on dissociating between the two hypothe-
sized theories. However, still there is no concrete conclusion
which may be due to the inappropriate use of the methods.
A report dealing with an evaluation on the analysis methods
for recognizing the synchronized oscillations in the EEG [6]
reported that the proposed analysis methods could not really
disambiguate competing views of the ERP generation.

Besides that, a comprehensive review on the ERP gene-
sis was given in [7], where the evidence for both of the two
models (evoked and phase reset models) were presented and
validated. A worth mentioning remark from the authors is the
suggestion that oscillations play an important role for the tim-
ing of cortical information processing. If this is a valid as-
sumption, the phase of an ongoing oscillation must undergo
an event–related reorganization during or after the process-
ing of a stimulus or task. If the phase would not be reset to a
certain value (reflecting an optimal level of excitability), not
more than half of the incoming stimuli could be processed
under optimal conditions because the other half would fall
into the comparatively more inhibitory cycle of oscillatory
activity [8, 9].

Motivated by this, we propose a new signal processing
tool in order to study the EEG phase reset due to auditory
attention through a time–scale approach which is based on
the phase information of single sweeps. For the first time, an
inverse analysis of the instantaneous phase is used for the pur-
pose mentioned above. We examined single sweeps of EEG
with the complex continuous wavelet transform. The phase
in the frequency band of interest (which related to attention,
termed as theta–alpha border) was reset (or shifted) to the
mean phase of the averaged EEG. The signals were recon-
structed by inverse transform and the amplitude and phase in
the interval of the N100 duration were examined. We found
a significant enhancement of the N100 wave in the recon-
structed signal, escorted with a significant increase in phase
stability by our phase stability measure. Analysis of the phase
noise shows the effects of phase jittering on the generation
of N100 wave indicating that a preferred phase is needed to
produce the ERP. In addition, by resetting the phase only at
the theta border of no attention data to the mean phase of
attention data produces a result that resembles the attention
data. These results show direct connections between EEGs
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and ERPs and provide strong evidence that the phase reset of
EEGs plays an important role in the ERP generation.

II. METHODS

A. Subjects and materials

A total of 10 student volunteers from Saarland University
with normal hearing participated in the study. ALRs were ac-
quired through commercially available amplifier (g.tec US-
Bamp, Guger Technologies Austria). We delivered 3 pure
tones in random order to the right ear at randomized inter–
stimulus interval (ISI) while the left ear was presented with
music. Subjects were required to detect the target tones in
the first part of the experiment and then ignore the stimuli in
the second part of the experiment. Single sweeps, i.e., the re-
sponses to the individual stimulus were recorded using elec-
trodes placed at the left and right mastoid, the vertex, and
the upper forehead. Electrodes impedances were below 5kΩ
in all measurements. An artifact filter was used to remove
responses that exceeded 50μV. Data were sampled at 512Hz
and digitally filtered using a band–pass filter with cut–off fre-
quencies of 2–30Hz. Reader may refer to [10] for details on
the experiment setup. For the purpose of further analysis, the
acquired EEGs were divided into two groups: attention data
and no attention data. Each of the data set contains a total
of 1000 single sweeps. Each sweep contains stimulus–locked
EEG response extracted for 600ms poststimulus.

B. Forward and inverse wavelet transform

Let ψs,τ(·) = |s|−1/2ψ((·− τ)/s), where ψ ∈ L2(R) is the
wavelet satisfying the admissibility criterion:

0 < Cψ =
∫

R

|Ψ(ω)|2
|ω| dω < ∞

where Cψ denotes the admissibility constant, Ψ(ω) is the
Fourier transform of the wavelet ψ , and s,τ ∈ R, s �= 0. The
wavelet transform Wψ : L2(R) −→ L2(R2, dsdτ

s2 ) of a signal
f ∈ L2(R) with respect to the wavelet ψ is given by the inner
L2–product:

(Wψ f )(s,τ) = 〈 f ,ψs,τ〉L2 . (1)

In the current study, the implementation of the wavelet
transform is done in the Fourier space by means of fast
Fourier transform (FFT). We used the complex Morlet func-
tion as wavelet and ω0 (nondimensional frequency) was taken
as 6 to satisfy the admissibility condition. Note that for this
value of ω0, the Morlet wavelet and the wavelet scale is al-
most identical to the Fourier period [11].

The wavelet transform is calculated by continuously shift-
ing a continuously scalable function over a signal and cal-
culating the correlation between the two. Thus, the wavelet
transform in (1) is a complete, stable, and highly redundant
representation of signals. Note that the wavelets need not be
orthogonal and in some applications, the redundancy can help
to reduce the sensitivity to noise or improve the shift invari-
ance of the transform. The redundancy implies the existence
of a reproducing kernel. Consequently, the original signal can
be obtained from its wavelet transform by integrating over all
scales and locations, s and τ .

It is also possible to reconstruct the original signal by us-
ing a completely different wavelet function. We can even
choose a delta distribution due to the redundancy of continu-
ous wavelet transform [12]. This gives a simple and fast re-
construction formula:

f =
1

Cδ

∫
R

(Wψ f )(s,τ)
ds

s1/2 (2)

where Cδ is the reconstruction of a δ distribution from
its wavelet transform using the wavelet ψs,τ . Note that Cδ is
scale independent and is a constant for each wavelet function.

C. Phase stabilization

The wavelet transform described by (1) with a complex
wavelet generates a complex representation which can be di-
vided into its real part ℜ((Wψ f )(s,τ)) and its imaginary part
ℑ((Wψ f )(s,τ)). Alternatively, in polar form:

(Wψ f )(s,τ) = |(Wψ f )(s,τ)|eıarg((Wψ f )(s,τ))

where |(Wψ f )(s,τ)| describes the instantaneous amplitude
and arg(Wψ f )(s,τ) denotes the instantaneous phase.

First, the mean phase Θs,τ of a sequence
F = { fm ∈ L2(R) : m = 1, . . . ,M} of M sweeps was
extracted from the average of single sweeps Ferp:

Θs,τ(F ) = arg
(
(WψFerp)(s,τ)

)
. (3)

For every individual single sweep fm, the phase θs,τ( fm)
was determined and shifted to the mean phase:

(W ′
ψ fm)(s,τ) = (Wψ fm)(s,τ)eı(Θs,τ (F )−θs,τ ( fm)) (4)

where (W ′
ψ fm)(s,τ) are the phase–shifted wavelet coeffi-

cients. Finally, in order to obtain the phase–stabilized signals,
we applied the inverse transform by using a δ distribution as
mentioned above. Since the original signal is real, only the
real part of the wavelet transform over all scales (denoted as
i) are summed up [12, 11]:
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fm =
d jdt1/2

Cδ ψ0(0)

itotal

∑
i=0

ℜ{(W ′
ψ fm)(s,τ)}
s1/2

i

. (5)

dt and d j are the sampling period and scaling interval,
respectively; The factor ψ0(0) removes the energy scaling,
while the s1/2

i converts the wavelet transform to an energy
density; Cδ is the reconstruction factor as mentioned in Sec-
tion B..

D. ALR Phase stability

Following [13], the phase stability Γs,τ is defined as:

Γs,τ(F ) =
1
M

∣∣∣∣∣
M

∑
m=1

eıarg((Wψ fm)(s,τ))
∣∣∣∣∣ . (6)

Equation (6) yields a value in the range of 0 and 1. We have
a perfect phase stability for a particular s and τ for Γs,τ =
1 (perfectly coherent phases) and a decreasing stability for
smaller values due to phase jittering.

E. Phase noise influence

We are also interested to inspect how the phase noise (i.e.,
phase deviation from the mean phase) affects the generation
of the ERPs by means of phase stability. Assuming the phase
across single sweeps is normally distributed, phase jitters can
be applied by introducing a fluctuating range Δ. Here Δ is
bounded in the range of 0 to π . In order to avoid the jump
between 0 and 360 degrees, we are concerned on the positive
fluctuation range. A new mean phase Θ′

s,τ(F ) was randomly
chosen from the defined interval as below:

Θ′
s,τ(F ) = [Θs,τ(F ),Θs,τ(F )+Δ] . (7)

The phase–shifted wavelet transform in (4) now gives:

(W ′′
ψ fm)(s,τ) = (Wψ fm)(s,τ)eı(Θ′

s,τ (F )−θs,τ ( fm)). (8)

III. RESULTS AND DISCUSSION

Fig. 1 depicts the averaged set of sweep F for original at-
tention data as well as their phase–modified reconstruction.
We show that the phase was stabilized in the duration of in-
terest (highlighted by a double arrow) where the N100 wave
is presented (i.e., approx. 70–130ms). The neural activity re-
flected in this wave is presumably associated with the audi-
tory cortex [14]. As illustrated in the figure, an enlargement of
the N100 wave for attention data after the phase stabilization
is apparent, and thus significantly different from the original
signal (one–way ANOVA, p<0.05).

Many evidence suggested that ongoing alpha phase con-
trols cortical activation in the range of milliseconds [8]. It has
been argued that alpha might plays a similar role in event–
related processes, that the phase of alpha must be reset at
some point of time during or after the presentation of stim-
ulus in order to enable a torrent of diverse processes that re-
quire precise timing and coordination. We assume that the
time for the N100 wave to be reset has been taken place at
around 100ms.
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Fig. 1: Amplitude of the averaged EEGs before and after the phase reset at
the theta–alpha border. Note that the region which highlighted a double

arrow is refer to the N100 wave duration.

Fig. 2 illustrates the normalized averaged difference of
phase stability for attention data before and after the phase
stabilization, respectively. Note that the wavelet transform for
scale s = 54 was shown in the figure. This scale can be asso-
ciated with a frequency of about 6.4Hz. Once more, the most
significant difference (p<0.05) of the phase stability is found
within the time interval between 70–130ms where the N100
wave is located. As expected, the phase stability of the recon-
structed data is much larger due to higher phase coherence
after the phase stabilization.

In the phase noise investigation, we introduced three fluc-
tuation intervals named Int1(Δ), Int2(2Δ), and Int3(3Δ). Δ was
set as 1. The analysis were carried out for a total of 20 times at
each interval and then averaged. The results are summarized
in Table 1. As the fluctuation interval became larger (i.e., de-
viates more from the mean phase), the values for phase sta-
bility decrease gradually which is expected due to phase jit-
tering. This implies a preferred phase is necessary to generate
an ERP.

The relationship between attention data and no attention
data was studied by resetting the phase of no attention data
at the theta border to the mean phase of attention data at the
same frequency range. We found that the amplitude of N100
wave is enlarged and the result looks similar to the attention
data. This is shown in Fig. 3. This shows proof to the fact that
theta activity reflects unspecific factors such as attentional de-
mands, task difficulty and cognitive load [1]. We hypothesize
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Fig. 2: The normalized averaged difference of phase stability for s = 54 as
example before and after the phase reset at the theta–alpha border .

Table 1: Summary of the Averaged Phase stability of reconstructed
phase–modified EEG for Different intervals of Phase Noise (at the N100

wave duration)

Parameter Phase noise intervals

Θs,τ(F ) Int1 Int2 Int3
Phase stability 0.5541 0.4915 0.4373 0.3620

that modifying the phase in the this frequency band could
change the level of attentiveness and it is reflected by an en-
hancement of the N100 wave.
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Fig. 3: Amplitude of averaged EEGs after the phase reset of no attention
data at the theta border.

IV. CONCLUSION

We have presented an inverse analysis of the instantaneous
phase in investigating the phase reset of the EEG due to
auditory attention. A significant enlargement of N100 wave
has been found after the reconstruction of phase–stabilized
data. Besides, resetting the phase of no attention data at
the attention–associated frequency band has produced results

that resembles the attention data. These outcomes reveal that
there exist an indispensable interrelationship between EEGs
and ERPs that related to the generation of the ERP. It is con-
cluded that the phase reset of EEGs plays a very important
role in the ERP generation. Note that this work was not to
solve the issue of the ERP generation, however the aim was
to gain more insights on the impact of the EEG phase reset
by using an inverse transform method for the first time.
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3. Mäkinen V., Tiitinen H., May P.. Auditory event–related responses
are generated independently of ongoing brain activity NeuroImage.
2005;24:961–968.

4. Min B.-K, Busch N. A., Debener S., et al. The best of both worlds:
Phase–reset of human EEG alpha activity and additive power contribute
to ERP generation Int. J. of Psychophysiology. 2007;65:58–68.

5. Hanslmayr S., Klimesch W., Sauseng P., et al. Alpha phase reset con-
tributes to the generation of ERPs Celebral Cortex. 2007;17:1–8.

6. Yeung N., Bogacz R., Holroyd C. B., Cohen J. D.. Detection of syn-
chronized oscillations in the electroencephalogram: An evaluation of
methods Psychophysiology. 2004;41:822–832.

7. Sauseng P., Klimesch W., Gruber W. R., Hanslmayr S., Freunberger
R., Doppelmayr M.. Are event–related potential components generated
by phase resetting of brain oscillations? A critical discussion Neuro-
science. 2007;146:1435–1444.

8. Klimesch W., Sauseng P., Hanslmayr S.. EEG alpha oscillations: The
inhibition–timing hypothesis Brain Research Reviews. 2007;53:63-88.

9. Klimesch W., Sauseng P., Hanslmayr S., Gruber W., Freunberger R..
Event–related phase reorganization may explain evoked neural dynam-
ics Neuroscience & Biobehavioral Reviews. 2007;31:1003–1016.

10. Low Y. F., Trenado C., Delb W., Corona-Strauss F. I., Strauss D. J..
The Role of Attention in the Tinnitus Decompensation: Reinforcement
of a LargeScale Neural Decompensation Measure in Proceedings of
the 29th Annual International Conference of the IEEE EMBS(Lyon,
France):2485–2488 2007.

11. Torrence C., Compo G. P.. A practical guide to wavelet analysis Bull.
Amer. Meteor. Soc.. 1998;79:61–78.

12. Farge M.. Wavelet transforms and their applications to turbulence
Annu. Rev. Fluid Mech.. 1992;24:395–457.

13. Strauss D. J., Delb W., D’Amelio R., Falkai P.. Neural Synchroniza-
tion Stability in the Tinnitus Decompensation in Proceedings of the
2st Int. IEEE EMBS Conference on Neural Engineering(Arlington, VA,
USA):186–189 2005.

14. Hall J. W.. Handbook of Auditory Evoked Responses. Needham
Heights, MA: Allyn and Bacon 1992.

A Study on the EEG Phase Reset Analysis by an Inverse Transform Method 1735

  
 IFMBE Proceedings Vol. 25  



O. Dössel and  (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1736–1739, 2009. 
www.springerlink.com 

Obtaining Molecular Interference Functions of X-Ray Coherent Scattering for 
Breast Tissues by Combination of Simulation and Experimental Methods  

A. Chaparian1, M.A. Oghabian2, and V. Changizi3 

1 Tehran University of Medical Sciences/ Medical Physics&Biomedical Engineering Department, PhD Student, Tehran, Iran 
2 Tehran University of Medical Sciences/ Medical Physics&Biomedical Engineering Department, PhD, Tehran, Iran 

3 Tehran University of Medical Sciences /Department of Radiology Technology, PhD, Tehran, Iran 

Abstract—Recently, it has been indicated that x-ray coher-
ent scatter from biological tissues can be used to access signa-
ture of tissues. It has been found that this effect is important to 
evaluate breast cancer detection in its early stages. To measure 
this signature we need an x-ray coherent scattering system 
capable of measuring coherent information scattered in vari-
ous low angles from different tissues. Unfortunately, setting up 
and optimizing this system for different applications (eg vari-
ous tissue types) are tedious and time consuming. It is essential 
to have a measure of merit for evaluation of the system effi-
ciency for the measurement of various biological tissue types. 
To do this evaluation, one needs to verify the response of the 
system to some normal tissues and comparing the results with 
known signature measurements. The best way to calculate 
these normal tissue signatures in daily system check-up is to 
use a Monte Carlo (MC) simulation algorithm. However, there 
are lack of molecular interference information for coherent 
(Rayleigh) scattering with this simulation method. We pro-
posed to obtain these interference factors using combination of 
MC containing independent atomic model (IAM), and experi-
mental methods using Energy Dispersive X- Ray Diffraction 
(EDXRD). The simulation and experimental data were used to 
obtain a tabulation of molecular interference functions for 
adipose and glandular components in breast tissues, and then 
fed them into MC code for the routine simulation purpose. 

Keywords—X-ray Coherent Scattering, Simulation, Molecu-
lar Interference Functions, Breast Tissues. 

I. INTRODUCTION 

Coherent x-ray scatters in the same phase may have con-
structive interferences which make diffraction patterns and 
signature of tissue. Some scientists have being interested in 
studying this effect to get early detection of breast cancer as 
this disease is the most widespread cancer among women 
[1]. 

Evans et al (1991) [2], Kidane et al (1999) [3], Poletti et 
al (2002) [4], Ryan and Farquharson (2004) [5], Changizi et 
al (2005,2008) [6,1], Cunha et al (2006) [7] and Oliveira et 
al (2008) [8] showed coherent scattering could be used for 
breast tissue characterization. They distinguished normal 

and cancerous breast tissue using diffraction patterns of the 
coherent scatters.  

So far, optimizing an efficient system for clinical usage 
has not been done. Since experimental methods for optimi-
zation are time consuming and expensive; simulation or 
modeling procedures are preferable. Monte Carlo codes are 
currently used for radiation simulation; however, one prob-
lem with MC codes is the lack of a satisfactory physical 
model for coherent (Rayleigh) scattering including molecu-
lar interference effects. Tartari et al (2001) [9] proposed that 
the usual tabulations of coherent scattering data performed 
in the frame of independent atomic modelling (IAM) had to 
be updated or replaced in MC codes with an appropriate 
customization. Their study was performed using experimen-
tally measured linear differential scattering coefficients of 
water, fat, and bone tissue, and compared them with IAM 
data from MC codes in order to achieve molecular interfer-
ence factors for these materials. 

Regarding to necessity of coherent system optimization 
for evaluation of breast tissue types, we are going to obtain 
the molecular interference factors for two main tissues, 
adipose and glandular. 

A. Theoretical Concepts 

The differential cross section per unit solid angle for 
Thomson scattering from a free electron at angle θ is  

    ( )θσ
σ

2
2

hom cos1
2

+= esonTe r
d

d                 (1) 

where re is the classical electron radius. For elements ac-
cording to wave’s interference, the coherent scattering cross 
section per steradian is 

( ) ),(cos1
2

22
2

ZFr
d

d ecoh χθσ
σ

+=                       (2) 

where Z is the atomic number, and F(χ,Z) is the coherent 
scatter form factor for element Z and 0 ≤ F(χ,Z) ≤ Z. The 
momentum transfer, χ is calculated from: 
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For complex materials, the form factor can be calculated 
as the Independent Atom Model (IAM), 

( ) ( )∑=
i iiIAM ZFnF ,22 χχ                  (4)                  

where ni is the number fraction of element i. However the 
IAM is valid only at large x, since intra-atomic interference 
hasn’t been considered [10].  

Using the model proposed by Narten and Levy (1971), 
the molecular form factor for complex materials can be 
calculated as:  

( ) ( )χχχ sFF IAMMOL ).(22 =                (5) 

where ( )χs  is an oscillatory structure function which ac-
counts for the molecular and intermolecular interference 
effects. For amorphous materials and liquids,  ( )χs  shows 
a damped behavior around unity and for high values of x the 
amplitudes of the oscillations strongly decrease and 

( )χ2
MOLF  is approximated well by )(2 χIAMF [11]. 
Therefore, for a tissue, the default MC items are used to 

form the resulting IAM squared form factor; then these data 
must be multiplied by the corresponding values of ( )χs  to 
obtain the squared form factors. 

II. MATERIALS AND METHODS 

A. Obtaining of the IAM Squared Form Factor 

In order to simulate the angular distribution of scattered 
photons and obtain IAM squared form factor for the breast 
tissue samples, a Monte Carlo simulation program was 
written. 

The MC code takes into account all the relevant proc-
esses (photoelectric effect, coherent scattering and Compton 
scattering), the geometrical and physical properties of 
source, sample and detector. IAM squared form factor were 
obtained using the form factor of coherent scattering ac-
cording to tables of Hubbell et al [12].      

Elemental composition of breast tissues: Accurate mod-
eling of the interactions within the tissue would require 
exact knowledge of its composition. The composition of 
each tissue (i.e., fractional weights of each type of atom) 
must be known in order to calculate )(2 χIAMF  using the sum 
rule (Eq.4). Compositions and densities of samples are ob-
tained from ICRU Report 46 [13].  

Geometry of simulation: Sample was put in center of co-
ordinates. Detector’ positions were gotten by equation  
3 at the momentum transfer ranging from 0 to 8 nm-1 (Ac-
cording to tables of Hubbell et al (1975)). Finally scattered 
intensity was plotted as a function of momentum transfer 
distribution. 

B. Measurement of the Squared Molecular Form Factor  

The diffraction patterns or experimental squared form 
factors can be obtained either by using monoenergetic pho-
tons and scanning the various scattering angles (angular 
dispersive) or by using polyenergetic photons at a certain 
scattering angle (energy dispersive). 

The experimental squared form factors for tissue samples 
were obtained by means of Energy Dispersive X- Ray Dif-
fraction (EDXRD) method, widely demonstrated in our 
previous works (Changizi et al 2005, Changizi et al 2008).  

In that project Adipose, glandular, normal breast (50/50) 
and water samples were used and the scattering patterns 
were measured at a fixed scattering angle of 6°. The tung-
sten target X-ray tube was operated at 10 mA and 80 kV. To 
obtain a pencil beam, two collimators made of lead with 50-
mm length and 1-mm hole, acceptance angle approximately 
1°, were used. The detection system was a planar HpGe 
detector with energy resolution of 450 eV at 59.7 keV. In 
order to obtain the scatter signatures, all the samples with 5-
mm diameter and 5-mm height were positioned at the center 
of the scattering volume, defined by collimation geometry. 
After doing some corrections for background counts, the 
shape of the incident spectrum and attenuation through the 
sample, then using equation (3), energy values were trans-
formed to momentum transfer.   

C. Calculation of Oscillatory Structure Functions for 
Each Tissue 

After correcting the diffraction pattern and removing the 
incoherent scattering component, the corresponding squared 
form factor were obtained by normalizing the data to those 
of the IAM values in an interval of the χ variable ranging 
from 6 to 8 nm−1. As indicated in Eq. (5), oscillatory struc-
ture function ( ( )χs ) could be obtained by dividing the ex-
perimental squared form factors ( ( )χ2

MOLF ) by the com-

puted values of IAM squared form factor ( )(2 χIAMF ) for 
every momentum transfer.  

III.  RESULTS 

The Squared Form Factor Profiles: Figure 1 reveals the 
comparison between the measured scattering profile and 
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IAM theoretical based on the atomic form factor tabulations 
of Hubbell et al (1975) in terms of squared form factor for 
selective samples. All measured curves show similar fea-
tures with a sharp maximum value for intensity in a specific 
momentum transfer which define tissue signature. Each 
curve falls in an oscillatory mode to a smooth variation 
associated with the IAM model.  

As shown in figure 1 (a,b,d), peak position for adipose, 
glandular and water are around 1.1 nm−1 , 1.55 nm−1 , 1.6 
nm−1 respectively. Figure 1 (c) represent scattering profile 
of adipose and glandular mixture (50/50) that shows two 
peaks of 1.1 nm−1 and 1.55 nm−1 in due to the contribution 
of the two components (adipose and glandular) of the tissue.  

The Oscillatory Structure Functions: Figure 2 shows 
some examples of oscillatory structure functions ( ( )χs ) or 
molecular interference functions which are supplied to inte-
grate the tabulations of F(Z,x) used by default in the current 
photon transport MC codes.  

The x grids used in plotting the curves of figure 2 are in 
steps of 0.1 nm−1 which are the same as grid that adopted by 
Hubbell et al (1975). Since for biological tissues there isn’t 
an interference effect in x higher than 8 nm−1 so a reduced 
grid version of the s(x) functions was considered in figure 2 
and the results are reported in table 1. After χ = 8, the values 
are assumed to be equal to unity.  
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Fig. 2 Plots of structure functions (a) for tissues include adipose (——), 
glandular (– –) and breast (50/50)(...), (b) Comparison of structure func-
tions for water obtained in our study (---) and Tartari's study (-----) 

IV. DISCUSSION AND CONCLUSION 

This study presents a tabulation of the oscillatory struc-
ture or molecular interference functions ( ( )χs ) for normal 
breast tissues. It can be incorporated in Monte Carlo codes 
to simulate diffraction patterns of these tissues. 

Tartari et al (2001) used this procedure for extraction of 
molecular interference functions ( ( )χs ) for bone (matrix 
and mineral), Plexiglas and water [9]. Our study similar to 
Tartari et al (2001) obtained oscillatory structure curve of 
water (Figure 2b). It can be our work validation. There is a 
little difference between intensities in two studies. It could 
be raised of different set ups in our work and Tartaris’ work. 
Johns et al (2002) showed this difference for five scientists’ 
studies related to water too [10].  

Finally the results of this study can help to simulate scat-
tering behavior of breast tissues and to design new systems 
for early detection of breast cancer. Work is in progress to 
obtain elemental composition of cancerous breast tissues to 
gain such functions for them. 

 
 

Fig. 1 Measured squared form factors (....) and corresponding IAM 
predictions (——) for water and breast tissues: (a) adipose; (b) glandu-
lar; (c) breast (50/50); (d) water plotted with the Hubbell grid 
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Table 1 Molecular interference functions s(χ) for breast tissue components 
and water 

 
Water Breast 

(50/50) 
Glandular 

Tissue 
Adipose 
Tissue 

χ (nm-1) 

0.092 0.319 0.275 0.44 0 
0.092 0.319 0.275 0.44 0.1 
0.092 0.322 0.276 0.44 0.2 
0.093 0.338 0.283 0.45 0.3 
0.097 0.376 0.295 0.46 0.4 
0.102 0.401 0.325 0.47 0.5 
0.109 0.430 0.408 0.50 0.6 
0.131 0.505 0.514 0.59 0.7 
0.163 0.790 0.629 0.77 0.8 
0.205 1.248 0.745 1.22 0.9 
0.253 1.481 0.867 2.16 1 
0.349 1.697 1.023 3.01 1.1 
0.463 1.555 1.173 2.87 1.2 
0.751 1.331 1.341 2.17 1.3 
1.020 1.379 1.494 1.47 1.4 
1.330 1.419 1.594 1.21 1.5 
1.449 1.450 1.601 1.14 1.6 
1.463 1.400 1.597 1.05 1.7 
1.383 1.371 1.546 1.04 1.8 
1.242 1.393 1.556 1.08 1.9 
1.244 1.414 1.577 1.14 2 
1.335 1.468 1.512 1.25 2.2 
1.296 1.350 1.167 1.28 2.4 
0.888 1.269 1.034 1.20 2.6 
0.704 1.310 1.160 1.11 2.8 
0.719 1.300 1.239 1.07 3 
0.820 1.065 1.137 1.05 3.4 
0.946 1.144 1.192 1.14 3.8 
1.055 1.141 1.161 1.20 4.2 
1.082 1.056 1.048 1.10 4.6 
1.047 1.036 1.045 1.05 5 
1.015 1.011 1.075 1.00 5.5 
0.980 1.001 1.048 0.99 6 
0.857 0.998 0.987 1.03 7 
0.909 1.001 0.956 0.97 8 

REFERENCES 

1. Changizi V, Arab Kheradmand A, Oghabian M A (2008) Application 
of small angle x-ray scattering (SAXS) for differentiation among 
breast tumors. J Med Phys 33:19-23 

2. Evans S H, Bradley D A, Dance D R, Bateman J E and Jones C H 
(1991) Measurement of small-angle photon scattering for some breast 
tissues and tissue substitute materials. Phys Med Biol 36: 7–18 

3. Kidane G, Speller R D, Royle G J and Hanby A M (1999) X-ray 
scatter signatures for normal and neoplastic breast tissues. Phys Med 
Biol 44: 1791–802 

4. Poletti M E, Goncalves O D and Mazzaro I (2002) Coherent and 
incoherent scattering of 17.44 and 6.93 keV x-ray photons scattered 
from biological and biological-equivalent samples: characterization of 
tissues. X-Ray Spectrom 31: 57–61 

5. Ryan E and Farquharson M J (2004) Angular dispersive x-ray scatter-
ing from breast tissue using synchrotron radiation. Radiat Phys Chem 
71: 971–972 

6. Changizi V, Oghabian M A, Speller RD, Sarkar S and Arab Kherad-
mand A (2005) Application of small angle x-ray scattering (SAXS) 
for differentiation between normal and cancerous breast tissue. Int J 
Med Sci 2:118–121 

7. Cunha D M, Oliveira O R, Perez C A and Poletti M E (2006) X-ray 
scattering profiles of some normal and malignant human breast tis-
sues X-Ray Spectrom 35: 370–374 

8. Oliveira O R, Conceicao A L C et al. (2008) Identification of Neopla-
sias of Breast Tissues Using a Powder Diffractometer. J Radiat Res 
49: 527-532 

9. Tartari A, Taibi A, Bonifazzi C and Baraldi C (2001) Updating of 
form factor tabulations for coherent scattering of photons in tissues. 
Phys Med Biol 47: 163–175 

10. Johns P. C and Wismayer M. P (2004) Measurement of coherent x-
ray scatter form factors for amorphous materials using diffractome-
ters. Phys Med Biol 49: 5233–5250 

11. Narten A H and Levy H A (1971) Liquid water: molecular correlation 
functions from x-ray diffraction.  J Chem Phys 55: 2263–2269 

12. Hubbell J H, Veigele E A, Briggs E A, Brown D T, Cromer D T and 
Howerton R J (1975) Atomic form factors, incoherent scattering func-
tions and photon scattering cross sections. J Phys Chem Ref Data 4: 
471–538 

13. ICRU (1989) ICRU Report 44 (Bethesda, MD: ICRU) 

The address of the corresponding author: 

Author: Chaparian Ali 
Institute: Tehran University of Medical Sciences(TUMS), Medical 
Physics&Biomedical Engineering Department, Tehran-Iran. 
Street: Keshavarz Blvd., 16 Azar, Poursina Ave., 
City: Tehran 
Country: Iran 
Email: chaparian@razi.tums.ac.ir 



An Investigation of Transcranial Magnetic Stimulation Effects in Auditory

Attention

Arief R. Harris1, Yin Fen Low1, Karsten Schwerdtfeger2 and Daniel J. Strauss1,3

1 Computational Diagnostics and Biocybernetics Unit
Saarland University Hospital and Saarland University of Applied Sciences

2 Department of Neurosurgery, Saarland University Hospital
3 Leibniz–Institute for New Materials, and Key Numerics, Homburg/Saarbruecken, Germany.

Email: strauss@cdb-unit.de

Abstract— Electroencephalographic (EEG) responses evoked

by transcranial magnetic stimulation (TMS) gain more and

more interest for basic neurophysiological research and possi-

bly diagnostic purposes. In addition, the effect of TMS to the

attentional processes has been reported in many studies. In this

paper, the effect of TMS on auditory attention in the EEG is

discussed with applying a phase stability measure and adaptive

feature extraction by optimized filter banks. The phase stability

measure clearly shows that TMS has influence in synchronizing

the N1–P2 component of event related potentials (ERPs) where

the measure in TMS evoked ERPs is much higher than ERPs

without TMS. The influence of TMS and attention can also be

discriminated very well and illuminate the effect of TMS in au-

ditory attention.

Keywords— TMS, Attention, ERP, EEG, Feature Extraction

I. INTRODUCTION

Transcranial magnetic stimulation is a noninvasive scheme
to stimulate cortical circuits caused by induced electric field
in the tissue by the electromagnetic induction coil. Various
TMS studies have been conducted, including the functional
relevance of cortical areas in cognitive task performance [1,
2], altered cortical excitability in neurological diseases [3, 4],
and treatment of psychiatric diseases [5, 6].

Some studies proved that TMS therapies are able to induce
the treatment of various neurological diseases such as Parkin-
son and Stroke [7, 8]. There are also treatments of psychi-
atric diseases with TMS such as bipolar mania [5] and post–
traumatic stress disorder [6].

Brain mapping is also possible with TMS. The effects
of TMS on the electroencephalographic (EEG) activity were
studied by [9] and the effects of the stimulus intensity by [10].
Many studies tried to find the early and middle latency evoked

potential (less than 50ms) [9, 10] but some authors also fo-
cused on slow cortical potentials (SCPs) such as the effects
of TMS on SCPs elicited during performance of a feedback
and reward task [11]. High frequency repetitive TMS may in-
duce the cortical excitation while low frequency TMS may
provoke cortical inhibition [12].

Furthermore, the effect of TMS to the attentional process
of the brain has been reported in many researches [13, 14].
Most of the researches were focused on visual or spatial at-
tention but study on the effect of TMS to auditory attention
by using EEG is still lacking.

Auditory cortical potential, particularly the N1 (also called
N100) and P2 (also called P200) waves are commonly used
in paradigms related to auditory attention [15]. N1 is assumed
to reflect selective attention to basic stimulus characteristics,
initial selection for later pattern recognition, and intentional
discrimination processing. Its amplitude is enhanced by in-
creased attention to the stimuli [15]. N1 appears to be most
likely generated by sources in primary auditory cortex in the
temporal lobe. Meanwhile, P2 component has been identified
in many different cognitive tasks, including selective atten-
tion [16] stimulus change [17], feature detection processes
[18], and short-term memory [19]. Generators for the audi-
tory P2 amplitude are thought to be located mainly in the
primary and secondary auditory cortices [20].

This paper will focus on the investigation of the the TMS
effect to the auditory attention in EEG event related poten-
tials (ERPs). TMS is assumed to increase and synchronize
the phase stability of ERP. The phase stability of the attended
ERP is also greater compared to unattended ERPs [21]. The
influence of TMS might be available in attended ERPs. How-
ever, the influence of TMS together with attention in ERPs
cannot be interpreted easily. Thus, these effects are evaluated
in this paper with a phase stability measure that has been con-
firmed linked to attention [21] and a feature extraction using
filter banks to figure out the differences among classes.
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II. METHODS

A. Wavelet phase stability measure

We employed the time–scale coherence measures based
on the complex wavelet transform. The quality and stability
of the response over the stimulus sequences are evaluated in
terms of the time-resolved phase information.

Technical details of the phase stability measure can be
found in [22]. In this study, we used the 4th–derivative of
the complex Gaussian function as wavelet.

In general, higher value of the phase stability implies
higher phase coherence and vice versa.

B. Adaptive Feature Extraction

Local Discriminant Bases (LDB) algorithm of Saito and
Coifman in [23] is a well–accepted scheme for task–adapted
feature extraction. It is a modified version of a best-basis al-
gorithm of [24] that is used in signal compression. The best–
basis approach searches for a basis that concentrates a given
signal in as few as possible expansion coefficients by using,
for instance, the entropy as cost function.

The selection of an LDB used for feature extraction from
a given dictionary requires the calculation of the time–scale
energy maps for the whole binary tree. The selection of the
bases in LDB algorithm which also called bottom–up search
starts on the last level and ends on the first level of the bi-
nary tree. The algorithm looks for a basis in a dictionary that
best illuminates dissimilarities among classes by using some
class separability measure. Possible choices of additive dis-
criminant measure (D) are �2–distance, Kullback-Leibler Di-
vergence (KLD) or Relative Entropy and Symmetric KLD or
J-Divergence [23]. The measures must be additive to perform
a fast algorithm.

LDB has a major disadvantage of its representation which
is sensitive to signal translation as it uses a standard wavelet
packed decomposition (WPD). The discriminant features will
not be consistent when the shifted version of the same signal
is applied. This is due to the use of the decimated WPD for
library construction and the discriminant measure which es-
timates each coefficient individually.

In order to extract the differences between attended ERPs
with and without TMS, the proposed morphological shift–
invariant LDB (MSLDB) algorithm as introduced in [25] is
used for this purpose. A combination of the morphologically
adapted filter banks with the shift–invariant technique gives
a powerful adaptive feature extraction. Instead of applying
predefined libraries of standard wavelets, this algorithm in-
troduces the selection of the LDB from a parameter space
which contains all paraunitary filter banks of a given order
with at least one vanishing moment of the highpass filter. In

other words, the wavelet shape is adapted through all subjects
to give the most discriminant features of the classes.

The proposed algorithm uses an approximate shift–
invariant WPD [25]. The idea of this technique extends the
typical WPD equation where the coefficients(y[·]) are calcu-
lated as follow:

y[·] =

⎧⎨
⎩

∑
k∈Z

x[k]h[2 ·−k], if M (u[·]) ≥ M (u[·−1])

∑
k∈Z

x[k]h[2 ·−k−1], else

x[·] is the input signal, h[·] is the adaptable wavelet and M (·)
is the information cost function like entropy or energy of fil-
tered signal (u[·]). Fig. 1 illustrates the idea of the proposed
technique.

Fig. 1: Adapted filter banks based on highest entropy selection

The shift–invariant discriminant measure (D) of feature
(E ) between two classes a1 and a2 can be written as a Fisher’s
distance [26] which includes the mean (Ē ) for each subject
and variance (σ2) within the classes:

D(a1,a2) =

∣∣Ēa1 − Ēa2

∣∣
σ2

Ea1
+σ2

Ea2

(1)

The feature also has to be shift–invariant such as energy
(Ea = ∑n

i=1 a2[i]) or entropy (Ea = ∑n
i=1 a2[i] loga2[i]) of each

sequence (a) where n is the length of the sequence. The se-
quences from each classes are normalized to get more robust
distances.

III. EXPERIMENTAL PROCEDURE

In this study, the EEG signal were measured in 10 subjects
(3 females, average age of 25 and range between 23-30 years)
with a figure-of-eight TMS coil (Magstim Super Rapid Sys-
tem) placed on left temporal lobe and applied 50 times with
random 1.1 seconds and 1.5 seconds inter-stimulus interval.
The TMS intensity is 100% of individual motor threshold.
For the second measurement, the TMS coil was faced away
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from the scalp to obtain the EEG signals with auditory stim-
ulation from the coil but without magnetic stimulation. The
EEG electrodes were placed on the vertex, left mastoid as ref-
erence and forehead as ground. The subjects had to attend to
the click sounds from the coil and press a button when the 1.5
seconds inter-stimulus interval occurred.

EEG signals were measured using g.USBamp system
(Guger Technologies Austria) which has an input range of
250 mV that allows to record DC signals or TMS spikes
without saturation. The magnetic artifacts on the EEG sig-
nals were observed within 20ms after stimulations. Never-
theless, the EEG signals were segmented after 50ms of each
stimulation. This will avoid the filtering effect caused by high
frequency of the magnetic artifact. The signal is then filtered
with 0.5Hz to 30Hz.

IV. RESULTS AND DISCUSSION

A grand average of the ERP evoked by TMS shows a huge
increment of N1 and P2 amplitude compared to ERP with-
out TMS as illustrated in Fig. 2 for both attended and unat-
tended conditions. This result is happened as expected due to
the influence of TMS which induces the N1–P2 component.
However this interpretation is not strong enough as the am-
plitude component may vary between each subject and each
measurement.

Fig. 2: Grand average of ERPs

The ERPs are then measured using the proposed technique
of phase stability which measures the synchronization of each
sweep of the ERPs. To find the most significant scale for
the measure, a single–sided analysis of variance (ANOVA)
were used for the purpose. Fig. 3 shows the p-values of the
ANOVA test to the phase stability measures between attended
ERPs with and without TMS. From this figure, scale 30 and
40 give significant differences (p < 0.05) around N1-P2 re-
gion.

Fig. 3: ANOVA of phase stability for attended ERPs with and without TMS
evoked

The results of the phase stability measures are illustrated
in Fig. 4. It shows that TMS has influence in synchronizing
the N1–P2 component of ERPs where the measure in TMS
evoked ERPs is much higher than ERP without TMS. This
finding proves our hypothesis that TMS affects the auditory
attention.

Fig. 4: Phase stability of ERPs

The proposed MSLDB algorithm is used to extract the dif-
ferences between attended ERPs with and without TMS. As a
result, the signals were decomposed into several coefficients
in different time–scale. The wavelet shape is also adapted to
give the most discriminant features of the classes. Fig. 5 il-
lustrates the discrimination between the features of attended
ERPs with and without TMS. It shows that the features can be
separated very well using this technique. The attended ERPs
with TMS features were clustered while the features of the
other class were dispersed. The p-values of ANOVA test for
these two features are 0.0001 and 0.0041 respectively. The
features are selected comprehensively so that only the most
discriminant features are extracted from the signals.
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Fig. 5: Feature extraction of ERPs

V. CONCLUSIONS

The results demonstrate that TMS affects the phase sta-
bility of ERPs in auditory attention. It can be concluded that
TMS increases the auditory attention as the amplitude and
the phase stability are increased. However this finding must
be proved with more subjects and different experimental set-
tings to have a robust result. The phase stability measure and
shift–invariant feature extraction work very well in this ap-
plication. Apart from the application presented here, these
schemes could also be used in different applications fields in
which an effective phase stability measure feature extraction
is needed.
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Abstract—The inertia force of late systolic aortic flow, 

which is generated by left ventricles with good contraction, 
may be a crucial parameter through which good left ventricu-
lar (LV) systolic function delivers its effect on LV early dia-
stolic performance. We attempted to find noninvasive parame-
ters of the inertia force using 2-dimensional ultrasound speckle 
tracking imaging of the left ventricle and wave intensity (WI) 
analysis at the right carotid artery. The LV strain along the 
long-axis at end-systole had significant correlations with both 
the LV ejection fraction (r=0.80, p<0.001) and the inertia force 
of late systolic aortic flow (r=0.67, p<0.001). The amplitude of 
the second peak of WI was significantly higher in patients with 
the inertia force than in those without the inertia force (3080  
1741 vs 1890  1291 mm Hg•ms-3, p<0.01). The inertia force of 
late systolic aortic flow could be estimated noninvasively with 
the LV strain along the long-axis at end-systole and/or the 
amplitude of the second peak of WI. 

Keywords— aortic flow, inertia force, strain, systolic function, 
wave intensity 

I. INTRODUCTION 

 It has been reported that late systolic aortic flow ejected 
from a left ventricle with good contraction has inertia force. 
Because of inertia, the blood, once set in motion, will con-
tinue in motion until stopped by the left ventricle.1 In late 
systole, when left ventricular (LV) muscle shortening rate is 
reduced to zero but LV tension-bearing ability is still main-
tained, the inertia of the blood flowing out of the left ventri-
cle causes swift end-systolic unloading of the left ventricle, 
producing a much smaller LV end-systolic volume and a 
much greater elastic recoil force.2 The enhanced LV elastic 
recoil force in patients with good LV contraction produces 
much faster LV relaxation of the left ventricle. The inertia 
force may be a crucial parameter through which good LV 
systolic function delivers its effect on LV early diastolic 
performance. Accordingly, we investigated how one can 
noninvasively assess the inertia force of late systolic aortic 
flow in clinical settings. 
 

II. METHODS 

Noninvasive testing using 2-dimensional ultrasound speckle 
tracking imaging (2D-STI).  
 Newly developed 2D-STI enables us to assess local LV 
myocardial function as well as global LV function. We 
investigated whether LV strain along the long-axis at end-
systole, especially in the apical region, obtained using 2D-
STI (Velocity Vector Imaging, Siemens) had relations with 
the inertia force and other LV function parameters in 59 
patients who underwent invasive evaluation of LV function. 
Thirty three of them had prior myocardial infarction. Five 
were diagnosed as dilated cardiomyopathy. The remaining 
21 patients had no localized LV wall motion abnormality. 
LV strain in the long-axis was measured on the sample line 
set along the endocardium in the both apical 4- and 2-
chamber views. Zero strain was set at end-diastole. Strain 
profiles were obtained in 6 segments on each view. Then, an 
LV strain value at end-systole in each patient was obtained 
as an average value of the 6 segments from these strain 
profiles.  

 
Noninvasive testing using Wave Intensity (WI) Analysis 
   Wave intensity (WI) is a novel hemodynamic index, 
which is defined as (dP/dt) (dU/dt) at any site of the circu-
lation, where dP/dt and dU/dt are the derivatives of blood 
pressure (P) and velocity (U) with respect to time, respec-
tively. We investigated the pathophysiological meanings of 
WI in 64 patients who underwent invasive evaluation of LV 
function. WI was obtained at the right carotid artery using a 
color Doppler system for blood velocity measurement com-
bined with an echo-tracking method for detecting vessel 
diameter changes. The vessel diameter changes were auto-
matically converted to pressure waveforms by calibrating its 
peak and minimum values by systolic and diastolic brachial 
blood pressures.3 In this study, we investigated the relation-
ships between the magnitudes of the second peak of WI 
waveform and invasively obtained LV function parameters 
including the inertia force of late systolic aortic flow. 
 
Invasive evaluation of LV function 

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1744–1747, 2009. 
www.springerlink.com 



Diagnostic cardiac catheterization was performed within 
2 hours after the noninvasive studies. LV pressure was ob-
tained using a catheter-tipped micromanometer (SPC-464D 
or SPC-454D, Millar Instrument, Houston, TX, USA). From 
the recorded pressure waves, the maximum rate of LV pres-
sure decay (min.dP/dt) was computed in each patient. The 
time constant of LV pressure decay during isovolumic 
relaxation, , was calculated from the LVP-dP/dt relation-
ships (phase loop) according to the method proposed by 
Sugawara et al.2 (Fig. 1) The time constant obtained using 
this method is relatively independent of LV contractile  
function. From the phase loop, we also calculated the inertia 
force of late systolic aortic flow.  

 
Fig. 1. Left ventricular pressure – dP/dt relation (phase loop). The nega-
tive inverse slope of the best linear fitting line between the points a and b is 
equal to the time constant of exponential pressure decay during isovolumic 
relaxation. The area in gray divided by the vertical distance between (P0, 0) 
and point d is equal to the amount of pressure decay augmented by the 
effect of the inertia of blood flowing out of the left ventricle, and is defined 
as the inertia force. 
 

 
III. RESULTS 

 
Study using 2D-STI 
 Fifty-two patients had inertia force (>0.5 mm Hg), while 
7 did not. The LV strain along the long-axis at end-systole 
was significantly greater in patients with the inertia force 
than in those without the inertia force (15.8  4.3 vs 9.4  
2.4%, p<0.001) and LV ejection fraction was also greater in 
the former than in the latter (60.8  14.0 vs 37.2  7.3%, 
p<0.001). The LV strain value had significant correlations 
with both the LV ejection fraction (r=0.80, p<0.001) and the 

inertia force of late systolic aortic flow (r=0.67, p<0.001). It 
also significantly correlated with min.dP/dt (r=-0.82, 
p<0.001) and the time constant  of LV relaxation (r=-0.46, 
P<0.001). Furthermore, the LV strain along the long-axis at 
end-systole at the LV apical region had much closer correla-
tions both with the inertia force (r=0.80, p<0.001) and with 
the time constant  (r=-0.77, p<0.001) (Fig. 2) . 
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Fig. 2  Strain profiles of the left ventricular endocardium in the longitudi-
nal direction. Solid line: a global strain profile along the whole endocar-
dium, dotted line: a strain profile along the endocardium at the apex. Ses = 
strain at end-systole. 
 
Study using WI analysis 
 The waveforms of WI of the patients showed 2 sharp 
positive peaks. The first peak was found in the very early 
phase of LV ejection, while the second peak was observed 
near end-ejection. A representative of the simultaneous 
recording of the pressure, velocity, WI, and electrocardio-
gram is shown in Fig. 3. The magnitudes of the second peak 
of WI ranged from 177 to 6400 mm Hg ms-3. It signifi-
cantly correlated with min.dP/dt (r=-0.61, p<0.61) and with 
the time constant (r=-0.77, p<0.001). The inertia force of 
late systolic aortic flow was 2.38  1.96 mm Hg (range 0.2-
8.96 mm Hg) in patients who showed the inertia force. The 
amplitude of the second peak of WI was significantly higher 
in patients with the inertia force than in those without the 
inertia force (3080  1741 vs 1890  1291 mm Hg ms-3, 
p<0.01). 
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Fig. 3. Representative simultaneous recordings of pressure waveform, 
flow velocity waveform, electrocardiogram (ECG), and computed wave 
intensity (WI) from the right carotid artery. W1=first peak, W2=second 
peak 
 
 
 

IV. DISCUSSION  
 

 Our studies indicate that left ventricles with good LV 
strain in the long-axis at end-systole have the inertia force 
of late systolic aortic flow and produce faster LV relaxation. 
The patients with the inertia force have higher amplitude of 
the second peak of WI than those without the inertia force. 
 From the viewpoint of cardiac mechanics, Gilbert and 
Glanz4 reported that left ventricles with good systolic func-
tion have relatively smaller LV end-systolic volumes, pro-
ducing a greater magnitude of LV rearrangement at the 
isovolumic relaxation phase by releasing elastic energy 
stored during systole.  This phenomenon, called LV elastic 
recoil, speeds LV relaxation independently of the Ca2+ reup-
take process by the sarcoplasmic reticulum.  Eichhorn et al.5 

demonstrated that a hyperbolic rather than a linear relation-
ship was observed between LV contractility as shown by 
end-systolic elastance and LV relaxation as shown by the 
slope of the time constant to the LV end-systolic pressure 
relation.  In addition, Sugawara et al.2 and Yoshida et al.6 
reported that late systolic aortic flow ejected from a left 
ventricle with good contraction has inertia force. In this 
study, we also found that left ventricles with greater LV 
strain along the long-axis at end-systole have the inertia 
force. The blood, once set in motion, will continue in mo-
tion because of its inertia until the heart stops it.1 In late 
systole, when the shortening ability of LV muscle decreases 

to zero but its tension-bearing ability is still maintained, the 
inertia of the blood flowing out of the left ventricle causes 
swift end-systolic unloading of the left ventricle, producing 
a much smaller LV end-systolic volume and much greater 
elastic recoil force. Thus, the enhanced LV elastic recoil 
brought by the inertia force of late systolic aortic flow in 
patients with good LV contraction may produce faster LV 
relaxation.   

Pressure

Velocity

W1 

W2 
WI 

ECG 

 
Calculation of inertia force 
 Inertia force can be calculated from the LVP–dP/dt 
relation (phase loop).2 LV pressure decay during the iso-
volumic relaxation phase can be assumed to be exponential 
if this process only depends on Ca2+ reuptake by the sar-
coplasmic reticulum in myocytes.4  In the LVP–dP/dt plane, 
the exponential relationship is shown as a straight line.  
However, enhanced elastic recoil produced by the inertia 
force observed in a left ventricle with good systolic func-
tion may shift such an exponential decay downward at the 
beginning of relaxation, as shown in Fig. 2.  According to 
the method proposed by Sugawara et al.,2 we calculated the 
inertia force as a deviation of the LVP–dP/dt relation during 
the isovolumic relaxation phase from the expected straight 
line, which would be observed in an left ventricle without 
significant elastic recoil.     

 
LV apical asynergy and inertia force 

We previously demonstrated that the lack of inertia 
force of late systolic aortic flow was closely related to LV 
apical asynergy.6 We also reported that in patients with 
coronary artery disease, apically directed flow during iso-
volumic relaxation observed in the left ventricle with good 
LV systolic function helps to facilitate LV early diastolic 
filling; however, such flow was not observed in patients 
with LV apical asynergy.7  Normal LV apical contraction 
should play an important role in producing the inertia force 
of late systolic aortic flow, and then maintain normal LV 
behavior in the phase from isovolumic relaxation to early 
diastolic filling. In the present study, we demonstrated that 
left ventricles with greater LV strain along the long-axis at 
end-systole at the apical region had greater magnitude of the 
inertia force of late systolic aortic flow and speeded LV 
relaxation. 

 
Clinical meanings of the second peak of WI 
 If WI >0, the changes in pressure and velocity caused 
by the forward traveling wave from the ventricle to the 
periphery are greater than those caused by the backward 
traveling wave, and vice versa. Only little information is 
available regarding the pathophysiological meanings of the 
second peak of WI. During the period of the second peak, of 
course WI >0, hence forward waves are predominant. Aor-
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tic pressure is decreasing during this period; therefore the 
forward waves are expansion waves. According to the re-
port by Parker and Jones,8 the existence of forward traveling 
expansion waves in late ejection indicates that the left ven-
tricle actively stops aortic blood flow. We demonstrated a 
mechanism of this phenomenon from the view point of 
intraventricular flow dynamics observed in the phase from 
late systole to early diastole.7 The apically directed intraven-
tricular flow during isovolumic relaxation is found in the 
left ventricle with good LV systolic function and relaxation 
and without apical asynergy. The apically directed intraven-
tricular flow is found at first in the apical area of the LV 
cavity at a phase when LV ejection flow still remains in the 
LV outflow tract. Then, the flow is observed in almost 
whole area between just beneath the aortic valve and the 
apex during isovolumic relaxation, except below the mitral 
valve. Thus, we believe that the apically directed intraven-
tricular flow during isovolumic relaxation plays an impor-
tant role in sucking the blood from the aorta into the LV 
cavity from near end-systole to isovolumic relaxation, clos-
ing the aortic valve. From this finding, a close relationship 
between the apically directed intraventricular flow during 
isovolumic relaxation and an expansion wave in the arterial 
system near end-ejection is strongly expected. Sugawara et 
al.2 indicated an important role of the inertia of the late 
systolic aortic flow to enhance LV relaxation and to actively 
stop aortic blood flow. In this study, we demonstrated that 
patients with the inertia force have the greater second peak 
of WI than those without the inertia force. Patients with 
good systolic function have the inertia force and also have 
resulted greater magnitude of elastic recoil force of the left 
ventricle, producing the higher second peak of WI. 
 
 

V. CONCLUSION 
 

 Patients with greater LV strain along the long-axis at 
end-systole and without LV apical asynergy have greater 
magnitude of the inertia force of late systolic aortic flow. In 
such patients, faster LV relaxation is also observed. The 
inertia force may be a key parameter through which good 
LV systolic function delivers its effect on LV early diastolic 
performance. The inertia force can be noninvasively evalu-
ated using the height of the second peak of WI at the right 
carotid artery as well as LV strain along the long-axis at 
end-systole obtained by 2D-STI. 
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Abstract—To extract the feature information in EEG signals 
efficiently, various time-frequency analysis methods for EEG 
signals analysis have been discussed in theory. However, it is 
reported little in literature that how to make these theoretical 
research productions be useful algorithms in practice and integrate 
them into EEG detection and analysis instrument. Based on virtual 
instrument technology, the time-frequency analysis methods have 
been further discussed from theory, then the concrete algorithms of 
the time-frequency analysis methods used for the extraction of EEG 
feature rhythms have been established and integrated into the 
virtual EEG instrument. By this way, the time-frequency analysis 
methods to be used to detect and extract the feature information in 
EEG signals automatically can be realized in clinical. 

Keywords—EEG signals, feature information, time-frequency, 
virtual instrument. 

I.   INTRODUCTION 

EEG plays an important role in nervous electro-physiology 
field such as using spike wave to diagnose epilepsy, 
discovering brain tumour early, sleep analysis and monitoring 
the depth of anesthesia etc. Although theoretically there exist 
various signal analysis methods used in EEG analysis 
application[1~3], owing to the limitation of signal processing 
technique, the research on EEG by existing EEG instrument is 
not satisfied for clinical diagnosis thoroughly. For this the 
research has been proceeded to integrate the functions of 
time-frequency analysis for extracting the feature information 
in EEG signals more effectively.  

Virtual EEG instrument is based on the virtual instrument 
technology. The emergence of virtual instrument technology 
based on PC enabled us not only make full use of the resource of 
computer software and hardware, but also renew the functions 
and performance of the instrument in time. Because EEG signals 
is a stochastic complex non-stationary signal, it is difficult to 
extract the feature rhythms in EEG signals effectively only by 
some simple analysis methods in time domain or frequency 
domain. Furthermore, there are various different feature 
waveforms with different parameter feature contained in EEG 
signals, such as spike wave, sharp wave, slow wave, sine wave, 
spindles and K-complex etc., which have relation with different 
pathological changes, so it is very difficult to extract all feature 
information only by a certain signal analysis method. Based on 
above consideration, for different feature information in EEG 
signals and the functions set of the EEG instrument, the concrete 
realization of several time-frequency analysis methods have been 
discussed and integrated into the virtual EEG instrument to 
extract adaptively feature information in EEG signals. 

II.   THE ALGORITHM REALIZATION FOR EXTRACTION OF  BASIC 

RHYTHMS IN EEG SIGNALS 

In clinical application, to judge if a basic rhythm of EEG 
signal is restrained, doctors usually utilize some simple 

analysis methods in time methods or frequency domain and 
themselves’ experience, which are of uncertainty. The function 
extracting the feature information of basic rhythms in EEG 
signals automatically has been integrated into the virtual EEG 
instrument, which is realized by Gabor transform with the 
definition of EEG signals basic rhythm frequency band relative 
intensity ratio (BRIR)[4].  
The Gabor transform of signal ( )tx  is expressed as 

( ) ( ) ( )∫
∞+

∞−

−−= '2'*' '

, dtettgtxtfg fti
DD

π            (1) 

Where ∗  represents complex conjugate. The window function 

Dg  is used for localized the Fourier transform of the signal at 
time t . By discrete time and frequency, the discrete Gabor 
transform can be defined as 

( ) ( )nTmFgtfg DD ,, →                      (2) 
Where F and T  represent the sampling interval of frequency 
and time. Short interval F  corresponds to big window width, 
while short interval T  can be obtained by height overlapping 
of adjacent window. 

From the Gabor transform defined by eq.（1）, the spectrum 
can be defined as 

( ) ( ) ( ) ( )tfgtfgtfgtfI DDD ,,,, 2 ∗==         (3) 
By employing recursive algorithm, slipping time window and 
output energy（ I ）as the functions of time and frequency, the 
time-frequency expression of the signal can be obtained.  

To quantize information, for the frequency band of each 
basic rhythm （ βαθδ ,,,=i ） in EEG signals, the 
frequency band power spectrum density is defined as  

( ) ( ) ( )( )

( )

,,,,
max

min
αθδ== ∫ idftfItI

i

i

f

f

i        (4) 

Where ( ) ( )( )ii ff maxmin ,  represents the upper and under limit of 
frequency band i . Note that the division of frequency bands in 
EEG is not arbitrary which correspond to different origin and 
function of brain activity.  

Obviously, the whole power spectrum density can be 
defined as  

( ) ( ) ( ) αθδ ,,==∑ itItI
i

i
T             (5) 

Thus for each frequency band i , the frequency band relative 
intensity ratio(BRIR) is defined as 

( ) ( )
( ) ( )

( ) 100×=
tI
tItBRIR

T

i
i                      (6)  

By using the definition and algorithm of BRIR, doctors can 
judge if a basic rhythm in EEG signal is restrained easily in 
clinical, which can help doctors make right clinical diagnosis 
quickly.  
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III.   THE SYNTHESIS ANALYSIS METHOD FOR EXTRACTING 

FEATURE WAVEFORMS IN EPILEPTIC EEG 

The EEG waves of epileptic include spike wave, sharp 
wave, slow wave and their combination like spike and slow 
wave, sharp and slow complex etc. What literatures mention 
mostly is the detection for spike wave and spike wave. 
However, spike waves and sharp waves often emerge during 
the epileptic outbreak, while patients are in the diapause at 
most of cases, in which the waves of spike and sharp will 
reduce greatly , even not emerge, although they are of 
significant clinical indication meaning for epileptic diagnosis. 
There will be slow waves and some complex waves with the 
background of slow wave more in the EEG signals of patients. 
At the same time, considering the multiformity of feature 
waveforms emerged in some pathology which can not be 
extracted by using one or more signal analysis methods simply, 
multi signal analysis methods are synthesized in the virtual 
EEG instrument to detect the feature waveforms in the 
multi-channel EEG signals automatically.  

A.   De-Noising Processing Based on Multi-resolution Wavelet 
Transform 

For signal ( ) ( )RLts 2∈ , the orthogonal dyadic wavelet 
transform and inverse transform can be expressed as eq. (7) 
and eq. (8) 

( ) ( ) ( ) ( )∫∫
+∞

∞−

+∞

∞−

−− =−= dtttsdtkttsc kj
jj

kj ,
2

, 22 ψψ  
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In which 
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k
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−∞=
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denotes the components of signal ( )ts  at some scale  

( ja 2= ）. The frequency band width and center frequency of 
the component are determined by wavelet functions ( )tkj ,ψ . 
The whole frequency bands are divided into different 
sub-frequency bands { ZjB j ∈; } and corresponding 

sub-band signals{ ( ) Zjts j ∈, }. 

Let the sampling frequency of digital signal is sf , then the 

max frequency of signal can be 2sf  based on sampling 
principle. By using Mallat algorithm, the whole frequency 
bands of the signal will be decomposed into L+1 
sub-frequency bands with L levels decomposition,  
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The corresponding sub-band signals are 

( ) ( ) ( ) ( )nsnsnsns ddd
L

a
L 12 ,,,, , which satisfy 
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j

d
j

a
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1
                     (11) 

There are four basic rhythms in EEG signal which includes δ  
wave (1-4Hz),θ  wave (4-8Hz), α  wave (8-13Hz) and β  
wave (14-30Hz). But EEG signal is non-stationary, which 
could be effected by testing environment and often contain 
several disturbing components, so it is difficult to analyze EEG 
signals correctly.  Select Daubechies supported wavelet db4 
with 8 length of filter and L=7, the following sub-band signals 

( ) ( ) ( ) ( ) ( ) ( ) ( ) ( )nsnsnsnsnsnsnsns ddddddda
12345677 ,,,,,,, ca

n be gotten. The time-frequency features and emergence time 
of disturbing components can be observed clearly from the 
results of wavelet decomposition of signal in these frequency 
bands, which provides very useful information for eliminating 
these disturbing components finally.  

B.   Separation of EEG Signal Based Upon Adaptive Filter[2][5] 

EEG signals can be considered as the combination of 
stationary signals and non-stationary signals. For example, 
spike waves, sharp waves and some slow waves with high 
amplitude in epileptic EEG signals can be considered as 
non-stationary instantaneous status with stationary 
background. The method of LMS adaptive filtering is adopted 
to separate stationary and non-stationary components. The 
epileptic discharge waveforms such as spike wave, sharp wave 
and a few slow wave with higher amplitude can be identified in 
the non-stationary part, while large numbers of slow waves 
with lower amplitude will be putted up in the stationary part. 
By dividing original EEG signals into stationary and 
non-stationary parts, and using corresponding methods for 
different pathology waveforms contained the two parts, the 
suspicion paragraph in epileptic waves can be obtained with 
better correction.  

 
C.   The Parameter Extraction of Feature Waveforms 
 
Based on the features of spike waves, sharp waves and slow 

waves, it is easy to know that spike wave and sharp wave with 
higher frequency will be emerged in the frequency bands with 
smaller scale while slow wave will be emerged in the 
frequency bands with large scale when we do wavelet 
transform for epileptic EEG signals. Because various 
frequency information of signals can be reflected in different 
scales with wavelet transform, even in the compound 
waveforms, the spike waves and sharp waves covered by slow 
waves with unconspicuous features in time domain can be 
represented well in corresponding scales after wavelet 
transform. The results of wavelet transform with different 
wavelet bases may be very different, so Mexican hat wavelet 
function is selected as wavelet base based on a great deal  
of experiments, and continuous wavelet transform is utilized  
to do 8 scales continuous wavelet decomposition 
( 8~1,5.0 == ka k

k ） considering the nature dyadic rules 
of dyadic wavelet transform. 
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The continuous wavelet transform for any function 
( ) ( )RLtx 2∈  is expressed as 

( ) ( )∫ ⎟
⎠
⎞

⎜
⎝
⎛ −== −

Rbax dt
a

bttxaxbaWT

____________

21
,,, ψψ (12) 

Where spike waves with higher frequency are mostly in the 
channels with smaller a values, slow waves with lower 
frequency are mostly in the channels with larger a, and 
between which is sharp waves.  

The parameters of feature waveforms inputted into ANN 
can be determined after continuous wavelet transform. Fig. 1 is 
the sketch map for determining the feature parameters of 
epileptic waveforms. By comparing various methods used in 
literatures and analyzing the feature waveforms of epileptic 
EEG signals, the parameters as input of ANN are determined 
as relative amplitude A1 and A2, width L1, L2 and L3, 
acutance S and slope P. Different feature parameters are 
adopted based upon the nature characterization and 
representation after wavelet transform of spike wave, sharp 
wave and slow wave. 

 

Fig. 1 The feature parameters for epileptic waveform 

D.   Classification Output by Using ANN and Expert 
Knowledge Rules 

After determining the feature parameters of spike wave, 
sharp wave and slow wave, these feature waveforms can be 
identified and classified automatically by combination of ANN 
and experiment knowledge rule judgment. The key is ANN 
analysis, which determines the comparability between the 
waveforms to be analyzed and epileptic feature waveforms and 
reflects the comparability extent with the degree of subjection.  

Three forward networks are used to detect spike, sharp and 
slow waves separately, whose structures are similar, shown as 
fig. 2. The difference between them is the numbers and 
representation of input nerve cell. In the figure, N  denotes the 
numbers of scales adopted, while M  denotes the numbers of 
feature parameters with each scale, whose concrete values are 
shown in table 1. ijx  is the j th feature with scale i , where 

MjNi ~1,~1 == . There are N  nerve cells in hidden 
layer, and every cell reflects the synthesis output of various 
features with one same scale. Each output of hidden layer then 
is collected to output layer, so the output O reflects the total 
synthesis result of various scales.  The value of O is between 0 
and 1, which denotes the extent of input feature close to one 
basic waveform. 

… … …

Mxxx 11211 Mxxx 22221 NMNN xxx 21

scale1 scale 2 scale N 

O

 

Fig. 2 The construction of ANN 

Table 1 The number of feature parameters for  extraction of various 
waveforms 

 Spike Sharp Slow 

Scale number N  2 3 3 

Feature para. M  7 7 4 

After classification for the three feature waves using ANN, 
expert knowledge rule is adopted to compound and judge 
more. Expert knowledge rule synthesizes the information in 
time domain, space domain and frequency domain, and uses 
the explicit judgment criterion already grasped by people to 
filter the waveforms selected again, eliminates the disturbance, 
composes decomposed various basic waveforms again, then 
completes the detection and classification of epileptic wave, 
finally output the statistical results.   

IV.   THE RESULTS OF TIME-FREQUENCY ANALYSIS FOR  

THE FEATURE INFORMATION OF EEG SIGNALS 

A.   System Construction 

When making EEG examination with international 10-20 
system, the silver bridge-type electrodes are placed on the 
scalp according to different montage selected, the EEG signals 
detected by electrodes then are transferred into the amplifier 
and data-sampling unit via electrode wire. The output data of 
the amplifier enter directly to EEG analyzer via USB interface, 
which can be displayed, stored, replayed, and the feature 
information in EEG signals can be analyzed and extracted. 

B.   Experimental Results 

1. Experiment 1 
Use the function of basic rhythm analysis of EEG signals to 

judge whether a basic rhythm in EEG signals is restrained. In 
the system, the window length is 128 sampling dots and the 
window shifts 16 dots every time. By analyzing the sleep EEG 
which has been filtered (11Hz~18Hz) by the bandpass filter 
function of the instrument, its waveforms in time domain and 
the band relative intensity ratio of basic rhythms are obtained, 
as shown in Fig.3. From the figure, it is easy to see the relative 
intensity of different bands at certain time, and can find that the 
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α  waves and 1β  waves are the main frequency bands of the 
signal. In the figure, other three bands also exist because of the 
side bands effect of the filter. 

 

Fig. 3 Extraction of basic rhythms in EEG signal 

2. Experiment 2 
Analyze the EEG data sampled from 17 patients separately. 

Each EEG data length from every patient is 4 minutes with 16 
channels and sampling frequency 250Hz. Use the analysis 
method for epileptic EEG mentioned above to detect the 
abnormal waveforms in epileptic EEG and compare the 
detection results with the results made by EEG doctors. For 
these 17 EEG data, total 182 segments are detected out by the 
instrument, 13 segments are leaked and 19 segments are 
detected error, shown as table 2. From the table, we can  
see that the 19 segments detected error are caused by the 
artifacts of electrodes, electromyogram (EMG) and 
electroculogram(EOG). From the analysis results, the final 
detection sensitivity of the instrument can reach 83.5%. If we 
use independent component analysis(ICA) to preprocess EEG 
data sampled for eliminating other physiologic signals 
possibly exist in the EEG signals before separating them with 
adaptive filter, the final detection sensitivity can be improved 
more[9~11].  

Table 2 The detection results of the instrument 

Epileptic abnormal waves segments 

Single spike wave 47 
Single sharp wave 37 
Single spike(sharp)-slow complex 46 
Spike (sharp)-slow complex blast 30 
Slow wave blast 14 
Sharp wave blast 8 
Total 182 
leaked segments 
Single spike 5 
Single sharp-slow complex 8 
Total  13 

 
 

Detection error segments 

Artifact of single channel electrode 3 

Artifact of multi channel electrodes 3 

Shape with 
sharp wave 
 

Artifacts of eye move 4 
Single channel EMG 3 Shape with 

slow wave Multi channels EOG 6 
Total 19 
Detection Sensitivity 83.5% 

V.   CONCLUSION 

The virtual EEG instrument with time-frequency analysis 
functions is introduced and the realization of these functions is 
introduced in detail. The realization of time-frequency analysis 
functions for the extraction of feature information in EEG 
signals in this instrument is of positive meaning to impulse the 
time frequency analysis methods which are used to analyze 
non-stationary signals such as EEG signals to changeover from 
theory to application in practice. Simultaneously, the 
performance of EEG instrument will be advanced by 
integrating these effective time frequency analysis methods 
into the instrument, and impel the development of EEG 
instruments, then more application can be obtained in clinical. 

REFERENCES  

1. Tulga kalayci and Ozcan Ozdamar(1995). Wavelet Preprocessing for 
Automated Neural Network Detection of EEG Spikes. IEEE Engineering in 
Medicine and Biology: pp0739-5175 

2. Zhang Tong, yang Fusheng, Tang Qingyu(1998). Automatic Detection and 
Classification of Epileptic Waves in EEG—A Bierarchical Multi-Method 
Integrated Approach. Chinese Journal of Biomedical Engineering,Vol. 
(17), No.1 

3. Ji Zhong, Qin Shuren, Peng Liling(2002). Time-Frequency Analysis of EEG 
Sleep Spindles Based Upon Matching Pursuit. ISIST’2002 Proceedings, 2nd 
International Symposium on Instrumentation Science and Technology, 
Vol.2: pp671-675 

4. Zhong Ji, Shuren Qin(2003). Detection Of EEG Basic Rhythm Feature By 
Using Band Relative Intensity Ratio(BRIR) the 28th IEEE International 
Conference on Acoustics, Speech, and Signal Processing (ICASSP) 

5. Arakawa K. Fender DH, Harashima H, et al(1986). Separation of a 
nonstationary component from the EEG by a nonlinear digital filter. IEEE 
Trans on BME[J], 33(7):pp1809-1812 

6. A. Rechtschaffen, A. kales(1968). A Manual of Standardized Terminology, 
Techniques and Scoring System for Sleep Stages of Human Subjects. 
Washingtong D.C., U.S. Government Printing Office, Public Health Service 

7. Tadao Hori, Yoshio Sugita, et al(2001). Proposed supplements and 
amendments to ‘ A Manual of Standardized Terminology, Techniques and 
Scoring System for Sleep Stages of Human Subjects’, the Rechtschaffen & 
kales(1968) standard . Psychiatry and Clinical Neurosciences, 
55,pp305-310 

8. Ji YueBo(2002). Research on the Theory of Multi-Resolution 
Time-Frequency Analysis and the System of Multi-Function 
Time-Frequency Analyzer. Ph.D. dissertation of Chongqing University  

9. Jung Tzyy-Ping , Colin Humphries, Lee Te-Won(1998). Extended ICA 
Removes Artifacts for Electroencephalographic Recording. Advances in 
Neural information Processing System:pp 894-900 

10.Aapo Hyvarinen and Erkki Oja(1999). Independent Component Analysis: 
Algorithm and Application, Neural Networks 

11.Wu Xiaopei, Feng Huanqing, Zhou Heqin, etc.(2001). Independent 
Component Analysis and Its Application for Preprocessing EEG. Beijing 
Biomedical Engineering, Vol.(20), No.1 



Non-invasive Intracranial Pressure Measurement using Transcranial Doppler 
Sonography and Support Vector Machines 

 
S.Mojtaba Golzan1, Mohammad Mikaili2, Amirsaeed Sedighi3, Albert Avolio4 and Mohammad Karimi5 

 
1 Biomedical Engineering School, Engineering Dept, Shahed University, Tehran, Iran  

2 Biomedical Engineering School, Engineering Dept, Shahed University, Tehran, Iran 
3Shohada Hospital, Neurosurgery Dept, Tehran, Iran 

4 Australian School of Advanced Medicine, Macquarie University, Sydney, Australia 
5 Milad Hospital, Neurology Dept, Tehran, Iran 

Abstract - Current techniques used for intracranial 
pressure (ICP) measurement are invasive. All require a 
surgical procedure for placement of a pressure catheter 
in the central nervous system (CNS) and therefore are 
associated with risk and morbidity. In this study we 
propose a noninvasive method for ICP measurement 
based on signal processing techniques.. In this method a 
non-linear relationship is used to determine ICP based on 
two more accessible parameters, namely arterial blood 
pressure (ABP) and the blood velocity of the middle 
cerebral artery (MCA) measured using the transcranial 
doppler (TCD) device. The clinical investigation of the 
proposed method shows high similarity between the 
invasively recorded intracranial pressure (ICP) and the 
predicted ICP using our proposed method under 
intensive care unit (ICU) conditions. A correlation of 
r=0.976 was achieved between the predicted ICP and the 
invasively ICP measurements, which shows a highly 
sensitive procedure in noninvasive ICP measurement.   
 
Keywords: Intracranial pressures, arterial blood pressure, 
transcranial doppler, support vector machines. 
 

I.INTRODUCTION 
 

Elevated intracranial pressure (ICP) is a major cause of 
irreversible brain damage after trauma, brain disorder, 
or disease. In severe cases, disability and death may 
occur. ICP monitoring provides early warning of the 
onset of deteriorating conditions which, once 
recognized and diagnosed, can often be effectively 
treated to prevent neurological impairment. Certain 
medical conditions, such as meningitis, encephalitis, 

encephalopathy, near drowning, hydrocephalus, 
cerebral infarction, subarachnoid hemorrhage, among 
others, also require ICP to be monitored.  
Currently, ICP monitoring is achieved using either 
sensors implanted within the cranium or external 
sensors connected to the measurement site in the 
cranium with a fluid-filled catheter. Both approaches 
are invasive, generating risk of intracranial infection 
and pain for the patient, and require neurosurgical 
expertise for the implantation. 
Existing techniques for non-invasive estimation of ICP 
include the assessment of level of consciousness of 
neurological examination, opthalmoscopic examination 
of the optical fundi for evidence of papilledema in 

adults, and the palpation of the fontanelles and skull 
sutures in infants. Unfortunately, these clinical 
methods are highly qualitative, do not necessarily 
correlate directly with more sophisticated analytic ICP 
measurements, and cannot be performed on a 
continuous basis. 
Several researchers have investigated the use of 
ultrasound for non-invasively monitoring ICP with 
varying success. H.Kuchiwaki [1], have demonstrated 
that a correlation exists between the amplitude of 
ultrasound interference echoes and the level of ICP 
using a combination of pulse-echo, high speed digitizer 
and time-windowing techniques. The authors attach 
transducers to the surface of the skull bone using 
cyanoacrylate.  
Another ultrasonic technique has described by John 
H.Cantrell [2]. An ultrasonic tone-burst is directed 
through the cranium and the phase of the ultrasound 
signal is monitored subsequent to its traversal. This 
phase relates to the time required for the tone burst to 
be reflected from the inside surface of the cranium. 
Variation in ICP alters the stress level experienced by 
the skull bone and affects its characteristics sound 
propagation. Feed-back loop electronics are employed 
for determining the phase of the received echo using 
the same transducer that is used for generating the 
initial signal from outside the skull. 
Accordingly, it is an object of the present study to 
provide a non-invasive method for measuring changes 
in intracranial pressure. In this study patient ICP is 
determined based on two variable parameters: (1) flow 
velocity in the middle cerebral artery (V_MCA) 
measured, using a TCD device; and (2) Arterial Blood 
Pressure (ABP) measured invasively or non-invasively. 
ABP may be measured using conventional techniques, 
or using ultrasound techniques. 
The non-linear relationship between the mentioned 
inputs (FV, ABP) and the output ICP is evaluated using 
support Vector machine (SVM) algorithm. 
The SV algorithm is a non-linear generalization of the 
Generalized Portrait algorithm developed in Russia in 
the sixties [3].  As such, it is firmly grounded in the 
framework of statistical learning theory which has been 
developed over the last three decades by Vapnik [4]. 
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MATERIALS AND METHODS 
 

II. SUPPORT VECTOR MACHINES 
The foundations of Support Vector Machines (SVM) 
have been developed by Vapnik [4], and are gaining 
popularity due to many attractive features, and 
promising empirical performance. SVMs were 
developed to solve the classification problems, but 
recently they have been extended to the domain of 
regression problems too [5]. In this study we have 
implemented the support vector regression (SVR) 
method for ICP prediction. 
A. Basic Idea 
The idea of SVR is to map input data into a higher 
dimensional space and find a function which 
approximates the hidden relationships of the given 
data. The standard formulation is as follows [4]: 

*,,,
min
bw

        
l

t

ttT Cww
1

,*)(
2
1              (1) 

Subject to: 

lt

bxwy
tt

t
t

T
t

t

,...,1,0,0,

))((
,*

,*

 

 Where )},(),....,,{( 11 tt yxyx  are the given training 
data, w and b are unknown parameters to be estimated, 
 and *  indicate errors,  is the tolerance, and  is the 

function that maps data xt to a higher dimensional 
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Where |· |  is the -insensitive loss function. The 
standard SVR considers a uniform penalty parameter C 
for all data [4]. 
B. Solving the SVR 
Now we discuss how to solve the SVR formulation (1). 
As SVRs map data into higher dimensional spaces, w is 
a long vector variable. Thus, usually a dual problem is 
easier to be solved. The Lagrangian dual of (1) can be 
derived by a similar way as that of standard SVR so 
here we give only the resulting formulation [7]: 
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Here we mainly consider the polynomial kernel which 
is popular for non-linear mapping: 
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If 0*
tt  then xt is a support vector of the 

modified SVR (3). w can be completely described as a 
linear combination of the training patterns xt . In a 
sense, the complexity of a functions representation by 

[7].   
 

III. IMPLEMENTING SVM ALGORITHM FOR ICP 
PREDICTION 

 
For implementing the SVM algorithm for ICP 
prediction, the recorded signals were divided into 500 
equal points, for some technical reasons this number of 
points showed better results. Thirty five ABP and TCD 
signals were used as training input datasets and the 
target was the invasive ICP recorded simultaneously 
with ABP and TCD signals. 5 records were used to 
validate and test the algorithm, according to the 
mentioned algorithm in the previous section the 
structure of the SVM has the following values: 
 
C: bound on the Lagrange multipliers= 0.0001 
: the tolerance= 0.2  

b: bias=2.7593 
Parameter of kernel= 0.01 
Kernel= polynomial  
  Test records with the SVM algorithm show a 
maximum error of ±3 mmhg. 
 

IV. RESULTS & DISCUSSION 
ICP sensors were implanted within the brain 
ventricular and parenchyma of 10 patients suffering 
brain tumors. 4 simultaneous ABP, TCD and ICP 
signals were recorded from each patient one day after 
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the surgery when the conditions of the patient were 
stable. Three cardiac cycles were recorded in each 
recording procedure. Since the records were acquired 
from the plotter of the devices, a digital signal 
processing tool using MATLABTM was developed to 
digitize the signals. 
This tool is a very low-cost and effective strategy for 
analog -to-digital conversion of biomedical recordings 
recorded on graph papers requiring no dedicated 
hardware. A number of laboratories, medical institutes 
and hospitals have only analog equipments available, 
particularly those equipped with plotters and therefore 
this tool could be used as a clinical tool. 
The algorithm developed for digitizing the signals is as 
the following [22, 23]: 
 
1. Image filtering (Grid Cancellation) 
2. Image binarization 
3. Pixel to vector conversion 
4. Axis identification 
5. Window filtering 
 Figure 1, 2 and 3 is the digitized signals acquired from 
the patients. 
Records were saved once per hour and 40 records in 
total were obtained from 10 patients, 35 records were 
used for the training of our SVM and 5 for the 
validation and test of the SVM, results show a high 
correlation of r=0.976 between the predicted ICP and 
the invasively measured ICP. Figure 4 is the result of 
non-invasive ICP prediction and figure 5 is the 
difference between the Invasive and non invasive ICP. 
Table 1 is a comparative table for assessment of our 
method compared to other studies.   

 

 
Figure 1: Digitized ABP signal 

 
 

Figure 2: Digitized TCD signal 

 
Figure 3: Digitized ICP signal 

 

 
Figure 4: non-invasive ICP prediction 

 
Figure 5: the difference between the Invasive and non 

invasive ICP 
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Table1: Correlation achieved in different methods 
 

Row Author Method/year Correlation 
Achieved 

1 Raksin [8] MRI/2003 0.965 
2 Ragauskus[9] Ultrasound/2008 0.997 

3 Motschmann[10] Ophthalmic/ 
2001 0.961 

3 Our method Ultrasound/2008 0.976 
 
 

V. CONCLUSION 
In this study we investigated a new method for non-
invasive ICP measurement using ultrasound and signal 
processing techniques, the most advantage of the study 
is that, it is 
need any dedicated hardware. 
The correlation achieved in this study may be 
developed if a higher number of patients and records 
were available. We have focused on developing a 
software which could be used as a clinical tool without 
having heavy costs for health care centers and prevent 
clinical damages which the invasive method had for 
patients. In conclusion we can describe the most 
prominent advantages of the proposed method over 
other methods as the following: 
1. Software based and dedicated hardware is not 

needed. 
2. Low cost and effective for both health care centers 

and patients. 
3. High correlation between the non-invasive and 

invasive ICP, a maximum error of ±3 mmhg. 
4. Due to fast signal processing technique, it could be 

developed for real-time monitoring of ICP. 
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Abstract—The efficient formulation of measured data in ar-
tificial olfactory system is very important for simplicity, ro-
bustness and implementation of the algorithm especially in 
portable system which has limited resources. In this study, we 
applied the linear discriminant analysis (LDA) to E-nose mea-
surements formulated in 2 dimensional matrices. The 160 
measurements for 8 different vapors using 6 channel sensor 
array were identified with the accuracy of 98.75%. LDA is one 
of the most efficient computer vision algorithms to recognize 
image objects. It maintained the significant features for vapor 
classification during dimension reduction. This can simplify 
further processing like storage or transmission. Therefore, the 
proposed method will help the realization of the ubiquitous or 
embedded olfactory sensing system. 

Keywords—Electrical brain stimulation, stroke recovery, 
rehabilitation, ZigBee, neural stimulation. 

I. INTRODUCTION  

Volatile organic compound (VOC) identification of elec-
tronic nose (E-Nose) uses various pattern recognition meth-
ods. Early electronic nose technologies used calorimetric 
sensors instead of the electrochemical ones being used to-
day, consequently the measurement of the vapors are usu-
ally expressed in the arrays of colors, i.e., the images. With 
the advances in electrochemical sensor and digital tech-
nologies, an e-nose supports more portable and intelligent 
platform in collecting and processing of gas compounds. In 
laboratory environment, we have enough resources for thor-
ough analysis of vapor samples. The complicated analytic 
procedures including precise equipments like gas chroma-
tography (GC) and mass spectrometer (MS), processing 
time, and sophisticated machine intelligence are usually 
allowed. In contrast, the portable e-nose has advantages 
over the laboratory analytic system in simple and frequent 
measurement of odors in our daily environments. It is 
proper to use it as a modest assessment tool. Especially, 
there are pretty much needs for uncomplicated assay in our 
lives such as indoor air, exhaust car fumes, plastic packag-
ing, industrial waste, medical diagnosis of skin infection, 

etc. The most important requirement in these everyday 
assessments is to be robust to ambient noise sources. Re-
cently, the rapid improvements in electronics in information 
technology accelerate the development of portable elec-
tronic nose system. The portable systems usually aim at 
point-of-care (POC) applications beyond the laboratory 
condition and consequently undergo noisy measurements. 
Therefore, it is difficult to acquire accurate results. Besides, 
it is necessary to minimize the data and computation  
while maintaining the performance because the portable 
systems have limited resources such as computing and op-
eration power.  

In our previous studies, we expressed the multi-channel 
acquisition of the sensor array response in 2-dimensional 
image form and accomplished high contrast discrimination 
in different VOCs by template matching [1]. There are more 
potential merits in the image-formation of gas sensor meas-
urement. First of all, we can use many powerful and reliable 
algorithmic tools of digital image processing for identifica-
tion of slightly different output images. There are plenty of 
statistically tailored methods such as principal component 
analysis (PCA) and linear discrimination analysis (LDA) 
suitable for small device to which the economizing of re-
sources is critical. The LDA is mostly appropriate for the 
massive pattern recognition, i.e. facial recognition. More-
over, they can extract important characteristics in experi-
mental data through data mining procedures during the 
optimization of classification. In biologic olfactory systems, 
there are over thousands of sensors each of which exclu-
sively responds to unique gas molecule based on specific 
binding. This yields huge sets of odor data which are proc-
essed by olfactory neural system effectively. Recent artifi-
cial nose systems are trying to use as many sensors as pos-
sible to imitate the specific chemical receptors in biologic 
olfactory system. Therefore, there will be greater needs for 
data reduction and accurate classification using multi-
dimensional sensory outputs. 

In this study, we proposed an LDA-based vapor recogni-
tion method to improve the classification accuracy and to 
economize the limited resources in portable electronic nose 
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system. The methods achieved high degree of classification 
accuracy (98.75%).  

II. MATERIALS AND METHODS 

A.  Vapor Measurement Data 

To evaluate and compare the performance of the pro-
posed algorithm, we utilized the same VOC measurement 
dataset used in the previous study: acetone, benzene, cyclo-
hexane, ethanol, heptane, methanol, propanol, toluene [2]. 
Figure 1 shows one of the typical multi-sensor responses of 
the acetone vapor.  
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Fig. 1 Typical time-responses of 16 channel sensor array with respect to 
inflow of acetone vapor at 5000 ppm [1] 

 
It seems that there are more active interactions between 

sensor and the inhaled VOC sample in the 120~1000 than 
other ranges. This particular period of data segment con-
tains more important information than other part of the 
signal. The later part of the signal shows less significant 
changes. This implies that there can be additional data re-
duction from this entire-profile of 16 channel responses. 
Since the data is in 2-dimensional form, we applied LDA 
method for both efficient classification with reduced data 
and more precise feature extraction.  

B. LDA 

The key to the successful patter recognition is a proper 
feature extraction, which enables effective training of artifi-
cial intelligence and real-time classification. Among many 
feature extraction algorithms, some covariance-based ap-
proaches like PCA and LDA show prospective results in 
wide area of application including face recognition. PCA 
usually transforms the multidimensional data into new  

coordinate space under which the determinant of covariance 
matrix get maximized, so that the class distribution can be 
expressed more definitely. PCA extracts these most expres-
sive features (MEF). Generally, LDA shows better classifi-
cation results than PCA since LDA extracts most discrimi-
nating features (MDF) than MEF. However, training 
samples which are much less in numbers than the features 
cause the within-class scatter matrix to be singular, that is, 
small sample size (SSS) problem in LDA. Some research 
suggested modified LDA such PCA+LDA, Null-space LDA 
(N-LDA), Direct LDA (D-LDA).  

We applied PCA, LDA, and N-LDA on the same data set 
for comparison. All the results are gathered through 10-fold 
cross validation and leave one out test.  

III. RESULTS AND DISCUSSION  

We summarized the experimental results from PCA, 
LDA, and N-LDA. The dataset contains 160 samples of 
eight vapors. In order to evaluate the performance, we 
adapted two classification schemes, which are 10-fold cross 
validation and leave-one out. In the 10-fold cross validation, 
one sample from each class was randomly selected for test-
ing, while the remaining samples were used for training. In 
the leave one out scheme, among N samples of dataset, N-1 
samples are use for training and the remaining one sample is 
tested. After repeating N times with different test sample for 
each time, the classification rate is computed as (correct 
times/N x 100). All the image-formed samples obtained by 
sensor measurement are vectorized by the lexicographic 
ordering operator that transforms a matrix into a vector by 
ordering the rows of the matrix one after the other. As a 
classifier for classification, one nearest-neighbor rule was 
used with the L2 norm. Before applying the feature extrac-
tion methods, all the samples were normalized to have zero 
mean and unit variance. 

There may be additional information within the stable re-
sponse signal which might be eliminated during the LDA 
process. Each channel shows small but unique fluctuation in 
this segment of the signal. The information included in 
small variations can be translated into usable forms and 
used in classification by the texture-based image processing 
methods. Another purpose of the visualization-based feature 
extraction in our study is to utilize the excellence in human 
visual processing so that we can acquire more objective and 
accurate results than fully automated classification system. 
Vapor measurement data are visually formed and informa-
tive features are enhanced through LDA to help human 
visual processing. The machine intelligence can be com-
bined with the human sensory processing.  
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Table  1 10-fold cross validation PCA 98.125 

 Actone Benzene Cyclohexane Ethanol Heptane Methanol Propanol Toluene 

Acetone 20 0       
Benzene  20       
Cyclohexane   19   1   
Ethanol    20     
Heptane 1    19    
Methanol     1 19   
Propanol       20  
Toluene        20 

Table 2 10-fold cross validation LDA 98.75% 

 Actone Benzene Cyclohexane Ethanol Heptane Methanol Propanol Toluene 
Acetone 20 0       
Benzene  20       

Cyclohexane   19  1    
Ethanol    20     
Heptane 1    19    
Methanol     1 19   
Propanol       20  
Tolune 1       19 

 

Table 3 10-fold cross validation NLDA 98.75% 

 Actone Benzene Cyclohexane Ethanol Heptane Methanol Propanol Toluene 
Acetone 20 0       
Benzene  20       

Cyclohexane 1  19      
Ethanol    20     
Heptane     20    

Methanol      20   
Propanol       20  
Toluene  1      19 

 

Table 4 Leave one out PCA 98.125% 

 Actone Benzene Cyclohexane Ethanol Heptane Methanol Propanol Toluene 
Acetone 20 0       
Benzene  20       

Cyclohexane   19   1   
Ethanol    20     
Heptane 1    19    

Methanol     1 19   
Propanol       20  
Toluene        20 
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Table 5 Leave one out LDA 98.75% 

 Actone Benzene Cyclohexane Ethanol Heptane Methanol Propanol Toluene 
Acetone 20 0       
Benzene  20       

Cyclohexane   19  1    
Ethanol    20     
Heptane     20    

Methanol      20   
Propanol       20  
Toluene  1      19 

 

Table 6 Leave one out NLDA 98.75% 

 Actone Benzene Cyclohexane Ethanol Heptane Methanol Propanol Toluene 
Acetone 20 0       
Benzene  20       

Cyclohexane 1  19      
Ethanol    20     
Heptane     20    

Methanol      20   
Propanol       20  
Toluene  1      19 

 
 
 

IV. CONCLUSIONS 

We applied several LDA methods on the visually formed 
E-nose measurement data and verified the high degree of 
classification accuracy through strict cross-validation. The 
successful application of the image processing techniques 
on the vapor measurement data implies that we can achieve 
a so called visualized sniffing by integration of many ad-
vanced image classification techniques into the E-nose. 
LDA also enable the data mining approach, that is, efficient 
feature extraction which is useful not only to the portable 
implementation of E-nose device having limited computing 
resources but also recent attempts having expanded sensory 
channels inspired by biologic olfactory system specific 
binding. Moreover, the odor image can be modified into 
easily distinguishable form by LDA. This gives additional 
benefit by helping human visual processing to classify 
odors.  The portable visual sniffing device can be easily 
connected to many ubiquitous sensors, embedded networks, 
and digital media in our daily environments as digital acces-
sory beyond the laboratory measurement system. 
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Abstract— In order to achieve a guideline for optimal treat-

ment with cardiac resynchronization therapy (CRT) devices, an

automated non-invasive strategy based on a personalized com-

puter model of the heart is presented. A computer model of the

heart was used to simulate left bundle branch block (LBBB),

myocardial infarction (MI). The optimization method evaluates

the error between the healthy and pathology with/without pac-

ing case in terms QRS duration achieved by calculated ventricu-

lar activation times. The clinical measurements of body surface

potential map (BSPM) are used to parameterize the computer

model of the heart to represent the individual pathology by solv-

ing the inverse problem, which leads to a personalized heart

model. Afterwards, the simulated ECGs for optimal pacing are

compared to the measured ones after implantation. The QRS

duration is reduced both in measured and simulated ECG after

implantation. The optimial electrode positions found by simu-

lation are comparable to the ones used in hospital. The timing

delays obtained in this research are slightly larger than the tim-

ing values chosen today. The computer model presented in this

work is a suitable tool to investigate different individual patholo-

gies.

Keywords— Cardiac resynchronization therapy, Body surface

potential map, Cardiac modeling.

I. INTRODUCTION

Heart function can be investigated either hemodynami-
cally by left ventricular ejection fraction (LVEF) or electri-
cally by analyzing the shape and duration of the QRS com-
plex of an ECG waveform, or mechanically by measuring
the contraction delay in Doppler echography [1, 6, 9, 10].
Patients with an extensive QRS complex frequently have
dyssynchronous ventricular contraction while the broad QRS
indicates the sequence of electrical activation of the ven-
tricles as well as the time necessary for depolarization [5].
The purpose of BVP optimization is to provide a significant
improvement of patient’s hemodynamic parameters by in-
creasing cardiac output in patients suffering from left bundle
branch block (LBBB) and cardiac contraction dyssynchrony.
The goal of this research is to optimize biventricular pacing
(BVP) as cardiac resynchronization therapy, using computer
based heart models individualized to the patient in terms of
anatomy and pathophysiology. The three dimensional geom-

etry extracted from patient imaging data sets can be used to
create a biophysical detailed computer model of ventricles
that incorporates both structural and electrophysiological het-
erogeneities. Such a model is of great importance because
it allows the investigation of underlying electrical excitation
conduction in the ventricles at physiological and pathological
states. Multichannel ECG measurements (BSPM) and MRI
data acquisition are carried out on a patient before pacemaker
implantation at University Hospital Mannheim in order to
gain the individual pathology by solving the inverse problem
of electrocardiography. BSPM measurements are carried out
once again on the same patient post-implantative to compare
with the simulated BSPM for verification of the optimiza-
tion algorithm. The present work suggests a pre-operative
BVP optimization strategy based on computer simulations,
enabling a parameter optimization for an individual patient.

II. METHODS

A. Anatomical and Electrophysiological Modeling

The MR data sets were acquired from University Hospital
Mannheim from a patient suffering from LBBB and MI. The
individual models of heart and torso were generated by seg-
mentation of high-resolution imaging techniques (MRI) in or-
der to obtain the patient’s anatomy. The 3D ventricular model
was extracted from a series of segmented short axis 2D MR
data sets for the patient. The segmentation was done by us-
ing interactive deformable contours based on a triangle mesh
forming the borders of different parts of the organ. The car-
diac conduction system including the bundle of His, left and
right bundle and Purkinje fibers were implemented into the
ventricles. The electrophysiological properties of the hetero-
geneous ventricle and the pathophysiological properties ac-
cording to the patient symptoms (ischemic cardiac myopathy
and left bundle branch block) were implemented into the ven-
tricular model. The model of the left ventricle was subdivided
into 17 segments according to the American Heart Associa-
tion (AHA) suggestion, which simplified the determination of
MI positions in accordance with the corresponding coronary
artery (see figure 1) [2].
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(a) (b)

(c) (d)

Fig. 1: Patient heart model: (a) Ventricular model in anterior view. (b)
Ventricular model in posterior view. (c) Subdivided model based
on AHA in anterior view. (d) Subdivided model based on AHA

in posterior view.

The 3D volume conductor model of the thorax was ex-
tracted from a series of frontal axis 2D MR data sets for the
patient. The tetrahedral mesh of the thorax was created in-
cluding the heart and the other organs (see figure 2).

(a) (b)

Fig. 2: Thorax: (a) Volume conductor model. (b) Inner organs model.

The electrophysiological behavior of myocytes was simu-
lated by the ten Tusscher ionic cell model [8]. An adaptive
cellular automaton (ACA), belonging to the rule-based heart
models, was used in the present work. The ACA model does
not consider explicitly the ionic flow interaction between the
intra- and extracellular spaces in order to simulate the excita-
tion propagation. Instead, the pre-calculated action potentials
(APs) derived from the ionic current equations based on the
ten Tusscher model are applied as a set of rules stored in a
predefined library for the fast computation of ventricular ex-
citation.

B. Clinical Measurements and Pathological Modeling

Multichannel ECG measurements were carried out on the
patients before and after implantation at University Hospital
Mannheim in order to gain the individual patient depolariza-
tion sequence by solution of the inverse problem.

The pathophysiological models representing the patient’s
pathology in addition with the parameters obtained from the
inverse problem solution achieved by optimization approach
are implemented into the anatomical models. Optimization
based method is an alternative approach for solving the in-
verse problem of electrocardiography [6]. The ACA param-
eters such as excitation conduction velocity of myocardium
and infarction position are iteratively optimized in a way that
the simulated ECG gets as similar as possible to the measured
ECG. This parameter optimization results in a personalized
model of the pathology, in which the 64 simulated ECG chan-
nels were similar to the measured one. The best results in-
cluding the optimal parameters based on the least root mean
square error (ERMS) between measured and simulated ECG
are selected as demonstrated in table 1.

Table 1: Initial and optimized values for the model parameters (ECV:
excitation conduction velocity, LV: left ventricular, RV: right ventricular)

Data set Initial

Values

Optimized

Values

Infarction position 157 132 100

(AHA10)

155 102 108

(AHA15)

Infarction size (voxels) 20 18.90

ECV in LV myocardium

(mm/s)

1065 1315.70

ECV in RV myocardium

(mm/s)

1065 1675.40

ECV in RV Purkinje fibers

(mm/s)

4862.02 3762.15

ERMS 0.136043 0.123527

The initial values are the first estimation of the patho-
logical parameters and were extracted from previous studies
[3, 7]. The infarction is modeled by a spherical area of about
30 voxels volume including necrotic tissue with an excitation
conduction velocity of zero in the center and a surrounding is-
chemic area with slower conduction velocity [3, 4]. The sim-
ulated and measured 12 standard ECG channels are demon-
strated in figure 3. Hence, accurate simulation of excitation
propagation is enabled. Several signal processing algorithms
were applied on the ECG signals such as denoising, baseline
wander correction, averaging in time, peak and QRS detec-
tion. In case of pacing, the stimulus removal is also performed
during the signal processing.

C. Optimization of CRT

Optimization algorithms were executed for different BVP
set-ups in order to find the optimal electrode positions, atri-
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(a)

(b)

Fig. 3: The 12 standard ECG channels pre-implantation: (a) Simulated. (b)
Measured. (The P-wave in the simulated one does not exist since the atria
model was not created due to the lack of information in the MR-data set.)

oventricular (A-V) delay and interventricular (V-V) delay for
a pathological model, which leads to a depolarization se-
quence similar to the healthy model. The activation times in
each cardiac cell were computed for physiological (case 1),
pathological (case 2) and therapeutical state (case 3). Since
the ECG of a patient with a LBBB is characterized by a QRS
complex with the duration of more than 120 ms [2], the QRS
duration is computed for case 1 to 3 (see equation 1). The
QRS duration is calculated as the difference of the activa-
tion time of the first and last activated cardiac cell. With this
optimization method, the optimal CRT parameters are those
leading to minimal QRS duration difference between case 1
and 3 (see equation 2).

tQRS = tact,last − tact, f irst (1)

tact : the activation time of the corresponding voxel
tQRS : the QRS duration time

terror = tQRS,path(pace) − tQRS,phys (2)

terror : the difference time between physiological
and pathological/pacing case

The pathological heart is simulated based on the optimized
parameters achieved with the inverse solver. Furthermore, the

optimal set-up parameters were discovered using the opti-
mization method of CRT.

D. Forward Calculation after Pacing

The body surface potential maps of the patient models
based on the optimal BVP set-up were simulated. The 12
standard ECG channels were extracted in order to estimate
the efficacy of the optimization methods for optimal parame-
ters with comparing to the corresponding measured ECGs.

E. Results and Discussion

The electrode positions are demonstrated in figure 4. The
optimal results of optimization method based on QRS dura-
tion was achieved as follows:

• Pacing the leads in right ventricular apex (X) and the pos-
terolateral area (J).

• Setting the timing delays to 140 ms for A-V delay and 58
ms for V-V delay.

(a) (b)

Fig. 4: The electrode positions chosen for the heart model.

The simulated optimized electrode positions agree to the
ones used in hospital. The timing delays used in hospital are
130 ms for A-V delay and 0 ms for V-V delay, while the sim-
ulated optimal V-V delay is slightly larger. The simulated and
measured 12 standard ECG signals after pacemaker implan-
tation are demonstrated in figure 5.

The QRS duration before and after implantation is calcu-
lated in both measured and simulated ECG based on the auto-
matic QRS detection. QRS differences are illustrated in figure
6. It can be observed that the morphology of the QRS dura-
tions differences is similar in both measured and simulated
cases considering an offset of 15 ms.

F. Conclusions

The BSPM measurements before implantation lead to a
better parameterization of the pathological model and there-
fore to an optimization of the cellular automaton parameters
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(a)

(b)

Fig. 5: The 12 standard ECG channels post-implantation: (a) Simulated. (b)
Measured. (The P-wave in the simulated one does not exist since the atria
model was not created due to the lack of information in the MR-data set.)

such as conduction velocity in different parts and detecting
approximately the infarction position. Since a clinical vali-
dation of the results would require a careful consideration
of the ethical aspects and preceding animal studies, the re-
sults were verified in this work by pre-implatative and post-
implantative measurements of the BSPM. Moreover, the sim-
ulated ECGs for optimal pacing set-up were compared to the
measured ECGs after implantation. Similar QRS duration be-

Fig. 6: The QRS duration difference of the Wilson ECG channels before
and after implantation

tween measured and simulated channel indicates the success
of the method. In addition, given patient specific data by mea-
surements of the body surface potential map and detailed in-
formation on contraction delays by Tissue Doppler Imaging

(TDI) later can be used to verify the simulation results by
forward calculation.
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Landmark Location in X-Ray Images Using Active Appearance Models 
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Abstract—We use active appearance models to locate land-
marks in full-body digital x-ray images. The located land-
marks may be used for the selection of regions of interest in an 
image. The presence of non-patient objects sometimes prevents 
initial registration of unseen images with the model. A com-
parison of landmarks located using the model with those 
marked manually, revealed overall median errors of 3.8mm in 
the x-direction and 5 mm in the y-direction.  

Keywords—digital x-ray; region of interest; landmark; ac-
tive appearance model. 

I. INTRODUCTION  

Full-body imaging is useful in the trauma setting, where 
injuries may be missed in the absence of clinical signs, or 
when patients are unconscious [1]. In some cases, the radi-
ologist may only wish to review and store smaller regions of 
interest rather than the entire full-body image. The process 
of manually splitting the image into the desired regions of 
interest is a tiresome task, making automation attractive. 
The ability to locate a desired region of interest is also an 
important first step in applying more detailed segmentation 
algorithms, for example, segmentation of the lungs would 
first require knowledge of the location of the patient's chest 
area. 

Another potential application of locating regions of inter-
est in full-body images, is in content-based image retrieval 
(CBIR). CBIR systems augment text-based searches of 
image databases and are being integrated with picture ar-
chiving and communication systems [2]. Finding images or 
sub-images of particular anatomic regions in databases can 
be useful in clinical decision-making, as well as in teaching 
and research [3].  

One approach to automated location of regions of interest 
in full-body images is to locate landmarks of interest, which 
define the regions.  We report on the location of landmarks 
in antero-posterior full-body digital x-ray images using 
active appearance models.  

Active appearance models (AAMs) were first described 
for face recognition [4] but have been applied successfully 
to chest radiographs [5]. The technique requires a manually 
annotated set of training images, from which a model of the 
expected shape and texture can be built. This model is used 
to generate a synthetic image based on a set of model pa-
rameters. The model parameters which best represent the 

features of an unseen image are found by minimizing the 
error between the unseen image and the synthetic images 
generated by the model. 

II. METHODS 

A. Images 

A set of 100 images was obtained from the routine scans 
performed on trauma patients at the Red Cross Children's 
Hospital. The patients were all aged between 12 and 13 
years. Full body radiographs of the patients at a resolution 
of 2.08 line pairs per mm were taken using the Lodox Sta-
tscan linear slot-scanning x-ray system [6]. 

 
B. Building the AAM 

Points of interest were annotated manually on the image 
set; Fig. 1 (a) shows the landmarks annotated for model 
building, while (b) shows landmarks which are expected to 
be useful for region-of-interest location. In order to con-
struct the AAM model, the shape (defined by the annotated 
points) and the gray scale texture of the patient are required. 

The shape of every patient in the set of training images is 
normalized in terms of rotation, position and scale and rep-
resented as the difference from the mean shape in the train-
ing set. This is accomplished using Procrustes analysis [7]. 
The Procrustes distance, the sum of squared Euclidean dis-
tances between the position, scale and rotation normalized 
shapes, is used as a measure of the difference between 
shapes. 

To determine the expected shape and allowed variation in 
the manually annotated training set, the mean shape is first 
estimated as follows: 

1. On the first iteration, set the mean shape equal to the 
first shape in the set. 

2. Align all shapes to the mean to minimize a distance 
metric. 

3. Calculate the mean of all the aligned shapes. 

This process is repeated until it converges on a stable 
mean shape. The shape component for each instance in the 
training set can now be calculated by subtracting the mean 
shape from the position, scale and rotation normalized 
shape for that instance. 
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The textures of the training images are warped onto the 
mean shape using a piece-wise affine transformation based 
on the manually positioned control points. The point set is 
tessellated into a triangle mesh; the points were manually 
tessellated to provide the best separation between triangles 
within the body and triangles in the background. Each trian-
gle is independently transformed after which they are reas-
sembled to form the warped image. The average shape-
independent texture can be calculated as the average of all 
warped training images.  

The model feature vectors containing the position, shape 
and texture components are very long, typically containing 
more than 65000 elements, 9 to represent the registration of 
the model, 184 for the shape model, and 2562 for a texture 
model at a resolution of 256x256. In order to reduce the size 
of the search space of the optimization problem, principal 
component analysis is used to reduce the length of the 
model feature vectors. When matching the model to an 
image, the search is performed in the new coordinate system 
defined by the principal components, and the elements con-
tributing little variation to the training set are removed from 
the transformed feature vector.  

 

 
(a) 

 
(b) 

Fig. 1 Manually annotated landmarks 

C. Matching a Search Image to the Model 

The patient’s body is isolated from the rest of the image, 
using the process shown in Fig. 2. The image is first split 
into background and foreground components using Otsu's 
method [8], which finds the threshold point, t which mini-
mizes the within-class variance, σ(t), for the two classes of 
pixels present in the image, one class with intensity greater 
than t and one with intensities lower than t. In our applica-
tion, the class with lower intensity represents the back-
ground while the class with higher intensity represents the 
patient. 

The results of the thresholded image can be seen in Fig. 
2(b). In this image and many others, the thresholding incor-
rectly identifies high intensity background objects as being 
part of the patient. Such background objects include oxygen 
bottles, stretchers and braces for broken limbs (as shown in 
the figure). The background objects are usually much thin-
ner than the patient's body. This allows the use of morpho-
logical operations to break the links between patient and 
background objects. The largest connected component, the 
patient, is then extracted. 

 

 
Fig. 2 Segmenting the patient; (a) original image; (b) thresholding; (c) 
opening; (d) largest connected component 

The search image is registered to the model using the 
centre of mass and the size of the thresholded patient; this 
registration provides the initial registration parameters for 
the model; these parameters are combined with the mean 
shape and texture values to create the first model feature 
vector.  

D. Optimization 

Active appearance models provide three different error 
metrics to evaluate how effectively a model fits a search 
image: 

Image error or grey-scale error: The mean-squared-per-
pixel error between the synthetic image generated by the 
model and the image being searched. 

(a)             (b)                         (c)                
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Parameter error: The error between the parameters of 
the model and the ideal parameters which provide the best 
fit between the model and the search image. 

Point error: The error between the points positioned by 
the model and the points manually selected on the search 
image. 

When optimizing the model to best fit the image, the goal 
is to minimize the point error, thus positioning the landmark 
points generated by the model as close as possible to their 
correct locations. However, at the time when a search is 
performed, the only error function available is the image 
error (the error between the image generated by the model 
and the test image). The relationship between the image or 
gray scale error and the parameter error can be estimated 
from the training set. Assuming a linear relationship be-
tween the image and parameter errors, a Jacobian matrix is 
built from the training set using multivariate linear regres-
sion. Parameter offsets of 0.5 standard deviations of each 
model parameter are used [5]. 

The texture parameters in the model are extracted from 
the feature vector and assembled into a synthetic texture. 
The image error is calculated as the difference between the 
shape-normalized search image and the synthetic texture 
and multiplied by the Jacobian matrix to estimate the pa-
rameter error. This process is repeated until two iterations 
have passed without improvement to the image error. At 
this stage, the search is considered to have converged so the 
predicted shape is calculated and presented as the results of 
the search.  

The relationship between gray scale error and parameter 
error is not linear, and breaks down for large error values. In 
order to improve the accuracy, the search process is re-
peated over several small iterations until the gray scale error 
converges to a minimum value. 

E. Performance Evaluation 

The method was tested using a 5-fold cross-validation 
framework. The working set of 100 images was subdivided 
into 5 non-overlapping subsets of 20 images. For each test, 
one subset of 20 images was used for testing, while the 
remaining 80 images were used to build the model. The 
median of the point errors between manually selected land-
marks and corresponding points selected by the algorithm 
for each data split was computed to indicate performance. 

III. RESULTS 

Median point errors are shown in Table 1. The largest er-
rors resulted from images where the basic registration re-
sults were poor; this illustrates the active appearance 

model's propensity for converging on an incorrect solution 
if the initial registration is not good enough. In some cases, 
the basic registration of the model fails entirely, due to the 
presence of high intensity non-patient objects in the image 
which are not successfully removed during the process of 
isolating the patient in the image; such images were ex-
cluded from the evaluation. The images in Fig. 3 show some 
of the best and worst results of the search; the 'bad' results 
correspond to searches where the initial registration was 
poor but did not fail entirely.  

Table 1 Median differences between manually annotated points and those 
found by the AAM search; the y-direction is along the length of the patient 

 y-direction x-direction 
Data split 

training; test 
pixels mm  pixels mm 

80;18 22.0 5.0 16.1 3.8 
80;20 20.0 4.7 16.2 3.8 
80;18 21.2 4.9 16.9 3.9 
80;18 24.2 5.6 15.8 3.7 
80;18 21.3 4.9 16.1 3.8 

Overall 21.7 5.0 16.2 3.8 

IV. CONCLUSION 

The method holds promise for selecting landmarks in full 
body x-ray images, with the limitation that non-patient 
objects in the image often cause the algorithm to fail. Hence 
some additional processing may be needed to position the 
model sufficiently accurately on the image in all cases. 
Extension of the algorithm to the limbs poses a challenge, 
as non-linear changes in the training set, such as rotation of 
the limbs, are not well represented by the model. 

ACKNOWLEDGMENTS 

This work was funded by Lodox Systems, Johannesburg, 
and the Technology and Human Resources for Industry 
Programme of the National Research Foundation, South 
Africa. We thank Virginia Sanders for assistance with data 
collection. 

 



Landmark Location in X-Ray Images Using Active Appearance Models 1767

 

  
 

IFMBE Proceedings Vol. 25

 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

Fig. 3 (a), (b) good and (c), (d) bad landmark positioning by the AAM; 
The yellow rings denote the manually annotated points, while the red stars 
are the points produced by the search 
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Abstract—Segmentation of vessels is an important step in 
the analysis of retinal images, especially for the estimation of 
the artery to vein ratio which is an important indicator e.g. for 
the diagnosis of diabetes. This usually involves complex and 
computationally expensive algorithms. In this contribution a 
new fast logical-morphological method to segment elongated 
objects based on a multimodal adaptive thresholding is pre-
sented. This algorithm was adapted from quality inspection 
systems for industrial parts and successfully used for the seg-
mentation of retinal images. First, promising results of vessel 
segmentation are presented here where on of the main advan-
tages of this new technique is its computational efficiency. 

Keywords—Image processing, logical-morphological opera-
tions, adaptive thresholding, vessel segmentation. 

I. INTRODUCTION 

Segmentation algorithms for elongated objects have been 
of major interest in different fields of image processing. For 
example a search for scratch-type defects on surfaces is a 
very common task in industrial image processing. On the 
other hand vessel segmentation on angiographic or retinal 
images is a significant task in the field of medical image 
processing. Recently a new fast algorithm to segment elon-
gated objects such as scratches, or cracks was proposed for 
industrial images [1]. This new method, based on the logi-
cal-morphological dilation (LMD), features an improved 
efficiency and considerably shorter processing time than 
common morphological closing based segmentation meth-
ods. We have used this new method in current real-time 
segmentation tasks in the field of industrial image process-
ing. 

But this method can be used not only for industrial image 
processing. Segmentation of elongated objects is a common 
task with retinal image segmentation, for example. The 
processing time for algorithms to segment retinal images 
can be roughly estimated from [2,3,4], and is considerably 
higher (up to about 100 times and more) than for the LMD 
based segmentation algorithm. This fact motivated us to 
adapt our algorithm to the task of retinal image analysis. 

 

II. LOGICAL-MORPHOLOGICAL DILATION BASED 
SEGMENTATION ALGORITHM 

In the following we want to give an overview of the pro-
posed method. Basically, it includes three steps: 

1. A multimodal adaptive thresholding with two different 
(low and high contrast) thresholds, see equations (1) 
and (2).  

2. Retrieval and analysis of connected marked pixel 
groups (blobs) with high contrast marking. The blobs 
with features of elongated objects (one dimension is 
considerable larger as the other one or the number of 
marked pixels is considerable lower then the area of the 
bounding box) have to be inserted into the object list. 

3. Logical-morphological dilation (LMD) itself. Here we 
try to dilate the high contrast blobs from the object list, 
but unlike the usual morphological dilation we spread 
not all objects in all directions by a certain number of 
pixels, but we use without limitation the low contrast 
marked pixels only. If a dilated object reaches another 
one, both objects have to be merged. The low contrast 
pixels in our original method [1] were not added to the 
object, but here we let them combine with the high con-
trast kernels for better visualization of the vessels. 

By adaptive thresholding we calculate an averaged bright-
ness for every point of the image within a local neighbor-
hood and compare the current brightness with the averaged 
one. If the difference exceeds the defined threshold, this 
pixel has to be marked. The threshold can be calculated as 
follows: 

),(),( yxICyxT =                        (1) 

Here ),( yxT  is the adaptive threshold, C  is the pre-

defined contrast coefficient and ),( yxI  is the averaged 
image brightness in the surrounding: 
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where MNN  represents the area of the average filter. 
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III. COMPARISON OF THE LMD BASED METHOD WITH THE 
COMMON CLOSING BASED METHOD 

The common closing based method includes three steps, 
namely adaptive thresholding with one threshold, morpho-
logical closing, retrieval and analysis of connected marked 
pixel groups (blobs). A detailed comparison of the proposed 
method with the common morphological closing based 
method is given in [1].  

 

 
(a) 

 
(b) 

 
(c) 

Fig. 1 “Over-connection” by common closing based segmentation method 
compared with the proposed LMD based segmentation method. (a) original 
image, (b) result of common closing based segmentation, (c) result of LMD 
based segmentation 

In short, the LMD based method has a considerable 
shorter processing time and better robustness against both 
false positive and negative results. On the one hand we can 
not connect two high contrast objects if no “natural” con-
nection over the low contrast points exists, even if those 
objects are very close. On the other hand we can connect 

objects, which are far apart from each other, if such “natural 
connection” exists. One example of “over-connection” by 
the segmentation with the common closing based method is 
shown in fig. 1. Here the original image (fig. 1a), the result 
of the common closing method (fig. 1b) and the segmenta-
tion result of the LMD (fig. 1c) are shown. The “high con-
trast” threshold of LMD corresponds to the binarization 
threshold for the common closing method here. All objects 
exceeding 40 pixel sizes are shown. 

One further inverse example of a fragmented elongated 
object due to insufficient connection by the common mor-
phological closing based method is shown in the fig. 2.  

 

 
(a) 

 
(b) 

 
(c) 

 

Fig. 2 Insufficient fragment connection of the common closing based 
segmentation for fine cracks. (a) original image, (b) result of segmentation 
with the common closing based method, (c) result of segmentation with the 
LMD based method 

 
Here the original image with the fine crack (fig. 2a), the 

result of the segmentation with the common closing based 
method (fig. 2b) and the result of the segmentation with the 
proposed LMD based method (fig. 2c) are presented. Simi-
lar to the first example in fig. 1 only objects with more than 
40 pixels in size are displayed. 
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The averaging filter for the adaptive thresholding had the 
same size for all cases shown in fig. 1 and fig. 2. The 
threshold (contrast coefficient in equation (1)) was set to 0.8 
for both samples by processing with the common closing 
based method, i.e. for the coarse crack of fig. 1 and the fine 
crack of fig. 2. The “high contrast” coefficient of multimo-
dal LMD thresholding was set to 0.8 and the “low contrast” 
coefficient was set to 0.9 both for the coarse crack of fig. 1 
and for the fine crack of fig. 2. 

All surfaces to check were exposed by the same lightning 
conditions and same resolution. All production examples 
belonged to the same sampling set.      

IV.   APPLICATION OF THE PROPOSED METHOD TO  
THE RETINAL IMAGE SEGMENTATION 

In order to adapt the proposed method to retinal image 
segmentation we improved the visualization of the seg-
mented objects by a modification of the LMD procedure as 
described in section II. All low contrast marked pixels, 
connected with the elongated high contrast objects have to 
be merged with this object according to the modified variant 
of the proposed method.  

 

(a) (b) 

 
(c) (d) 

Fig. 3 Original fragment of the retinal image (a), result of its segmentation 
with the global thresholding by level 130 (b), result of segmentation by the 
unimodal adaptive thresholding (c) and result of segmentation by LMD 
based method (d) 

One example of retinal image segmentation with this 
modified LMD method is shown in fig. 3. The contrast 
coefficient for adaptive thresholding and “low contrast” 
coefficient for LMD were set here to 0.99 and the “high 

contrast” coefficient for LMD was set to 0.96. With the 
adaption described in section II, the proposed method con-
sumes about  60 milliseconds for an image of 0.63 Mpixels 
size with a Pentium IV at 2.8 MHz), but delivers considera-
bly better result, than a simply adaptive thresholding.  

The result appears visually as a considerable enhance-
ment of the SNR in the segmented image. This can be ex-
plained by the fact, that by the LMD method we keep in the 
segmented image no “low contrast” objects, which have no 
“high contrast” kernel.  

For a further more intensive test of our method we have 
used the well-known DRIVE – database [5]. This database 
has two image sets, one for training and another one for the 
test of the algorithms and control sets of the same images, 
segmented manually by human experts. The images are not 
large, but very hard to process. The fine vessels have a 
width below one pixel very often and the background is 
quite noisy relative to the vessels contrast.  We applied no 
preprocessing algorithms, such as denoising algorithms as 
well as no post-processing algorithms to suppress the arti-
facts. Therefore, our first results still contain some artifacts 
(see Fig. 4). These can be removed through the application 
of denoising and post-processing algorithms and checks to 
remove artifacts. Hence, the proposed method can be used 
by appropriate enhancements as a basic algorithm for retinal 
image segmentation.  

 

  
(a) (b) 

Fig. 4 Segmented vessels in a representative test image of the DRIVE 
database (a), and the manual segmentation of the same image (b). Few 
artifacts can be seen at the boundary of the field of view (a circle around 
the FOV) and at the boundary of the papilla (right) 

V. CONCLUSION 

We adapted our original LMD based segmentation 
method to work in the field of retinal image segmentation. 
First results are sufficient and it let us hope, that by further 
improvement we can solve important tasks in this field by 
our method. Specific advantages of our method are the high 
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processing speed and robustness against noise. Of course, 
further optimizations are possible with respect to the pa-
rameter set, additional algorithms to remove artifacts as 
well as the additional checking routines, which allow rec-
ognition of certain objects, for example arterial or venous 
vessels, certain pathological guises and so on.  
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Abstract—In this paper, we present a method for detection 
of ischemia by using heart rate variability (HRV) during su-
pine-standing and controlled breathing with 12 breaths/min 
and 6 breaths/min. The feature vector was extracted from the 
energy of HRV at different frequency bands using adaptive 
optimal kernel time-frequency representation of HRV and the 
K nearest neighborhood (KNN) classifier was utilized to clas-
sify the HRV data obtained from 101 subjects. By using a 
modular classifier based on KNN, a sensitivity/specificity of 
78.6/100.0% and an accuracy of 91.4% were achieved. 

Keywords—Ischemia, exercise treadmill test, heart rate 
variability, adaptive optimal kernel, K nearest neighborhood. 

I. INTRODUCTION  

Myocardial ischemia is caused by a lack of sufficient 
blood flow to the contractile cells and may lead to myocar-
dial infarction with its severe sequel of heart failure, ar-
rhythmias, and death. Therefore, its early diagnosis and 
treatment is of great importance. To detect myocardial 
ischemia, ECG waveform analysis in the time domain has 
been widely used in clinical practice. Changes in the ECG 
related to myocardial ischemia include shifts in the ST seg-
ment as well as changes to the T-wave [1]. Artificial neural 
networks based on the characteristics of a specific part of 
the beat called the ST segment were proposed for detection 
of ischemic episodes [2]-[4]. In [2], it was reported a correct 
classification rate of approximately 80% for the normal 
beats and higher than 90% for the ischemic beats. In [3], it 
was found that the average ischemia episode detection sen-
sitivity using an adaptive backpropagation algorithm is 
88.62% while the ischemia episode predictivity is 78.38%. 
In [4], a method based on filtered RMS difference series 
was used for automatic detection of ST-T complex changes 
on the ECG with application to ambulatory ischemia moni-
toring. It was reported a sensitivity/positive predictivity of 
85/86%, and 85/76%, for ST segment deviations and ST-T 
complex changes, respectively. In [5], a self-organizing map 
supplemented by supervised learning was used for ischemia 
detection using ST-T complex of the ECG and reported an 
average beat classification performance of 80.4%. A  

multicriteria sorting method based on genetic algorithm for 
classifying the cardiac beats as ischemic or not was pro-
posed in [6]. The criteria refer to ST segment changes, T 
wave alterations, and the patient’s age. The obtained per-
formance reported was 91% in terms of both sensitivity and 
specificity.  Recently, In [7], a rule-based classification 
scheme using association rules is used for the ischemic beat 
detection. The obtained sensitivity and specificity was 87% 
and 93%, respectively. 

All the above mentioned detection scheme were based on 
the ST-T complex of the ECG which is recorded during 
long-term Holter monitoring. In this paper, we present a 
new procedure for detecting the ischemia using heart-rate 
variability without long-term recordings. The method is 
based on standard physical tests (e.g., the tilt test, the Val-
salva maneuver, and controlled breathing). 

II. MATERIALS AND METHOD 

A. Study Group 

Electrocardiogram recordings were obtained from 101 
subjects (62 healthy and 39 ischemic patients), with age 
ranging between 35 to 70 years around an average value of 
55 years. 

The subjects were admitted to the Shahid Modarres Hos-
pital in Tehran for chest pain and sting in heart. All patients 
had no history of myocardial infarction and no previous 
diagnosis of diabetes mellitus. All subjects underwent first 
autonomic tests and then exercise treadmill testing (ETT). 
The subjects did not receive any medications at least 48 
hours before the tests. The study was approved by the hos-
pital ethics committee, and subjects gave informed consent. 

B. ECG Acquisition 

Before ETT, ECG was recorded from lead II during 
autonomic tests, using ADInstruments PowerLab. ECG was 
first sampled at the rate of 1 kHz and then filtered with low 
pass filter 200 Hz and notch filter 50 Hz. RR intervals were 
extracted and the result time series interpolated by cubic 
spline, then down sampled at the rate of 10 Hz. 
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C. Autonomic Tests 

In this study, we use autonomic maneuvers to test the 
autonomic function. The autonomic maneuvers include 
controlled breathing and supine-standing tests. 

The controlled breathing test consists of a 2-min normal 
breathing, followed by a 2.5-min controlled breathing at 12 
breaths/min, and then by a 2-min normal breathing in the 
supine position. Deep breath test consists of a 2-min normal 
breathing, followed by a 1-min controlled breathing at 6 
breaths/min, and then by a 2-min normal breathing. 

The supine-standing test consists of active transition 
from supine to standing position. 

The ischemic subjects were identified by physician based 
on ETT result and radionuclide angiocardiography. 

D. Adaptive Optimal-Kernel Time-Frequency Analysis 

Time-frequency representation with fixed kernels is not 
well suited for analyzing non-stationary signals. Represen-
tations with signal dependent kernels can overcome this 
limitation. Adaptive optimal-kernel time-frequency distribu-
tion (AOKTFD) is one of such representation. Cohen’s 
bilinear class is defined as follows: 

∫∫ −−Φ= τθτθτθ
π

ω τωθ ddeAtp jtj),(),(
4

1),( 2
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),( τθA is called the symmetrical ambiguity function 
(AF) and is given by  
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),( τθΦ  is kernel function and by choosing different 
functions, different time frequency distributions appear [8]. 
Adaptive signal dependent TFR is based on kernels with 
Gaussian cross section [9]: 
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The function ( )σ ω  controls the spread of the Gaussian 
at radial angle ψ . The angle ψ  is measured between the 
radial line through the point ( , )θ τ and the θ  axis as 

θ
τψ  arctan=

                                 
(4) 

By using polar coordinates, (3) can be written as  
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The spread function ( )σ ω determine the shape of the 
kernel, so finding the optimal kernel optΦ  for a specified 

signal is equivalent to finding the optimal function ( )optσ ψ  
for the signal. The radically Gaussian kernel is adapted to a 
signal by solving the following optimization problem 

∫ ∫
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Then, the AOK time-frequency representation is defined 
as 

∫∫ −−Φ= τθτθτθ
π

ω τωθ ddettAtp jtj),;(),;(
4

1),( opt2AOK (8) 

E. Feature Extraction and Classification Procedure 

The feature vector was extracted from different HRV 
segments during each autonomic test. The powers of each 
data segment at the very-low frequency (VLF) (0.003~0.05 
Hz) band, low frequency (LF) (0.05~0.15 Hz) band, high 
frequency (HF) (0.15~0.4 Hz) band, and the LF/HF ratio 
constitute the features. Finally, a feature vector with size 12 
is formed during controlled breathing with 12 breaths/min, 
with size 12 during deep breathing, and with size 9 during 
supine-standing test.  

The features extracted from dataset of  66 subjects (in-
cluding 25 subjects with positive ischemic test and 41 with 
negative) were used for training the classifier and features 
from dataset of 35 subjects (including 14 subjects with 
positive test and 21 with negative) were used for validating. 
In this work, we used a k Nearest Neighbor (KNN) classi-
fier for detection of ischemic subjects. 

III. RESULTS  

Fig. 1 shows AOK time frequency representation of 
HRV and power of different frequency bands of a typical 
ischemic subject and a typical subject with negative-
ischemic test during standing test. It is observed that at the 
onset of standing, the energy of LF frequency band in-
creases implied sympathetic activation. The end of test 
accompanied with an increase in HF related to documented 
increase in parasympathetic activity. 

Fig. 2 shows AOK time frequency representation of 
HRV during controlled breathing with 6 breaths/min. Dur-
ing deep breath, the powers within the HF and LF ranges 
increase. However, the increase in the LF range is more 
than that in the HF power. These increases in normal sub-
jects are more that in ischemic ones. 
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Fig. 1 AOK time frequency representation of HRV and power of different frequency bands of a typical ischemic subject (right) and a typical subject with 
negative-ischemic (left) test during standing test 

To detect the ischemic subjects, three different classifiers 
were trained using the data obtained during controlled 
breath, deep breath, and supine-standing tests, respectively. 
Table 1 summarizes the results of the classification, sepa-
rately. A sensitivity/specificity of 57/95%, 64/90%, and 
78/85% was achieved using data obtained during controlled 
breath, deep breath, and supine-standing tests, respectively. 
By comparing the output of each classifier and using a ma-
jority vote function, a sensitivity/specificity of 78.6/100.0% 
and an accuracy of 91.4% were obtained. 

Table 1 Results of myocardial ischemia detection 

Test    Se  Sp FN FP Accuracy 

Control Breath 57.1%     95.2% 6 1    80.0% 

Deep Breath 64.3%     90.5% 5 2    80.0% 

Supine-Standing 78.6%     85.7% 3 3    82.8% 

Total 78.6% 100% 3 0    91.4% 

Se: Sensitivity; Sp: Specificity; FN: False negative; FP: False positive. 

IV. DISCUSSION AND CONCLUSION  

In this study, we proposed a new procedure for detection 
of ischemia using HRV obtained during autonomic tests. 
For this purpose, the features were extracted from different 
frequency bands of HRV during the supine-standing, con-
trolled breath, and deep breathing tests. The KNN was used 
to classify the extracted features. The results indicate that a 
sensitivity/specificity of 78.6/100.0% and an accuracy of 
91.4% were obtained. 

The proposed method is simple, fast and noninvasive, 
and does not require the long-term-recording of ECG and 
exercise treadmill test using only one lead ECG recording. 
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Fig. 2  AOK time frequency representation of HRV and power of different frequency bands of a typical ischemic subject (right) and a typical subject with 
negative-ischemic (left) test during deep breath test 
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Image Guided Brachytherapy – Interventional Radiation Therapy:  Demands from 
Physician Point of View 

V. Strnad 

Dept. of Radiation Oncology, University Hospital, Erlangen, Germany 

Abstract—The further development of image-guided 
brachytherapy as modern interventional radiation therapy is 
strongly depend from the capability of diagnostic equipment 
and procedures to meet special demands of image-guided 
brachytherapy. The basic aspect and principles of 
brachytherapy and hence most important demands of 
diagnostic equipment and procedures dedicated for the image-
guided brachytherapy are identified and discussed. It is 
evident, that all currently available diagnostic procedures such 
Ultrasound, CT, MRI or PET-CT can only partially meet the 
special requirements of brachytherapy. The challenge for 
developers of new hardware’s and software’s of diagnostic 
equipment / procedures for image-guided brachytherapy is 
simply first further develop each imaging procedures in 
accordance with these special requirements and second to 
make possible the match easily images of everybody diagnostic 
device each together and so by integration of pre-operative 
CT, PET-CT or MRI images generate a precise real-time 
three-dimensional anatomical model of the site. 

Keywords—Image-guided brachytherapy, demands, 
diagnostic equipment. 

I.   INTRODUCTION 

The brachytherapy as a minimum invasive procedure is 
in last years on the way to be established as new therapy 
standard for some types of cancer – particularly for prostate 
cancer, breast carcinoma and gynaecological tumours. This 
development is in close relation to the implementation of 
imaging procedures in the brachytherapy and with loose 
change - the establishment of image-guided brachytherapy. 
Based on the new developments the special requirements of 
brachytherapy on the imaging procedures had increased. In 
following we identify and define the most important 
requirements of image-guided brachytherapy on imaging 
procedures. 

 

II.   MATERIAL AND METHODS 

Demands from physician point of view regarding the 
visualisation of the surgical field during the brachytherapy 
procedure (implantation) are various. First of all particularly 
following two aspects of image guided brachytherapy are to 
be considered:  
1. The interstitial brachytherapy as a minimum invasive 

procedure means a bringing (implantation) of special 
applicators into the body of the patient. These 
applicators are of various sizes - beginning with a 
diameter of approx. 1 - 2 mm as a plastics tube or as a 
plastic needle, over special stainless steel needles 
and/or - titanium needles likewise with a diameter 
between 1-2 mm, up to very complex applicators from 
stainless steel or titanium (Fig.1).  

          

Fig. 1 Example of CT-images of brachytherapy using Fletcher-Applicator 
and Titanium Needles by cervical cancer 

2.  The anatomical body regions, which are to be treated, are 
very different. On the one side we treat very often with 
brachytherapy patients with breast cancer - the tumour 
bed inside of breast (Fig.2). This is an anatomical 
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Fig. 2  Example of CT-image of interstitial brachytherapy by breast cancer 

  

Fig. 3 Example of PET-CT- and MRI-images of interstitial brachytherapy 
by head and neck cancer 

  region, in which is present beside the fat only low-
contrast gland tissue. Thus we have here altogether 
extremely low-contrast body region, where the 
orientation inside the breast is possible mostly just on 
the basis of surgical titanium clips. On the other side 
we treated using brachytherapy also frequently tumours 
within the head neck region (Fig.3) - a body region 
with different soft tissues, with bones and very 
frequently with tooth implants including lead or other 
heavy metals. Consequential we have here a body 
region with very large contrast differences and 
sometimes big metal artefacts'. However also other 
anatomical localizations abdominal or within the thorax 
cavity represent special requirements.  

Based on these facts about interventional radiation 
therapy - brachytherapy the following 10 most important 
demands of diagnostic equipment dedicated for the image-
guided brachytherapy are to be formulated:  

1. The equipment must make possible real-time 
investigations. Both the tumour and neighbouring 
organs must be both in different plans (e.g. coronar, 
sagital, oblique, axial etc.) and also as 3-D image in 
real-time available.  

2. The dissolution must differentiate inside the tissues 
well without artefacts plastics and metal - stainless steel 
or titanium. Likewise air-water borders in tissues must 
be well distinguishable. The heavy metal tooth 
artefacts' (lead etc.) may not impair the image quality 

3. The tumour should have to be differentiated with a 
suitable contrast agent from a healthy tissue, too.  

4. The procedure must make possible to take real-time 
measurements of exact distances (±1-2 mm). For 
example distances "needle tip - intestine wall", "needle 
tip - bone", "needle tip - vessels", etc.  

5. The image data can be stored both as individual images 
and as movies and it is simply possible to recall this 
information's every time during surgery.  

6. The data are DICOM compatible.  
7. Duration of the investigation - scanning and the 

visualisation of a 3-D image - may be only in minute 
range (< 1 - 3 min.).  

8. The equipment must make possible easily a sterile 
surgical procedure and should be compact ~ small. 

9. The equipment should be able to play - to show also 
different images of other diagnostic investigations like 
MRT or PET-CT and if necessary then be able to match 
these pre-operative images with own real-time images. 
The goal should be to generate by integration of pre-
operative CT, PET-CT or MRI images a precise real-
time three-dimensional anatomical model of the site 
and also the extent of the tumour. 

10. As option a navigation software package for image-
guided-brachytherapy should be available. Thus, surgical 
navigation software package - navigation system can 
assist surgeons in intuitively monitoring the 
implantation process and properly navigate the needles 
in anatomic complex regions. 

III.    CONCLUSION 

The demands of imaging procedure / imaging devices for 
image-guided brachytherapy are very special and also very 
complex. All currently available diagnostic procedures such 
Ultrasound, CT, MRI or PET-CT can only partially meet 
these requirements. On the other hand all this procedures 
meet some parts of these requirements, which are partially 
overlapping and partially complementary to each other. The 
challenge for developers of new hardware’s and software’s 
of diagnostic equipment / procedures for image-guided  
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brachytherapy is simply first further develop each imaging 
procedures in accordance with these special requirements 
and  second to make possible the match easily  images of 
everybody diagnostic device (MRI, PET-CT etc.) each 
together and thus to generate by integration of pre-operative 
CT, PET-CT or MRI images a precise real-time three-
dimensional anatomical model of the site and also the extent 
of the tumour. 
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Behavior of Linear Ligament Biostructure under Action of Different External 
Forces of Constant Intensity 
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Abstract—The behavior of linear ligament biostructure, 
lig.collareale fibulare, was analyzed. It was shown that 
particular solution of fundamental equation corresponding to 
forced vibrations is linearly proportional to coordinate. The 
elongation of eigen vibrations of this linear ligament, is 
periodical in time and quasi periodical in coordinate.  

The conclusion of practical interest is that the stability of 
ligament depends on the position of striking point 0x and on 
order of excited harmonic n . The maximum of stability 
corresponds to striking points at the middle of the length and 
to waves in short length range. 

Keywords—Lig. collareale fibulare, Constant forces field,  
Striking point, Order of harmonic. 

I. INTRODUCTION  

The sceletal ligaments are short bands of tough fibrous 
connective tissue that bind together bones across joints. 
Their mechanical function is to guide normal joint motion 
and restrict abnormal joint movement. These functions are 
assisted by the congruent geometry of the articulating joint 
surfaces and musculotendinous forces. Ligaments can be 
subjected to extreme stress while performing their role in 
restricting abnormal joint motions and can be damaged or 
completely disrupted when overloaded. 

Because the instability resulting from certain ligamentous 
injuries can greatly restrict the activity level of an individual 
and may result in degenerative disease. Basic and applied 
research efforts have examined ligament injury 
mechanisms, fundamental mechanical questions regarding 
the role of individual ligaments, and the efficiency of 
reparative/reconstructive procedures. 

Ligaments belong to typical examples of fibered soft 
biological tissues as blood vessels, tendons, cornea and 
cartilage. The time-rate dependent material behaviour of 
this kind of tissues has been well-documented and 
quantified in the literature. This behaviour can arise from 
the fluid flow inside the tissue, from the inherent 
viscoelasticity of the solid phase, or from viscous 
interactions between the tissue phases. 

All these models have in common that they do not deal 
specifically with the deformation of ligament as a  

fiber-reinforced composite material. Holzapfel and Gasser 
proposed in [1] a viscoelastic model of fiber-reinforced 
composites at finite strains that considered different 
viscoelastic behaviour for the matrix and the fibers. There 
are internal elastic forces acting in ligaments.  

Since the ligament is fibrous structure, the friction forces 
are present, also. These forces appear due to the intersecting 
of fibers. In this work the behavior of linear ligament 
structure under the action of different intensity external 
forces will be analyzed. In ligament biostructure 
longitudinal or transverse type of oscillations can occur. 
This does not change the structure of basic equation, but 
changes the parameters. The aim of the present work is to 
examine behavior of linear ligaments biostructure which is 
forced by external field of constant intensity. It is expected 
that the results of this work contribute to better 
understanding of ligament characteristics and its behavior 
under the action of constant external forces.  

II. ELONGATION OF LINEAR BIOSTRUCTURE FORCED  
BY CONSTANT EXTERNAL FIELD 

Oscilations that occur in ligament after action of external 
force of constant intensity are characterized by a certain 
elongation denoted byU . It is known that elongations of 
the structure with pure elastic forces are described by 
hyperbolic equation of mathematical physics [2]. Due to the 
linearity of the ligament, a single spatial coordinate is 
sufficient, axis x directed along the ligament. In ligaments 
that belong to typical examples of fibered soft biological 
tissues, there appears the friction force which is 

proportional to the first partial derivative U
x

∂
∂

. 

Proportionality factor which has dimension of frequency 
( 1T − ) will be denoted by Φ . 

The friction force is proportional to the velocity v  of 
fiber mutual oversliding. The main characteristics of friction 
force are that it is always acting in opposite direction with 
respect to motion. In order to conserve this fundamental 

characteristic of friction force we multiply U
x

∂
∂

 with 
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symbol xsignx
x

= . Introduction of this symbol secures 

braking role of friction force. It will be assumed that linear 
structure oscillates under action of constant external force 
given by non smooth function 0 0 ( )[1 ( )]F mA x x l= Θ − Θ − , 
where m  is the mass of linear structure while 0A  is 
acceleration and Θ is Heaviside step function which is 
defined as: 
 

1,  0
( )

0,  0
x

x
x

>⎧
Θ = ⎨ <⎩

 

 
All mentioned forces are proportional to the mass m as 
therefore the fundamental equation is expressed in 
accelerations. Its form is: 
 

2 2
2

02 2 v ( )[1 ( )]U U US signx A x x l
xt x

∂ ∂ ∂− + Φ = Θ − Θ −
∂∂ ∂

 (1.1) 

 
In (1.1) S is the velocity of propagating of elastic waves. 
The equation (1.1) is invariant to inversion x x→ −  and 
therefore in (1.1) x  can be substituted by 0x x− , where is 

0x the position of the striking point. Further on, this 
equation will be solved in terms of the variable x, figuring 
in (1.1), but in the solutions it will be substituted by 0x x− . 
The equation (1.1) can be solved by a series of substitutions 
will be transformed by the substitution: 
 

00
2 2

2 2 2

0 2 2

0
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2
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x x
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n

F l
U x t e

mq S y

n nx x St
l l S

F
x x

R l S

π π

ρ π

Ω −
= ⋅ ⋅

Ω⋅ − ⋅ + +

+ −
Ω

 (1.2) 

 
The first term corresponds to the solution of homogenous 
equation and describes the eigen vibrations of the ligament 
corresponding to the n-th harmonic of the standing wave. 
The second term is the particular solution for the constant 
force, which is dominant in short wave range. All 
coefficients can be expressed in terms of the system 
parameters. 

From this formula it is seen that elongation of eigen 
vibrations depends on x  and t  and on order of 
harmonics n , while the elongation of forced vibrations 
 

depends on x  It is also seen that elongation of eigen 
vibrations decreases with the increase of order of 
harmonics. Since the wavelength λ  is given can be 
formulated: the elongation of eigen vibrations decreases 
with the decrease of wavelength: 
 

2 ,  1,2,3,...l n
n

λ = =   (1.3) 

 
The dependence on magnitude of external force F0 is 
sharper for forced vibrations than for eigen vibrations. 
Elongation of forced vibration is proportional to 0F  while 

elongation of eigen vibration is proportion to 0F . 

III.  ILLUSTRATIVE EXAMPLE OF PRACTICAL IMPORTANCE 

In existing literature there are given parameters which 
characterize ligament linear collaterale fibulare [3, 4, 5 and 
6] under the assumption of cylindrical geometry.  

The values of parameters are: 
 

1 3 3 3

2 6

560 ;  1.1 10 ;  5 10
6 10 ;  1,  10,  100;  345 10c

S ms kgm R m
l m n Pa

ρ
σ

− − −

−

= = ⋅ = ⋅
= ⋅ = = ⋅

 (2.1) 

 
Here S  is velocity, ρ is its density, R is radius of ligament, 
l is the length of ligament, n is order of harmonic and cσ is 
critical tension. 

The value of parameter Ω  was determined by equating 
critical force figuring in Hook’s law with force acting in 

0t =  and
2
lx = , which is given by

2

2
2
0

lx

t

Um
dt =

=

∂ . This leads 

to transcendental equation 2

4 1
3

eη

η
= , with l

S
η Ω=  with the 

solution:   
 

17292.12s−Ω =                            (2.2) 
 
The data (2.1) and (2.2) contain complete set of 

parameters for numerical analysis of elongation (1.2). In 
analysis of particular solution (on the right-hand of the 
expression (1.2)), dependence of forced elongation on the 
magnitude of external force is presented. The results of 
analysis are given on Figure 1, Figure 2 and Figure 3.  

Comparing diagrams from Figure 1, Figure 2 and from 
Figure 3 we can conclude that amplitudes for striking points 
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0 0and 3
2
lx x= =  are less then amplitudes of striking 

points 0 00 and 2x x= = . It means that ligament is the most 
stable, in the sense of the deformation, when striking point 
of force is in the middle of ligament. 

In order to show the complexity of the problem we 
represent the complete solution (1.2) in a three-dimensional 
plot U  with x  and t as axes for the first harmonic 
( 1n = 0 3x = ) for the same set of parameters in (2.1), (2.2) 
(See Figure 4). 

It was concluded in the previous section that in 
longwaves range elongation of eigen vibrations is dominant 
with respect to elongation of forced elongations. In short 
waves range elongation of forced vibrations becomes 

dominant. In the range of wavelengths of the order 2
100

l  

roles of eigen and forced vibrations are approximately 
equivalent. This was the reason for the choice of harmonic 
orders 1n = . From Figure 4 it is seen that amplitude of 

ligament is 0.18 cm for max 2lλ = . For midvalue of 2
100

lλ = , 

amplitude is 0.02 cm, while in the short wavelength range 
2

1000
lλ =  the value of amplitude is 0.006 cm . This leads to 

the conclusion which is of practical interests:  in the short 
wave range stability of ligament is higher. 
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Fig. 1 Diagrams of lig.collaterale fibulare forced elongations for external 
forces of different intensity; 

All forces have striking points 0 2
lx =  
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Fig. 2 Diagrams of lig.collaterale fibulare forced elongations for external 
forces of different intensity; All forces have striking point at 0 0x =  
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Fig. 3 Diagrams of lig.collaterale fibulare forced elongations for external 
forces of different intensity; All forces have striking point at 0 2x =  

 

Fig. 4 Complete elongation of the lig.collaterale fibulare for the first 
harmonic 1n = , 0 3x = [cm] , F0 =100 N i.e. for 2lλ =  
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IV. CONCLUSION  

The results of analysis of linear ligament biostructures 
forced by constant field can be summarized as follows: 

1. Elongation of forced vibrations does not depend on 
time neither of order of harmonicity. It increases linearly 
with x and with applied force.  
2. Eigen elongations of this linear ligament depend 
periodically on time, quasi periodically on coordinate and it 
is proportional to square root of applied force. 
3. The stability of ligament depends on position of 
striking point 0x and on order of harmonics n . The 
maximum of stability corresponds to striking points at the 
middle of the length and to waves in short length range. 
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Parallel Implementation of Temporal Decorrelation Independent Component 
Analysis 
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Abstract—Biosignal processing of large data sets such as 
electro- or magnetoencephalographic recordings can be com-
putationally very demanding. The usual approach of using a 
high level language can be to slow especially in the application 
of statistical methods such as independent component analysis. 
If heuristic parameter space searches or bootstrapping are 
required the computations exceed the capabilities of a stan-
dard desktop PC. With the advent of small PC clusters and 
multi-core CPUs parallel programming has become much 
more accessible. Here the parallel implementation of an inde-
pendent component analysis algorithm is presented, which 
runs on simple multi processing hardware well below the level 
of high performance clusters. One feature of our approach is 
the close interaction between parallel program and high level 
language simplifying development and testing.  

Keywords—Independent component analysis, parallel algo-
rithm, message passing interface, pc cluster. 

I. INTRODUCTION  

The processing of signals from electro- and magnetoen-
cephalographic (EEG, MEG) recordings for research pur-
poses is usually performed on ordinary personal computers. 
A high level programming language with high quality 
graphical output and a large set of built-in mathematical 
tools such as e.g. clustering or FFT is usually chosen for the 
analysis scripts. High level languages can be easily ex-
tended and non-commercial toolboxes are freely available 
on dedicated webservers.  

This approach is not suitable for large data sets in the 
gigabyte range and computationally demanding algorithms. 
Already the calculation of the covariance matrix of a data 
set with 100 channels and one million data points will re-
quire 100*100*1e6 = 10e10 multiplications. Current CPUs 
operate theoretically in the gigaflop range (1 flop = one 
floating point operation per second), but due to data transfer 
times from disk to memory the real performance of a com-
puter is much lower. Therefore it takes minutes to calculate 
the covariance of the aforementioned data set.  

Calculations similar to covariance estimation have to be 
performed many times in the nowadays popular independ-
ent component analysis (ICA) [1] of biomedical multi-
channel data. Numerous studies are documented in the lit-
erature and an example from our group shows the benefit of 

applying ICA to MEG data obtained during electrical stimu-
lation at the wrist [2].  

Most ICA algorithms have free parameters to chose and a 
suitable set of parameters requires a heuristic search of the 
parameter space, which means multiple ICA calculations for 
a single data set. One of the assumptions of ICA is that the 
data are  noise free, but noise is always present in measure-
ment data and is often the dominating contribution in 
biosignals. Therefore ICA should be ideally applied to 
measured data using bootstrapping or resampling as a 
means of validating the ICA result [3,4]. Bootstrapping 
means that a given data set is slightly varied and ICA is 
calculated for each individual variation of the data set. The 
group of ICA results is then separated into clusters to sepa-
rate relevant from irrelevant parts. Both the heuristic search 
and the bootstrapping are computationally demanding given 
the complexity of ICA algorithms. This may be the reason 
why both approaches are not widely used in ICA applica-
tions today despite their obvious benefits. 

With the advent of PC clusters and multi-core CPUs a 
parallel implementation offers a solution to the computa-
tional demands of ICA. The easiest route appears to be 
using a parallel version of a high level programming lan-
guage, but this can be financially costly and ICA algorithms 
are not part of the standard mathematical library. Therefore 
in this work the concepts for the parallelization of temporal 
decorrelation ICA [5,6] are described with respect to the C 
language together with a close integration with a non-
parallel high level language. 

II. MATERIAL AND METHODS 

Many mathematical operations related to time series 
analysis can be executed in parallel. An easy example is the 
mean of a time series. The summation over the amplitude 
values at all sampled time points can be split up into parallel 
processes, where each process does the sum for a part of the 
time series given. This is sketched in Fig. 1, where a set of 
computers is connected by network and each computer is 
indexed as node X. Each node calculates only part of the 
sum. A flow chart for the parallelization might read as: (1) 
The master process on node 0 reads the data and distributes 
chunks of data to the other processes on the other nodes;  
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(2) All processes calculate the mean over the data received; 
(3) The master process collects the sub-summation results 
from the other processes and calculates the total mean 
value. Another easy task is the parallelization of finite im-
pulse response filtering using convolution.  

The implementation of such a flow chart can be realized 
using a dedicated parallelization protocol such as the mes-
sage passing interface (MPI) [7] together with the C lan-
guage. The MPI protocol provides the communication be-
tween the nodes forming a parallel computing environment. 
This can be a physical multi PC cluster (e.g. [8]) as in Fig. 1 
or a single PC with a multi-core CPU architecture. With 
MPI a single program is written, which runs on every node 
of the network. Each node has an index, which is assigned 
at the start time of the MPI protocol. Then a single parallel 
program is written to perform certain operations depending 
on the index of the node on which it is running. E.g., if the 
parallel summation program from Fig. 1 is running on node 
0 it will read data and send the data to the program running 
on node 1. The same program running on node 1 will wait 
until it receives data from node 0 and then start the summa-
tion etc. The waiting of the program on node 1 for the send-
ing of data from node 0 is part of the MPI protocol and the 
programmer can use ready-made function calls for this. 
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Fig. 1 Sketch of the parallel computation of a sum on a multi-core CPU or 
a PC cluster using the MPI protocol 

III. RESULTS AND DISCUSSION 

In the time-delayed decorrelation (TDD, SOBI, TDSEP) 
ICA [5,6] a set of matrices is calculated from the data and 
the task is to approximately diagonalize this set of matrices. 
Each of the M matrices is a cross-correlation matrix of the N 
measurement channels for a given time shift similar to a 
(zero time shift) correlation matrix. By diagonalizing this 

set of matrices the measured data are decomposed into sig-
nals with minimal cross-correlations. The first step of the 
TDD algorithm is the calculation of the cross-correlation 
matrices, which is straightforward to implement as a paral-
lel program. The speed gain is directly proportional to the 
number of nodes available with some overhead due to data 
distribution and result collection over the network. 

The second step is the joint diagonalization of M sym-
metric matrices of dimension N (N ≤ number of measure-
ment channels). The diagonalization relies on a succession 
of two dimensional rotations until a threshold angle is 
reached [9]. The rotations are calculated for each pair of 
matrix indices i = 1 … N, j = i+1 … N. To estimate the 
optimal rotation angle for each index pair the following 2x2 
matrices Dm have to be collected from each cross-
correlation matrix  
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has to be found, which approximately diagonalizes all Dm. 
The method to calculate θ ij starts by requiring the modulus 
of the rotated diagonal elements a´(m), d´(m) to be maxi-
mal: 
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After some manipulations the maximization is reduced to 
the simple eigenvalue solution of a 2x2 matrix GTG, where 
G is given by 
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From the eigenvectors the angle θij directly results. 
Then the computationally most demanding step has to be 

performed as all M matrices are updated with respect to the 
two dimensional rotation, i.e., N-dimensional vectors have 
to be rotated in a two dimensional plane. Once the rotations 
for all pairs i,j have been executed convergence is reached if 
max(θij) < ε. Otherwise new  rotations for all index pairs i,j 
are estimated again.  

In the parallel implementation of the joint diagonaliza-
tion the M matrices are split into evenly sized groups and 
stored on the nodes. The costly updating step is performed 
in parallel for each subset of matrices stored on the nodes. 
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The master node has the additional task to collect the values 
in Eq. (1), to calculate the angle from Eq. (4), and to test for 
convergence of the algorithm. All these tasks on the master 
node are not very computation intensive and the paralleliza-
tion yields a speed increase almost proportional to the num-
ber of nodes.  

To obtain fast linear algebra computations the automati-
cally tuned linear algebra software (ATLAS) [10] library 
was used. It tries to perform operations between variables in 
the fast CPU cache memory and random access memory 
(RAM), which is much faster than reading all variables 
from RAM. Using the ATLAS still requires a manual opti-
mization step by using data blocks fitting to the CPU cache. 

One feature of our implementation is the close integra-
tion with an open source or commercial high level pro-
gramming (script) language. This is achieved by calling the 
parallel program from the high level script. The only pa-
rameter given to the parallel program in the call from the 
high level script is the name of a parameter file. This pa-
rameter text file is written by the high level script and con-
tains the parameters necessary for the parallel program. The 
binary measurement data are read directly from a data file 
by the parallel program. This means that the raw measure-
ment data are separate entities with a well defined and gen-
erally open file format (see e.g. [11]) and not variables of 
the high level script environment. The parallel program 
creates a binary or text output file, which is then read into 
by the calling high level script. This close interaction seems 
complicated at first sight, but it has several advantages. The 
ICA algorithm can be implemented in the high level lan-
guage and thoroughly tested before the parallel version is 
developed. Additionally high quality graphical output of-
fered by some of the high level languages is readily avail-
able as is the large range of mathematical functions for 
further processing. 

Specifically for TDD a frequency domain algorithm can 
be derived, which is equivalent to the time domain imple-
mentation. Close inspection reveals, that the computational 
cost is the same if no bandwidth limitations are imposed. 
The only advantage is the possibility to use freely defined 
filters different from the implicit filters of TDD. 

IV. CONCLUSIONS  

A parallel implementation of the popular TDD ICA algo-
rithm was achieved leading to a speed increase directly 
proportional to the number of nodes in the parallel  
calculation environment. This shows that without expert 
knowledge about high performance clusters it is nowadays 
possible to create a parallel implementation of a computa-
tionally demanding algorithm. Clearly a given algorithm has 

to be suitable for parallelization. The occurrence of  
sums, covariance like calculations, or an update of several 
matrices are clear indicators in favor of a parallel  
implementation. 

The next step in increased computational power on the 
desktop is the accessibility of massively parallel graphics 
card hardware for computations. Specifically parallel appli-
cations with moderate memory requirements will benefit 
from this development. High level languages will be 
adapted to use such hardware. Clearly not all algorithms 
will be incorporated into the high level languages and the 
need for a framework as described here will prevail in 
biosignal processing. 
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Abstract—We researched on Dendrobium candidium, which 
was stimulated by sound wave stress to find out the 
differentially expressed genes responding to sound wave stress. 
Extracting and analyzing the genes. And then four 
differentially expressed genes responding to sound wave stress 
appearing stable repetition, Clone-SA8, Clone-SA5, Clone-SG6, 
and Clone-CC7, were obtained by way of traditionary 
molecular biology techniques. It was conjectured that Clone-
SA8 lengthen cell division cycle, Clone-SA5 make the 
expression of alpha-tubulin more strongly and Clone-SG6 
increase the activity of H+-ATPase enzyme based on 
softwares: DNAMAN program, BLASTP program. 

Keywords—stress, sound wave, Gene screening, 
Dendrobium candidium, differential gene bands. 

I. INTRODUCTION 

There is a substantial connection between plants and 
environmental. Plant will alter its shape internal structure and 
physiologic character to fit the environmental. Stress comes 
from the environmental makes the change happen and affects 
the gene’s expressions of plants. Changes of gene’s 
expressions play the leading role of regulation of cell’s 
growth. Growth metabolism and function of organism were 
determined by Changes of gene’s expressions. But we are still 
lack of reports about the gene, which regulate the plant 
developmental. The first noticed regulatory gene, which can 
be stimulated by stress is TCH gene. It was found by Braam in 
the DDRT－PCR method [1]. Research has shown that sound 
wave stimulation on D. candidium make the metabolism and 
gene expression strong. We focus on differentially expressed 
genes responding to sound wave stress and expect to find out 
it in the method of DDRT-PCR, PAGE, silver stain, reverse 
Northern dot hybridization technology.  

II. MATERIALS AND METHODS 

Softwares of bioinformatics ： DNAMAN program, 
BLASTP program [4]. 

Most of the reagents and the PCR primers are offered by 
Beijing Tianshiwei Ltd.and Shanghai Bioengineering Ltd. 

Molecular biology techniques: DDRT-PCR, PAGE, 
silver stain, reverse Northern dot hybridization technology, 
gene screening, clone [3].  

A.    Plant Materials 

Stems from D. candidum seedlings were inoculated in 
conical flasks with MS solid medium.  

B.    Sound Wave Stimulation and Treatment of Materials 
Alternating stimulation sound wave is generated by a 

sound generator apparatus [5]. Treatment of D. candidium 
(material) according to our lab method [2]. 
C. RNA Isolation 

Isolating RNA from D. candidium was performed 
according to the published paper [3]. 
D. DDRT-PCR Amplification and Electrophoresis  

DDRT-PCR was performed according to the method 
mentioned in [3]. 
E. Reverse Northern Dot Hybridization 

Making cDNA to prepare for Northern dot hybridization 
[3]. 
F.   Analysis of Genes  

Analyzing the genes with DNAMAN program and 
BLASTP program. 

III.   RESULTS 

A. Four Differentally Expressed Genes Responding to 
Sound Wave Stress 

1.0 ％ agarose gel electrophoresis was used to detect 
mRNA of D. candidium in two comparable groups. One 
group was stimulated by sound wave (sound intensity: 
100dp, frequency: 1000Hz) and another one was not.. 
Clearly appearing of 18s band and 28s band, which was 2 
time as much as 18s band showed that the isolated mRNA 
were almost unabridged “Fig. 1”. 

 
Fig. 1 Ethidium bromide-stained 1.0% denaturing agarose gel 
electrophoresis of total RNA (1 _g) isolated from the callus of D. nobile. 
Lanes S1–C1, S2–C2, S3–C3 were simultaneous isolation RNA of the 
sound stimulation samples and the control samples, respectively 
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mRNA of D. candidium in two comparable groups were 
analysed by way of traditionary molecular biology 
techniques. Then four differential gene fragments and four 
differential genes appearing stable repetition: SA5、SG6、
CC7、SA8; Clone-SA5、Clone-SG6、Clone-CC7、Clone-
SA8.(length of the genes: Clone-SA5：390bp、Clone-SG6
：408bp、Clone-CC7：496bp、Clone-SA8：552bp) were 
obtained “Fig. 2”. SA5, SG6, CC7, SA8 showed well 
positive signal with stimulated group by way of reverse 
Northern dot hybridization technology. Specially, SA8 also 
can show weak positive signal with another group “Fig. 3”. 
It suggested that in the four gene fragments, SA8 was a 
dominantly expressive band reduced by the sound wave 
stress, SA5 and SG6 differentially expressive, CC7 a 
repressively expressive.   

 

 

 
Fig. 2 Anchor primer HC and random primers HAP1-8 in PAGE of D. 
candidum PCR products. Arrows are differential bands 

 
Fig. 3 Northern dot hybridization analysis of  Clone-SA8 

B. Gene Structure Analyzing 

Based on the Gene screening (Beijing Tianshiwei Ltd. 
and Shanghai Bioengineering Ltd.), DNAMAN program 
was used to analyse the four Cloned genes. (1) In the Clone-
SA8 gene sequence, 18-527 nucleotide acids are coding 169 
amino acids, which including an iniation codon ATG and a 
termination codon TAA. (2) In the Clone-SA5 gene 
sequence, 96-390 nucleotide acids are coding 98 amino 
acids, which including an iniation codon ATG but no 
termination codon. (3) In the Clone-SG6 sequence, 4-408 
nucleotide acids are coding 136 amino acids, including an 
iniation codon ATG but no termination codon. (4) The 
sequence of Clone-CC7 has not been searched for any 
identities. 

C. Gene Order Analyzing 

With the help of BLASTP program after the Gene 
screening, It was found (1) Clone-SA8 protein has highly 
similar, compared with the related proteins of cell division 
cycle protein of many animals. In the amino acid level, it 
has 31% identities and 50% positives with the cell cycle 
switch protein “Fig. 4”. (2) Clone-SA5 gene sequence has 
high identities with part sequences of some genes in alpha-
tubulin gene family of multiple plants “Fig. 5”. (3) Clone-
SG6 sequence has high identities with part sequences of 
some genes in H+-ATPase gene family of multiple plants 
“Fig. 6”. 

 

Fig. 4 Indentities alignment of Clone-SA8 partly amino acid sequence with 
cell cycle switch protein CCS52A of Lotus corniculatus var. japonicus in 
GenBank by BLASTP 
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Fig. 5 Part results of Clone-SA5 EST sequence analysis by BLASTP in 
GenBank 

 
Fig. 6 Part results of Clone-SG6 EST sequence analysis by BLASTP in 
GenBank 

IV.   CONCLUSION 

By summarizing the works of research on the 
differentially expressed genes responding to sound wave 
stress of D. candidium and analyzing the date by way of 
traditionary molecular biology techniques and software of 
bioinformatics, we infer that: (1) Growth of plants been 

improved by appropriate sound wave stress [5] may result 
from differentially expressed genes. (2) The elevated 
expression of cell division cycle gene of D. candidium 
under a sound wave stress is related to Clone-SA8. (3) 
Clone-SG6 brings a rising activity of H+-ATPase enzyme 
under a sound wave stress [6,7]. (4) The elevated expression 
of tubulin gene of D. candidium under a sound wave stress 
is related to Clone-SA5. 
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Abstract—In this study, Dendrobium candidium was stimu-
lated by sound wave stress, to find out the differentially ex-
pressed genes- Clone-SA8, responding to physical stimuli. The 
structure and function of this protein was conjectured by the 
methods of traditionary molecular biology techniques and 
software of bioinformatics. Above the amino acid sequences of 
the cloned fragments were analyzed and predicted on function 
by bio-informatics. As to Clone-SA8 protein, it was conjec-
tured that its secondary structure is commixed, mainly consist-
ing of α-helix and circularity or turn. Signal peptide probabil-
ity is zero. Non-secretory protein is predicted. No probable 
transmembrane protein is found. An appropriate coiling helix 
is not predicted. Six O-glycosylation sites exceeded the thresh-
old are found out. 

Keywords—stress, sound wave, Dendrobium candidium, 
Clone-SA8 protein. 

I. INTRODUCTION  

Responses to mechanical perturbation are integral fea-
tures of plant behavior. Plant will alter its shape internal 
structure and physiologic character to fit the environmental. 
Stress comes from the environmental makes the change 
happen and affects the gene’s expressions of plants. Vari-
ability of gene expressions plays the leading role of regula-
tion of cell growth. Growth metabolism and function of 
organism were determined by Changes of gene’s expres-
sions. But we are still lack of reports about the gene, which 
regulate the plant developmental. The first noticed regula-
tory gene, which can be stimulated by mechanical stress is 
TCH gene. It was found by Braam in the DDRT�PCR 
method [1]. Research has shown that sound wave stimula-
tion on D. candidium make the metabolism and gene ex-
pression strong. We focus on differentially expressed genes 
responding to sound wave stress and expect to find out it in 
the method of DDRT-PCR, PAGE, silver stain, reverse 
Northern dot hybridization technology[2]. 

 
 

II. MATERIALS AND METHODS 

Softwares of bioinformatics, DNAMAN program, 
BLASTP program [4]. Most of the reagents and the PCR 
primers are offered by Beijing Tianshiwei Ltd.and Shanghai 
Bioengineering Ltd. Molecular biology techniques: DDRT-
PCR, PAGE, silver stain, reverse Northern dot hybridization 
technology, gene screening, clone [3]. 

A. Plant Materials 

Stems from D. candidum seedlings were inoculated in 
conical flasks with MS solid medium. 

B. Sound Wave Stimulation and Treatment of Materials 

Alternating stimulation sound wave is generated by a 
sound generator apparatus [5]. Treatment of D. candidium 
material according to our lab method [2]. 

C. RNA Isolation 

Isolating RNA from D. candidium was performed ac-
cording to the published paper [3]. 

D. DDRT-PCR Amplification and Electrophoresis  

DDRT-PCR was performed according to the method 
mentioned in [3]. 

E. Reverse Northern Dot Hybridization 

CDNA was made to prepare for Northern dot hybridiza-
tion [3]. 

F. Analysis  of Genes 

Analyzing the genes with DNAMAN program, BLASTP 
program.  
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III. RESULTS 

A. The Physicochemical Properties of  Clone-SA8 Protein  

The Clone-SA8 protein was analysed by ExPASy Prot-
Param tool, the molecular weight 18.932 KD, the theoretical 
isoelctric point (pI) 9.67, the formula 
C810H1313N253O265S3, the half-life 30 hours, the insta-
bility index 68.49, the aliphatic index 62.90, Grand average 
of hydropathicity (GRAVY):-1.070, and it can indicate 
Clone-SA8 protein is a hydrophile protein. 

B. The Conjecture of Clone-SA8 Protein Secondary 
Structure 

With the help of PredictProtein tool, the Clone-SA8 pro-
tein structure was conjectured. The Fig. 1 show the protein 
is commixed, mainly consisting of α-helix and circularity or 
turn. 

C. The Conjecture of Clone-SA8 Protein Signal Peptide  

Clone-SA8 protein Signal peptide was analysed by Sig-
nalP 3.0 Server (www.cbs.dtu.dk/services/SignalP/). The 
result revealed the signal peptide probability is zero. 
 

 ----HHHHHHHHHEE----------H------------------------------HHH- 
----------------------------HHHHHHHHHHHH---H---------------- 
-------EEEEE-------------------------HHH--------- 

 
Fig. 1 Clone-SA8 protein secondary structure prediction by PROF. H: 
helix; E: extended(sheet), -.no prediction 

 

Fig. 2 Prediction of transmembrane regions. No transmembrane region was 
found in Clone-SA8 protein 

D. The Conjecture of Clone-SA8 Protein Transmembrane 
Structure 

The Clone-SA8 protein transmembrane structure was 
predicted by Tmpred program, and No probable transmem-
brane protein is founded (Fig.2).  

E. The Conjecture of Clone-SA8 Protein Coiling Helix 

The Fig.3 showed that an appropriate coiling helix has 
not been predicted by COILS.  
(www.ch.embnet.org/software/COILS_form.html) 

F. The Conjecture of Clone-SA8 Protein Glycosylation 
Sites 

The Clone-SA8 protein glycosylation sites was conjec-
tured by Tmpred (www.cbs.dtu.dk/services/), and the Fig.4 
showed the result that six O-glycosylation sites exceeded 
the threshold have been found out. 

 

Fig.3 Prediction of coiled coil regions. No appropriate coiled coil region 
was found in Clone-SA8 protein 

 
Fig. 4 Prediction of glycosylation sites. Six glycosylation sites were found 
in Clone-SA8 protein 
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IV. CONCLUSION 

In this study, we confirmed that plant growth and devel-
opment are improved by appropriate sound wave stress. The 
elevated expression of cell division cycle gene of D. can-
didium under a sound wave stress is related to Clone-SA8. 
The structure and function of Clone-SA8 protein was con-
jectured by the methods of traditionary molecular biology 
techniques and software of bioinformatics.  
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Abstract—This study investigated the effect of aging on spa-
tial cognition performance and regional brain activation. Eight 
right-handed male college students in their twenties (mean age 
21.5 years) and six right-handed male adults in their forties 
(mean age 45.7 years) who were graduated from college par-
ticipated in the study. A spatial task was presented while brain 
images were acquired by a 3T functional Magnetic Resonance 
Imaging (fMRI) system. Compared to the 40s the 20s showed 
higher spatial performance. Increased brain activations were 
observed in the parietal and superior frontal lobes at 20s com-
pared to 40s. There was more activation observed in the mid-
dle frontal and right inferior frontal lobes at 40s compared  
to 20s.  

Keywords—aging, spatial task, fMRI. 

I. INTRODUCTION 

It has been reported that with aging there is a decrease in 
cognitive ability and decrease in nervous activation of pri-
mary olfactory region due to aroma stimulation [1], and 
decrease in nervous activation of visual region due to light 
stimulation [2]. Especially the research about the brain area 
which is connected with verbal and memory due to the 
aging is being carried out. During verbal tasks there was a 
significant difference in an amount of neural activation due 
to the aging and a significant difference in brain region and 
neural network [3-7]. During memorizing tasks there were 
reports that the old used a different neural network com-
pared with the young in order to compensate the decrease of 
cognitive ability due to the aging. There was a difference in 
an amount of neural activation between the old and the 
young based on the types of memory task [4, 5, 7-10].  

Lots of studies which investigate the effect of the aging 
upon not only the basic cognitive processing but also higher 
cognitive function such as memory and verbal have been 
carried out using fMRI. But there is a lack of study about 
the effect of the aging on the diverse cognitive ability such 
as spatial, learning, and reasoning. To examine the effect of 
the aging on cognitive processing closely, new studies 
based on not only the various kinds of cognitive tasks but 
also various kinds of difficulty levels and age groups are 
required. Therefore, this study tried to examine the effect of 

the aging on the spatial performance and its neural activity 
by fMRI while the age group of 20s and 40s is performing 
spatial tasks.  

II. METHOD 

Eight male college students in their twenties (21.5±2.3 
years old) and six male adults in their forties (45.7±2.6 
years old) who were graduated from college participated in 
the study. All subjects were right-handed as a result of re-
vised Edinburgh test [11]. Participants were screened to 
exclude a history of psychiatric or neurological disorders.  
20 items were selected from Korean versions of an intelli-
gence test, an aptitude test, and a general aptitude battery 
(GATB) [12-14]. Selected items consisted of the type which 
selects the same shape corresponding to the given figure 
from four given examples, and the type which selects the 
development figure of the given diagram. 

The experiment consisted of 4 blocks; each block had 
both control and spatial items. The control and spatial tasks 
were presented using SuperLab 1.07 (Cedrus Co.). Items 
were projected onto a screen and subjects were instructed to 
provide the correct answers. In response to control tasks, 
subjects were instructed to press the button corresponding to 
the number (1, 2, 3, or 4) projected on the screen. In the 
spatial task, subjects were asked to press the button to indi-
cate the item corresponding to the target figure (5 items per 
block).   

Imaging was conducted on a 3.0T ISOL Technology 
FORTE (ISOL Technology, Korea) equipped with whole-
body gradients and a quadrature head coil. Single-shot 
echoplanar fMRI scans were acquired in 35 continuous 
slices, parallel to the anterior commissure-posterior com-
missure line. The parameters for fMRI include the  
following: the repetition time/echo time [TR/TE] were 
3000/35 ms, respectively, flip angle 60, field of view 240 
mm, matrix 64 × 64, slice thickness 4 mm, and  
in-plane resolution 3.75mm. Five dummy scans from the 
beginning of each run were excluded to decrease the effect 
of non-steady state longitudinal magnetization. T1-weighted 
anatomic images were obtained with a 3-D FLAIR sequence 
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Fig. 1 The brain activation areas of contrasting effects between 20s and 40s (corrected p<0.05) 

(TR/TE = 280/14 ms, flip angle = 60, FOV = 240 
mm, matrix = 256 × 256, slice thickness = 4 mm).  

Accuracy rate (the number of correct answer / total num-
ber of item × 100) was calculated. Independent paired t-test 
in SPSS (ver. 10.0) was used to investigate any significant 
difference in the accuracy rate between 20s and 40s. The 
fMRI data were analyzed with SPM99 (Wellcome Depart-
ment of Cognitive Neurology, London, UK). All functional 
images were aligned with the anatomical images of the 
study by using affine transformation routines built into 
SPM99. The realigned scans were coregistered to the par-
ticipant's anatomical images obtained within each session, 
and normalized to SPM99's template image that uses the 
space defined by the Montreal Neurologic Institute (MNI), 
which is very similar to the Talairach and Tournoux's 
stereotaxic atlas [15]. Motion correction was done using 
Sinc interpolation. Statistical analysis was done individually 
and as a group using the general linear model and the theory 
of Gaussian random fields implemented in SPM99. Using 
the subtraction procedure, activated areas in the brain dur-
ing spatial tasks were color-coded by T-score. Finally, the 
double subtraction method was used to analyze the effect of 
the aging between the two age groups (i.e., 20s vs 40s).  

III. RESULTS 

Average accuracy rate of spatial tasks of 20s and 40s was 
63.7 ± 8.6 (Mean ± Standard Deviation) and 50.2 ± 10.2, 
respectively, with a statistically significant difference be-
tween the two age groups (p=0.012).  

The cerebellum, occipital lobe, parietal lobe, including 
the bilateral superior parietal lobes, bilateral inferior parietal 
lobes, bilateral precuneus and bilateral postcentral gyri, 
frontal lobe, including the bilateral middle frontal gyri, 
bilateral inferior frontal gyri, bilateral medial frontal  
gyri, bilateral superior frontal gyri, and bilateral cingulate 
gyri, were almost equally activated. Figure 1 reveals the 

contrasting effects between 20s and 40s using the double 
subtraction method. There were more activations observed 
in the bilateral superior parietal lobes, bilateral inferior 
parietal lobes, bilateral superior frontal gyri, and bilateral 
inferior frontal gyri at 20s compared to 40s. There were 
more activations observed in the bilateral middle frontal 
gyri, right inferior frontal gyrus, and occipital lobe at 40s 
compared to 20s. The Talairach coordinates, the corre-
sponding Brodmann area, and t-scores of each activated 
area are shown in Table 1 and 2. 

Table 1 Talairach coordinates and t-scores in the activated areas using the 
double subtraction method (20s-40s) (corrected p<0.05) 

Talairach coordinates Region 
x y z 

T-score 

Right Frontal Lobe Sub- 
Gyral 40 12 20 28.28 

Right Superior Frontal  
Gyrus 26 14 48 19.59 

Right Inferior Frontal  
Gyrus 50 14 14 25.18 

 60 16 26 14.13 
Left Frontal Lobe Sub- 
Gyral -40 16 20 23.34 

Left Superior Frontal  
Gyrus -26 10 48 24.25 

Left Inferior Frontal  
Gyrus -56 14 26 21.08 

Right Superior Parietal 
 Lobule 34 -46 62 26.79 

Right Inferior Parietal 
 Lobule 50 -32 54 21.19 

 44 -42 48 17.94 
Left Superior Parietal  
Lobule -34 -46 60 26.82 

Left Inferior Parietal  
Lobule -50 -34 46 28.15 

 -40 -50 48 25.45 
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Table 2 Talairach coordinates and t-scores in the activated areas using the 
double subtraction method (40s-20s) (corrected p<0.05) 
 

Talairach coordinates Region 
x y z 

T-score 

Right Middle Frontal  
Gyrus 48 38 -4 17.47 

 36 52 -2 16.39 
 24 -4 50 11.63 
 50 26 28 11.58 
Right Inferior Frontal  
Gyrus 58 22 4 17.44 

 56 30 2 16.3 
 40 4 28 11.26 
Left Middle Frontal  
Gyrus -40 42 10 14.87 

 -38 28 22 11.78 
Right Occipital Lobe  
Cuneus 6 -92 10 13.56 

IV. DISCUSSION 

Compared to the twenties the forties showed lower spa-
tial performance. This result is similar to those of published 
papers which showed that with aging not only the basic 
functions such as visual and olfactory senses but also cogni-
tive ability such as memory and verbal ability decrease 
significantly [1, 2, 11, 16-19].  

It is well known that during spatial tasks there are activi-
ties at the cerebellum, occipital lobe, parietal lobe, and fron-
tal lobe and especially parietal lobe has an important role 
[20-24]. 

In this study, regardless of age the activated region of 
brain during spatial tasks is similar to the published data. 
But there were some differences in neural activation of two 
age groups. Compared to the twenties reduced activation of 
parietal lobe of the forties was clear. This means that re-
duced spatial cognitive ability due to the aging is related 
with reduced activation of parietal lobe which is the core 
region of spatial cognitive processing. 

In relation to cognitive processing, as age increases the 
activation of frontal lobe generally decreases, but for some 
cases more activation could be selectively happened.  This 
means that reduced spatial cognitive ability due to the aging 
is related with change in activated region of frontal lobe 
[18]. Milham et al. (2002) reported the change in activated 
region of prefrontal lobe during attentional control cognitive 
experiment, i.e., as for the young the activation of dorso-
lateral prefrontal cortex increased, for the elderly the activa-
tion of ventral prefrontal cortex increased [19]. This study 
showed that as compared to the forties the activation of 
superior frontal lobe of the twenties increased, the activa-

tion of middle frontal and right inferior frontal lobes of the 
forties increased. This means that reduced spatial cognitive 
ability due to the aging is related with change in activated 
region of frontal lobe.  This result is similar to the published 
reports such that to compensate the reduced cognitive abil-
ity, compared to the young the elderly used other neural 
network of the brain [11, 17]. It could be concluded that 
during spatial cognitive tasks as age increased, the activa-
tion of parietal lobe was clearly reduced and there was a 
change in the activation area in the frontal lobe. 
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Abstract—In this study numerical simulation is carried out 
to investigate cardiovascular response under the support of a 
displacement pump type ventricular assist device (VAD). The 
native cardiovascular system model employed in this study is a 
simplified version of a published system model, and the VAD is 
characterized by prescribed flow-rate changes in the VAD 
inlet and outlet. The CellML markup language is used for the 
description of the numerical model, and the resulting model is 
executed in the PCEnv simulation environment for the calcula-
tion of cardiac responses. Simulation results show that the 
VAD provides satisfactory support to the diseased heart. 
CellML, combined with PCEnv, provides a flexible and cohe-
sive environment for the description of models represented by 
systems of ordinary differential equations, and thus facilitates 
the study of the dynamics of the circulation.  

Keywords—Cardiovascular Model, Ventricular Assist De-
vice, Numerical Simulation, CellML, PCEnv. 

I. INTRODUCTION  

Numerical simulation is widely used in the study of car-
diovascular dynamics, and a number of numerical models 
representing the cardiovascular system have been developed 
[1-8]. A more comprehensive review is presented in the 
formal deliverable D9.1.1 of the euHeart project [9].  Com-
partmental, or lumped parameter, models divide the system 
into a number of discrete compartments within each of 
which the variables are assumed to be spatially uniform. 
Most reported implementations use mainstream program-
ming languages such as C, FORTRAN and MATLAB 
which are, of course, enormously flexible, but are focused 
on simulation execution rather than on model description.  
Anyone who has tried to implement and to execute a model 
from the literature, and to compare the results with those in 
the original publication, will recognize the need for a stan-
dardized way to describe the underlying models. 

To facilitate the sharing, curation and re-use of models, a 
new descriptive markup language, CellML [10], has been 
developed, with the aim to store and exchange computer-
based mathematical models in a machine and program inde-
pendent manner. Thus CellML allows scientists to share 
models even if they are using different model-building 
software. It also enables them to reuse components from 
one model in another, thus accelerating model building.  

CellML is designed to describe systems that are represented 
by ordinary differential equations, and is thus ideally suited 
for application to compartmental models of the circulation.  

This paper reports the use of CellML to describe a nu-
merical model of cardiovascular dynamics under the sup-
port of a displacement pump type ventricular assist device 
(VAD). The model is implemented as a modular structure, 
fully utilizing the new capabilities provided in the latest 
version of CellML specification. The developed model is 
then executed in the PCEnv simulation environment [11] in 
the context of the comparison of circulatory dynamics under 
three different situations representing respectively a healthy 
condition, one of left ventricular failure, and one of heart 
failure with VAD support.  

II. METHODS 

A. System Model 

 

Fig. 1 Schematic of the system configuration for the cardiovascular model 

For simplicity only the systemic circulation is modeled in 
this study. Fig. 1 shows a schematic of the system. A de-
tailed model description can be found in [5]. The system 
includes three main parts: the heart, the systemic loop, and 
the ventricular assist device. The left heart is modeled as a 
two-chamber pump with variable elastance and two heart 
valves that control flow direction. The systemic circulation 
loop is divided into aortic sinus, artery, arteriole, capillary 
and vein compartments. In every compartment, the individ-
ual component is modeled by considering the local resis-
tance to flow, elasticity of vessels and inertia of blood. The 
combined effect of venules, vein and vena cava is repre-
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sented in a single venous segment. The artery segment 
represents the general characteristics of both the main and 
smaller arteries. The aortic sinus is separated from the artery 
to facilitate estimation of pressure response in the aortic 
arch. A displacement pump VAD supports the diseased left 
ventricle. The VAD inlet cannula is connected to the ven-
tricular apex to maximally unload the ventricle, and  
the outlet cannula is connected to the ascending aorta to 
minimize the blood stasis near the aortic root. The VAD is 
described by prescribed flow-rate changes at its inlet and 
outlet. 

B. CellML Implementation 

 

Fig. 2 Model structure of the left heart 

 

Fig. 3 Model structure of the systemic loop 

CellML version 1.1 [9] supports an import feature to fa-
cilitate the description of the model in a modular configura-
tion. Several template components are first defined: 
TempRLC, TempRC, TempR, TempCD and TempE. The 
first three of these describe the behavior of the vessel seg-
ments, in which the effects of the frictional loss, inertia of 
the blood and the elasticity of the vessel wall are selectively 
considered to define the local pressure and flow-rate rela-
tionships. TempCD defines the variable elastance feature of 
the heart chambers as well as the heart valve dynamics. 
TempE defines the activation function, which is used to 

assist the calculation of the variable elastance in the heart 
chambers. Definitions of the derived units for the variables 
of pressure, flow-rate, volume, vessel resistance, blood 
inertia, vessel elasticity etc in the model are specifically 
included in a component called Units. The component 
ModelVAD contains the VAD characterization. The pa-
rameter settings for the model are specified in three separate 
components of ParaHeart, ParaSys and ParaVAD. 

The templates are then imported into the upper level 
model description, with each template type integrated with 
the unit definitions and specific parameter settings appro-
priate for the vessel segments or heart chamber described. 
Upper level component models for the systemic loop and 
the heart are then constructed by using the group feature in 
CellML to assemble the individual vessel compartments or 
heart chambers into the general function modules, as illus-
trated in Figs. 2 and 3. Finally the function modules of 
heart, systemic loop and VAD are connected to form the 
complete CellML model.  

III. RESULTS  

The circulation models, represented in CellML as de-
scribed above, are executed in the simulation tool of the 
Physiome CellML Environment (PCEnv, version 0.6,  
developed at the Auckland Bioengineering Institute, Uni-
versity of Auckland) [11]. Fig. 4 shows a snapshot of the 
computer screen for a PCEnv calculation of cardiovascular 
dynamics under VAD support. To facilitate further analysis, 
the original calculation results has also been output into 
CSV format and plotted using third party programs.  

 

Fig. 4 Snapshot of a CellML session for the cardiovascular dynamics 
calculation 

In simulating the native cardiovascular response, the 
VAD component is first disabled, and the ventricular elas-
tance is changed to simulate the healthy and ventricular 
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failure conditions. Fig. 5 (a) and (b) compare the simulated 
cardiovascular dynamics of the healthy heart with those in 
left ventricular failure. In the healthy condition, the left 
ventricular pressure is in the range of 0-120mmHg, and the 
aortic pressure between 80-120mmHg. Flows through the 
aortic and mitral valves are periodic, dominated by near 
triangular pulses, and with an average flow-rate of about 5 
l/min and peaks of approximately 1200 ml/s (72 l/min) and 
900 ml/s (54 l/min). The left ventricular volume change is 
approximately from 50ml to 130 ml, with a stroke volume 
of 80 ml and an ejected volume of 70 ml. Under the left 
ventricular failure condition, the aortic pressure range is 
reduced to 46-68 mmHg and the peak systolic left ventricu-
lar pressure is reduced to 68mmHg. This greatly impaired 
perfusion condition will adversely affect the function of 
important organs in the cerebral, renal and hepatic sub-
systems. In the heart failure condition, pressure in the left 
atrium is elevated to about 14 mmHg. Peak flow rates 
across the mitral and aortic valves are reduced to about 60% 
of the normal values. The left ventricular volume varies 
between 152 ml and 206 ml, greatly elevated from the nor-
mal range of 50-130 ml, and with a corresponding decrease 
in the ejection volume. The left atrial volume is also in-
creased, from the normal range of 40-68ml to the current 
range of 57-87 ml. These changes suggest that cardiac out-
put has decreased, and prominent left heart dilation has 
developed. 

The VAD is then enabled to simulate the circulatory dy-
namics under VAD support. Fig. 6 shows the corresponding 
simulation results. With VAD support, the arterial and left 
atrial pressures have been restored from the diseased condi-
tion to the normal range of between 80 and 120mmHg and 
about 9mmHg, respectively. The left ventricular pressure is 
prominently decreased from the diseased condition, which 
allows the ventricular muscle to relax and partially recover. 
Under the simulated heart failure condition, the VAD pro-
vides 100% support to maintain the normal cardiac output 
of 70 ml/beat. With the VAD support adjusted to produce 
the normal cardiac output, the arterial pressure is main-
tained in the normal range of 80–120mmHg, well above the 
peak systolic left ventricular pressure of up to 40mmHg. 
Thus the aortic valve is always closed and the transvalvular 
flow is always zero throughout the whole heart cycle. This 
may cause the undesirable consequence of valvular fusion, 
and needs to be addressed in the future. The mitral flow is 
generally restored to the normal situation. With VAD sup-
port the left heart chamber volumes have been restored to 
the normal range. The left ventricular end diastolic volume 
has recovered from the dilated value of about 200 ml to the 
normal range of below 140 ml. 

 

(a) Healthy condition  (b) Heart failure condition 

Fig. 5 Typical physiological response in the systemic circulation in a 
healthy human subject, simulated with CellML model 

 

Fig. 6 Cardiovascular response in the heart failure condition supported 
with VAD, simulated with CellML model 

IV. CONCLUSIONS  

This paper presents a CellML model of the cardiovascu-
lar system under VAD support. Simulation results show that 
the cardiovascular dynamics is effectively restored to the 
healthy condition with the VAD support. Combined with 
PCEnv, CellML version 1.1 provides an efficient way for 
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the uniform description of system dynamics model, which 
facilitates the exchange and sharing of models.  

ACKNOWLEDGEMENT 

This work was supported by the Framework 7 program 
of the European Commission: euHeart: Personalized and 
Integrated Cardiac Care: Patient-specific Cardiovascular 
Modeling and Simulation for in silico Disease Understand-
ing & Management and for Medical Device Evaluation & 
Optimization.  FP7-ICT-2007, Contract No. 224495.   

REFERENCES  

1. Barnea O, Moore Thomas W, Dubin Stephen E, Jaron D. (1990) 
Cardiac energy considerations during intra-aortic balloon pumping. 
IEEE Trans Biomed Eng 37(2):170–181. 

2. Lu K, Clark Jr JW, GhorBel FH, Ware DL, Bidani A. (2001) A 
human cardiopulmonary system model applied to the analysis of the 
valsalva maneuver. Am J Physiol Heart Circ Physiol 281:H2661–
2679. 

3. Li John K-J, Cui T, Drzewiecki Gary M. (1990) A nonlinear model of 
the arterial system incorporating a pressure-dependent compliance. 
IEEE Trans Biomed Eng 37(7):673–678. 

4. Olansen JB, Clark JW, Khoury D, Ghorbel F, Bidani A. (2000) A 
closed-loop model of the canine cardiovascular system that includes 
ventricular interaction. Comput Biomed Res 33:260–295. 

5. Shi Yubing, Korakianitisa Theodosios, Bowles Christopher (2007) 
Numerical simulation of cardiovascular dynamics with different types 
of VAD assistance, Journal of Biomechanics  40:2919–2933 

6. Santamore William P, Burkhoff D. (1991) Hemodynamic conse-
quences of ventricular interaction as assessed by model analysis. Am 
J Physiol Heart Circ Physiol 260(29):H146–157. 

7. Heldt T, Shim Eun B, Kamm Roger D, Mark Roger G. (2002) Com-
putational modeling of cardiovascular response to orthostatic stress. J 
Appl Physiol 92:1239–1254. 

8. Ursino M, Magosso E. (2003) Role of short-term cardiovascular 
regulation in heart period variability: a model study. Am J Physiol 
Heart Circ Physiol;284:H1479–1493. 

9. euHeart: Personalized and Integrated Cardiac Care: Patient-specific 
Cardiovascular Modeling and Simulation for in silico Disease Under-
standing & Management and for Medical Device Evaluation & Opti-
mization.  FP7-ICT-2007, Contract No. 224495.  Deliverable D9.1.1: 
Review of aorta and systemic circulation model requirements for all 
euHeart applications, specification for generic and application-
specific operations and detail plan for implementation 

10. http://www.cellml.org/ 
11. http://www.cellml.org/tools/pcenv/ 

Corresponding author: 

Author: D.R. Hose 
Institute: School of Medicine and Biomedical Sciences, University of 

Sheffield 
Street: Glossop Road 
City: Sheffield 
Country: UK 
Email: d.r.hose@sheffield.ac.uk 

 
 



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1800–1803, 2009. 
www.springerlink.com 

DLC-Coated CoCrMo Steel for Use in Medical Implants – Wear and Corrosion 
Resistance Influence of Different Surface Finishing Techniques 

H. Holeczek1, C.B. Santos1, L. Haubold2, and M. Metzner1 

1 Fraunhofer Institut / IPA Institut für Produktionstechnik und Automatisierung  - Germany 
2 Fraunhofer Institut / CCL Center for Coatings and Laser Applications - USA 

Abstract––Cobalt-based alloys have been widely used in 
implant components, especially in orthopaedic implants. The 
biocompatibility of CoCrMo alloy is related closely to this 
material's excellent corrosion resistance, imparted by a thin 
passive chromium oxide layer with some minor contributions 
from Co and Mo oxides. The oxide film on CoCrMo alloy 
inhibits the dissolution of metal ions but is not always stable in 
the human body. There is a general agreement that corrosion 
is a serious problem for medical metallic materials. For joint 
replacements, they are exposed to tribological contacts and 
load so their performance (long-term durability) relies on both 
their corrosion and wear resistance. Diamond like carbon 
(DLC), with its extreme smoothness, hardness, low coefficient 
of friction, and biocompatibility is an excellent candidate to 
serve as a tribology-enhancing and corrosion-protective 
functional coating. 

In this study we have characterized the complex wear – 
corrosion resistance of the CoCrMo / DLC system. The wear-
corrosion effects were investigated in a simulated body fluid 
under the simultaneous action of electrochemical corrosion 
and mechanical wear. The effects of the corrosion and wear of 
the CoCrMo/DLC systems are discussed. 

I. INTRODUCTION 

Cobalt-based alloys have been widely used in implant 
components, especially in orthopaedic implants. Two types 
of cobalt-based alloys are the most popular implant 
materials (high and low carbon CoCrMo alloy). They both 
have a composition of cobalt with approximately 28% 
chromium and 5% molybdenum. The difference between 
them is that one has higher carbon content (0.15–0.25%) 
than the other (less then 0.06%). Much progress has been 
made in cobalt-based metallic implant development to 
reduce total volumetric wear. Much of this has been focused 
towards design, and in particular, using a larger diameter of 
femoral head, better surface finish, a thinner acetabular cup 
and a smaller clearance (50–90µm) between the acetabular 
cup and the femoral head [1].  

The biocompatibility of CoCrMo alloy is related closely 
to this material's excellent corrosion resistance, imparted by 
a thin passive chromium oxide layer with some minor 
contributions from Co and Mo oxides. But this oxide layer 
is not always stable in the human body [2]. So Co, Cr and 

Mo ions from orthopedic implants made of this material are 
released into the body over time by electrochemical 
corrosion or chemical dissolution, wear and mechanically 
accelerated electrochemical processes such as corrosion 
fatigue and fretting corrosion. For joint replacements with 
their heavy tribological loads the performance and long-
term durability relies on both their corrosion and wear 
resistance [1].   

It is therefore not surprising that since around 1987 there 
have been many attempts to develop surface-engineered 
solutions to decrease corrosion for total joint replacement 
implants. In such protheses a hard and relatively wear 
resistant compound layer or coating is applied to a fracture 
resistant metallic base material [3].  Diamond like carbon 
(DLC), with its extreme smoothness, hardness, low 
coefficient of friction and biocompatibility is an excellent 
candidate for such an application. One of the key issues that 
may limit the use of DLC is its adhesion to common 
biomedical alloys [4,5,6].  

Tribological properties, microstructure and their 
dependence on process parameters have been studied 
extensively [7,8,9], but a good surface hardness and wear 
resistance are not a guarantee for a good corrosion 
resistance. As corrosion is mostly a surface phenomenon, 
the corrosion resistance is closely related to the composition 
and structure of surface films on metals [10,11,12,13,14]. In 
many tribological systems the materials forming the 
tribological contact are exposed to a corrosive environment 
and therefore they are subjected to both mechanical and 
chemical solicitations [15,16,17,18,19].  

The aim of this study was to obtain and characterize the 
wear-corrosion behaviour of the CoCrMo / DLC system. 
The wear-corrosion effects were investigated in a simulated 
body fluid under the simultaneous action of electrochemical 
corrosion and mechanical wear.  

II. EXPERIMENTAL PROCEDURE 

Wear-corrosion experiments were performed using a 
reciprocating ball-on-plate apparatus equipped with an 
electrochemical cell for the corrosion measurements 
developed at the Fraunhofer Institute Manufacturing  
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Table 1 Composition of the phosphate-buffered saline (PBS) electrolyte 

NaCl KCl Na
2
HPO

4
 KH

2
PO

4
 

Concentration (g / L H
2
O)  8.01 0.20 1.15 0.20 

Concentration (mol / L H
2
O)  1.37 x 

10
-1

 
2.68 x 
10

-3
 

8.10 x 10
-3

 1.47 x 10
-

3
 

 
Engineering and Automation /Germany. An alumina ball 
rubs on the samples immersed in the electrolyte. The plates 
are positioned horizontally and mounted in a polymeric 
electrochemical cell. Untreated CoCrMo alloy samples 
(ASTM F75) as well as DLC coated samples were used as 
plates.  The DLC coatings were tested with three different 
surface finishes: as deposited, polished with diamond and 
smoothed after deposition. Of the upper surface of the 
samples only 3 cm2 were exposed to the electrolyte and the 
lower surface was insulated and electrically connected to a 
potentiostat. Electrochemical characterization was 
performed in a phosphate-buffered saline (PBS) electrolyte  
at 37° C and pH 7.4. The composition of the electrolyte is 
presented in Table 1. The potential was measured by means 
of SCE reference electrode (Saturated Calomel Electrode) 
and a platinum wire served as counter electrode. 
Potentiodynamic polarisation tests were performed between 
−0.213 V and 1 V at a scan rate of 0.166 mV s−1, using 
EG&G PAR 273A Potentiostat / Galvanostat controlled by 
PowerCorrosion software. The reciprocating wear test was 
performed with a normal load of 5 N, stroke length of 5mm. 
The sliding time was 7,230 s corresponding approximately 
to 7,230 strokes. The morphology of the corrosion-wear 
damage was observed with a scanning electron microscope 
(SEM). 

III. RESULTS AND DISCUSSION 

When current density and friction coefficient are 
compared, a relation between both can be seen. At + 0.56 V 
(Figure 1) the current density of CoCrMo alloy increases 
and an electrochemical corrosion process occurs. Below the 
potential of + 0.15 V the friction coefficient increases and 
from + 0.2 V to + 0.56 V (passive region) it reaches a 
plateau and after this, in the active corrosion potentials, it 
decreases again. The wear-corrosion process can deliver 
corrosion products and wear debris and they can act as a 
lubricant on the surface of CoCrMo.  

When the surface of the alloy was covered with DLC 
coatings, the current density decreased for all the samples. 
The corrosion potential was also improved; it was shifted 

around 0.4 V in the positive direction. DLC as deposited 
and polished DLC had similar behaviour, but the latter had 
a bigger current oscillation. This could be an 
electrochemical effect on the bottom of pores, where the 
substrate was contacted. The current density oscillation on 
the polished sample can be due to electrochemical 
breakdown of the passive film on the bottom of the pores 
and re-passivation in these areas.   

The samples coated with DLC as deposited and polished 
DLC had different relations between friction coefficient and 
current density. In the first case, at + 0.22 V the current 
density increased and the friction coefficient decreased 
(Figure 2). This behaviour is similar to the uncoated sample. 
The corrosion effect is lower than on CoCrMo alloy, with 
very low current densities through the whole potential 
range. But at the same time a surface polishing takes place 
and this also reduces the friction coefficient.  

On the other hand, polished DLC (like a mirror) showed 
a low friction coefficient and a current density increase 
(Figure 3). DLC as deposited and polished DLC have a 
tendency to arrive at the same friction coefficient value 
(around 0.15). The polished sample has many areas with a 
very fine structure. The polishing process could open inner 
pores in the DLC coating enabling a substrate contact with 
the corrosive electrolyte. 

The smoothed DLC coating had the lowest current 
density and the smallest current density oscillation of all 
samples until + 0.93 V, and in this polarisation range also 
exhibited better wear-corrosion resistance than polished 
DLC and DLC as deposited. At the potentials over + 0.93 V 
there is a current density increase higher than at the other 
DLC samples. This behaviour can be due to the high 
potential and the association with mechanical wear which 
could damage the coating and form an access to the 
substrate.  

The behaviour of the smoothed DLC sample regarding 
the friction coefficient was similar to the polished DLC 
coating. The current density increases at the highest 
potential value (+ 0.51 V) compared to as deposited DLC 
and smoothed DLC (Figure 4). It has a large apparently 
passive region with a small current density increase between  
 



1802 H. Holeczek

 

  
 

IFMBE Proceedings Vol. 25

 

 

 

0,00E+00

1,00E-03

2,00E-03

3,00E-03

4,00E-03

5,00E-03

6,00E-03

7,00E-03

8,00E-03

9,00E-03

-0,213 -0,013 0,187 0,387 0,587 0,787 0,987

E (V)

i (
A

.c
m

-2
)

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5
0 1000 2000 3000 4000 5000 6000 7000

Time (s)

µ

Polarisation Curve
Friction Coefficient

-5,00E-05

-4,00E-05

-3,00E-05

-2,00E-05

-1,00E-05

0,00E+00

1,00E-05

2,00E-05

3,00E-05

4,00E-05

5,00E-05

-0,213 -0,013 0,187 0,387 0,587 0,787 0,987

E (V)

i (
A

.c
m

-2
)

0

0,05

0,1

0,15

0,2

0,25

0,3

0,35

0,4

0,45

0,5
0 1000 2000 3000 4000 5000 6000 7000

Time (s)

µ

Polarisation Curve
Friction Coefficient

 
Fig. 1 Anodic polarisation curve (E xi) and friction coefficient of 
CoCrMo alloy 

Fig. 2 Anodic polarisation curve (E x i) and friction coefficient of DLC 
coating as deposited on CoCrMo alloy 
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Fig. 3 Anodic polarisation curve (E x i) and friction coefficient of 
polished DLC coating on CoCrMo alloy 

Fig. 4 Anodic polarisation curve (E x i) and friction coefficient of polished 
DLC coating on CoCrMo alloy 

 

+ 0.51 V and 0.93 V. This shows that the mechanical 
behaviour of the just smoothed DLC coating under 
combined wear and corrosion load is similar to that of the 
polished coating whereas its electrochemical behaviour is 
better which means a better corrosion resistance. However, 
both coating types are more resistive against corrosion than 
the uncoated CoCrMo alloy.  

All the following anodic polarisation curves (E x i) and 
friction coefficients have been recorded with a scan rate of 
0.166 V · s-1 in PBS electrolyte (37°C, pH7.4). 

IV. CONCLUSIONS 

• All DLC coated samples with different mechanical 
finishing had lower corrosion activity under wear-

corrosion conditions and also smaller wear tracks when 
compared with the CoCrMo alloy.  

• The current density increase during the wear-corrosion 
test can be attributed to electrochemical activity in the 
bottom of pinholes and coating cracks. So the observed 
current density would be proportional to the porosity of 
the coating. The lowest corrosion density then indicates 
a more compact system. 

• The smoothed DLC showed the lowest current density 
and its behaviour was better then polished DLC and 
DLC as deposited up to a potential of + 0.93 V.  
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Abstract—The feature of sleep pattern is determined by the 
rhythm of body temperature. In this study, a method was 
conceived for capturing changes in the peripheral circulatory 
system during the process of lowering of core body tempera-
ture via finger plethysmogram. Recorded signals were then 
analyzed by chaos analysis. By analyzing the variations in the 
time series of the gradients of the largest Lyapunov exponent 
and the power value (the square of the finger plethysmogram 
amplitude), and by observing the conditions of the subject, the 
phenomenon that predicts the subject's transition to Stage 1 
sleep during wakefulness was detected.  

Keywords—sleep predictor signals, body temperature, pe-
ripheral circulatory system, finger plethysmogram, chaos 
analysis. 

I. INTRODUCTION  

The mutual effects of an oscillator and homeostasis, 
which govern sleeping and waking rhythms, are made ap-
parent in changes in the heartbeat, breathing, and body 
temperature. Fluctuation occurs within the variation in the 
heartbeat, breathing, and body temperature, and it was hy-
pothesized that the progression from a waking state to a 
sleeping state could be observed by way of these fluctua-
tions [1].  

On one hand, the amplitude of the finger plethysmogram 
is governed by the heart’s fluctuation characteristics; so is 
affected by contraction, expansion and variations in blood 
pressure. Furthermore, fluctuations in the baseline are due 
to fluctuation in the blood flow, which in turn translates into 
variations in the diameters of the skin’s blood vessels. This 
is under the rule of the autonomic nerve system. This led us 
to hypothesize that indicators of a subject entering a sleep 
state are captured in the gradient time series wave form of 
the square of the amplitude of the finger plethysmogram 
pressure, and also are captured in the fluctuation in diame-
ters of the blood vessels in the skin as evidenced in the 
largest Lyapunov value’s gradient time series wave form 
and that indicators of entering a sleep state exist in the VLF 

and ULF [1,2], then the experiments on the sleep predictor 
during wakefulness by using finger plethysmogram, with 
the subjects in lying and sitting positions, were conducted. 

II. METHOD 

Sleep experiments were done in increments of 30 
minutes, with the subjects lying down in a location that was 
quiet, had little vibration, was regulated for air circulation, 
temperature, and humidity, and had few power sources that 
would produce electrical hum. The experiments were done 
between 2:00 p.m. and 5:00 p.m., and the subjects were a 
male in his 40’s and a female in her 30’s (in order to verify 
any variances by gender), who both fall asleep within 10-15 
minutes. The subjects’ brain waves, eye movement, muscle 
electrograms, pulse, respiration, and finger plethysmograms 
were measured simultaneously.  

In addition, gradient time series waveforms were 
measured by finger plethysmogram with the subjects in a 
sitting position, in a room with minimal vibration sources. 
These experiments were done on a male subject in his 40’s 
and another male subject in his 60’s, who both fell asleep 
within five minutes. The tests were conducted between the 
hours of 1:00 p.m. and 3:00 p.m. 

III. ANALYSIS METHDS 

The give-and-take between the sleep-wakefulness rhythm 
and homeostasis can be seen in the state of blood flow to the 
skin, which is the one feedback mechanism of body tem-
perature regulation. The dilation and contraction of blood 
vessels in the skin can be deduced by variations in the 
power value (the square of the amplitude of the finger 
plethysmogram waves) over a period of time. When evalu-
ating by this variation, the start of data collection is the 
standard value, and the occurrence of variation is evaluated 
from that point on, and indices are created in order that 
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differences due to subject’s health, the equipment being 
used, etc. may be absorbed.  

Next, to explain the “largest Lyapunov exponent” of 
chaos dynamics, which is used in analyzing observations of 
emotional and physical states: the largest Lyapunov expo-
nent is an index of orbital instability; the more stable the 
orbit, the smaller the number. When chaos analysis is done 
on a finger plethysmogram, the relation between the 
autonomous nervous system and the attractor’s fluctuation 
[3,4] can be seen, as well as the relationship to the subject’s 
emotional and physical states [5]. Based on these reports, it 
is understood that the largest Lyapunov exponent will be 
lower when the subject is relaxed, and that a higher number 
indicates the occurrence of adjustment, excitement, or con-
centration in the subject. 
 
A.   Symbols Used 
Cfk: Crest factor standard for waveform while awake 
Cfs: Crest factor standard for Stage 1 sleep waveform 
d: Parameter embedding dimension 
S(n): Finger plethysmogram time series signal 
TW: Timeframe for slide calculation: 180sec. 
TL: Overlap time (overlap of timeframe TW and next time-

frame TW): 162sec 
Xp: Time series waveform amplitudes indicating sleep pre-

dictors 
Xk: Time series waveform amplitude, while subject is 

awake 
Xs: Stage 1 sleep time series waveform amplitude 
Δt: Time progression 
λ: Largest Lyapunov exponent 
τ: Embedding delay time 

 
B.   Waveform 

The method for calculating the power gradient time se-
ries waveform is shown in Figure 1. The following steps (1) 
through (6) explain the calculation method for the corre-
sponding values shown in Figure 1. The Savitzky-Golay 
smoothing and differentiation method [6] is used to calcu-
late the maximum and minimum values from the finger 
plethysmogram time series signals. Next, (1) the minimum 
and maximum values are divided at 5-second intervals, and 
each average value is computed. (2) The squares of the 
averages of each set of maximum and minimum values are 
the “power values”. (3) The power values are plotted at 5-
second intervals, creating the power value time series wave-
form.  

In order to read large variations in the power value from 
this time series waveform, (4) the power value’s gradient is 
computed across a given time frame TW by the method of 
least squares (5).  

The next timeframe TW is then calculated in the same 
manner across overlap TL and the results plotted. (6) These 
calculations (hereafter termed “slide calculations”) are re-
peated to create the power gradient’s time series waveform.  

 
C.   Calculating the power gradient time series 

 

Fig. 1 The way to compute the time series of the power gradient 

D.   Computing the largest Lyapunov exponent gradient 
time series waveform 

The following explains how the largest Lyapunov gradi-
ent time series waveform is computed, as it corresponds the 
values in Figure 2, steps (7) through (15). (7) From time 
series signal S(n)(n = 1,…n), the time lag method[7] 
(Takens’ embedding theory) is used to reconstruct the state 
of dynamic motion (parameter embedding dimension d, 
embedding time lag [7]). Specifically, only data 
(S(i),S(i+τ)),…,S(i+(d-1))) across the embedding dimension 
value within timeframe τ from the time series data start 
point is selected. (8) d factors are plotted as one point on the 
dimension d state space coordinate system. Plotting is ac-
complished by plotting i offset by one point each time. (9) 
The orbit described by this d dimension state space is the 
attractor. The finger plethysmogram timer series signal 
delay time is 50ms; when the FNN (False Near Neighbors) 
method [8] is used for the embedding dimension, FNN is 
near zero at dimension 3, and is exactly zero at dimension 4, 
so dimension 4 was seen as the optimum embedding  
dimension.  
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The largest Lyapunov exponent, which is one index that 
quantifies the quality of the attractor, is then calculated. The 
Lyapunov exponent is the averaged ratio of expansion and 
contraction of the attractor’s orbit as it moves farther away, 
then draws closer again. 

In this case, the Lyapunov exponent was computed using 
the Sano-Sawada method [9]. (10) As shown in Figure 2, a 
“supersphere” is formed by certain points on the attractor; 
depending on time progression Δt, this supersphere may be 
elongated in one direction, or ompressed in another direc-
tion, taking an elliptical shape. In other words, in this report 
the rate of change in direction of the 4 direct base vectors is 
defined as e'i, and when computed by random points on the 
attractor, the Lyapunov exponent is found using the formula 
below. 
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                        (1) 

 
If the attractor’s reconstructed state space is d dimension, 

then Lyapunov exponent λ1…λd is computed in relation to 
factor d’s orthogonal vector. The one with the largest value 
within this area is the largest Lyapunov exponent. (11) The 
attractor is now reconstructed across an interval of 30 sec-
onds based on calculations from the continuous data at-
tained from the finger plethysmogram time series signals; 
by performing slide calculations at 1-second intervals, (12) 
the largest Lyapunov time series waveform is then created.  

The maximum value in relation to the largest Lyapunov 
time series waveform can be found using the Savitzky-
Golay smoothing and differentiation method [6]. In addi-
tion, variation of the largest Lyapunov exponent over an 
extended area can be found by finding the gradient of the 
largest Lyapunov exponent across timeframe TW (13) by 
using the method of least squares on the computed maxi-
mum values (14). Next, the same calculations are done for 
the next timeframe TW within the overlapping area TL, and 
the results are plotted. (15) These calculations are repeated 
to create the largest Lyapunov exponent gradient time series 
waveform. 

IV. RESULT AND DISCUSSION  

The results of a male test subject in his 40’s are shown in 
Fig. 3. In the first 14 minutes of the test, the brain waves 
showed a pattern of mixed waves, such as alpha waves and 
low-amplitude, high frequency beta waves, indicating the 
subject was awake. After 14 minutes, the amplitude of the    
alpha waves decreased, the frequency became somewhat 
slower, and the alpha waves gradually diminished, with 
waves in the 2-7 Hz range becoming prevalent; this indi-

cated the 1st sleep stage had begun, in which the subject 
became sleepy and began nodding off. 

     

Fig. 2 The way to compute the time series of the largest Lyapunov expo-
nent's gradient 
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After 24 minutes, sleep spindle and K compound waves 
began to appear, thought to be the 2nd sleep stage. The 
gradients of the power value and the largest Lyapunov ex-
ponent had an opposite phase state from a point 3 minutes 
into the experiment, and at around 8 minutes the amplitude 
reached its maximum height. This predicted the start of the 
1st sleep stage that occurred 6 minutes later.  

The area in which there is a large variance in the maxi-
mum and minimum values of the time series waveform, 
which depicts the power value and largest Lyapunov expo-
nent gradients, and the area in which the cycles are long 
(0.0033-0.005Hz) and each gradient time series waveform 
is in an opposite phase state, are the areas defined as the 
transition state and called sleep predictor. In this transition 
state, sympathetic nerve activity is weak and the skin’s 
blood vessels begin to dilate; these phenomena are consis-
tent with the increase in skin temperature before falling 
asleep.  

In addition, no clear gender differences were found in the 
occurrence of variations in the gradient time series wave-
forms computed from the finger plethysmogram data. 

V. CONCLUSIONS 

Finger plethysmogram findings were compared to ECG 
findings, and it was possible to ascertain signs of falling 
asleep by plethysmography. In addition, we developed a 
seat made of an air pack sensor and a magnetic circuit sen-
sor that can capture biological signals in the sitting position. 
In the future, we plan to verify whether or not these two 
sensor systems can noninvasively detect signs of falling 
asleep captured by a finger plethysmogram. 
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Fig. 3 Brain wave and the time series of the gradients of finger plethysmogram (male subject in his 40’s) 
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Abstract—Shuttle run, or side-step cutting, is a common 
warm-up exercise for athletes. Anterior cruciate ligament 
(ACL) injury was reported to occur during the single-limb 
support landing, such as shuttle run. There is little attention 
about the speed effect on lower extremity (L/E) biomechanics 
during shuttle run. The purpose of this study was to investigate 
the L/E biomechanics at two different speeds during shuttle 
run. A rate of 125 bpm was defined as the slow speed in this 
study, and 140 bpm as the fast speed. 6 young athletes without 
history of L/E illness were recruited. Helen Hayes marker set 
was adopted, and the motion capture system was used to detect 
the trajectories of the passive markers. Ground reaction force 
(GRF) was synchronously measured by a force plate. The 
period of foot contact with force plate was divided into weight 
acceptance phase and pushing phase. The results showed the 
significant higher vertical GRF at fast speed in the pushing 
phase (p=0.04). Less knee flexion angle was also demonstrated 
at the rate of 140 bpm. Higher GRF and less knee flexion were 
reported as risk factors for ACL injury. Therefore, speed 
effect on L/E biomechanics during shuttle run should be taken 
into consideration to prevent ACL injury. 

Keywords—shuttle run, speed, biomechanics. 

I. INTRODUCTION  

Shuttle run, or side-step cutting, is often adopted as the 
training program or warm-up exercise for athletes. Also, it 
is an important technique in sports, such as volleyball, bas-
ketball, soccer and etc. Shuttle run involves a sudden decel-
eration on impact following a rapid directional change 
movement. 

Approximately 70% of anterior cruciate ligament (ACL) 
injuries were reported to occur via a non-contact episode 
[1], which means the injuries result from a sudden decelera-
tion following a rapid directional change without contact 
with other objects. Non-contact ACL injuries often occur 
during the single-limb support landing, such as shuttle run. 
Knee joint motion and ground reaction force (GRF) were 
indicated to affect the ACL loading [2]. Increased knee 
flexion angle was encouraged during sudden deceleration 
tasks to prevent ACL injuries [3]. Higher GRF and less 
knee flexion was reported as the risk factors of ACL injuries 
[4]. 

Agility is the key event for athletes during training or 
competitions. Fast speed movement is regularly required in 

sports. However, there is little attention about the speed 
effect on lower extremity (L/E) biomechanics during shuttle 
run. How running speed affects the movement performance 
of L/E is still unknown. Therefore, the purpose of this study 
was to investigate the L/E biomechanics at two different 
speeds during shuttle run. 

II. METHODS 

A. Subjects 

6 young athletes (3 women and 3 men; mean age, 23.3 ± 
0.8 years; mean height, 166.3 ± 7.8 cm; mean weight, 61.1 
± 12.8 kg) participated in the study. No history of lower 
extremity illness in the past year was reported, and they 
have never undergone any L/E surgery. The dominant leg of 
each subject was determined by kicking a ball. Only one of 
them has left leg as the dominant leg, right leg is the domi-
nant leg for the others. 

B. Experimental Design 

Helen Hayes marker set was adopted in the study with 17 
markers attached to human body in all. The trajectories of 
the reflective markers were recorded by a three-dimensional 
motion capture system with 8 cameras (Motion Analysis 
Corporation, Santa Rosa, CA, USA). Kinematic data were 
collected with a sampling rate of 200 Hz. Ground reaction 
force was synchronously recorded by a Kistler force plate 
(Type 9281B, Kistler Instrument Corp., Switzerland) with a 
sampling rate of 1000 Hz. A metronome was used to control 
the speed of shuttle run. A rate of 125 bpm was defined as 
the slow speed in this study, and 140 bpm as the fast speed. 

Subjects were instructed to flex their knees slightly at the 
starting position, and then executed sidestepping for ap-
proximately three to four steps. The rhythm of shuttle run-
ning should cohere with the speed of metronome. Dominant 
leg was the leading lag. The foot of each subject’s leading 
leg contacted with the force plate, and then pushed back to 
ran to the starting site. After practicing the process for three 
times, subjects had to perform tasks with two different 
speeds, 125 bpm and 140 bpm, randomly. There were five 
trials for each speed condition, and a 30-second rest be-
tween trials. 
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Fig. 1 Vertical GRF and the two phases 

C. Data Analysis 

Data during the period of foot contact with force plate 
were analysed. All data were processed by the Visual 3D 
software. The foot-contact period was normalized to 100% 
and divided into weight acceptance phase and pushing 
phase (Fig. 1). Weight acceptance phase was defined as the 
beginning of the foot contact to the minimum of vertical 
GRF between two peaks, and the rest of the foot contact 
period was defined as the pushing phase. 

Maximal vertical GRF in each phase was calculated by a 
custom Matlab code. GRF of each subject was normalized 
with the corresponding body weight. Kinematic data of 
knee joint were also analysed. SPSS was used to perform 
the statistical analysis. Wilcoxon signed-rank test was per-
formed to investigate the difference between two speed 
conditions.  

III. RESULTS 

The maximal vertical GRF was higher at the rate of 140 
bpm during shuttle run (Fig. 2), and it was significantly 
higher in the pushing phase (p=0.04). Though there was no 
significant difference of the knee joint angles, the maximal 
knee flexion angle was less at the rate of 140 bpm (Table 1). 
The range of flexion-extension angle was also less in the 
fast speed condition. In the two different speed conditions, 
the maximal valgus angle and the range of varus-valgus 
angle were almost the same. 

 
 

Table 1 Kinematic data of knee joint 

Angle (degrees) 125 bpm 140 bpm 
 Maximal flexion 65.99 ± 4.18 63.10 ± 11.65 
 Maximal valgus 13.18 ± 8.54 12.53 ± 8.53 
 Range of flexion-extension 45.22 ± 4.72 41.34 ± 7.74 
 Range of varus-valgus 10.51 ± 6.71 10.77 ± 5.97 
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Fig. 2 Maximal vertical GRF at two speeds (* p < 0.05) 

IV. DISCUSSION 

The results demonstrated that the vertical GRF was sig-
nificantly higher at the rate of 140 bpm than the vertical 
GRF at 125 bpm, and the knee flexion angle was less at 140 
bpm. Higher GRF and less knee flexion were corresponding 
to the higher risk of ACL injuries in the previous study. 
Therefore, fast shuttle running speed may increase the risk 
of ACL injury. Some exercise training programs were 
proved to prevent ACL injuries, such as knee over toe posi-
tion [5], and soft landing [6]. Except for the movement 
skills, speed effect should be taken into account during 
athletic training or warm-up exercise. 

There were limitations of this study. A rate of 140 bpm 
was defined as the fast speed, and the 125 bpm was defined 
as the slow speed. However, the definition of speed is rela-
tive. Faster or slower than the speed definition of this study 
could lead to different results. The sample size of this study 
was small, and the gender difference was not eliminated. 
Gender difference was indicated to be responsible for the 
ACL injuries [7]. Larger sample size and gender difference 
control should be noticed in the further study. 
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V. CONCLUSION 

Fast or slow speeds of shuttle running may affect the 
lower extremities in the different ways. In this study, higher 
vertical GRF and less knee flexion were shown in the fast 
speed condition (140 bpm) than in the slow speed condition 
(125 bpm). Higher GRF and less knee flexion were reported 
as the risk factors of ACL injury. Therefore, the speed of 
shuttle running for athlete training or warm-up exercise 
should be taken into consideration to prevent knee injury or 
debilitation. 
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Abstract— Existence of the third heart sound is an indica-
tion of heart failure. In this paper, a novel method is proposed 
to detect the presence of the third heart sound. A time-
frequency analysis method, Hilbert-Huang transform, was 
used to decompose the signal adaptively and to acquire the 
instantaneous frequency. Further extraction of the maximal 
instantaneous frequency and its magnitude is performed to a 
heart sound signal to distinguish the third heart sound which is 
usually with lower frequency as well as lower amplitude. A 
frequency-magnitude distribution was plotted, and the results 
showed the difference between a normal heart sound and a 
heart sound with the third heart sound. 

Keywords— the third heart sound, Hilbert-Huang transform. 

I. INTRODUCTION  

Auscultation is an important ways for the diagnosis of 
heart diseases. Heart sound has been found to have relation-
ships with myocardial function [1]. It can be seen as a me-
chanical instruction that indicates the operation of the car-
diac system.  

The third heart sound is a component of heart sound and 
has been discovered over a century [2]. The abnormal third 
heart sound is considered to be caused by altered physical 
properties of ventricle or an increased in the rate and vo-
lume of blood flow in the rapid filling phase during ven-
tricle diastolation [3]. Sometimes it occurs in children. 
However, the auscultation of the third heart sound in adults, 
especially elders older than 40 years old, is abnormal and is 
connected with heart failure.   

The third heart sound is often characterized by its low 
amplitude and low frequency (25-70 Hz) [4]. The low am-
plitude makes it indistinguishable from background noise 
and difficult to be heard by an electronic stethoscope. Time-
frequency analysis is therefore included to help the detec-
tion of the third heart sound [5].  

As a nonstationary signal with large varieties of ampli-
tude and frequency, the third heart sound is better to be 
analyzed by the Hilbert-Huang transform rather than other 
time-frequency methods, such as wavelet transform or 
short-time Fourier transform. Hilbert-Huang transform is 
proposed by Dr. Norden Huang in 1998 [6]. It is powerful 
in the analysis of nonstationary and nonlinear signals. It can 

provide a better resolution of the three-dimensional time-
frequency distribution of energy than other methods. 

In this paper, we proposed a further extraction of the in-
formation of instantaneous frequency carried out by Hilbert-
Huang transform and compared the extracted frequency-
magnitude results between a normal heart sound and an 
abnormal one with the third heart sound.  

II. HILBERT-HUANG TRANSFORM METHOD 

Instantaneous frequency and its magnitude are instruc-
tions for feature extraction of the third heart sound. There-
fore, HHT is used to adaptively decompose the nonstatio-
nary and nonlinear signals, the third heart sound, and extract 
the instantaneous frequency. There are two steps consisted 
in HHT: Empirical mode decomposition (EMD) and Hilbert 
transform. EMD is a method to adaptively decompose the 
signal into a series of intrinsic mode functions (IMFs). Hil-
bert transform is carried out to acquire instantaneous fre-
quency and amplitude and constitute the time-frequency-
energy distribution of the signal.  

 
A. Empirical mode decomposition (EMD) 

The heart sound signal is first decomposed to IMFs. To 
acquire the IMFs, local minima and maxima of the signal 
are found. The envelopes of the local extrema are formed by 
cubic spline fitting. The average of the envelopes is defined 
as m1(t), and the subtraction of the original signal and the 
average one is as follow:  

)()()( 11 thtmtx .  (1) 

Take h1(t) as a new signal and the iterative process that find 
the local extrema are done until the resulting h1(t) meet the 
criteria of the IMF [6]. The resulted signal is the first IMF 
defined as c1(t), and the residual signal is r1(t), where  

)()()( 11 tctxtr .  (2) 

The r1(t) is now considered as a new original signal and the 
iterative process is again included to extract the IMFs until 
the nth residual signal rn(t) become a singular function, 
which means that no more IMF could be further extracted 
[6].  The x(t) is therefore expressed by 
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and c1(t) to cn(t) are n IMFs of the signal. 
 EMD method makes the signal more symmetrical by 
eliminating the riding waves and decomposes the signal 
adaptively.    

 

B. Hilbert transform 

The second step of HHT, Hilbert transform, extracts the 
instantaneous frequency and amplitude of each IMF. 

Each component ci(t) of IMFs is Hilbert transformed, de-
noted by yi(t), so: 
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The combination of xi(t) and yi(t) is an analytic signal zi(t), 
where 

)()()()()( tj
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ietatjytxtz , (5) 

and xi(t) and yi(t) are respectively the real part and imagi-
nary part of zi(t). The amplitude and phase of zi(t) are de-
fined by the following expressions: 

)()()( 22 tytxta iii ,  (6) 

)(
)(

tan)(
tx
ty

art
i

i
i

.  (7) 

Since the definition of the instantaneous frequency is  
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the original signal can be expressed by 

n

i

dttj

i
ietatx

1

)(
)()( .  (9) 

The instantaneous frequency and amplitude can therefore be 
acquired for further extraction, or simply formed a time-
frequency plot, denoted as the Hilbert spectrum.   

III. MAXIMUM FREQUENCY-MAGNITUDE 
EXTRACTION 

Further analysis based on the extraction of instantaneous 
frequency and amplitude is done. The components with the 
maximal amplitude of each instantaneous frequency are 

selected in (9). That is to say, as simplification we consider 
only the maximal contribution of frequency at a time.  

A normal heart sound signal is shown as the upper trace 
of Fig. 1.  There are two major components within a normal 
beat, the first heart sound (S1) and the second one (S2). In 
comparison with the upper trace in Fig. 1, there is an addi-
tional component, the third heart sound, occurred right after 
S2 in the upper trace of Fig. 2. The amplitude of the third 
heart sound is smaller with great varieties than S1 and S2. 
The maximal instantaneous frequency and its amplitude are 
therefore used to distinguish the third heart sound from the 
baseline noise in the interval from S2 to S1. 

The middle trace and lower trace of Fig.1 indicated the 
magnitude of the maximal instantaneous frequency and the 
amplitude of the frequency, and so is Fig.2. Data were sam-
pled with a sampling frequency of 1000 Hz. The lower trace 
of Fig.1 indicates that the maximal instantaneous frequency 
of a normal heart sound is mainly lower than 100 Hz. The 
S1 and S2 are around 50 Hz. Components of the baseline 
signal are with low frequency, while there are a few num-
bers of points carried with larger frequency which might be 
caused by the baseline noise. However, the lower trace of 
Fig.2 indicates that there are components around 100 Hz 
during the interval between S2 and S1 in an abnormal 
record with the third heart sound.    

 

Fig. 1 A normal heart sound (upper trace). The magnitude (middle trace) of 
the maximal instantaneous frequency (lower trace) is indicated as well. 
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Fig. 2 An abnormal heart sound with the presence of the third heart sound 
(upper trace). The magnitude (middle trace) of the maximal instantaneous 

frequency (lower trace) is indicated. 

Since there are great variations both in the amplitude and 
in the instantaneous frequency of the third heart sound. 
These two parameters need to be considered simultaneously 
when we try to verify whether there is third heart sound in a 
record. Therefore, we plotted the maximal instantaneous 
frequency and its magnitude of the S2-S1 interval of the 
above two heart sound in Fig. 3.    

I. COMPARISON AND CONCLUSIONS  

Fig. 3(a) shows the relationship between the maximal in-
stantaneous frequency and its magnitude in a normal heart 
sound, whereas Fig. 3(b) indicates an abnormal one with the 
third heart sound gallop during the S2-S1 interval. In this 
case study, the maximal instantaneous frequency is lower 
than 50 Hz in normal heart sound. In contrast, the compo-
nents in Fig. 3(b) are more dispersed and some points lo-
cated higher 50 Hz. These points may be considered as the 
evidence of the existence of the third heart sound.   

The proposed method extracts the maximal instantaneous 
frequency from an adaptively decomposed and transformed 
signal done by HHT. The extraction provides information of 
a heart sound signal by retaining only the main frequency 
component with an adaptive method, thus it eliminates the 
influence of noise and body movement. However, the exis-
tence of diastolic murmur or the forth heart sound would 
contribute to misjudgments. Further assistant conditions for 
judgment should be provided. 

 

Fig. 3 Frequency-Magnitude plot of the diastolic interval – (a) Normal 
heart sound. (b)Abnormal heart sound with third heart sound components 
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Abstract—This paper describes a medical image processing 
competition held annually in Japan from 2002 to 2008. The 
purpose of the competition is to evaluate existing segmentation 
algorithms and boost this type of research in Japan. The tar-
gets of segmentation are a liver and a pancreas in a contrast-
enhanced multiphase computed tomography volume. Several 
algorithms are pitted against each other in the competition and 
visually assessed by radiologists to determine their ranking.  

Keywords—Competition, Image processing, Liver, Pancreas, 
Computed tomography. 

I. INTRODUCTION  

Algorithm comparisons are becoming increasingly popu-
lar in this field [1,2]. Here we report a competition held 
annually in Japan from 2002 to 2008 [3,4], which is the 
world’s oldest competition concerning three-dimensional 
(3D) medical image segmentation. 

An obvious benefit of the competition is the ranking of 
the existing algorithm performance. The aggregation of 
several competing algorithms is another important benefit; 
significantly, the performance of the integrated algorithm is 
frequently superior to that of even the top-ranked individual 
algorithm. A secondary benefit of the competition is the 
creation of products for use by the competitors, including a 
database of medical images and a digital atlas of human 
anatomy. These products can aid the development of com-
puter-aided diagnosis or surgical systems for 3D computed 
tomography (CT) images, which has overwhelmed radiolo-
gists.  

In its first six years, the competition focused on com-
puter-aided detection of hepatic cellular carcinoma (HCC), 
including automated segmentation of liver, vessel, and HCC, 
from the given multiphase CT volumes. In its last two  
yeas, the competition focused on automated pancreas  
segmentation. 

This paper describes the competition, including valida-
tion data, regulations, competing algorithms, and results. 
Furthermore, it discusses the advantages and disadvantages 
of the competition. 

II. OVERVIEW OF THE COMPETITION 

A. Segmentation of Liver, Vessel, and HCC (2002–2007) 

In this section, we focus on the competitions of 2002 and 
2005 because of space constraints. The validation data, 
output, and regulations are the same for each year except for 
the liver segmentation competitions of 2003 and 2004, 
where we used two phase (early and late) CT volumes. 
Validation dataset: Four phase CT volumes from three 

cases obtained with multidetector (MD) CT scanner 
with 1-mm slice interval reconstruction. The four 
phases comprise noncontrast, early, portal, and late. A 
competitor can use any phase volume. 

Output: Label image of the targets (liver, vessel, and HCC) 
Regulations:  
(1) In addition to the 3D CT volumes, competitors are al-

lowed to input contrast conditions, size of the volume, 
spatial resolution, and image position of the first axial 
slice image, all of which are distributed by the organ-
izer.  

(2) The surface of the resultant 3D label is extracted and 
overlapped onto early phase volumes whose CT values 
are converted to an 8-bit display, with H.U. in the 
range from −110 to 190. It is then used for evaluation 
by radiologists. 

Algorithms of liver segmentation (2002)[3]: 
<Algorithm 1> Input: an arbitrary phase 
1. Perform a binarization, connected component analysis, 

and morphological operations. 
2. Extract the liver surface based on the direction of normal 

vector and curvature of the local surface. 
3. Reconstruct the liver region precisely using a statistical 

shape model. 
<Algorithm 2> Input: four phase 
1. Align the multiphase volumes and then perform a rough 

extraction from four phase CT volumes. 
2. Delineate the liver surface precisely by a level set 

method, where the initial region is the rough extraction 
result and the evolution equation of the level set function  
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is based not only on gradient vectors but also on the anat-
omy of the human body.  

<Algorithm 3> Input: an arbitrary phase 
1. Extract a seed region for growing. 
2. Dilate the seed region and grow it to extract entire liver 

region. 
<Algorithm 4> Input: noncontrast 
1. Extract a liver region roughly based on the CT values and 

a priori knowledge of the spatial position of the liver. 
2. Recognize the pathological region by morphological 

operations and merge with the extracted liver region.  
3. Apply a novel region-growing method that takes addi-

tional conditions into account to make the extracted liver 
surface more accurate. 

<Algorithm 5> Input: noncontrast and portal venous phase 
1. Align the two volumes by performing a nonrigid registra-

tion based on the estimated distribution of the two phase 
CT values of the liver. 

2. Enhance the liver region and determine the liver region 
roughly. 

3. Refine the extracted surface by thresholding the CT val-
ues in small circular regions located at the surface. 

Results of liver segmentation (2002)[3]: 
All algorithms were applied to the validation dataset and 

three radiologists evaluated the results collaboratively (see 
Fig. 1), without knowing the correspondences between the 
algorithms and the resultant volumes. Each resultant volume 
was rated on a scale from 0 to 10, as shown in Table 1. 
 

Algorithm 1 Algorithm 2 Algorithm 3

Algorithm 4 Algorithm 5

 
Fig. 1 A slice of the segmentation results for case 1. Radiologists evaluated 
the volume and rated it from 0 to 10 

As shown in the table, Algorithm 2 was considered to be the 
most accurate. Scores in this table depend on the segmenta-
tion error, which include false negatives of the liver, false 
positives of other regions, and so forth. Note that a false 
negative of a HCC significantly decreases the score com-
pared to a false negative of normal tissues in livers, because 

it causes a false negative of carcinomas in the subsequent 
HCC detection process of the CAD system. The reason for 
the failures in case 3 is that the CT volumes contain many 
large cysts and carcinomas, which are very different from 
the training datasets. 

Table 1 Scores of all algorithms (2002 competition) 

 case 1 case 2 case 3 Total 
Algorithm 1 7 9 2 18 
Algorithm 2 9 8 2 19 
Algorithm 3 3 3 3 9 
Algorithm 4 6 9 0 15 
Algorithm 5 8 5 1 14 

 
Algorithms of HCC segmentation (2005)[4]: 

HCC is a common cancer in Asia. In the 2005 competi-
tion, six competitors applied their algorithms to the valida-
tion dataset. Here we show the algorithms and results for 
only the top three algorithms because the anonymous regis-
tration system covers the algorithms with low scores. Note 
that all the top three algorithms use an early and late phase 
pair, which is effective in detecting HCC. 
<Algorithm 1> 
1. Perform a nonrigid registration based on mutual informa-

tion (MI) to align the two phase volumes. 
2. Extract candidates of HCC using a differential filter with 

adaptive neighborhood from the two phase CT volumes 
independently. 

3. Apply a morphological operation to the candidate regions 
in order to eliminate protrusions, holes, and cavities. 

4. Integrate the candidates extracted from the two phase 
volumes by a logical product operation to eliminate false 
positives. 

<Algorithm 2> 
1. Detect candidates of HCC from the late phase volume 

using the differential filter with adaptive neighborhood. 
2. Use a modified morphological operation to refine the 

boundaries of the candidates. 
3. Apply a nonrigid registration algorithm with normalized 

MI and then evaluate changes in CT values between the 
early and late phase volumes to decrease false positives. 

<Algorithm 3> 
1. Apply an adaptive convergence index filter of gradient 

vectors of CT values to enhance HCC on the two phase 
CT volumes independently. 

2. Perform MI-based nonrigid registration and then fuse the 
two enhanced volumes by an addition operation. 

3. Extract candidates of HCC from the fused image using a 
region-growing algorithm and a level set method.  

4. Classify each of the candidates into one of two groups 
(cancer or normal tissue) according to the output of the 
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Mahalanobis distance-based classifier combined with a 
feature selection strategy. 

Results of HCC segmentation (2005)[4]: 
Two radiologists evaluated the results and rated the algo-

rithms on a scale from 0 to 10, as shown in Table 2. 

Table 2 Scores of top three algorithms (2005 competition) 

 case 1 case 2 case 3 Total 
Algorithm 1 0 5 9 14 
Algorithm 2 0 9 7 16 
Algorithm 3 0 7 9 16 

 

 

Fig. 2 Slice image of the CT volume for case 1, which includes the missed 
cancer located at S8 and in the neighborhood of the IVC. Since the contrast 
is very weak, all of the algorithms failed to detect the cancer 

Algorithm 1 Algorithm 2 Algorithm 3

 
Fig. 3 Extracted results of liver cancers for case 2. One cancer is located in 
S3; the other cancer occupies a large portion of the right lobe of the liver. 
Red lines show the boundaries of the extracted cancers 

All three algorithms failed to detect the HCC for case 1 
because of very weak contrast (see Fig. 2), and thus all 
scored 0. Resultant images for case 2 are shown in Fig. 3. 
Algorithm 1 failed to extract the cancer at S3. Algorithm 2 
succeeded in extracting the boundaries of both cancers. 
Although Algorithm 3 identified the rough location of both 
cancers, it failed to define the exact boundary of the cancer 
in the right lobe. All algorithms succeeded in extracting the 
HCCs for case 3 with small underestimation and overesti-
mation. However, Algorithm 2 extracted one false positive 
at the porta hepatica resulting in the low score. Conse-
quently, Algorithms 2 and 3 scored the highest. 
 

B. Segmentation of Pancreas (2007–2008) 

In this section, we focus on the competition of 2008. 
Validation data, output, and regulations are consistent with 
those for the liver segmentation. 
Algorithms of pancreas segmentation (2008): 

Three algorithms were pitted against each other using 
three unknown cases. However, details of the algorithms are 
no longer available because of the anonymous registration 
system, except for the best algorithm. 
<Best algorithm> Input: early, portal, and late phase 

This algorithm features three unique ideas: the two-stage 
segmentation strategy with a spatial standardization of pan-
creas, a patient-specific probabilistic atlas-guided segmenta-
tion, and fine segmentation incorporated with a classifier 
ensemble learned by a Boosting algorithm. The details are 
present in [5,6]. 
Results of pancreas segmentation (2008): 

Segmentation results were evaluated visually by two ra-
diologists and rated on a scale from 0 to 10. The best algo-
rithm scored 28 out of 30. Figure 4 shows results for cases 2 
and 3 of the on-site validation data. 

Algorithm 1 Algorithm 2 Algorithm 3

Algorithm 1 Algorithm 2 Algorithm 3

 

Fig. 4 Segmentation results for (top) case 2 and (bottom) case 3. Algorithm 
2 performed the best of the three 

Two of the three algorithms totally failed to extract the 
pancreas for case 2 (top row) because CT values of the 
pancreas decrease with fat infiltration. One possible reason 
for the success of Algorithm 2 is that it uses a statistical 
parameter estimation process incorporating an expectation 
maximization (EM) algorithm with a patient-specific prob-
abilistic atlas, and is therefore robust against changes in CT 
values. The bottom row of the figure presents the results for 
case 3. Although both Algorithms 2 and 3 succeeded in 
extracting the pancreas, Algorithm 3 over-extracted a spleen 
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resulting in a low score. Similar results were observed for 
case 1, which over-extracted a liver. 

III. DISCUSSION AND CONCLUSIONS  

Comparison with the international competition 
The Japanese algorithm-comparison competition dis-

cussed herein differs in several aspects from the interna-
tional competition [1,2]. 

First, the Japanese evaluation scheme is based on visual 
assessment by radiologists, while the international scheme 
is based on quantitative measures using manual label im-
ages. Considering that radiologists are the end users of the 
medical image processing systems, visual assessment by 
radiologists seems reasonable but less objective. It has, 
however, an advantage: quantitative measures might not be 
consistent with interpretation by radiologists. They might 
emphasize differences in segmentation that radiologists 
consider insignificant, and they might not describe differ-
ences that radiologists consider important. Visual assess-
ment is less objective but allows for application of a radi-
ologist’s intuition. 

Second, the number of cases in the Japanese validation 
dataset might be insufficient. From a statistical viewpoint, 
more data leads to better estimation of differentiations in 
performance. But is a small difference meaningful? The 
diversity of algorithms is more important for aggregation of 
algorithms discussed in a subsequent paragraph. Moreover, 
a smaller dataset increases the chance of winning for most 
participants, which boosts motivation to join the competi-
tion, leading to there being more active researchers in this 
field.  

We describe below the products given out during the 
competition, which are effective in boosting the activities of 
the medical image processing. We also describe the aggre-
gation of multiple algorithms and the publication of features 
relevant to these competitions.  

Medical image database and digital atlas 
Prior to the 2005 competition, we built a database of up-

per abdomen CT volumes from 24 cases consisting of four 
phase CT volumes. Thus far, the number of cases has 
reached 67, all of which are used to train and validate image 
processing algorithms developed in Japan. 

We also distributed a digital atlas of the liver, which con-
tains a statistical shape model as well as true label images 
manually delineated by observers. The statistical shape 
model is based on a level set distribution model. 

Aggregation of several algorithms 
Several algorithms together can create a more powerful 

algorithm by aggregation. In the 2003 and 2005 competi-
tions, we employed a majority-vote scheme at each voxel 

among resultant label images acquired by the top three 
algorithms. Table 3 shows the number of false positives and 
negatives in the 2005 competition. 

Table 3 Number of false positives and negatives for validation dataset 
(2005 competition) 

 Algorithm 
1 

Algorithm 
2 

Algorithm 
3 Majority vote 

False positives 0 3 1 0 
False negatives 2 1 1 1 

 
 

These data indicate that fusion of images appears to be 
more accurate as the number of false positives is smaller 
than that of the best algorithm (Algorithm 3). 
Feature publications 

In the 2003, 2004, and 2005 issues of the Japanese Jour-
nal of Computer Aided Diagnosis of Medical Images, we 
published special features on the segmentation of liver and 
HCC, leading to rising awareness of the problems in this 
field.  

The competition in Japan will continue for the next few 
years with some modifications. In 2009, we will use a new 
target, a metastatic liver tumor on noncontrast and portal 
phase volumes, and employ an open evaluation system 
where the audience will join the evaluation. Collaboration 
with the international competition is also an interesting 
topic for future research. 
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Abstract— Peritoneal dialysis, which is well-known as the 
renal replacement therapy, has been widely prescribed for the 
end stage renal disease in the world. With peritoneal dialysis, 
most of the patients that have preservation of the residual 
renal function achieve a dialysis outcome and ultrafiltration 
volume that is necessary to maintain their homeostasis. How-
ever, the therapeutic efficiency of the peritoneal dialysis de-
creases gradually over the duration of peritoneal dialysis 
treatment. Therefore, a monitoring of both the peritoneal 
permeability and dialysis outcome is indispensable to explore 
an optimal prescription and implement a long-term peritoneal 
dialysis. We developed a novel computer-aided diagnostic 
system for the peritoneal dialysis (NAVI LightTM) with em-
ploying both a kinetic mathematical model for peritoneal mass 
transfer and clinical test (NAVI test) which accumulates re-
quired clinical data. A set of unknown kinetic parameters on 
each patient were optimized by applying the clinical data to 
NAVI LightTM. To evaluate a validity of the parameter optimi-
zation, we statis-tically analyzed a relationship between the 
ultrafiltration vol-ume and MTACu/c which was the ratio of 
MTAC for urea to that for creatinine. Since MTACu/c showed 
a positive correla-tion with the ultrafiltration volume, NAVI 
LightTM could ana-lyze the peritoneal permeability of various 
therapeutic stages. Using NAVI LightTM, we estimated both the 
dialysis outcome and the ultrafiltation volume on the NAVI 
test, and analyzed a discrepancy between the estimated and the 
meas-ured data on the test. The estimated creatinine clearance, 
Kt/V for urea and ultrafiltration volume showed little discrep-
ancy with measured those data.   Moreover, those data on the 
ordinary prescription was also predicted by NAVI LightTM, 
which were compared with observed data on the ordinary 
prescription. The predicted those data also agreed with ob-
served data. Therefore, these findings demonstrated that 
NAVI LightTM is useful for analysis of the peritoneal perme-
ability and exploration of better prescription. 

Keywords— Peritoneal Dialysis; Peritoneal Permeability; Com-
puter-Aided Diagnostic System; Therapeutic 
Monitoring; NAVI LightTM 

I. INTRODUCTION  

Peritoneal dialysis, which is well-known as the renal re-
placement therapy, has been widely prescribed for the end 

stage renal disease in the world. With peritoneal dialysis, 
most of the patients that have preservation of the residual 
renal function achieve a dialysis outcome and ultrafiltration 
volume that is necessary to maintain their homeostasis [1,2]. 
Moreover, Keshaviah et al. and Van Biesen et al. reported 
that in early stage renal failure, the peritoneal dialysis 
should be chosen as the best method for achieving the renal 
replacement therapy because of the better preservation of 
the residual renal function and improvement of the quality 
of life [3-5]. However, the therapeutic efficiency of the 
peritoneal dialysis decreases gradually over the duration of 
peritoneal dialysis treatment since the tissue of the perito-
neum degenerates due to the long-term exposure to the 
dialysate which includes a high glucose concentration [6,7]. 
The degeneration of the peritoneal tissue induces an en-
hancement of peritoneal permeability which shows the 
under-dialysis and ultrafiltration failure, which is one of the 
grave factors which disrupt the homeostasis of body fluid. 
Twardowski et al. proposed the Peritoneal Equilibration 
Test (PET) which can qualitatively assess the peritoneal 
permeability [8]. Using a 2-L 2.5% glucose dialysate 
(400mOsm/kg-solvent), PET measures time courses of 
solute concentration in dialysate in order to observe the 
peritoneal transport of both urea and creatinine. Based on 
the ratio of solute concentration in dialysate to that in plas-
ma, the peritoneal permeability is classified into one of four 
categories: High, High Average, Low Average and Low 
transporters. Medical staffs select the modality of peritoneal 
dialysis for each patient according to the category. Although 
PET is the most simplified test with minimum nursing time, 
it is difficult to evaluate quantitatively the dialysis outcome 
and explore some better prescriptions of each patient. In 
contrast, the international prospective study for adequacy of 
the therapeutic efficiency such as CANUSA study and 
NKF-DOQI guidelines proposed several recommendations 
based on a relationship between the dialysis outcomes and 
the survival rate [1,2]. Although the recommendations are 
available for evaluating an adequacy of dialysis outcome of 
arbitral prescription, it is not useful for exploring both a 
suitable modality of peritoneal dialysis and a better pre-
scription. Consideration of both the peritoneal permeability 
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and dialysis outcome is indispensable to explore an optimal 
prescription and implement a long-term peritoneal dialysis. 
In this paper, we shall develop a novel computer-aided 
diagnostic system for the peritoneal dialysis (NAVI 
LightTM) with employing a kinetic mathematical model for 
peritoneal mass transfer, which suggests several better pre-
scriptions with considering both the peritoneal permeability 
based on PET and a dialysis adequacy based on the recom-
mendation. Moreover, employing clinical data for chronic 
peritoneal dialysis patients, we shall discuss a feasibility of 
clinical implementation of NAVI LightTM.  

II. METHOD 

A. Kinetic Mathematical model

We designed a kinetic model for which crystalloids and 
colloids are transported between the dialysate and body 
fluid via the small and the large pores, respectively. More-
over, based on Vonesh’s theory [11], we applied the con-
cept of convective transport from the three-pore theory [12] 
to the convective term of the Pyle–Popovich’s peritoneal 
dialysis model [13]. The equations for the models are as 
follows [14]: 

BXLrX
DXD

X
BXB CC

dt

CdV
G

dt

CdV          (1) 

XmXUPDXBXX
DXD CQCCKA

dt

CdV
1       (2) 

where VB and VD are the total body fluid volume and dialys-
ate volume (mL), and CB and CD are the well-mixed plasma 
and dialysate concentration (mg/mL), respectively. The 
metabolite X of interest is denoted by the subscript X, with 
CLr representing the residual renal clearance (mL/min) and 
G the generation rate (mg/min). K is the overall mass trans-
fer coefficient (cm/min), and A is the effective area of the 
peritoneal membrane (cm2). The product of K and A (KA) is 
known as the overall mass transfer area coefficient (MTAC) 
(mL/min),  is the Staverman’s reflection coefficient (-) 
which can quantitatively evaluate an efficiency of the sieve 
on convection transport, Cm is the mean solute concentration 
in the membrane (mg/mL), QUP is the hydraulic flow rate of 
the small or large pores (mL/min). The three-pore theory 
was used to calculate the ultrafiltration rates and was de-
fined by the following equations: 

LymphQQQQ ULUSUCU
          (3) 

)( cryoncCPUC HPSLQ           (4) 

crycryoncSPUS HPSLQ          (5) 

crycryonconcLPUL HPSLQ          (6) 

LPSPCPP SLSLSLSL           (7) 

dtQVV
t

UDD 0
0            (8) 

UDDBB VVVVV 00           (9) 
where QU is the net ultrafiltration rate (mL/min), and QUC 
(mL/min), QUS (mL/min) and QUL (mL/min) are the hydrau-
lic flow rates for the cell, small, and large pores, respec-
tively. Lymph is the lymphatic absorption rate (mL/min). 
LPSC (mL/min/mmHg), LPSS (mL/min/mmHg) and LPSL

(mL/min/mmHg) are the hydraulic conductances for the cell, 
small, and large pores, respectively, and HP is the hydro-
static pressure (mm Hg). Colloid osmotic pressure (mm Hg) 
is represented by onc. The crystalloid osmotic pressure (mm 
Hg) is cry, and is calculated using van’t Hoff’s equation. VU 
is the urine volume (mL). Eqs.(8) and (9) were used to cal-
culate the time courses for VB and VD, with VB (0) and VD (0) 
representing the initial conditions present at the start of the 
clinical tests. G, KA, LPSC, LPSL, LPS, Lymph and HP are 
unknown kinetic parameters, which are determined by ap-
plying clinical data to the numerical optimization technique. 
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Fig. 1 Time table of the Clinical test (NAVI test).  

L: Low osmotic solution (360 mOsm/kg-solvent),  M: Middle osmotic 
solution (400mOsm/kg-solvent), PET: Peritoneal equilibration test, BW: 
Body weight, B1: Plasma sample, D1~D6: Dialysate sample, U1: Urine  
sample, VD1~VD4: Drainage volume, VU: Urine volume.  

Table 1 Required clinical data 

Dwell time  Infusion volume Drainage volume 
Solute Concentration   
Urea Nitrogen Creatinine Glucose 
Albumin Na Cl 

 

B. Clinical test

To analyze the peritoneal permeability with employing 
the kinetic mathematical model, one should optimize a set 
of unknown kinetic parameters on the kinetic mathematical 
model with using clinical observed data. We developed a 
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clinical test involving the PET (NAVI test) which accumu-
lates a required clinical data (Fig. 1). There were multiple 
dialysate samples collected, and these included two kinds of 
dialysate for which there were differing osmotic pressures 
i.e., a 360 mOsm/kg-solvent (Low osmotic Solution) and a 
400 mOsm/kg-solvent (Middle osmotic solution). Table 1 
showed the kinds of measurement data. To evaluate a mass 
balance of solutes, NAVI test collected a plasma sample, a 
urine sample and 4 dialysate samples. 
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Fig. 2 Relationship between Ultrafiltration volume and MTACu/c 

Table 2 Correlation between calculated and measured data 

 CCr Kt/V UFV n 

Estimation 0.94 0.94 0.94 60 

Prediction 0.92 0.93 0.75 60 

Estimation: Analysis for NAVI test 
Prediction: Analysis for ordinary prescription 
CCr: Creatinine clearance 
Kt/V: Kt/V for urea 
UFV: Ultrafitration volume 
n: the number of patients 

III. RESULTS AND DISCUSSION 

We developed a computer-aided diagnostic system for 
peritoneal dialysis (NAVI LightTM) which implements a 
numerical analysis of the kinetic mathematical model for 
peritoneal mass transfer. Moreover, in order to evaluate our 
methodology, 60 Japanese patients undergoing chronic 
peritoneal dialysis underwent the NAVI test, which accu-
mulated sets of required clinical data. All patients agreed 
with the informed consent that allowed for the use of their 
clinical data in the studies on the validation of the clinical 

effectiveness of NAVI LightTM. A set of unknown kinetic 
parameters on each patient were optimized by applying the 
clinical data to NAVI LightTM. To evaluate a validity of the 
parameter optimization, we statistically analyzed a relation-
ship between the ultrafiltration volume and MTACu/c [15] 
which was the ratio of MTAC for urea to that for creatinine. 
The decrease of MTACu/c implies the enhancement of 
peritoneal permeability, which induces an ultrafiltration 
failure due to increase of the absorption rate of osmotic 
agency such as glucose. MTACu/c was positively correlated 
with the ultrafiltration volume as seen in Fig.2, so NAVI 
LightTM could analyze the peritoneal permeability of various 
therapeutic stages. Using NAVI LightTM, we estimated both 
the dialysis outcome and the ultrafiltration volume (esti-
mated data) on the NAVI test, and analyzed a discrepancy 
between the estimated and the measured data on the test. 
The estimated creatinine clearance (CCr), Kt/V for urea and 
ultrafiltration volume showed little discrepancy with meas-
ured those data (Table2: Estimation).Moreover, those data 
on the ordinary prescription (predicted data) was also pre-
dicted by NAVI LightTM, which were compared with ob-
served data on the ordinary prescription. The predicted 
those data were also in good agreement with observed data 
(Table2: Prediction). Therefore, these findings demon-
strated that NAVI LightTM is useful for analysis of the peri-
toneal permeability and exploration of better prescription. 

IV. CONCLUSIONS  

We developed the computer-aided diagnostic system for 
peritoneal dialysis (NAVI LightTM) and verified a feasibility 
of clinical implementation of NAVI LightTM with using 
clinical data. NAVI LightTM could evaluate the peritoneal 
permeability of various therapeutic stages, and moreover 
predict the therapeutic efficiency such as the dialysis out-
come and the ultrafiltration volume. Thus, NAVI LightTM is 
useful for analysis of the peritoneal permeability and explo-
ration of better prescription for chronic peritoneal dialysis 
patients. 

ACKNOWLEDGMENT 

We want to express our many thanks for their collabora-
tion in the clinical validation: Akane-Foundation Tsutiya 
General Hosp., Aizu General Hosp., Hachinohe City Hosp., 
Hakubikai Ide Clinic, JA Nagato General Hosp., JA Hi-
roshima General Hosp., Jikei Univ., Kaikou Medical Group 
Central Clinic, Kawashima Hosp., Kofu City Hosp., Koma-
tsu City Hosp., Kouseikai Seiwadai Clinic, Matsushita Me-
morial Hosp., Morioka Red Cross Hosp., Narita Memorial 

  
 IFMBE Proceedings Vol. 25  

1820 H. Hamada et al.



Hosp., Oita Medical Univ., Saiseikai Gotsu General Hosp., 
Saiseikai Kumamoto Hosp., Saiseikai Yahata General Hosp., 
Saiseikai Yamaguchi General Hosp., San-In Rosai Hosp., 
Shizuoka General Hosp., Takamatsu Red Cross Hosp., 
Tokyo Univ., Tokyo Women’s Medical Univ., Toho Univ., 
Tottori Seikyo Hosp., Toyama Red Cross Hosp. and Ya-
mada Red Cross Hosp.  

This study was supported by the Grants-in-Aid for Scien-
tific Research (Japan Society for the Promotion of Science) 
No. 15790431 and No. 18790568. 

REFERENCES  

1. CANADA-USA (CANUSA) PERITONEAL DIALYSIS STUDY 
GROUP (1996) Canada-USA(CANUSA) study of peritoneal dialysis 
adequacy. Adequacy of dialysis and nutrition in continuous peritoneal 
dialysis: Association with clinical outcomes. J Am Soc Nephrol 
7:198-207 

2. National Kidney Foundation (1997) NKF-DOQI ADVISORY 
COUNCIL. Am J Kidney Dis 30:S69-S136 

3. National Kidney Foundation (2001) NKF-K/DOQI CLINICAL 
PRACTICE GUIDELINES FOR PERITOENAL DIALYSIS 
ADEQUACY: UPDATE 2000. Am J Kidney Dis 37:S65-S136 

4. Edwina AB, Simon JD, Peter R et al. (2003) Survival of functionally 
an uric patients on automated peritoneal dialysis: The European APD 
Outcome Study. J Am Soc Nephrol 14:2948-2957 

5. P. Keshaviah, P. Emerson, K. Nolph. (1999) Timely initiation of 
dialysis: a urea kinetic approach. Am J Kidney Dis 33:344–348 

6. W. Van Biesen, R. Vanholder, N. Lameire (2000) The role of perito-
neal dialysis as the first-line renal replacement modality. Periton Di-
alysis Int 20:375–383 

7. G. Coles, J.Williams (1998) What is the place of peritoneal dialysis in 
the integrated treatment of renal failure?. Kidney Int 54:2234–2240 

8. M. Nakayama,Y. Kawaguchi, K.Yamada (1997) Immunohistochemi-
cal detection of advanced glycosylation and-products in the perito-
neum and its possible pathophysiological role in CAPD. Kidney Int 
51:182–186 

9. A. Mahiout, G. Ehlerding, R. Brunkhorst (1996) Advanced glycation 
end-products in the peritoneal fluid and in the peritoneal membrane of 
continuous ambulant peritoneal dialysis patients. Nephrol Dialysis 
Transplant 11:2–6 

10. Twardowski Z, Nolph, KD. Khanna R et al. (1987) Peritoneal equili-
bration test. Perit Dial Bul 7:138-147 

11. E.F. Vonesh, B. Rippe (1992) Net fluid absorption under membrane 
transport models of peritoneal dialysis. Blood Purif 10:209–226 

12. B. Rippe, G. Stelin, B. Haraldsson (1991) Computer simulations of 
peritoneal fluid transport in CAPD. Kidney Int 40:315–325 

13. R.P. Popovich, J.W. Moncrief, K.D. Nolph, A.J. Ghods, Z.J. Twar-
dowski, W.K. Pyle (1978) Continuous ambulatory peritoneal dialysis. 
Ann Intern Med 88:449–456 

14. H. Hamada, S. Namoto, R.Yamada, A.A. Mamun, A.C.Yamashita, M. 
Ishizaki, M, Okamoto (2007) Development of a computer-aided diag-
nosis system for continuous peritoneal dialysis:An availability of the 
simultaneous numerical optimization technique for kinetic parameters 
in the peritoneal dialysis model. Comp Biol Med 37:1700-1708 

15. H. Hamada, A.A. Mamun, T. Karino, S. Namoto, A.C. Yamashita, M. 
Ishizaki, M. Okamoto (2006) Availability of a Novel Criterion for Pe-
ritoneal Diffusive Selectivity on Peritoneal Dialysis, IFMBE Proc. vol. 
14, World Congress on Med. Phys. & Biomed. Eng., Seoul, Korea, 
2006, pp 3074–3077 

 
Address of the corresponding author: 
 
Author:   Hiroyuki Hamada 
Institute: Laboratory for Bioinformatics, Graduate School of Systems 

Life Sciences, Kyushu University 
Street:     6-10-1 Hakozaki, Higashi-ku, 
City:        Fukuoka 812-8581 
Country:  Japan 
Email:     hamada@brs.kyushu-u.ac.jp 

 
 

  
 IFMBE Proceedings Vol. 25  

Development of Computer-Aided Diagnostic System for Peritoneal Dialysis: NAVI LightTM 1821



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1822–1825, 2009. 
www.springerlink.com 

Phenomenological Model of the Cardiac Propagation Proccess 
L. Gonzalez Sal1, J. Perez Turiel2, and J.C. Fraile Marinero2 

1 Biomedical Engineering Division, Fundación CARTIF, Valladolid, Spain 
2 Systems and Automation Engineering Department, University of Valladolid, Valladolid, Spain 

Abstract—Our work presents the preliminary results ob-
tained in simulations on a developed simple phenomenological 
model of cardiac activation circuits. The  model has been de-
veloped based on the principles of trajectory planning, apply-
ing them to the simulation of arrhythmias. In our model it is 
possible to reproduce the dynamical evolution from sinus 
rhythm to an arrhythmia state from a set of parameters and 
initial conditions and to simulate how a spontaneous activity 
programmed affects to the evolution of the system for predic-
tion of particular arrhythmia mechanisms. Preliminary results 
obtained in simulations are quite promising, at least from a 
qualitative point of view. The application of trajectory plan-
ning techniques in the modeling will facilitate the later imple-
mentation of optimized strategies to locate the best possible 
point for ablation towards the improvement of arrhythmia 
definitive treatments.  

Keywords—heart modeling, arrhythmia simulation, trajec-
tory planning.   

I. INTRODUCTION  

Arrhythmia is cause of 50% of the cardiac related deaths 
all over the world. It is associated to an important deteriora-
tion in the quality of patient life. In this context, present 
therapeutic arsenal is relatively limited and treatments are 
far from being optimal although the strategic approach to-
wards those treatments is changing over the last decade and 
there have been important advances in the associated tech-
nology [1]. 

The study of functional models, as a result of multidisci-
plinary research, is more and more demanded by companies 
in order to design suitable specific treatments. The use of 
computational models allows to avoid, in most cases, the 
limitations of clinical research, increases the knowledge 
about the studied phenomena at different levels of integra-
tion by means of its practical simulation [2] and allows the 
development and evaluation of diverse therapies. 

The main goal of this research is the development of a 
simple cardiac activation model that allow to design and 
implement a first approach to a computerized tool to sup-
port the study and the improvement of definitive treatments 
of several ablationable cardiac pathologies. The application 
of trajectory planning techniques [3] in the modeling will 
ease the development of simple and robust models and the 
later integration of procedures to improve and optimize 

different arrhythmia treatments. Adding to this, these im-
plementations with low computational load will allow to 
perform real time simulations. 

II. BASIC MODEL 

A. Computational Cardiac Models 

In [4] and [5], an excellent historical of main computa-
tional cardiac models be found, along with a good descrip-
tion of the conduction and cardiac propagation systems. 
Cardiac activation has been modeled at several levels. From 
the cellular level models of action potential, as those re-
ported by Beeler-Reuter [6] or Luo-Rudy [7], through car-
diac tissue level models to numerical ones [8]. It is possible 
to use them to simulate the activation both in normal or 
abnormal conditions. However, the great computational cost 
is still an important limitation.  

The main models of activation used can be classified at-
tending to two different criteria, first related to the concept 
that they are based on and second, according to the com-
plexity level. The first classification divide them in two 
groups, those based on the concept of cellular automata, that 
conceives the tissue as a set of interconnected discrete ele-
ments, and the so called reaction-diffusion models, that 
reproduce the membrane dynamics. 

Empirical cellular automata models  have an advantage 
over other models, they may be solved rapidly because their 
simplifications. Our interest is directed to develop a simple 
model.  

B. Developed Model 

We first have established the fundamental characteristics 
of cardiac excitation and conduction system and the excita-
tion control [9], in order to evaluate their suitability to inte-
grate these characteristics and support the use of trajectory 
planning techniques to simulate the cardiac activation and 
propagation  process.  

Most cellular automata approaches to cardiac simulation 
[10, 11] don´t have biophysical basis and cannot simulate 
effects such as wavefront or phenomena that cause cell 
properties to change over the interval of multiple beats. But 
our model would take into account the main physiological 
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bases at different levels of integration, and the calculation of 
the wavefront would be done step by step, being possible to 
introduce changes in the parameters that change the behav-
ior of the system during the simulation. Thinking on the 
implementation in current complex automata models [12] of 
a procedure to optimize an arrhythmia treatment like cathe-
ter ablation, is delicate because of the high complexity asso-
ciated to them and the high computational load involved. 
Our model needs to be simple, robust and allow for real-
time simulations. 

The phenomenological Wiener and Rosenblueth [13] 
model is a simplified (computationally light) model, based 
on the concept of cellular automata, therefore it could turn 
out suitable to carry out our objective. It considers a set of 
excitable elements that can be in one out of three states: at 
rest (it can be excited), excited (transmission of the excita-
tion by neighboring elements), and refractory (it cannot be 
excited). It considers the speed of propagation and the re-
fractory period as constant. Of course, those considerations 
are too simple to be representative and useful to our objec-
tives, so we have taken this model as a base and we have 
added some improvements.  

Matlab is our tool of choice in order to make a first ap-
proach to the development of the problem although a soft-
ware tool called SCIRun/BioPSE [14], is being tested for 
the development of the final models and simulation of the 
conduction features.  

C. Implementation 

To implement the propagation process we will use trajec-
tory planning techniques used in robotics because of their 
simplicity and analogy with the problem. The theoretical 
formalization of the planning problem has been widely 
studied [15]. Their results are applicable to static environ-
ments [16] and also for dynamic environments [17]. In 
order to validate our hypothesis a simpler approach is pre-
ferred.  

In spite of many external differences, methods to solve 
the basic problem of planning are based on small differ-
ences of general approaches: roadmap, cellular decomposi-
tion and potential fields. Selected technique must be valid to 
use in a structured space, previously known and with dy-
namic surroundings.  

Firstly, we tried to use potential field techniques, a local 
method, to implement the model. But unfortunately we 
found several problems to implement this method, that have 
to be solved. Those problems are mainly the difficulty to 
obtain a multidirectional propagation from a stimulus, how 
to simulate the reentrant phenomena and also how to prop-
erly implement the refractory time property. 

Techniques like roadmap or cellular decomposition, are 
global methods,  which reduce the problem to find a free 
path by means of the search in a graph, analyzing the con-
nectivity of the free space. Cellular decomposition is not an 
adequate method because a cell has not a physical meaning, 
whereas roadmaps construct a map using data from the 
environment and explore it using different techniques. For 
all those these reasons it has been our method of choice.  

A parameterized model has been developed as far as the 
number of cells, the cardiac geometry has been represented 
on a simple (computationally light) and intuitive (as if we 
made a cross or coronal section to the cardiac muscle) way, 
and a parameters array is associated to each cell in the 
model. It gathers some associated propagation characteris-
tics: automatism, excitability, refractory time and speed. For 
example, on figure 1 we can see the speed distribution asso-
ciated to each cell in the model for a case of study.  

 

Fig. 1 Speed associated to each cell in the model. LA=Left Auricle; 
RA=Right Auricle; LV=Left Ventricle; RV=Right Ventricle; 
NAV=AtrioVentricular Node; SN= Sinus Node 

Although the model is based on the Weiner and Rosen-
blueth one, it includes some improvements. Then our 
model: 

• Does not consider the propagation speed nor the refrac-
tory period as constant.  

• Each parameter has two components, a deterministic 
one, based on [9] and a random one that represents a 
minimum percentage of the final parameter value. Pa-
rameters are directly associated to main cardiac fibers 
properties: Automatism, or the capacity to generate im-
pulses that can propagate through the tissues; Excitabil-
ity, or the capacity to respond to an effective impulse. 
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Contractile cells only respond to propagated impulses 
from an automatic structure. Once excited, every cell 
requires some time to recover its excitability (refractory 
period); Conductivity, or the capacity to propagate the 
impulses by an electrical phenomena. 

• Some specific cells have the capacity of self-excitation 
(e.g sinus node or AV node). Also it is possible to ap-
ply an external stimulus during simulation. 

• Cells can be in one out of four states: active, automatic, 
deactivated or in refractory period. The next cells with 
capacity to excite the neighbors will be those that are 
activated or are automatic and whenever some neighbor 
in deactivated state exists.  

• Propagation priorities to each cell have been estab-
lished directly proportional to their excitability and 
speed. These priorities can be modified through differ-
ent criteria: 

)()()(Pr cellSpeedcellExcitcelliority ××Κ=    (3) 

• The propagation could be carried out of two different 
ways, considering it sequential, that is to say, establish-
ing the priorities within a same layer, or hierarchical, 
according to the priority of each cell. We have imple-
mented the first one on the adjacent area of the SN and 
the second one on the rest, because it is more realistic 
and the computational load is not significant higher.  

III. BASE OF MODELS AND SIMULATION 

The elaboration of a base of representative models of 
several pathologies is not easy. There are three great causes 
of arrhythmias, although these causes can be subdivided 
based on the origin and the way that the impulse follows in 
the propagation. Eliminating the artificially caused activity, 
they can be reduced to reentrant circuits  and automatic 
focus. 

To simulate automatic focuses, starting off with the base 
model, the capacity of automatism in one or several cells 
must be modified dynamically or establishing it as an initial 
condition in the area of interest.  

Reentrant circuits need a closed conduction circuit, with 
two separated routes, a slow and a fast one. Later, the ap-
pearance of a unidirectional blockade in one of the routes at 
the beginning of the tachycardia is needed, and finally it is 
necessary that the conduction in the circuit will be slow 
enough. The simulation is possible by changing dynami-
cally the assigned properties of cells in the closed circuit.  

In figure 2 we can see how is possible to simulate an 
atrial flutter caused by a reentrant rhythm in the right 
atrium, we can see a wavefront in the right auricle (indi-
cated with a white arrow), while, left auricle is finishing the 

refractory period and ventricles are finishing the propaga-
tion through them or the refractory period.  

 

Fig. 2 Simulation of the propagation during a cardiac flutter 

 

Fig. 3  Simulation of the propagation during a bundle branch block 

In figure 3, we have simulate a right bundle branch block 
by changing dynamically the assigned properties of some 
cells (black arrow). We can see how auricles are yet on 
active mode and the propagation trough the ventricle has 
being done through the left ventricle to the right (white 
arrow). 

Computational load is light in those simple models. We 
can simulate the activity faster than real activation times. 

In our model it is possible to simulate the dynamical evo-
lution of a system from sinus rhythm to an arrhythmia state 
by just giving some initial conditions to the model and also 
to generate spontaneous activity when the simulation of 
sinus rhythm is running, to see how the perturbation affects 
to the evolution of the system.  
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Preliminary results obtained in simulations from a set of 
parameters and initial conditions are quite promising, at 
least from a qualitative point of view, although more de-
tailed models have to be developed and tested for prediction 
of particular arrhythmia mechanisms. 

IV. CONCLUSIONS  

Our work presents a simple parameterized phenomenol-
ogical model to simulate cardiac activation circuits. It has 
been developed based on the concept of cellular automata, 
taking into account the main physiological bases at different 
levels of integration and being possible to introduce changes 
in the parameters that modify the behavior of the system 
during the simulation. Propagation process is based on the 
principles of trajectory planning to ease the development of 
a simple and robust model that will allow the later integra-
tion of improved and optimized procedures to simulate 
ablation arrhythmia treatments. Results are reasonable from 
a qualitative point of view, but have to be developed and 
tested detailed models for the prediction of particular 
mechanisms.  
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Abstract — There are a lot of images processing and analy-
sis algorithms applied in the research, such as color extraction, 
advanced morphology, particle filter, particle analysis, and 
edge detection. The purpose of this paper is to show an on-line 
mouth shape recognition system that provides useful features 
for facial expression recognition [1], audio-visual speech rec-
ognition [2] and assistive communication system for the dis-
abled [3]. A digital camera is used in this system to acquire 
continuous images by capturing the upper of the body and 
then extract the skin area exactly. After that mouth area is 
located for mouth shape processing to produce correct shape 
of mouth. The experiment results indicate high accuracy over 
95% in the Lab and meet various lighting conditions and com-
plicated backgrounds.  

Keywords— Image analysis, image processing, mouth tracking, 
mouth shape, facial recognition 

I. INTRODUCTION  

Mouth shape plays an important role in lip reading sys-
tem and facial recognition system. As mentioned in [4], 
there were various researches about lips contour or mouth 
shape in the recent few decades. Each approach had indi-
vidual strong or limited points. Like [5] gave good result of 
lips tracking, but that system required many lip model tem-
plates from database, this made it more expensive or [6] 
using a deformable model for lip contour extraction from 
color lip images, the result had accuracy over 95% however 
its limitation is lighting condition. The proposed system can 
give good result of mouth shape tracking regardless of 
complicated backgrounds and various lighting conditions. 
In addition, all the algorithms are easy to implement, the 
operation don’t require any databases or lip model templates 
and materials are cheap as well. For those reasons, our 
mouth shape tracking system is not only a low cost but also 
has high accuracy. 

The paper is structured as follows: the materials and me-
thod is described in Section 2; the experimental results are 
showed in Section 3; the discussion and conclusion are 
presented in Section 4; Section 5 is references. 

II. MATERIALS AND METHODS 

A. Materials

USB camera:  
 Acer Crystal Eye Camera 
 Resolution: 640 x 480 

oftware:  
 LabVIEW 8.5 
 Vision Assistant 8.5 

  These Lamps are required for the successful detection 
of mouth shape.  

Lamp Specification:  
 Home Lamp: LS-32U 21WD  

- 21W 
- AC120V, 60Hz 

 Lab Lamp: FPL 13x1 

- 15W 
- AC110V, 60Hz 

B. Methods

Set up test conditions:  
 Place a lamp opposite to face of experimenter to make 

sure the light is enough for processing mouth shape. 
 The distance between the camera and experimenter is in 

the range from 50cm to 80cm. 
 Location: Home and Lab 

Establish test items: By combining the test items, we 
took 16 specific cases for experiments. 
 Day time: 

- Case 1: Covered Neck/ On Normal Light. 
- Case 2: Covered Neck/ Off Normal Light. 
- Case 3: Uncovered Neck/ On Normal Light. 
- Case 4: Uncovered Neck/ Off Normal Light. 
- Case 5: Covered Neck/ On Normal Light/ Glasses/ 

Sloping Face. 
- Case 6: Covered Neck/ Off Normal Light.  
- Case 7: Uncovered Neck/ On Normal Light/ Hand. 
- Case 8: Uncovered Neck/ Off Normal Light. 

 Night time: 
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- Case 9: Covered Neck/ On Normal Light. 
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- Case 10: Covered Neck/ Off Normal Light/ Glasses/ 
Near Distance.                               (1) 

- Case 11: Uncovered Neck/ On Normal Light. 
- Case 12: Uncovered Neck/ Off Normal Light. 
- Case 13: Covered Neck/ On Normal Light/ Glasses. 
- Case 14: Covered Neck/ Off Normal Light/ Glasses/ 

Hand. (H: Hue, S: Saturation, R: Red, G: Green, B: Blue) 
The transformation will eliminate the color information 
and     lighting influence. - Case 15: Uncovered Neck/ On Normal Light/ Sloping 

Face.  - Case 16: Uncovered Neck/ Off Normal Light. 

Algorithms of mouth shape tracking system

The system is built following the flow chart in Fig1 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

There are 5 parts:  
 Acquiring continuous images from USB Camera. 

IMAQ Grab Acquire function is used to get every image 
that comes from the camera with speed of 30f/s. These 
images are RGB type. 

 Skin area extraction. 
- At first, the RGB image will be extracted to single color 

planes using these formulas 

 
 
 

   Saturation Hue 
 Fig. 2 Color Plane Transformation
 Input Image 

- Secondly, processing of Hue Image used Threshold 
Operation following by Binary Inversion to obtain the 
binary image with background filled by pixel values of 
0. 

Skin Area Extraction

 
     
 
 
 
 
 

- Thirdly, processing of Saturation Image used Threshold 
Operation to get the binary image of skin area filled 
with pixel value of 1. 

 
 
 
 
 
 
 

- Next step: Combination of results from the 2nd step and 
the 3rd step. The purpose is to produce skin area that 
distinguished between skin area and background. After 
that, small particles will be removed by Morphology 
Operation. The completely skin area is obtained. 

 
 
 
 
 
 
 
 

Covered 
Neck 

Uncovered 
Neck 

Threshold Binary Inversion 

Hue Image 

Compare the Skin 
Area Height and 
Threshold Value 

Fig. 3 The result of processing Hue image

Calculate Center of Mass 

(X cc , Y cc ) 

Calculate Center of Mass 

(X uc , Y uc ) 

Coordinates E
Mouth Area (L

Lc = X  – 50; Tc = Y cc + 10 

Rc = X  + 50; Bc = Y cc  + 90 

stimation of 
c,Tc,Rc,Bc) 

cc

cc

Coordinates Estimation of 
Mouth Area (Lu,Tu,Ru,Bu) 

Lu = X uc  – 50; Tu = Y uc  + 10 

Ru = X uc  + 50;  Bu = Y uc + 90 

Saturation Image 

Threshold 

Fig. 4 The result of processing Saturation image 

Mouth Shape Processing

Fig. 1 Flow chart of mouth shape tracking system 

Remove 
Small Particles Multiply Operation 

 Fig. 5 Skin Area Extraction 
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- Lastly, perform Convex Hull Operation for closing 
particle so that measurement can be made effectively 
on that particle  

III. RERULTS 

All experimental cases show good results of mouth shape 
tracking. The accuracy is over 85% with different condi-
tions and backgrounds. Summary of mouth shape tracking 
results are given in Table 1. We can see that the Lab condi-
tions gave better results. The possible reason is the lighting 
distributions in the Lab are more even than that at home.  
The illustration of main types of mouth shape are showed in 
Fig. 8 to Fig. 12 

 

 
Skin Area Height 

  

 Classification of skin area detection 
Fig. 6 Image after convex hull operation

After convex hall operation, the height of particle will 
be calculated. This height used to classify two cases of 
skin area with cover neck or uncover neck by comparing 
to fixed threshold value. 

IV. DISCUSSION 

 Mouth Area Extraction The mouth shape tracking will be perfect (100%) if the lips 
are applied lipstick on. In that case the mouth color is sepa-
rated from skin color that creates favorable condition for 
processing mouth shape more easily.  

Base on skin area height, center of mass will be calcu-
lated for coordinate estimation of mouth area. The for-
mulas of estimation are given in Fig1. After estimation, 
result is only mouth area.  The tracking results provide a lot of significant features for 

facial expression recognition, audio-visual speech recogni-
tion and assistive communication system for the Disabled. 
Therefore it will be applied for these applications in the near 
future. 

 Processing Mouth Area to get Mouth Shape 
This part is the most important in our system. Because 
mouth or lips and skin are very similar in color. Based 
on the characteristics of lips and skin color [7] 

- Both of lips and skin color: Red is prevalent 
- Lips: Green is greater than Blue 

V.  CONCLUSSIONS - Skin: Green and Blue almost the same 
The key point is applying Green Extraction for mouth 
RGB image. In that case the difference between lips and 
skin is the clearest. There are some morphology opera-
tions and edge detection following the Green color ex-
traction. Finally, the mouth shape is tracked correctly. 
The result of this processing is showed as below in Fig7. 

The system gave good results in tracking skin area and 
processing  mouth shape without effect by hand, day or 
night time, colorless  glasses, sloping face, near or far dis-
tance (in specific range), uncovered or cover neck. These 
characteristics make the system meet complicated back-
grounds and different lighting conditions. Moreover, the 
system only requires cheap and simple materials for imple-
mentation. Therefore, it’s very low cost system, but high 
accuracy. 

 
 
 

Green Extraction  Mouth Area  Mouth Shape 
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Table 1 Summary of mouth shape tracking results  

 
DAY NIGHT 

Covered Neck Uncovered Neck Covered Neck Uncovered Neck 
Normal Light 

ON 
Normal Light 

OFF 
Normal Light 

ON 
Normal Light 

OFF 
Normal Light 

ON 
Normal Light 

OFF 
Normal Light 

ON 
Normal Light 

OFF Lo
ca

tio
n 

 

Number of Images 100 100 100 100 100 100 100 100 
Correct Detection 90 86 90 85 88 85 89 85 

  H
O

M
E

 

Accuracy 90% 86% 90% 85% 88% 85% 89% 85% 
Number of Images 100 100 100 100 100 100 100 100 
Correct Detection 96 95 97 94 97 96 96 95 L

A
B

 

Accuracy 96% 95% 97% 94% 97% 96% 96% 95% 

Remark:   G: Glasses         H: Hand      F:  Far Distance    N: Near Distance        S: Sloping Face 

   

 

Laugh 

Tighten 
lower lip 

Fig. 8 Case 6  Fig. 11 Case 1 

   

 

   

 

Smile 

Neutral 

Fig. 9 Case 5  

Fig. 12 Case 8  

Open 
Mouth 

Fig. 10 Case 13 

Calculation 

Test Items 

CASE  
1 

CASE  
2 

CASE  
3 

CASE  
4 

CASE 
10 

CASE 
11 

CASE 
12 

CASE 9 

CASE  
5 

CASE  
7 

CASE 
8 

CASE 
13 

CASE 
14 

CASE 
15 

CASE 
16 

CASE  
6 

G H F N S G H F N S G H F N S G H F N S G H F N S G H F N S G H F N S G H F N S 
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Abstract— The tremendous rate of accumulation of experi-
mentally and clinically extracted knowledge concerning cancer 
at all levels of biocomplexity dictates the development of inte-
grative in silico models of tumour dynamics in order to better 
understand and treat the disease. Since the eventual transla-
tion of biomodels into clinical practice presupposes  successful 
clinical validation we have developed a number of multiscale 
cancer simulation models oriented towards patient individual-
ized treatment optimization. A top-down modelling approach 
based primarily on discrete event/state  simulation has been 
proposed, developed and implemented. The emerging simula-
tors have been serving as the core simulation modules (onco-
simulators) of both the EC funded research projects Contra-
Cancrum and ACGT. In this paper a brief outline of the basics 
of the approach along with paradigmal results demonstrating 
the effect of symmetric division of cancer stem cells on the 
cellular constitution of a tumour are presented. The potential 
and extensibility of the models are discussed. 

Keywords— in silico cancer modelling, in silico oncology, onco-
simulator, multiscale cancer modelling, top-down 
approach  
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I. INTRODUCTION  

Over the past decades considerable research work has 
been done in order to model cancer from the basic science 
perspective. This generally implies a bottom-up integration 
of multiscale information primarily aiming at gaining in-
sight into the biomechanisms constituting the natural phe-
nomenon of cancer as well as formulating generic cancer 
treatment strategies [1]-[6]. However, as multiscale cancer 
modelling appears to also have the potential of supporting 
cancer treatment optimization in the patient individualized 
context [7], clinically oriented modelling approaches are 
gaining ground. In this context the top-down modelling 
approach developed by the In Silico Oncology Group 
(www.in-silico-oncology.iccs.ntua.gr) seems to be particu-

larly adequate [2], [8]-[13]. The approach is based on dis-
crete event/state  simulation. A number of multiscale cancer 
simulation models oriented towards patient individualized 
treatment optimization have been developed based on this 
approach.  The emerged simulators have been serving as the 
core simulation modules (oncosimulators) of both the EC 
funded research projects ContraCancrum and ACGT. In this 
paper a brief outline of the basics of the approach along 
with paradigmal results demonstrating the effect of symmet-
ric (and asymmetric) division of cancer stem cells on the 
cellular constitution of a tumour are presented. The poten-
tial and extensibility of the models are discussed. 

II. AN OVERVIEW  OF THE TOP-DOWN MULTISCALE 
CANCER SIMULATOR   

Fig. 1 provides a synoptic information flow diagram of a 
typical integrated top-down multiscale cancer simulator. 
The component entitled “Multilevel Cancer Simulator for 
Tumour and Normal Tissue Response Simulation” lies at 
the heart of the system and performs the spatiotemporal 
simulation of the tumour dynamics [2], [8]-[13]. Its basic 
features include among others  the use of a cubic discretiza-
tion mesh superimposed onto the anatomic region of inter-
est, the grouping of the biological cells lying within each 
geometrical cell of the mesh into equivalence classes, the 
eventual discrimination between the poorly and the well 
oxygenated regions of the tumour based on the imaging data 
available, the consideration of pertinent cytokinetic models, 
the satisfaction of mechanical laws, cell killing according to 
pharmacology and/or radiobiology etc. Extensive conver-
gence and sensitivity studies of the model have revealed  the 
intervals of its applicability. The simulator exploits the 
imaging and clinical data of the patient as well as informa-
tion provided by bioptic material and/or blood. Biopsy ma-
terial and/or blood can provide a number of critical molecu-
lar and histological markers. These in turn, following an 
appropriate interdependence analysis, can lead to the esti-
mation of the treatment induced cell kill probability for a 
single cell of a given proliferative potential category (e.g. 
stem, progenitor, differentiated) and proliferation phase 
(e.g. G1, S, G2, Mitosis, G0) for a given radiation dose or 
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Molecular data

Treatment 
modality

Macroscopic 
imaging data

I. LOWEST BIOCOMPLEXITY LEVEL (molecular level): Modelling of 
molecular interaction mechanisms (molecular networks) active in the 
specific type of tumour in the presence of radiation and/or chemical 

agent(s) leading to:

II. MIDDLE BIOCOMPLEXITY LEVEL (cellular level):  Increased or 
decreased probability of apoptosis (and possibly necrosis) for an 

individual patient’s tumour cell with respect to the average (population 
based) survival probability for the particular tumour type cells and 

treatment modality. This leads to:

III. HIGHER BIOCOMPLEXITY LEVELS (tissue and higher levels):  
Macroscopic tumour growth, control, shrinkage or complete remission 
following treatment. The simulator predictions are validated using the 
macroscopic imaging data of the individual patient just before, during 

and after the treatment course.
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pharmacological area under curve (AUC).  The user (e.g. 
clinician, researcher) defines a candidate (chemo- and/or 
radio-) therapeutic schedule / scheme which is applied in 
silico on the virtual tumour modeling its actual counterpart. 
The prediction of the simulator is evaluated by the user. If 
necessary further candidate therapeutic schedules / schemes 
can be tested in silico. At the end the user selects the most 
appropriate therapeutic scheme / schedule to be applied on 
the patient by also taking into account his or her own logic 
and formal education. Alternatively a large number of can-
didate schedules / schemes can be executed in parallel on 
cluster or grid nodes. A continuous optimization process of 
the integrated simulator based on the comparison of predic-
tions with actual treatment outcomes is also taking place.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
Fig. 2 Information flow diagram of the multiscale integrated simulator 
 

In order to achieve a pragmatic “biocomplexity level 
jumping” and integration the “summarize and jump” strat-
egy (G. Stamatakos 2006, NCI CViT Ask the Expert Fo-
rum, password  controlled website 
https://www.cvit.org/node/128 ) has been applied. Fig. 2 
provides a brief outline of the approach.  

 

III. SPECIAL FEATURES OF THE SIMULATION MODELS  

One of the central features of the latest versions of the 
model [12] is the distinction of proliferating cells in stem 
and progenitor (i.e. LImited Mitotic Potential or limp) cells 
as well as the consideration of differentiated cells. In the 
special  case of breast cancer such a modeling approach is in 
accordance with the fact that breast cancer tumours have 
been shown to contain mammary stem cells.  

 

 
 

 

 

 
 
Fig.2 A. An example of the “summarize and jump” strategy as applied to 
the case of tumour response to teatment modelling in the clinical setting. 
Only three (clusters of) levels are depicted  for simplification purposes. 

 
Fig. 3 depicts the cytokinetic model proposed and 

adopted for the case of free tumour growth. An extension of 
this diagram is used in order to model the chemothepy 
treated tumor cytokinetics. The following types (categories) 
of cells  can be identified : stem/clonogenic cells i.e. cells 
assumed to possess unlimited proliferative potential, limp 
(i.e.  progenitor)  cells i.e. cells with limited mitotic poten-
tial (e.g. seven divisions are assumed before terminal differ-
entiation occurs in the code executions referred to below), 
differentiated (diff) cells i.e. terminally differentiated cells, 
necrotic cells  i.e cells that have already died through necro-
sis and apoptotic cells i.e. cells that have already died 
through apoptosis. 

 

Fig 3. A generic cytokinetic model for free tumour growth. STEM: stem 
cells. LIMP: Limited proliferative potential cells. DIFF: terminally differ-
entiated cells 

 
A proliferating tumour cell (stem or limp) passes through 
the phases gap 1 (G1), DNA synthesis (S), gap 2 (G2) and 
mitosis (M). After completion of mitosis the “daughter” 
cells may enter the resting (dormant) G0 phase with a frac-
tion (percentage)  PMtoG0 or (re-) enter the G1 phase depend-
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ing on the nutrient supply and oxygenation at their current 
spatial position. A dormant or proliferating cell residing in 
any phase of the cycle may die due to ageing and spontane-
ous apoptosis with a rate RA (probability/hour). A dormant 
cell is assumed to be able to survive for an interval TG0 

unless the metabolic conditions (oxygenation, nutrition) in 
its region are inproved before expiration of TG0. If the local 
metabolic conditions become adequate it re-enters the G1 
phase. Otherwise it enters the necrotic phase after TG0. The 
differentiated cells may die due to apoptosis or necrosis 
each one expressed by a different rate. 

Each stem cell can undergo either a symmetric or an 
asymmetric division. The occurence of a symmetric division 
(giving birth to two stem cells) is quantified by the probabil-
ity (fraction) parameter Psym. Asymmetic division gives 
birth to one stem and one progenitor cell. Table I summa-
rizes the input parameters of the code and the values corre-
sponding to the results presented in the present work. 

IV. RESULTS 

Table 1 Model parameter values used in Fig. 4 and Fig.5  
Symbol Description  Value 
Tc

 Cell cycle duration 30h, 60h, 90h 
TG1 Duration of Gap 1 phase 0.41(Tc - TM) 
TS Duration of DNA synthesis phase 0.41(Tc - TM) 
TG2 Duration of Gap 2 phase 0.18(Tc - TM) 
TM Duration of mitosis phase 1h 
TG0 Duration of dormant phase 96h 
TN Time period needed for necrosis’ 

products to disappear from the 
tumour 

20h 

TA Time duration needed for apop-
tosis products to be removed from 
the tumour 

6h 

NLIMP Number of mitoses performed by 
progenitor cells before they 
become differentiated 

7 

RA Apoptosis rate of cancer cells 0.001 h-1 
RNDiff Necrotic rate of differentiated 

cells 
0.0001 h-1 

RADiff Apoptosis rate of differentiated 
cells 

0.001 h-1 

PG0toG1 Fraction of dormant cells that re-
enter cell cycle 

0.01 

Psleep Fraction of cells that enter G0 
phase following mitosis  

0.2 

Psym Fraction of stem cells that perform 
symmetric division 

0.3-1 

 
In order to demonstrate the potential of the latest versions 

of the models the effect of symmetric stem cell division 
probability on the cellular constitution of an imageable  
breast cancer tumour has been studied in silico. The diame-
ter of the spherical macroscopically homogeneous tumour 
has been assumed 12 mm. A number of code executions 
have been performed with variable symmetric division 
probability (or fraction)  ranging from 0.3 to 1 and for three 
values of the cell cycle duration 30h, 60h and 90h. The cell 
cycle durations lie within the interval of values reported in 

[14]-[17]. The values of the code input parameters are in-
cluded  in Table 1. Fig. 4  depicts the variation of the rela-
tive population of the proliferating stem cells (expressed as 
a fraction of the total number of cells) as a function of the 
symmetric division probabily (fraction) for variable cell 
cycle duration. The graphs reveal that an increase in the 
parameter Psym leads to an increase in the fraction of the 
stem cells in the tumour.  This is explained by the fact that 
more and more stem cells are produced during mitoses. The 
cell cycle duration appears to play a rather limited role in 
the dependence  under consideration. However, larger cell 
cycle durations tend to induce larger relative proliferating 
stem cell populations within the tumour for a given sym-
metric division probability (fraction). Fig. 5 depicts the 
variation of the relative population of the proliferating limp 
(progenitor) cells as a function of the symmetric division 
fraction for variable cell cycle duration. According to the 
graphs the fraction of proliferating progenitor (i.e. limp) 
cells exhibits an initial increase, reaches a maximum and 
then decreases.  

Fig. 4. Simulated dependence of the relative proliferating stem cell 
population on the symmetric division probability (fraction) and the cell 
cycle duration (Tc)  
 

Fig. 5. Simulated dependence of the relative proliferating limp (pro-
genitor)  cell population on the symmetric division probability (fraction) 
and the cell cycle duration (Tc)  
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Limp cells derive from the asymmetric division of stem 
cells and their population depends on the product of two 
competitive factors: the number of stem cells and the 
asymmetric division fraction.  The combination of these two 
factors leads to the observed behaviour of the limp cell 
relative population as a function of the symmetric division 
fraction. An increase of the cell cycle duration leads to an 
increase of the limp cell category populations as they live 
for a longer period before they become terminally differen-
tiated. 

V. CONCLUSION 

A  multiscale simulator of cancer dynamics has been 
briefly outlined. The potential of its top-down architecture 
for clinical translation has been delineated in the context of 
patient individualized treatment optimization. The capabil-
ity of the model to simulate strongly discrete dynamical 
aspects of cancer has been demonstrated through an indica-
tive study of the effect of symmetric stem cell division 
probability on the cellular constitution of an imageable  
breast tumour. Merging of discrete event/state based algo-
rithms with continuous diffusion mathematical treatments, 
which is in progress, is expected to lead to a more refined 
simulation platform which would optimally exploit the 
potential of both discrete and continuous mathematics. 
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Abstract—This paper will demonstrate that deriving ventila-
tion data from four-dimensional (4-D) CT is less expensive, 
easier to perform, and quantitatively more accurate than stan-
dard nuclear medicine techniques. The ventilation data could 
be utilized in thoracic cancer treatment planning to spare 
normal lung volumes, without requiring additional imaging 
procedures and cost. The voxel-to-voxel deformation matrices 
between CT scans from different respiratory phases are calcu-
lated using deformable image registration (optical flow tech-
nique). The matrices are used to calculate local volume change 
∆V for each voxel. The ∆V/V matrices yield three-dimensional 
(3-D) high-resolution pulmonary ventilation images. Ventila-
tion images were generated for twelve lung patients using this 
method. Tidal volumes calculated from the ventilation images 
were, on average, within 2.6% of those derived using 4-D CT 
automated lung segmentation and, in the worst case, the 
agreement was within 4.9%. Tidal volume difference between 
the left and right lungs (noticeable on 4-D CT) was quantifi-
able in the ventilation image set. Low ventilation regions distal 
to lung tumors were observed on some generated ventilation 
images. This ventilation calculation algorithm demonstrates 
reduced image noise and decreased edge artifacts when com-
pared to another published method using Hounsfield Units 
(HU). This proposed algorithm provides a practical method for 
ventilation imaging from 4-D CT data.  

Keywords—pulmonary ventilation, 4-D CT, deformable im-
age registration, local volume change. 

I. INTRODUCTION 

Different imaging modalities are currently used clinically 
for evaluation of pulmonary ventilation. Nuclear medicine 
techniques, including nuclear scintigraphy[1], single photon 
emission computed tomography (SPECT)[2], and positron 
emission tomography (PET)[3], are the most commonly 
used modalities. Magnetic resonance imaging (MRI) [4] and 
computed tomography (CT) [5, 6] are also capable of pul-
monary functional imaging.  

Recently, Guerrero et al [7] reported a method of ventila-
tion imaging using 4-D CT. The advantages of ventilation 
imaging using 4-D CT data include: (1) no additional pro-
cedures such as the use of contrast inhalation is needed; (2) 
high spatial resolution of lung functional imaging can be 
achieved, which is one of the major advantages over nuclear 

medicine techniques; (3) 4-D CT is a much less expensive 
procedure than other imaging modalities.  

In Guerrero’s technique, deformable image registration was 
applied between respiratory phases of 4-D CT image sets. The 
deformation matrices calculated from the registration were 
used to link voxels in one phase and the corresponding voxels 
in the other phase. The HU differences between the corre-
sponding voxels of the two phases were used to establish local 
changes in density, and hence, in ventilation. 

The problem with calculating ventilation using HU 
change is that the fluctuation of HU in a CT makes the ven-
tilation image noisy. The standard deviation in HU in a CT 
image of a uniform water phantom is nearly the same as the 
change in HU due to respiration. Because of this problem, 
ventilation images generated using this method need to be 
smoothed by averaging the HU change over a number of 
voxels, thereby degrading considerably the spatial resolu-
tion inherent to the CT images. The other problem with this 
method is edge artifact. A slight misregistration between 
two image sets may yield erroneous results if blood vessels 
and other higher density objects are not perfectly registered, 
as this will correspond to a large local change in density, 
and, hence, in calculated local ventilation. 

In contrast to the previously published HU technique, the 
ventilation calculation technique reported in this paper em-
ploys deformable image registration to assess local volume 
change within the lung voxels directly, rather than to assess 
the HU change within them to determine changes in density 
(and, hence, respiration) across the respiratory cycle. De-
tailed comparison between this algorithm and the HU 
change algorithm is presented in the Discussion section 
below. Ventilation calculations were performed on twelve 
lung cancer patients. 

II. METHODS AND MATERIALS 

A. 4-D CT Data 

The 4-D CT images were taken using a 16-slice Brilliance 
Big Bore CT scanner (Philips Medical Systems, Cleveland, 
OH).  An air bellows belt with a pressure transducer was 
wrapped around the abdomen.  This bellows converted the 
abdominal wall pressure waveform into respiratory phase 
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information (Philips Medical Systems), which was used for 
4-D data tagging.  The 4-D sinograms were sorted using 
amplitude mode and then reconstructed for each individual 
phase. The pixel size in the transaxial slice of the 4-D CT 
images was approximately 0.98x0.98 mm2, and the slice 
thickness was 3 mm. Thus, the volume of each voxel was 
2.88 mm3. The 4-D CT image sets were acquired and recon-
structed for 10 respiratory phases yielding 10 complete sets of 
3-D CT images across the whole respiratory cycle. The 10 
respiratory phases were labeled as 0%, 10%, … 90% phases, 
with the 0% phase approximately corresponding to normal 
end-inspiration and the 50% to end expiration [8]. 

 

B. Deformable Image Registration 

Deformable image registration is required to generate 
voxel-to-voxel deformation matrices among the involved 
CT image sets. The deformable image registration applica-
tion used in this study, called optical flow, is image inten-
sity gradient-based [9, 10]. A 3-D optical flow program was 
developed to calculate the deformation between respiratory 
phases in a  4-D CT data set [11]. 

The local displacement of each voxel, as derived from 
the optical flow registration, can be fractional. This allows 
sub voxel-size precision in image registration.  

 

C. Local Volume Calculation 

In a CT image volume, each voxel can be represented by 
a cuboid. As shown in Fig. 1, the 8 vertices that compose the 
cuboid for voxel (x,y,z) in image 1 are changed to create a 
12-face polyhedron in image 2. The polyhedron in image 2 
is still comprised of the 8 corresponding vertices. Deform-
able image registration establishes the correspondence of 
these vertices. In the local volume change calculation step, 
the volume of each voxel is calculated using the corre-
sponding vertices of each respective polyhedron. 

 

Fig. 1 A cuboid representing the voxel (x,y,z) in image 1 deforms to a 12-
face polyhedron in image 2. Both the cuboid and the 12-face polyhedron 
have 8 vertices. These 8 vertices define the same local volume at different 
respiratory phases 

Any hexahedron can be divided into 6 tetrahedrons. The 
cuboid in image 1 of Fig. 1 is divided into 6 tetrahedrons 
(Fig. 2A). The deformed cuboid is a polyhedron of up to 12 

faces, which is comprised of 6 deformed tetrahedrons (Fig. 
2B). The volumes of the cuboid and the deformed cuboid 
are the sums of the volumes of their 6 corresponding tetra-
hedrons respectively.  

 
Fig. 2 (A) A cuboid can be divided into 6 tetrahedrons. (B) The corre-
sponding deformed cuboid is composed of 6 deformed tetrahedrons. The 
vertex numbers are shown on the cuboid/polyhedron and the tetrahedrons 
correspondingly 

The fundamental volume calculation derives from the 
calculation of the volume of each tetrahedron. The coordi-
nates of the 4 vertices of a tetrahedron are used to determine 
its volume:  

V = (b - a) · [(c - a) × (d - a)] / 6                           (1) 
where a, b, c, d are the vertices as vectors. The volumes of 
the six tetrahedrons are summated to generate the volume of 
the given polyhedron. The coordinates of the deformed 
tetrahedron are calculated from the deformation matrix, 
which derives from the deformable image registration of the 
original voxel.  
 

D. Ventilation Calculation 

Pulmonary ventilation P is defined as the fractional vol-
ume change in respiration [6]. It is expressed mathemati-
cally as 

P = ∆V / V       (2) 
where V is the local volume at expiration and ∆V is the 
volume change from expiration to inspiration.  

Considering two CT image sets, one taken at normal end 
expiration and the other taken at normal end inspiration, the 
volume of each voxel in expiration is a constant, determined 
by the CT voxel size. The voxels then expand in inspiration. 
The boundary of each voxel in the expiration image set is 
deformed. Deformable image registration determines the 
new boundaries. The volume calculation program calculates 
the volume of the deformed voxel. The volume change ∆V 
is the volume difference between the deformed voxel at 
inspiration and the original voxel at end expiration. 

E. Tidal Volume Calculations 
Tidal volume is calculated by integrating the local vol-

ume change ∆V over the entire lung volume. Another way 
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to calculate the tidal volume is by lung segmentation of the 
CT image sets at end inspiration and expiration, respec-
tively. Automatic contouring of normal lung, using intensity 
thresholds, was utilized because it is much more consistent 
than manual contouring. The volume difference of the con-
toured lungs is the tidal volume, by definition. The tidal 
volume of each patient was calculated using these two 
methods respectively, and the comparison of the results was 
used to validate the algorithm employed in this paper. 

III. RESULTS 

A. Algorithm Validation 

The 3-D optical flow program has been validated against 
known displacements. The mean error of registration is less 
than the size of the voxel [12]. We have employed the appli-
cation for  4-D radiation dose mapping in a previous lung 
cancer radiotherapy dosimetry study. The calculated dose was 
compared to measured dose; the agreement was better than 
2% [11]. Detailed error analysis when employing optical flow 
with 4-D CT images has been reported elsewhere [13].  

B. Ventilation Imaging 

 
Fig. 3 The upper row is a coronal view of superimposed CT images from 
the 50% and 0% respiratory phases, with the corresponding ventilation 
image. The arrows on the CT image indicate that diaphragmatic motion on 
the patient’s left was large while diaphragmatic motion the patient’s right 
side was minimal. This volume change difference is readily apparent on the 
ventilation image. The lower row provides an axial view of the same CT 
and ventilation images. The lung tumor is visible in the right lung (indi-
cated by the red arrow on the CT image). Low ventilation is noticeable in 
the region distal to the tumor in the corresponding ventilation image. The 
ventilation images are scaled as ∆V/V = 0 as black and 0.5 as white 

An example of a 50%-0% ventilation image is shown in 
Fig. 3. In this example, differing volume changes between 
the left and right lungs are evidenced by the differing  

motion of the two hemi-diaphragms in the overlapping 
coronal CT images taken at the end expiration and inspira-
tion phases. The ventilation difference between the left and 
right lungs can be seen on the corresponding ventilation 
image (upper right-hand image in Fig. 3). Reduced ventila-
tion in the region about the tumor was also observed in this 
example (axial slices in the lower row in Fig. 3). These latter 
images also suggest greater regional ventilation of the ante-
rior segments of lung when compared to the posterior ones. 

A series of accumulative dynamic ventilation images is 
shown in Fig. 4. The accumulation effect can be easily ob-
served in this series as data from additional phases of respira-
tion are incorporated. The total lung volume change, an inte-
gral of ∆V from each ventilation image set, was compared 
with the change calculated from automated lung segmenta-
tion of the corresponding phases of the CT images. The vol-
ume changes were within 0.5% agreement in this series. 

 
Fig. 4 Transaxial views of a series of integral dynamic ventilation images 
are shown in this figure. The left panel shows the ventilation image of 50% 
phase to 80% phase. The total lung volume increase was 120.9 cm3. The 
middle panel is the ventilation image of 50% to 90% with a total lung 
volume change of 224.7 cm3. The right panel is the maximum integral 
ventilation image of 50% to 0% phases. The corresponding total lung 
volume change was 291.4 cm3. The brightness of all the images was scaled 
from ∆V/V = 0 (black) to 0.3 (white) 

By using end-inspiration and end-exhalation CT scans, 
the tidal volume was calculated using the regional ventila-
tion algorithm and compared to the volume derived by auto-
segmenting the lungs. This tidal volume comparison was 
performed for the 12 cases. The average tidal volume from 
lung segmentation was 320.1 ± 118.1 cm3, while that from 
ventilation calculation was 315.9 ± 113.6 cm3. The average 
difference between the tidal volumes calculated using the 
two methods was 2.6% and maximum difference was 4.9%.   

IV. DISCUSSION 

Both the novel algorithm introduced in this paper and the 
one by Guerrero et al [7] use deformable image registration 
to calculate ventilation. Two calculation steps are required in 
both algorithms. The first step, deformable image registration 
is the same for both. The second step, ventilation calculation, 
differs. Inherent noise within the CT images affects the de-
formable image registration identically for both algorithms. 
The image noise does not exert any direct effect on the venti-
lation calculations in our local volume change algorithm, 
while it introduces significant detrimental effect for the HU 
change algorithm, as discussed in Introduction. Therefore, 
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ventilation images derived using the volume change algo-
rithm are less sensitive to image noise and are much smoother 
than those generated using the HU change algorithm. Fig. 5 
graphically demonstrates this fact by comparing results from 
the two techniques, for the same patient and at the same axial 
slice, when calculated at the same spatial resolution.  

The major source of error in the ventilation image calcu-
lation derives from artifacts of the 4-D CT images them-
selves, e.g. residual motion visible in each respiratory 
phase. The magnitude of the mean error in registration when 
using currently-available 4-D CT images and the  optical 
flow registration algorithm, is sub voxel-size for normal 4-
D CT images [13]. 

 
Fig. 5 This figure compares ventilation images derived using the volume 
change algorithm and the Hounsfield unit (HU) change algorithm. The 
same 4-D CT data were used in this comparison. Both ventilation images 
are derived from the end expiration (50%) and end inspiration (0%) phases. 
Panel A shows an axial view of the ventilation image using the volume 
change algorithm, while Panel B shows the image from the HU change 
algorithm, taken at the same CT slice. Spatial resolution is identical in the 
two images. The volume change algorithm gives a much smoother ventila-
tion image than the HU change algorithm. Edge artifact can be seen on the 
image from the HU change algorithm. The value ∆V/V = 0 (black on the 
images) means no volume change, ∆V/V = 0.3 (white) means volume is 
increased by 30% 

Severe motion artifacts in 4-D CT images caused by ir-
regular breathing or large rapid diaphragmatic motion dur-
ing CT scan would very likely cause the deformable regis-
tration to fail. The registration algorithm also suffers from 
other CT artifacts, such as streaking due to photon starva-
tion caused by metallic materials or a large patient, incom-
plete projections, aliasing due to under-sampling, ring ef-
fects due to detectors being out of calibration, windmill or 
zebra effects due to helical scanning [14]. These artifacts 
introduce errors into the voxel-to-voxel correspondence.  

Ideally, the proposed method would be validated against a 
known functional imaging technique, such as SPECT, MRI, 
or PET scans. Unfortunately, there is no “ground truth” in 
any of the existing radiology techniques insofar as assessment 
of physiologic function. The proposed technique evaluates 
ventilation only, while commonly employed radiology tech-
niques also incorporate assessment of perfusion to a variable 
degree. For this reason, it will not be possible to perform a 
formalistic validation against a known imaging modality. 

V. CONCLUSIONS 

Deformable image registration and local volume change 
calculation provide a practical algorithm to generate high-
resolution regional pulmonary ventilation images from 4-D 
CT images. This technique is less sensitive to image noise 
and mismatch than a previously-published one based upon 
assessment of local HU change. For accurate ventilation 
imaging, few artifacts should be visible in thoracic region of 
the 4-D CT images.  
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Abstract— Autofluorescence bronchoscopy (AFB) has been 
utilized over the past decade, proving to be a powerful tool for 
the detection and localization of premalignant and malignant 
lesions of the airways. Autofluorescence bronchoscopy is, how-
ever, characterized by low specificity and a high rate of false 
positive findings (FPFs). The majority of FPFs are due to 
inflammations, as they often fluoresce at the same wavelengths 
with cancer. According to several clinical trials, the percentage 
of the FPFs is about 30%. In this paper we present an intelli-
gent computing system for the classification of suspicious areas 
of the bronchial mucosa, in order to decrease the rate of FPFs, 
to increase the specificity and sensitivity of AFB and enhance 
the overall diagnostic value of the AFB method. 

Keywords— Digital Image Processing, Pattern Classification, 
Neural Networks, Lung Cancer, Autofluorescence 
Bronchoscopy. 

I. INTRODUCTION  

Lung cancer is the most common cancer and one of the 
major causes of death. There are more patients dying from 
lung cancer than breast cancer, colorectal cancer, and pros-
tate cancer combined. Despite advances in the detection and 
treatment of many types of cancer leading to improvements 
in the 5-year survival rate, the survival rate for lung cancer 
continues to be <15% [1]. The main reason for the contin-
ued low survival rate for lung cancer patients is that tumors 
are found at late invasive stage, when the options for treat-
ment are mostly palliative. Since symptoms of lung cancer 
often do not appear until the disease is advanced, there is a 
lot of interest in the early detection of bronchial preneoplas-
tic lesions [2].  

Autofluorescence bronchoscopy (AFB) is an established 
method for the detection of early malignant lesions, based 
on the observation that (pre-)neoplastic lesions show less 
fluorescence than normal tissue when excited by blue light 
(wavelength 380–460 nm) [2], [3]. 

AFB has been used in clinical examinations for about 
one decade. Several clinical studies have proven this tech-
nique to be a powerful tool for the detection of bronchial 
(pre-)neoplasia. The application of diagnostic AFB has 
proven to be highly sensitive to early, non-invasive bron-
chial neoplasia, even for occult lesions invisible during 

conventional white light bronchoscopy (WLB) [3]. Auto-
fluorescence bronchoscopy is, however, characterized by 
low specificity and a high rate of false positive findings 
(FPFs). The majority of FPFs are due to inflammations, as 
they often fluoresce at the same wavelengths with cancer. 
According to several clinical trials, the percentage of the 
FPFs is about 30% [4]. FPFs generally result in unnecessary 
biopsies, a longer bronchoscopic procedure, and increased 
medical costs. 

Only few studies aiming to improve the sensitivity and 
specificity of AF imaging have been published up to now. 
Additional techniques can be combined with imaging to 
improve AFB performance. Intra-endoscopic optical spec-
troscopy has been reported recently by Bard et al. [5], Ku-
sunoki et al. [6], Zeng et al. [7] and Tercelj et al. [8]. How-
ever, these techniques require additional equipment, such as 
spectrometers, and prolong the bronchoscopic procedure. A 
different approach to improve the specificity of AFB was 
presented by Goujon et al. [9] and Qu et al. [10]. These 
groups employed off-line spectral image analysis and 
threshold algorithms to classify true and false positive re-
sults, but with limited success.  

In order to recognize and classify the suspicious areas of 
the bronchial mucosa, we combined advanced machine 
vision methods, such as color and texture analysis, and 
pattern recognition techniques, such as neural networks. 

II. MATERIALS AND METHODS 

A. Clinical Data 

In order to develop this system, we used AFB images and 
videos from AFB examinations which took place at the 
Fluorescence Bronchoscopy and Laser Treatment Unit of 
the Sismanoglio General Hospital of Attica. The examina-
tions took place by using the Karl Srorz D-Light AF bron-
choscope and were digitally recorded by the Karl Storz 
AIDA system. The latter creates an electronic medical re-
cord with patient’s information, AFB images and video in 
BMP and MPEG format respectively. All suspicious areas 
that were identified during the bronchoscopic examinations 
went through biopsy and were histologically evaluated. The 
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results of the histological evaluation were used as “ground 
truth” for the development of the system. 

In collaboration with the physicians we chose to study 10 
specific AFB cases which represent the 3 particular condi-
tions that we called to explore (cancer, FPFs, normal tissue). 
These consist of 3 cases in which the biopsies from the 
suspicious areas classified them as malignancy, 4 in which 
the suspicious areas appeared abnormal fluorescence but the 
biopsies classified them as inflammation (FPFs cases) and 3 
in which there weren’t any pathological findings. MPEG 
frames were exported from the AFB videos of each case, 
resulting in a stack of almost 1500 bronchoscopic images. 
This number was reduced by selecting frames where the 
regions of interest (ROIs) appeared clearly, on different 
angles and distances. It is important to note that every ROI 
of an AFB image concerns the area where the biopsy was 
taken. In order to develop a classification system, we di-
vided the collected images into two datasets: the training set 
and the evaluation set. The training dataset consists of 600 
AFB images from 9 of the above cases (200 AFB images of 
malignancy, 200 AFB images of inflammation and 200 
AFB images of normal tissue), and the evaluation dataset 
consists of 180 AFB images from all the cases. Firstly, we 
studied and analyzed the 600 images of the training dataset. 
Based on the results of the image analysis, we designed the 
classification system, which was evaluated using the images 
of the evaluation dataset. Table 1 shows in detail the image 
distribution according to the patient case.  

Table 1 Image distribution according to the patient case 

Malignancy (M) Inflammation (I) Normal Tissue 
(N)

Case M1 M2 M3 I1 I2 I3 I4 N1 N2 N3 

Training Dataset 
No. of 
images 100 70 30 80 80 40 - 80 60 60

Total 200 200 200

Evaluation Dataset 
No. of 
images 18 13 10 20 20 10 30 14 25 20

Total 41 80 59

B. AFB image analysis in color level 

Analyzing the clinical material we discovered that the in-
formation provided by the AFB images is insufficient in 
order to correctly distinguish the inflammatory areas from 
the malignant ones. Using the Karl Storz D-Light system, 

the color of the normal mucosa is dominated by a green 
fluorescence, while malignant abnormal tissues appear as 
bluish areas against a normal green background. The main 
problem is that inflammatory areas may also appear with 
bluish color, leading to FPFs. In order to explore the differ-
ences between the colors of malignant and inflammatory 
areas, we digitally converted the AFB images to other color 
spaces by color transformation. It is widely known that the 
RGB model is inadequate for the description of clinical and 
pathological characteristics of tissues for various medical 
diagnostic tasks, including the detection and diagnosis of 
early stage lesions in endoscopic images [11]. Implementing 
all the common color space transformations we concluded 
that the HSV color space and its channel H [12] reveal 
clinical information that is not visible in the RGB space. By 
transforming the Red, Green, Blue components of the RGB 
model to the Hue, Saturation and Value components of the 
HSV model, we achieved to describe perceptual color rela-
tionships more accurately than RGB. 

C. AFB image texture analysis 

Observing the malignant areas in H channel, we discov-
ered that they represent high internal incongruity, contrary 
to the rest areas (inflammatory or healthy areas). This dif-
ference led us to the texture investigation of these areas. An 
important approach for describing the texture of a region is 
to quantify its texture content. A frequently used approach 
for texture analysis is based on statistical properties of the 
intensity histogram of an image. Such measures are based 
on statistical moments [12].  

In order to research the texture characteristics of the ar-
eas of interest, we digitally cropped under the physician’s 
guidance each ROI of all the 600 AFB images of the train-
ing dataset. By digitally saving each ROI, we stacked 3 
packets of 200 areas of malignancy, inflammation and nor-
mal mucosa. For each ROI, we created its HSV image and 
we isolated its H component. On the H component of each 
ROI, we calculated 7 textural statistical moments up to 4th 
order: Average Gray Level, Standard Deviation, Skewness, 
Kurtosis, Smoothness, Entropy and Uniformity [13]. By 
statistically analyzing these measurements, we concluded 
that the values and the variance of certain texture statistics 
differ significantly between malignant and inflammatory 
areas.

D. Classification system 

In order to understand which of the texture features actu-
ally contribute significantly in this differentiation, we con-
ducted the Student’s T-test at a significance level of a=0.01 
and the Kolmogorov-Smirnov test [14]. From this analysis 
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it was revealed that the texture features Average Gray 
Level, Standard Deviation and Kurtosis offer the most in the 
differentiation process since their values differ significantly. 
Thus, we decided to exploit these 3 texture characteristics 
by using them as classification features of a pattern classifi-
cation system. For this purpose, we developed a MultiLayer 
Perceptron (MLP) Artificial Neural Network (ANN) [14]. 
Gathering the values of these 3 texture features on the H 
component of the 600 known ROIs, we created a database 
which has been used for the training of the classifier (learn-
ing database). For the MLP we created, we considered in 
the input layer a number of neurons equal to the number of 
the attributes that characterize each ROI to be classified 
(i.e., 3 as the 3 texture features). The output layer was com-
posed by three neurons which correspond to the class of 
each ROI (i.e., malignant, inflammation or normal tissue). 
For different number of hidden layers and hidden neurons, 
we created 20 MLP ANNs. During training, we concluded 
that the MLP ANN which presents the best performance is 
the one with 2 hidden layers, wherein the first hidden layer 
consists of 20 neurons and the second hidden layer consists 
of 10 neurons. For every neuron of the MLP ANN we used 
the sigmoid activation function, thus we normalized the data 
of the learning database to the range [-1, 1]. Training was 
carried out by the error back-propagation learning procedure 
for 20 learning epochs [14].  

Using the 180 images of the evaluation database, we 
tested the developed classifier, and we computed perform-
ance values such as sensitivity, specificity and accuracy. 

III. RESULTS 

A. AFB image analysis in color level 

Studying the colors of the malignant and inflammatory 
areas, we discovered that in the default RGB color space of 
the Karl-Storz system there are not significant differences. 
Observing the encircled areas on Fig. 1(a) and Fig. 2(a), 
which correspond to malignancy and inflammation respec-
tively, it is easy to conclude that using AFB we cannot dis-
tinguish the malignant area from the FPF caused by in-
flammation, as they both appear in bluish color. 

By converting the AFB image to HSV space we can ob-
serve that the malignant area (Area 1) is displayed with 
deep red color (Fig. 1(b)) while in the inflammatory area 
(Area 2) there isn’t any vivid redness in part (Fig. 2(b)). 
Visualizing the H plane of the HSV space, the malignant 
area is shown brighter and different from the rest areas (Fig. 
1(c)) contrary to the inflammatory one (Fig. 2(c)).  

 Observing Fig. 1 and Fig. 2 we can clearly state that in 
the HSV space the differences are quite evident even with 
the naked eye. This is a special characteristic with the val-
ues of the H channel. Transforming the bronchoscopic im-
age from the RGB to the HSV space we successfully man-
aged to chromatically differentiate the areas of malignancy 
and the FPFs caused by inflammation. 

Area 1 Area 1 

(a) (b) (c)

Fig. 1 Malignancy: (a) Original AFB image, (b) HSV Image, (c) H image 

Area 2 Area 2 

(a) (b) (c)

   Fig. 2 Inflammation: (a) Original AFB image, (b) HSV Image, (c) H image 
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B. AFB image texture analysis 

In order to explore the particular texture characteristics 
that malignancy, inflammation and healthy tissue represent 
on H channel, we computed on the H component of every 
ROI of the 600 images of the training dataset, 7 texture 
statistical moments. In this way we collected 4200 texture 
measurements (600 ROIs x 7 texture features). Statistical 
analysis on these measurements revealed to us that certain 
texture features differ significantly between malignancy and 
inflammation. Especially for the texture statistic Kurtosis, 
we found out that while the 200 malignant areas present 
values into the range [0.450, -2.712], the 200 inflammation 
areas present values into the range [-2.731, -2.992]. In Table 
2 the mean values of the measurements of the texture fea-
tures that differ significantly are presented.  

IV. CONCLUSIONS  

Since, according to several clinical trials, the percentage 
of the FPFs in AFB is about 30%, the minimization of this 
rate is an issue of high importance. Using advanced ma-
chine vision and pattern recognition tools, we developed 
and assessed a computing system for the detection and clas-
sification of suspicious areas in AFB. Evaluating the classi-
fication system we developed using 180 testing ROIs, we 
concluded that it presents great performance as the percent-
age of correct classifications was 98%, achieving high dif-
ferentiation between malignant areas and FPFs. 
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Performance Values Rates
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Abstract— A Monte Carlo simulation on Geant4 was carried

out to calculate the Re-186 absorbed dose factors in radiation

synovectomy procedures. In simulation was used a joint model

based on a series of thin slabs of bone, joint cartilage, synovial

fluid and synovium. Two groups of runs were carried out: con-

sidering all particles emitted from Re-186 decay, and consider-

ing beta emission alone. Results show that absorbed dose factors

are the same in target tissues but they are higher in surrounding

tissues considering beta emission alone, reaching differences up

8.0%. In bone tissue absorbed dose factors are lower with beta

emission alone because of gamma en X-ray emission by consid-

ering all particles emitted from Re-186.

Keywords— Absorbed dose factors, Re-186, Radiation synovec-

tomy.

I. INTRODUCTION

Radiation synovectomy has been used as a radiation ther-
apy for more than 40 years most often in the treatment of
rheumatoid arthritis, but is also applied in hemophilic syn-
ovitis, pigmented villonodular synovitis (PVS) and others in-
flammatory arthropaties. The procedure consists of an intra-
articular injection of a radiopharmaceutical labeled with beta-
emitting isotopes, which is quickly absorbed through phago-
cytosis by synoviocytes and then distribute evenly over the
surface of sinovium. It is expected the radiosynovectomy
agent delivers enough absorbed dose to restore the inflmed
and damaged synovial membrane [1].

Earlier experience demostrated a target dose of about
100Gy to be necessary for therapeutic effect of radiation syn-
ovectomy. However, it is difficult to exactly calulate the ab-
sorbed dose in a treatment because of the dependency on the
type of radionuclide used and other factors like size of the
joint cavity, synovial thickness and distribution of the radio-
pharmaceutical into the joint. [2].

Johnson et al [3] used the Monte Carlo method to calu-
late the radiation dosimetry whitin the arthritic synovial joint
model based on a series of thin slabs of bone, cartilage, syn-
ovial fluid and synovial tissue. They calculated the absrobed
dose factors versus depth for eight different radionuclides
used in radiation synovectomy, including rhenium-188 that is

used for medium-sized joints: shoulder, elbow, wrist, hip and
ankle [4][5][6]. Johnson made another simplification taking
into account only the beta emission from Re-186.

The purpose of this work is to compare absorbed dose fac-
tors considering beta emission alone from Re-186 and con-
sidering Auger electron, conversion electrons, gamma and X-
ray emission..

II. METHOD

A. Mathematical Model

Following Johnson’s joint model [3], we have a series of
thin slabs of bone, joint cartilage, synovial fluid and syn-
ovial tissue, as shown in Fig. 1. Tissues thickness are given
in Table1.

Fig. 1: Matematical model of the joint used in the Monte Carlo simulation
with Geant4.

The synovial tissue is subdivided into a surface layer of
lining cells and underlying subsynovium. Injected radiophar-
maceutical is assumed to be distribute evenly throughout the
synovial fluid and the synovial lining cells. Synovial fluid is
taken as water and the elemental composition and densities
for the other tissues are adopted from ICRU-44 [7].
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Table 1: Tissues thickness, number of bins and thickness of each bin in the
mathematical model of the joint shown in Fig.1.

Tissue Thickness

(mm)

No. of

bins

bin thick-

ness (mm)

Bone 2.0 8 0.25

Joint cartilage 1.0 5 0.20

Synovial fluid 0.44 2 0.22

Synovial lining 0.30 2 0.15

Subsynovium 4.5 18 0.25

B. Monte Carlo Simulation with Geant4

Geant4 is a software toolkit for the simulation of the pas-
sage of particles through matter and is used in various ex-
perimental fields, including Medical Physics. Geant4 was de-
signed for High Energy Physics but now it includes a special-
lise package to simulate electromagnetic interactions of par-
ticles with matter below 1keV . The Geant4 Low Energy Elec-
tromagnetic package provides a variety of models describing
the electromanetic process of photons, electrons, positrons
and ions. This allow a very precise simulation of the energy
loss in tissue of both the incident particles and their secon-
daries particles.

In the model shown in Fig. 1 it is assumed the radiosyn-
ovectomy agent is uniformly distributed in an surface area of
1.0cm× 1.0cm along of y and z axis, which are not shown
in the figure. However, in the simulation the area is actu-
ally 1.4cm×1.4cm to set periodic boundaries for beta emis-
sion because of the maximum beta range in tissue of Re-186:
3.6mm.

Simulation begins by choosing the starting position of a
single Re-186 radionuclide. The starting position is selected
randomly from a 0.74mm × 1.0cm × 1.0cm volume that is
the 0.74mm-thick synovial fluid and lining cells region and
the surface area of 1.0cm×1.0cm as mentioned above. Then
the decay mode is selected which defines the decay prod-
ucts. The starting directions of decay products are chosen
randomly taking into account the laws of energy and momen-
tum conservation. The initial kinetic energies of decay prod-
ucts are determined by randomly sampling of energy spec-
trum of each decay product. Only photons and electrons pro-
duced from radioactive decays were considered in the simu-
lation. A first simulation with ten million of Re-186 nuclides
was carried out and the initial kinetic energy for photons and
electrons was scored to know the energy spectrum used by
Geant4 for these particles.

After rhenium decay photons and electrons are transported
through the joint model and the possible interactions are
evaluated from corresponding set of probability distributions.

Simulation runs until cut-off energy is reached by photons
and electrons and their secondaries. The cut-off for all parti-
cles is 0.2mm. Geant4 calculates the cut-off energy for each
tissue and particle by using this value.

During simulation the amount of energy deposited is
scored for each tissue. To increase the spatial resolution the
tissues are subdivided into several smaller bins whose num-
ber and thickness are indicated in Table 1. Energy deposited
is scored separately for each bin and then it is converted to
absorbed dose factor according to the equation:

Fi = k
ei

ti ·ρi ·N (1)

where Fi is the absorbed dose factor for the i-th bin (cGy ·
cm2/MBq ·s), ei is the energy deposited in the bin (MeV ), ti is
the thickness of the bin (mm), ρi is the density of the tissue un
the bin (g/cm3), N is the number of nuclear desintegrations
(des.), and k is a unit conversion constant defined by:

k = 0.1602× cGy
MeV/g

× cm
mm

× des
MBq · s (2)

III. RESULTS

Re-186 decays both by beta-emission and EC with abun-
dances of 92.53 and 7.47 percent, respectively. A simulation
with ten million of Re-186 nuclides was carried to obtain beta
spectrum from rhenium decay, that had a 1.07MeV maximun
energy and 0.346MeV mean energy. This decay mode leads
to the ground state and 137.2 and 767.5keV excited states
of Os-186. Since Geant4 does not simulate electron capture
decay, X-ray and gamma emmision datas and Auger and con-
version electron datas for Re-186 were taken from National
Nuclear Data Center website.

Fig. 2: Absorbed dose factors, F , versus depth. Solid line represents
F-values for beta emission alone and dashed line represents F-values for

beta emission plus conversion electrons (CE), Auger electros, gamma
photons and X-rays.

  
 IFMBE Proceedings Vol. 25  

Calculation of Absorbed Dose Factors for Re-186 in Radiation Synovectomy Using Monte Carlo Simulation with Geant4 1843



Two groups of simulations were carried out: ten runs each
of 100.000 Re-186 nuclides wich emit beta particles alone,
and ten runs each of 100.000 Re-186 nuclides wich emit beta
particles but also X-rays, gamma photons, Auger electrons
and conversion electrons. Mean energy deposited for each bin
indicated in Table 1 was converted to absorbed dose factor by
using Eq.(1). Results are shown in Fig. 2.

In that figure, solid line represents absorbed dose factors
for beta-emission alone from Re-186. Theses values are in
agreement with Johnson’s results [3]. However, taking into
account other particles emitted from Re-186, absorbed dose
factors decrase slightly in surrounding tissues because of
lower mean energy of Auger electrons and conversion elec-
tron respect to mean energy of beta particles.

A different simulation was run to evaluate the photonic
contribution to absorbed dose factors. Fig. 3 shows absorbed
dose factors due gamma-rays of 137.2keV and 122.6keV and
a group of X-ray emission of 44.3keV mean energy. Most of
energy is deposited in target tissue. The peak at left of figure
is produced by photelectric effect on bone surface.

Fig. 3: X-ray and gamma contribution to absorbed dose factors F .

In target tissue, X-ray and gamma contribution to absorbed
dose factors are around three ordes of magnitude less than
electron contribution. Therefore the absorbed dose factors are
almost completely due to the electron contribution: beta par-
ticles, Auger electrons and conversion electrons.

Consider the injection of 1.5mCi (55.5MBq) Re-186 sul-
phur colloid into the wrist [9]. If uniform distribution along
50cm2 of synovium is assumed, one can use the absorbed
dose factors found above to calculate the total dose to each
of bins through equation:

Di =
A0Fi

λSsyn
(3)

where A0 is the activity initially injected, λ is the nuclide’s
physical decay constant, Fi is the corresponding absorbed

dose factor, and Ssyn is the total synovial surface area.
Absorbed doses registered in Table 2 were obtained using

Eq.(3). This doses are measured in cGy.

Table 2: Absorbed dose (cGy) for different tissues in the wrist assuming an
intraarticular injection of 1.5mCi Re-186 sulphur colloid.

Tissue Beta All emis-

sion

Δ%

Lining cells 20 170 20 240 -0.4

Cartilage surface 15 140 14 870 1.8

Bone surface 1 540 1 430 7.7

1mm deep in bone 20 29 -31

1mm deep in subsynovium 1 990 1 850 7.6

Extraarticular leakage [10] was not considered here. Leak-
age decreases the stimated dose for all of tissues [3]. How-
ever, it is expected that the percentage in last column of Ta-
ble 2 remains unchanged even if there is leakage.

IV. CONCLUSION

Calculation of radiation dosimetry of Re-186 was stimated
using Monte Carlo simulation with Geant4 within a synovial
joint model. The results were presented as absorbed dose fac-
tors at depth in the different joint’s tissues. This factors were
evaluated considering only beta-emission from Re-186 de-
cay and beta emission plus Auger electrons, conversion elec-
trons, gamma and X-ray emission. The difference was sti-
mated to the injection of 1.5mCi Re-186 sulphur colloid into
the wrist assuming that radiopharmaceutical was distributed
evenly throughout synovial fluid and synovial lining cells.
Results show that energy deposited is the same in target tis-
sues in both cases. Doses delivered are higher in surround-
ing tissues because of Auger an conversion electrons mean
energy is lower than beta mean energy. Taking into account
gamma and X-ray emission produce higher dose in bone due
photoelectric effect, but it is three order of magnitude less
than dose in target tissue. Considering all particles emis-
sion from Re-186 could be important when a pacient-specific
dosimetry may be performe based on, for example, diagnosis
images.
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Abstract— Heart rate variability of people suffering from the
left ventrical systolic dysfunction and healthy ones is consid-
ered in terms of multifractal analysis in order to investigate
the scaling properties in the low, very low and ultra low fre-
quency bands of standard power spectral analysis. Two meth-
ods: Wavelet Transform Modulus Maxima and Multifractal De-
trended Fluctuation Analysis, are used to assess multifractal
properties. They are applied to two types of signals: a sequence
of RR intervals and a sequence of moments in time when sub-
sequent heart beats occur (integrated RR-intervals). The in-
creased activation of the sympathetic nervous system caused
by left ventricle systolic dysfunction is detected directly in both
signals in the low frequency band. In the ultra low frequency
band a monofractal-type of dependences is found suggesting
that driving process of autonomic control is close to a monofrac-
tal one.

Keywords— power spectrum analysis, monofractality, auto-
nomic nervous system

I. MULTIFRACTAL TOOLS

The increase in central sympathetic outflow in response to
human ordinary activity is essential for living. However per-
manent high sympathetic activity leads to deleterious changes
in the heart. Unfortunately, the best way to estimate the sym-
pathetic activity is a direct measurement of noradrenaline
(sympathetic neurotransmitter) spillover in the cardiac tis-
sue [1]. Therefore any non-invasive way to detect the in-
creased cardiac sympathetic activity is of particular impor-
tance [2, 3, 4].

ECG Holter recording of time intervals between subse-
quent heart beats, so-called RR-signal, is a simple and non-
invasive measurement. Power spectral analysis of RR-signal
is capable of assessing changes in the autonomic control
of heart rate. The power spectral analysis is performed in
two main bands: high-frequency (HF: 0.15-0.4Hz) and low-
frequency (LF: 0.04-0.15Hz)[2]. The HF band is attributed to
parasympathetic modulation, while the LF band is supposed
to be jointly mediated by parasympathetic and sympathetic
influences. But LF and HF bands can be considered as mark-
ers of modulation of neural outflow only, and not as markers
of the intensity of the stimulus [1].

The other two power spectrum bands: very-low-frequency
(VLF:0.004-0.04Hz) and ultra-low-frequency (ULF: ≤
0.004Hz) are analyzed by nonlinear analysis tools [5, 6]. The
power spectrum decays here in a power-law form, namely,
like 1/ f β where f is frequency. If a healthy heart rhythm is
analyzed then β is close to 1, and β is significantly greater
than 1 in case of heart failure. Therefore the power-law slope
β is copnsidered as a marker of autonomic control [7]. A sim-
ilar marker which would be related to the LF band is awaited.
Attempts are made to quantify properties of short-time scales
by, for example, scaling of fluctuations in RR-signals in short
scales [8, 7, 9].

In case of a stationary process, a power-law decay of the
spectral density is transmitted into the slow decay of the au-
tocorrelation function. One says that this stationary process is
driven by long range dependences. Long range dependences
leave the small-time scale features essentially unspecified.
The multifractal analysis is proposed to quantify and qual-
ify local irregularities[10]. It relies on scaling properties of
so-called partition function, namely, on such signal statistics
P(n,q) which allows to get signal characteristics across scales
n and for different ”temperatures” q. By a multifractal spec-
trum one calls a function h → D(h) where h qualifies a sin-
gularity and D(h) measures (by Hausdorff dimension) the set
of time moments where the singularity h is found. Hence a
multifractal spectrum gives a representation of the singularity
structure of a signal. Delimiting a set of points: {(h,D(h))}
is the goal of the multifractal analysis.

Unfortunately, the multifractal analysis tools cannot be ap-
plied as a black box. Numerical procedures are sensitive to
many known (e.g., intervals of n and/or q where the scal-
ing of a partition function is done) and unknown (e.g., so-
called linearization effect for large q [11]) reasons. Neverthe-
less the rough analysis of RR-signals has provided a promis-
ing picture of changes in multifractal spectra in case of pa-
tients suffering from congestive heart failure [12, 13, 14]. But
considering other heart diseases, e.g., comparing multifractal
spectra of patients with left ventricle systolic dysfunction to
healthy people, the differentiation is not as evident as in the
case of congestive heart failure [15]. Our present research is
aimed at providing a deeper multifractal picture of autonomic
control of the heart. We propose to analyze a signal in time
intervals corresponding to LF, VLF and ULF bands. Let us
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Fig. 1: Examples of RR-signals considered: normal sinus rhythm (nsr gda)
and RR-intervals from a heart suffering of left ventricle systolic dysfunction

(lvsd).

remark that previous studies were concentrated on multifrac-
tal properties corresponding to ULF band.

Fractional Brownian motions (fBm) are called monofrac-
tal processes. The large scale correlation and singularities are
driven by the same index, so-called Hurst index H, and β =
2H −1. The multifractal spectrum of fBmH is a single point
located at (H,1). The following two qualities of a multifractal
spectrum are usually considered as indices of monofractal-
ity when the spectrum is received numerically: the spectrum
width and the location of the maximum of a spectrum. There
are two popular numerical methods used to calculate the
multifractal properties: Wavelet Transform Modulus Maxima
(WTMM) [17] and Multifractal Detrended Fluctuation Anal-
ysis (MDFA) [18]. Testing WTMM and MDFA methods on
fBmH in LF, VLF and ULV bands we have observed:
(a) in the VLF band multifractal spectra are very narrow
(close to be called a point-type) concentrated at (H,1), and
the process of integrated values of f BmH(i) [ f Bmint

H (k) =
∑i=0,...,k f BmH(i)] also gives a single point multifractal spec-
trum located at (Hint = 1+H,1);
(b) in the LF band only WTMM provides correct estimates
for all fBmH

(c) in the ULF band only MDFA provides correct estimates
for all fBmH .
HF band, due to numerical instabilities, is not accessible.

Thanks to the above observations we have a robust proce-
dure to analyze monofractal elements in a signal. Specially,

it is advantageous to investigate how a multifractal spectrum
is changed if in a place of RR intervals one considers a se-
quence of moments of time when subsequent heart beats oc-
cur, namely, when a signal studied is integrated. Notice that
by integration of subsequent data, we obtain a signal imposed
with the artificial strong trend. The importance of monofrac-
tal analysis in physiology is far from being fully exploited
[16].

II. VALIDATION OF THE DATA

Our analysis is based on 24-hour Holter recordings re-
ceived from 90 patients with left ventricle ejection fraction
(LVEF) low, LVEL= 30.2± 6.6%. Series for which the low
LVEF could be related to: myocardial infarction within the
past six months, persistent atrial fibrillation, sinus node dis-
ease, diagnosed diabetes mellitus, coronary revascularization
within the past six months, or kidney failure with a creatinine
level of < 2mg/dL were excluded. The results obtained from
the patients suffering from left ventricle systolic dysfunction
are referred to as lvsd group. For comparison, RR-intervals of
39 healthy individuals are studied also. The group of healthy
people with normal sinus rhythm is referred to as nsr gda.
From each signal a continuous period of 5 hours of daily ac-
tivity was extracted. All RR-series are accessible from [20]
(the same signals were considered in [15]). In Fig. 1 we show
typical examples of studied series.

Using physionet software [19] the partition functions
Pα(n,q) are found for each individual RR-signal α and the
corresponding integrated signal, for all q in [−5,5] with a
step dq = 0.1, and for all scales from n = 2,3, . . . ,1000 heart
beats. Then within each group: nsr gda, nsr gda int, lvsd,
and lvsd int separately, for each point (n,qi) the statistical
tests for normality of data in each set {Pα(n,qi)} were per-
formed (using Statistica 8). The sets passed standard tests
with P > 0.05 for q ≥ −3, though in case of MDFA, points
with n < 10 did not pass tests for q < 0. Therefore, in the fol-
lowing the range of q is restricted to q ∈ [−3,3] and we do
not consider the HF band. The group averages P(n,q) were
obtained from the accepted individual functions. Then t-tests
for the significance of differences between subsequent aver-
ages in qi and qi + dq were performed in the aim to evaluate
statistical significance (P < 0.05) of further numerical trans-
formations.

III. MULTIFRACTAL SPECTRA OF

RR-INTERVALS

In Figs 2, 3 and 4 we show multifractal spectra obtained
in LF, VLF and ULF bands calculated by both methods for
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Fig. 2: Multifractal spectra found by MDFA and WTMM for the groups of
nsr gda, lvsd, nsr gda int and lvsd int in the LF band.

all four groups considered. Together at the labels we provide
a quantitative description of these spectra: the maximum of
each spectrum and its width, but only if the estimator works
correctly in a given interval. Some spectra exhibit a large

right wing. In such case, when calculating the width we ig-
nore these extra size since it results from numerics. However,
we add the R letter to the description. If the spectrum is not
concave then, before the range estimates, transformations are
applied by which a spectrum obtains a concave shape.

In the LF band the multifractal spectrum received from
the nsr gda group is different from the spectrum received
from the lvsd group. The maxima between nsr gda and lsvd
are separated by 0.1. The autonomic control in case of lvsd
looks like being weaker because the multifractal spectrum is
moved to right. Both spectra nsr gda and lvsd are rather wide
(≈ 0.28 for nsr gda and ≈ 0.34 for lvsd) what indicates that
their origin is distinct from fBmH . After integration of sig-
nals, the maxima of spectra of nrs gda int and lvsd int are
separated even more, and the difference between the spectra
widths is greater. Since spectra received from integrated sig-
nals are moved to right by less than 0.80, and the maximum of
nsr gda int is located at about 1, then the signal origin could
be seen as of turbulence-type [10].

In the VLF band, see Fig. 3, values at the maxima of
the spectra and their widths, depend on the applied method.
The multifractal spectra are separated systematically — the
WTMM spectra are moved to left. It looks like the WTMM
method finds the RR-signals to be more rough.

In general, the WTMM method is concentrated on extract-
ing singularities across scales while the MDFA method mea-
sures departures from a local trend in a given scale. In case of
fBmH where trends are absent, both methods give the same
multifractal characterization. Hence, one can suppose that if a
signal has local trends then MDFA provides different results
from WTMM.

The MDFA spectrum received for nsr gda is the widest
of all obtained. The lvsd spectrum is significantly narrower.
WTMM estimates provide rather similar spectra for both
groups. But if the multifractal spectra are obtained from the
integrated signals: nrs gda int and lvsd int then the MDFA
method gives maxima of the spectra separated by ≈ 0.1. Thus
if the RR-signal is imposed with the artificial strong trend we
gain a possibility to qualify activity of sympathetic control.

Both methods, when considered in the ULF range, find
the maxima of the spectra at the same value. Hence, both
estimators exhibit the property observed for fBmH signals.
Moreover, in case of MDFA (reliability of WTMM is lim-
ited in this range) the spectra are narrow and the difference
between maxima of direct signals and integrated signals is
about 0.90. Therefore, one can weakly conjecture that in the
ULF scale there exists a leading stochastic process which is
of a monofractal type. The self-similarity index of this pro-
cess is about H = 0.20 independently of a heart suffers or not
from lvsd.
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Fig. 4: Multifractal spectra found by MDFA and WTMM for the groups of
nsr gda, lvsd, nsr gda int and lvsd int in the ULF band.

IV. CONCLUSIONS

The usage of multifractal tools selectively, namely, in each
time interval corresponding to well established frequency
bands separately, offers new insights on the assessment of
the heart rate variability. In ULF band— the interval usu-
ally studied in multifractal analysis, we observed only slight
difference between multifractal spectra of healthy hearts and
hearts suffering from left ventricle systolic dysfunction. But
in LF band, the WTMM method provides a clear distinction
between the spectra of lvsd and nsr gda groups for both direct
and integrated signals.
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11. B. Lashermes, P. Abry and P. Chainais. New insights into the estimation
of scaling exponents. Int. J. of Wavelets, Multiresolution and Information
Processing 2 No 4 497–523 (2004)

12. P. Ch. Ivanov, L. A. N. Amaral, A. L. Goldberger, S. Havlin, M. G.
Rosenblum, Z. R. Struzik ,and H. E. Stanley, ”Multifractality in human
heartbeat dynamics”, Nature 399 461–465 (1999)

13. M. Meyer, and O. Stiedl, ”Self-affine fractal variability of human heart-
beat interval dynamics in health and disease”, Eur. J. App. Physiol. 90
305–316 (2003)

14. K. Kotani, Z. R. Struzik, K. Takamasu, H. E. Stanley and Y. Yamamoto,
”Model for complex heart rate dynamics in health and diseases”, Phys.
Rev. E 72 041904-1–8 (2005)

15. R. Gała̧ska, D. Makowiec, A. Dudkowska, A. Koprowski, K. Chlebus,
J. Wdowczyk-Szulc and A. Rynkiewicz, ”Comparison of Wavelet Trans-
form Modulus Maxima and Multifractal Detrended Fluctuation Analysis
of Heart Rate in Patients with Systolic Dysfunction of Left Ventricle”,
Ann. of Noninvasive Electrocardiology, 13 155–164 (2008)

16. A. Eke, P. Herman, L. Kocsis, and L. R. Kozak, ”Fractal characterization
of complexity in temporal physiological signals”, Physiol. Meas. 23 R1–
R38 (2002)

17. J. F. Muzy, E. Bacry, and A. Arneodo, ”Multifractal formalism for frac-
tal signals: the structure-function approach versus the wavelet-transform
modulus-maxima method”, Phys. Rev. E 47 875–884 (1993)

18. J. W. Kantelhardt, S. A. Zschiegner, E. Koscielny-Bunde, S. Havlin, A.
Bunde, and H. E. Stanley, ”Multifractal detrended fluctuation analysis of
nonstationary time series”, Physica A 316 87–114 (2002)

19. A. L. Goldberger, L. A. N. Amaral, L. Glass, J. M. Hausdorff, P.
Ch. Ivanov, R. G. Mark, J. E. Mietus, G. B. Moody, C.-K. Peng,
and H. E. Stanley, ”PhysioBank, PhysioToolkit, and PhysioNet: Com-
ponents of a New Research Resource for Complex Physiologic Sig-
nals”, Circulation 101(23): e215-e220 [Circulation Electronic Pages; http:
//circ.ahajournals.org/cgi/content/full/101/23/e215]; 2000 (June13)

20. RR series and software can be downloaded from
http://iftia9.univ.gda.pl/ ˜ danka/DATA

Author: Danuta Makowiec
Institute: Institute of Theoretical Physics and Astrophysics
Street: Wita Stwosza 57
City: Gdansk
Country: Poland
Email: fizdm@univ.gda.pl

  
 

IFMBE Proceedings Vol. 25

 

Autonomic Heart Rate Control by Multifractal Tools 1849



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1850–1853, 2009. 
www.springerlink.com 

Quantitative Evaluation of ECG Changes Reflecting Heart Activity Control during 
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Abstract—The system for investigation of heart activity con-
trol in changing gravity conditions was elaborated in coopera-
tion between scientists of Kaunas University of Medicine and 
Microgravity Centre, Pontifícia Universidade Católica do Rio 
Grande do Sul, Brazil. Structural analysis and quantitative 
evaluation of parameters of ECG was performed on re-
cordings registered during passive orthostatic test. P-Q inter-
val duration changes and specific P-wave morphology varia-
tion estimated by means of Principal Component Analysis 
were found as informative parameters reflecting adaptation 
abilities of the persons in extreme conditions. 

Keywords—P-wave, Gravity changes, Heart activity control, 
Principal Component Analysis. 

I. INTRODUCTION  

Occupations like pilots, astronauts, and racing car drivers 
can face sudden changes of gravity, atmospheric pressure 
and weight. These abnormal conditions can have a substan-
tial impact, especially on the cardiovascular system. Or-
thostatic intolerance of spacemen has been a problem since 
the beginning of manned space flight in the 1960’s and 
remains the focus of scientific research in space centers in 
the USA [1,2]. It displays as tachycardia, variable blood 
pressure, pre-syncope or Frank syndrome, impaired mobil-
ity and reduced physical activity. Dysfunction of autono-
mous heart control is a possible cause and evaluations of the 
functionality of this are reported in numerous publications, 
including our previous works [3]. Quantitative evaluation of 
the degree of such pathology would enable ongoing patient 
assessment and follow up during rehabilitation. It could be 
also used as a tool for candidate selection for specific occu-
pations or athletes. It could help to control of their training. 

Autonomous heart control is the adaptation of rate and 
contraction of the heart muscle to meet the momentary 
needs of the organism. The heart rate is determined by the 
rate of spontaneous electrical activity of the cells usually 
located in the sinoatrial node. This rate is the result of per-
manent interplay between sympathetic and parasympathetic 
influences [4]. The P-wave shape reflects the spread of the 
electrical excitation front over the atria. The start point of 

which could be influenced by the release of neuromediators 
from nerve terminals. As has been reported in [5], the  
topology of neural ganglionated subplexuses suggests that 
during a parasympathetic activity the neuromediators are 
released in the site of the true pacemaker suppressing its 
spontaneous activity. Thus it is possible that some latent 
pacemaker would take over the role of the true pacemaker. 
Such shifting of the pacemaker site should be reflected as 
changes in the ECG P-wave morphology [6]. 

An orthostatic test partly imitates changes of the gravity 
vector. It evokes a sudden misbalance in the interplay be-
tween the sympathetic and the parasympathetic heart con-
trol, and properties of the control by each nerve system can 
then be observed. The aim of this work was to elaborate the 
experimental system for signal registration and to create an 
algorithm and program for evaluation of parameters of elec-
trocardiogram (ECG) signals, registered from subjects un-
der conditions of posture change. 

II. METHODS 

The passive orthostatic test was performed using Tilt Ta-
ble (Fig.1). The experiments were held on imitating possible 
usage of the method in practices during, remote testing of 
investigative in the extreme conditions. Video control of the 
protocol and collection/transmission of minimal yet suffi-
cient amount of data was used. The experiments were per-
formed in Microgravity Centre, Pontifícia Universidade 
Católica do Rio Grande do Sul, Brazil during on-line 
SKYPE videoconference with Kaunas University of Medi-
cine, Lithuania. ECG signals in DI lead were registered and 
sampled at 12 bit resolution, 250 Hz sampling rate. The 
specially elaborated Tilt Table enables fixation of various 
positions of the immobilized investigative starting from -40 
degrees (head down) till +90 degrees (head up). The proto-
col of position of the subject’s body during experiments was 
as follows: horizontal, -35 degrees head down, 65 degrees 
head up, horizontal, 65 degrees head up -35 degrees head 
down, and horizontal position again. The subject was held 
in each position for 2 minutes. Ten young healthy volun-
teers (age between 21 and 30) participated in the study. 



Quantitative Evaluation of ECG Changes Reflecting Heart Activity Control during Postural Changes 1851

 

  
 

IFMBE Proceedings Vol. 25

 

 

Analysis of the ECG signals was performed in Kaunas Uni-
versity of Medicine using MatLabTM computation  
environment. 

 

Fig. 1 Subject under investigation with electrodes for registration of ECG 
on Tilt Table. Data being collect at the Microgravity Centre (Brazil) and 
transmitted live via SKYPE videoconference to researchers in Kaunas 
University of Medicine, Lithuania 

The structural analysis of ECG was performed in aim to 
extract the part of the ECG signal reflecting excitation 
spread in atria during each cardiac-cycle. The minimum of 
signal derivative, which corresponds to the negative slope 
of the QRS, was chosen as preliminary fiducial point of 
cardiac-cycle. Bicubic spline interpolation using values of 
samples between the end of T-wave of preceding cardiac-
cycle and beginning of P-wave of current cardiac-cycle was 
used to calculate baseline wander component, which was 
subtracted from the original signal. We maximized cross-
correlation in time of the preliminary detected R-wave with 
the R-wave template to extract cardiac-cycles maximally 
aligned to R-wave. The R-wave template was constructed 
from first 10 cardiac-cycles of the recording and updated 
after every processed cardiac-cycle.  

Our preliminary tests, as well as [7] showed that not only 
morphology of P-wave, but also P-Q interval changes are 
expected during orthostatic test. The part of the extracted 
and aligned cardiac-cycle, starting from -330 ms till -50 ms 
back in time from the fiducial point of the cardiac-cycle was 
considered as array of samples including P-wave. The ex-
cerpt with aligned in time P-wave samples we took from 
this interval maximizing cross-correlation with the P-wave 
template constructed from first 10 cardiac-cycles of the 
recording and updated after every processed cardiac-cycle. 
The time shift of every ordinary P-wave till maximal corre-
lation with the template was considered as P-Q interval 

change and stored into separate array. The final arrays of 
samples of P waves formed two-dimensional array reflect-
ing the shapes of P-wave during the whole recording. It is 
redundant but comprehensive representation of P-wave 
shape variety: 
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where xi,j is the jth sample of ith P-wave. The number of 
columns represents the number of cardiac-cycles obtained 
during the experiment. Multivariate analysis methods, such 
as Principal Component Analysis (PCA) are used for reduc-
tion of dimensionality in representation of biomedical sig-
nals and could be successfully used for evaluation of mor-
phology changes in quasi-periodic biomedical signals [8]. 
The PCA transforms the original data set into a new set of 
vectors (the principal components) which are uncorrelated 
and each of them involve information represented by sev-
eral interrelated variables in the original set. The calculated 
principal components are ordered so that the very first of 
them retain most of the variation present in all the original 
variables. Thus it is possible to perform a truncated expan-
sion of ST-T complexes representing vectors by using only 
the first several principal components. Every vector xi rep-
resenting ordinary P-wave is then represented by linear 
combination of the principal components φk multiplied by 
coefficients wi,k : 

∑
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kkii wx

1
, ϕ .                              (2) 

We calculated the basis functions (principal components) 
as eigenvectors of covariation matrix Rx: 

[ ]T
x XXR ⋅= E .                           (3) 

Calculation of the co variation matrix was performed by 
using MatLabTM function “COV” which gave mathematical 
expectation E after removing the mean from each column. 
For determination of the minimal, yet sufficient, number of 
principal components (basis functions) for truncated expan-
sion of P-wave samples array, we used the cross-validation 
criterion based on the parameter called PRESS (PREdiction 
Sum of Squares)  [9]: 

∑∑
= =

−=
n

i
ijij

p

j
m xxmPRESS

1

2

1
)ˆ()( ,            (4) 



1852 A. Krisciukaitis et al.

 

  
 

IFMBE Proceedings Vol. 25

 

 

where ijm x̂   is the estimate of the original data set based 

not on all but the first m basis functions,  ijx  - the original 
data set. The PCA was performed separately for the P wave 
array of each recording. The coefficients of the orthonormal 
basic functions represent P-wave shape during each cardiac-
cycle as a point in the n - dimensional orthogonal space, 
where n is the minimal yet sufficient number of basic func-
tions. It was defined according to the methodology de-
scribed in [10]. Previous our works have shown that differ-
ent shapes of P waves during orthostatic tests create clusters 
of special forms. Those clusters were identified by testing 
statistical hypothesis of uniformity [11]. For each vector wi 
Euclidian distances were calculated to all other vectors 
(formula 5). More generally this method is described [3]. 

∑
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III. RESULTS 

Figure 2 presents a typical ECG response to an or-
thostatic test. The duration of the RR interval and body 
position are shown at the end of each cardiac-cycle.  

 

Fig. 2 Typical ECG response to an orthostatic test. The duration of the RR 
interval and body position are shown at the end of each cardiac-cycle 

Certain visible changes in heart rate and the shape of 
whole ECG cardiac-cycle corresponding to the altering 
body position can be observed. In the head-up position a 
decrease in T-wave amplitude was observed. Our main 
focus was put on the changes of the part of cardiac-cycle 
representing excitation spread in the atria. First of all one 
can notice a P-wave shift in time and changes in it’s ampli-

tude in regard to the body position changes. We applied 
simple amplitude scaling of P-wave as compensation of 
amplitude changes minimizing difference between template 
and current P-wave for preliminary detail analysis of P-
wave array. Typical P-wave shape examples during one 
recording are presented in fig.3(A,B). It revealed that 
changes in P-wave shape, particularly in the first half of it 
were present in some recordings in regard to the body posi-
tion changes. 
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Fig. 3 Typical variety of P-wave shapes during one recording. Original P-
waves (A) and amplitude-normalized (B). Representation of P-wave shape 
in the orthogonal space of coefficients of principle components (C) 

PCA of P-wave samples array gave quantitative esti-
mates of the shape changes. Minimal yet sufficient number 
of principle components to be used for truncated P-wave 
representation in most recordings were 4. Amplitude scaling 
in fact was not necessary for quantitative evaluation of P-
wave shape by means of PCA because normally first princi-
pal coefficient does it and we observed absolute correlation 
between coefficient of the first principal component and 
scaling coefficient in our preliminary tests. So for estima-
tion of amplitude changes we used coefficient of the 1st 

principal component while detail estimation of P-wave 
shape changes was done using coefficients from 2nd till 4th 
principal components. Representation of P-wave shape in 
the orthogonal space of coefficients of principle compo-
nents revealed that dots representing shape of every P-wave 
are not randomly distributed, but accumulated in some clus-
ters (fig. 3 C). Number of clusters in our recordings usually 
varied from 2 till 3. 

IV. DISCUSSION 

This paper presents only a preliminary results of our 
study from physiological point of view. However it shows 
that elaborated experimental system and available means for 
data collecting, transmission and analysis allow remote 
testing of subjects in non-ordinary conditions. The physio-
logical parameters evaluated during our experiments in 
general comply with the data of other authors. Changes in 
amplitude of parts of cardiac-cycle comply with the results 
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reported in [12] about vectorcardiographic changes during 
gravity changes during parabolic flights. In our case such 
changes are reflected as amplitude changes in one lead 
ECG. Observed changes in P-R interval length comply with 
the data reported in [13] reflecting changes in parasympa-
thetic influence on atrioventricular conductance. However 
contrarily [13] we did not observe respiration-related altera-
tions in this parameter in head-up body position. Observed 
changes in P-wave shape could be valued as most interest-
ing results. As mentioned in introduction, changes in excita-
tion start point (earliest pacemaker site) even within the 
sinus node due to the parasympathetic activity results the 
changes in excitation spread in right atria. The sinus node is 
not a localized structure but a widespread tissue along the 
crista terminalis. More significant effect we notice when 
earliest pacemaker site exceeds sinus node. The effects on 
changes of so called P-wave axis are reported in [14,15]. 
However excitation spread in the right atrium is reflected 
only in the beginning of the P-wave, the rest of P-wave 
reflects excitation spread in both atria or even in the left 
one. So changes in shape caused by the shift of earliest 
pacemaker site due to the parasympathetic activity we can 
expect only in the first part of P-wave. Exactly such phe-
nomena was observed in our experiments. Non-even or non-
randomly distributed, but accumulated in clusters quantita-
tive estimates of P-wave shape show that the shift of earliest 
pacemaker site takes place between some discrete locations, 
what complies with the data reported in [16]. 

V. CONCLUSIONS  

This study was a collaborative work conducted using 
modern information technologies. It demonstrates not only 
the possibility of virtual cooperation and contribution be-
tween distant institutions, but also demonstrates the ability 
to send, receive and process biomedical diagnostic informa-
tion to remote or difficult to access places, such as ships and 
spacecraft. 
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Abstract—Optical tracking with its high accuracy is widely 
used to determine the position and orientation of a surgical 
instrument in image-guided surgery (IGS). During tracking, 
optical markers are detected and identified by the optical 
tracking system. Due to individual geometric arrangement of 
the markers and design of the tracker body, there may be 
unexpected visibility reduction within the required visible 
range. This is mostly caused by coverage or overlapping 
through tracker’s own geometry. This paper is concerned with 
a generic modeling of the visibility of markers and simulation 
of tracker visibility in a defined angle range. The visibilities of 
two trackers are analyzed with simulation and experimental 
measurement. The results show that it is possible to predict the 
visibility range of an arbitrary tracker with arbitrary distribu-
tion of optical markers. This method may be useful for design-
ing optical tracker with complex geometric configuration. 

Keywords—Image-guided surgery, optical tracking, visibil-
ity reduction, visibility simulation, tracker design. 

I. INTRODUCTION  

The position and orientation of a surgical instrument 
such as a milling cutter or a drill can be optically tracked 
with high accuracy in the physical space. This spatial in-
formation can be used together with the pre-operative CT-
image for practical surgical guidance, which is well known 
as image-guided surgery (IGS).  

In such an IGS application, the optically tracked surgical 
instrument must be attached to an active or passive tracker 
with optical markers such as infrared-emitting diodes or 
retroreflective spheres or dielectric Luneburg lens radar 
reflectors [4]. Generally it is preferred from a surgeon that 
the visibility range of a tracked instrument should be rather 
big and continuous. Otherwise the camera has to be moved 
around to match a visible tracking position, which disrupts 
the workflow and is time consuming during an operation. 
The aim of this paper is a generic visibility simulation for 
the design of optical tracker with requirement on an accu-
rate defined visibility range. 

This area of visibility range of a tracker (chapter II B) 
does not increase proportionally to the number of optical 
markers, because of the coverage or overlapping effect of 
tracker’s own geometry [1]. In order to predict the actual 

visibility of a tracker design, these visibility reduction ef-
fects are modeled, see chapter II C. With help of numeric 
simulation, the advantages and disadvantages of different 
tracker designs can be showed and compared in the concep-
tual design phase, see chapter III, IV.  

As example, visibility simulations and experimental 
measurements of two complex trackers are compared and 
discussed. Possibilities for further development are dis-
cussed in chapter V. 

II. THEORY  

A. Marker Visibility 

Optical markers are necessary for the tracking camera to 
identify the rotation and translation of a tracker. During 
tracking, these markers are interpreted as points in space. 
Due to different materialized forms of markers, the theoreti-
cal visibility can be different in the open angle γ. But all 
markers has a rotational symmetric visibility along the 
marker normal n (Fig. 1). 

 

Fig. 1 Visibility of a Luneburg lens radar reflector, open angle γ = 120°  

B. Unique Geometry 

The geometric arrangement of the markers must be 
unique for the tracking system. Such geometry is called a 
unique geometry [2, 3]. A tracker can have more than one 
unique geometry to increase its total visibility.  

 
C. Visibility Range, Visibility Sphere  

The visibility range of a single marker V{(θi, φi)}, de-
fined as a subset of all tracking directions U{(θj, φj)}, can 
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be visualized as an area A(1, θi, φi) on a normalized visibil-
ity sphere S(1, θj, φj), defined in standard spherical coordi-
nate system (Fig. 2). The visibility range of a unique ge-
ometry is then defined as the intersection of the visibility 
ranges of all its markers. The visibility range of a tracker is 
defined as the union of the visibility ranges of all its unique 
geometries. On the visibility sphere, the camera will be 
moved around to determine the visibility range of a tracker.  

a)     b)  

Fig. 2 a) Visibility sphere S(1, θj, φj) in purple, here only half sphere 
showed. b) 3D visualization of the visibility range A(1, θi, φi) (cyan) of a 
marker, black area indicates the invisible area B, A∪B = S 

D. Visibility Reduction 

For accurate measurement the geometry of a marker has 
to be detected clearly and completely by the tracking cam-
era. This means on the CCD sensors of the stereoscopic 
camera, there must be enough information for the tracking 
system to detect and identify the markers. Any disturbance 
in the optical line of sight could affect the tracking accuracy 
and reduce the visibility. There exist three types of visibility 
reduction: 

Partial Coverage: This takes place if the marker is par-
tially covered by tracker body’s geometry, while the camera 
can still detect the marker. This causes an insufficient light 
spot on the CCD sensor, in that way the barycenter of this 
light spot is no more the correct position of the optical 
marker (Fig. 3a).  

Total Coverage: This occurs if the marker is greatly cov-
ered by tracker body’s geometry. The camera can no more 
detect the marker.  

Overlapping: This happens if the marker is overlapped 
by another marker. Although the camera can detect the 
overlapped light spot, it can no more distinguish them from 
each other (Fig. 3b). 

a)       b)  

Fig. 3 Visibility reductions, highlighted in red. a) Partial coverage by 
tracker body’s geometry. b) Overlapping of two markers 

III. METHODS  

 

Fig. 4 Definition of the visibility quality value proportional to the devia-
tion angle ω. Invisible/Worst Quality: q = 0 for ω ≧ 0.5 γ. Best quality: q 
= 1 for ω = 0  

The visibility value q is defined as a scalar in [0, 1] for 
each marker at each point on the visibility sphere. q is linear 
interpolated to deviation angle ω, defined as the angle be-
tween marker normal and line of sight (Fig. 4). The numeri-
cal simulations are performed as follows: 

1. Define the discrete visibility sphere. 
2. Import triangle mesh of the tracker body geometry 

generated from CAD-software. The marker geometry is 
not included in the mesh. 

3. Define position and geometry of all markers. 
4. Check for Total Coverage. Compute intersection of the 

line of sight with each triangle mesh. If there is inter-
section, then current marker is not visible at current 
tracking direction. 

5. If there is no intersection, check for Partial Coverage.  
6. If Partial Coverage takes place, then calculate the re-

duced visibility quality proportionally to the hidden 
area. If more than half of the marker is hidden, then the 
visibility quality will be set to 0 (empirical setting).   

7. Check for Overlapping.  
8. If Overlapping happens, set the visibility quality to 0. 
9. Repeat steps 4 to 8 for each point on the visibility 

sphere, each marker and each mesh triangle. 
10. Evaluation of the visibility of all unique geometry on 

the basis of visibility of markers. The quality value of a 
unique geometry is the averaged of all its markers . 

IV. RESULTS  

To test the correctness of the modeling, two numerical 
simulations are performed on tracker A and B (Fig. 4). The 
results are compared with experimental measurements done 
using qualitative RMS method [5]. Tracking system NDI 
Polaris® Accedo™ is used for the experiments [3].  
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In the visualization, brighter color indicates higher visi-
bility value. The visibility range of the tracker is then plot-
ted using coordinate transformation given by x = r*cos(φi);  
y = r*sin(φi) with r = θi/π. 

a)       b)  

Fig. 5 a) Tracker A has two unique geometries, each one has three markers 
(Luneburg lens radar reflector, BCMM), γ = 120°. The normals of the 
two unique geometries are rotated by 100°. b) Tracker B has one unique 
geometry with four markers (retroreflective spheres, NDI), γ = 178° 

a)    b)  

Fig. 6 Results of Tracker A. a) Plot of simulation. b) Experimental meas-
urement, discretization of the visibility sphere: 2° x 2°. 

Tracker A has two unique geometries (each has three 
markers) integrated with a rotational displacement (100°). 
The theoretical visibility should be a union of two circles. 
Through partial and total coverage, the resulting visibility 
has drawbacks in the outline area. In the simulation plot, 
these drawback areas are clearly showed (Fig. 6).  

a)    b)  

Fig. 7 Results of Tracker B. a) Plot of simulation. b) Experimental meas-
urement, discretization of the visibility sphere: 4° x 4° 

Tracker B has one unique geometry which is defined by 
four markers. The theoretical visibility should be a circle. 
Through coverage and overlapping, the resulting visibility 
has three invisible slots. In the simulation plot, these af-
fected areas are clearly showed (Fig. 7). The scattered areas 
in the plot of this experiment are due to the marker abrasion.  

V. DISCUSSION  

Visibility range of an arbitrary tracker is modeled and 
simulated. The predicted visibilities of two tracker designs 
are very similar with the experimental measurements. The 
numerical simulation shows a practical way to perform 
virtual test on candidate tracker designs. This could be used 
for designing complex optical tracker with complex visibil-
ity requirement. 

In future work, statistical tracking error of the instrument 
Tool Center Point (TCP) could be taken into account in the 
modeling and algorithm could be developed to give design 
suggestions based on design database to increase visibility 
range and quality [6].  
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Abstract— The isolated beating cells have different intrinsic 
excitatory period interval with fluctuation. The excitatory 
conduction between the beating cells synchronizes with time 
when such beating cells formed a cellular clot, which eventu-
ally shows single excitatory period interval. However, as of yet, 
it is not clear how the beating cell regulates the excitatory 
action of other cells. On the other hand, FitzHugh, Nagumo et 
al. and Hodgkin et al. proposed a kinetic mathematical model 
which made it possible to realize the excitatory action numeri-
cally. The numerical simulation makes it possible to analyze 
several effects of the excitatory period interval on the synchro-
nization based on the experimentally observed data, so it is 
useful for elucidation of a mechanism of the synchronization. 
In the current study, with employing a kinetic mathematical 
model for the excitatory conduction, we developed a novel 
numerical simulator for which excitatory wave propagates on 
a two-dimensional cellular matrix, and numerically analyzed 
an interference of excitatory conduction. In addition, we veri-
fied several effects of both average and fluctuation for the 
excitatory period interval on the synchronization of excitatory 
conduction. Our proposed numerical simulator constructed by 
employing Barkley’s model qualitatively realized a synchroni-
zation of excitatory conduction between beating cells. The 
synchronization of excitatory conduction was regulated by 
single cell for which both the average and standard deviation 
for excitatory period interval is smaller than those of other 
cells. As a result, it was clear that both the average and the 
standard deviation for the excitatory period interval played an 
important role in the synchronization of excitatory conduction 
between beating cells. Therefore, a consideration of both the 
average and the standard deviation for excitatory period in-
terval is indispensable to elucidation of a mechanism of the 
synchronization between beating cells.  

Keywords— Excitatory Conduction; Excitatory Period; Beat-
ing cell; Myocardium; Synchronization 

I. INTRODUCTION  

Myocardium primarily consists of both the beating cells 
which autonomously generate the excitatory action and the 
myocyte which propagate an active potential on whole tis-
sue. The cardiac beat is a salient product produced by a 
synchronization of excitatory action between the beating 
cells, which is indispensable to maintain a vital activity. The 

isolated beating cells have different intrinsic excitatory 
period interval with fluctuation [1]. However, the excitatory 
actions between the beating cells can synchronize with time 
when such beating cells formed a cellular clot, which even-
tually shows a single excitatory period interval [2]. More-
over, cellular matrix which assigned the beating cells on the 
two-dimensional field realizes a stable excitatory conduc-
tion as same as the cardiac beating [3]. Although there is a 
possibility that a personal equation of conductance of ion 
channels has an effect on the synchronization of excitatory 
conduction, as of yet it is not clear how the beating cell 
regulates the excitatory action of other cells. Recently, the 
process of the synchronization of excitatory conduction 
between isolated beating cells has been observed in order to 
analyze the interference of excitatory conduction, which 
reported a following biological finding: the excitatory pe-
riod intervals of isolated beating cells were associated with 
fluctuation of less than 50% [4]. There is a possibility that 
the fluctuation has a grave influence on synchronization of 
excitatory conduction. On the other hand, FitzHugh, Na-
gumo et al. and Hodgkin et al. proposed a kinetic mathe-
matical model which made it possible to realize the excita-
tory action numerically [5,6,7]. A numerical simulation 
based on those models makes it possible to analyze several 
effects of the excitatory period interval on the synchroniza-
tion. In the current study, with employing the kinetic 
mathematical model for the excitatory conduction, we shall 
develop a novel numerical simulator for which excitatory 
wave propagates on a cellular matrix, and numerically ana-
lyze an interference of excitatory conduction. Moreover, we 
shall verify several effects of both the average and the fluc-
tuation for the excitatory period interval on the synchroniza-
tion of excitatory conduction, and elucidate a dominant 
factor of the synchronization. 

II. METHOD 

To analyze a synchronization of excitatory conduction, 
we developed a novel numerical simulator for which an 
excitatory wave produced by beating cells makes it possible 
to propagate on two-dimensional cellular matrix based on  
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Fig. 1 Numerical simulator 

Cell A and Cell B are beating cells. Other cells are myocyte. Cell A, Cell B 
and Cell S.P. are sampling point which observes an excitatory conduction.  

Table 1 Condition of excitatory period interval 

Experiment #  Cell A Cell B 
Average 500.0 700.0 
St. Dev. 100.0 200.0 1 

C.V. 20.0 28.6 
Average 500.0 700.0 
St. Dev. 200.0 100.0 II 

C.V. 40.0 14.3 
Average 500.0 1700.0 
St. Dev. 100.0 200.0 III 

C.V. 20.0 11.8 
St. Dev.: Standard Deviation 
C.V.: Coefficient of Variation 
 
 

Barkley’s model [8] which qualitatively realizes a propaga-
tion of active potential. Barkley’s model is as follows: 

          (1) 

           (2) 

        (3) 
           (4) 

           (5) 

where U and V are activator and inhibitor, respectively. The 
f(U,V) and g(U,V) are a local dynamic behavior for U and V, 
respectively. The  is a threshold which evaluates an excita-

tion of beating cell. The D is a coefficient for propagation of 
excitatory wave, and  is two-dimensional Laplacian. In 
the initial state, U and V were set equal to 0.0. The Neu-
mann condition was applied to a boundary condition. The U 
showed a traveling wave with time when the system re-
ceived a perturbation which was larger than . The dynamic 
behavior of U was qualitatively in good agreement with a 
biophysical feature of active potential, and propagated on 
the two-dimensional field. As seen in Fig.1, 25 cells were 
assigned on two-dimensional field, and the excitatory con-
duction of each cell was realized based on the dynamic 
behavior of Barkley’s model. Cell A and B in Fig.1 corre-
sponded to the beating cell, which received a perturbation at 
intrinsic excitatory period interval and generated an excita-
tory wave. On the other hand, other cells in Fig.1 were 
myocyte which propagates an excitatory wave without gen-
erating an excitatory wave. The intrinsic excitatory period 
interval of both Cell A and Cell B were set by applying both 
the average and the standard deviation shown in Table 1 to 
random number generator based on the normal distribution 
[9]. We observed a propagation of excitatory conduction of 
on Cell A, Cell B and Cell S.P. with entire time. 

Table 2 Statistical analysis of excitatory period interval 

Experiment #  Cell A Cell B Cell S.P.
Average 570.1 568.0 570.4 
St. Dev. 107.7 96.6 95.2 I 

C.V. 18.9 17.0 16.7 
Average 673.3 663.8 662.3 
St. Dev. 195.5 105.6 140.6 II 

C.V. 29.1 16.0 21.5 
Average 601.6 615.1 618.2 
St. Dev. 121.4 131.6 118.0 III 

C.V. 20.2 21.4 19.1 
St. Dev.: Standard Deviation 
C.V.: Coefficient of Variation 

III. RESULTS AND DISCUSSION 

The interference of excitatory conduction between beat-
ing cells shown in Table 1 was numerically analyzed, and 
Table 2 showed a statistical analysis of excitatory period 
interval of Cell A, Cell B and Cell S.P. after a completion of 
a synchronization of a excitatory conduction of two-
dimensional field. Our proposed numerical simulator real-
ized a synchronization of excitatory conduction between 
beating cells (Fig.2 and 3). As for the experiment #1 in 
Table 1, Cell A synchronized Cell B in terms of the excita-
tory period interval at around 4000 time (Fig.2 a,b). Once  

( ) UDVUf
t

U
∇⋅+=

∂
∂

,

( )VUg
t
V

,=
∂
∂

( ) ( ) ( )[ ]VUUUVUf θ−⋅−⋅⋅= − 1005.0, 1

( ) VUVUg −=,

( ) ( )
3.0

01.0+
=

VVθ

  
 IFMBE Proceedings Vol. 25  

 

1858 H. Hamada et al.



a) 

 
b) 

    

P
er

io
d 

(a
rb

it
ra

l u
ni

t)

Time (arbitral unit)

0

200

400

600

800

1000

1200

0 5000 10000 15000 20000

Sampling Point
Cell A
Cell B

P
er

io
d 

(a
rb

it
ra

l u
ni

t)

Time (arbitral unit)

0

200

400

600

800

1000

1200

0 5000 10000 15000 20000

Sampling Point
Cell A
Cell B

 
Fig. 2 Numerical anlysis for experimental #2  

a) Snapshot of numerical simulation. Cell A regulated an excitatory con-
duction of two-dimensional field.  b) Time course of synchronization of 
excitatory action between Cells. Cell A synchronized Cell B in terms of the 
excitatory action at around 4000 time, and the excitatory period intervals of 
both Cell B and Cell S.P. showed little discrepancy with that of Cell A 
after a completion of the synchronization.  

 

the excitatory conduction of two-dimensional field had been 
regulated by the excitatory action of Cell A, the excitatory 
period intervals of both Cell B and Cell S.P. showed little 
discrepancy with that of Cell A (Fig.2 b). Therefore, the 
average, the standard deviation and the coefficient of varia-
tion for excitatory period interval of Cell B were in good 
agreement with those of Cell A (Table 2: Experiment #1). 
As for the experiment #2 in Table1, although both Cell A 
and Cell B temporally regulated the excitatory conduction 
of two-dimensional field, those Cells could not perpetually 
regulate the excitatory conduction of two-dimensional field  
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Fig. 3 Numerical analysis for experimental #3  

a) Snapshot of numerical simulation. Cell A regulated an excitatory con-
duction of two-dimensional field.  b) Time course of synchronization of 
excitatory action between Cells. Cell A synchronized Cell B in terms of the 
excitatory action at around 3500 time, and the excitatory period intervals of 
both Cell B and Cell S.P. showed little discrepancy with that of Cell A 
after a completion of the synchronization. 

 

(Table 2: Experiment #2). As for the experiment #3 in Ta-
ble1, Cell A synchronized Cell B in terms of the excitatory 
period interval at around 3500 time (Fig.3 a,b). As seen in 
Experiment #1, there was no disruption of the excitatory 
conduction of two-dimensional field after completing the 
synchronization (Fig.3 b). Hence, the average, the standard 
deviation and the coefficient of variation for excitatory 
period interval of Cell B agreed with those of Cell A (Table 
2: Experiment #3). In the experiment #1, the average for 
excitatory period interval of Cell A was shorter than that of 
Cell B, and both the standard deviation and the coefficient 
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of variation for excitatory period interval of Cell A were 
smaller than those of Cell B (Table 1). As a result, the exci-
tatory action of Cell A inhibited that of Cell B. On the other 
hand, in the experiment #3, the average for excitatory pe-
riod interval of Cell A was shorter than that of Cell B, and 
the standard deviation for excitatory period interval of Cell 
A was smaller than that of Cell B (Table 1). As a result, the 
excitatory action of Cell A inhibited that of Cell B. These 
findings implied that both the average and the standard 
deviation for excitatory period interval played an important 
role in the synchronization of excitatory conduction be-
tween beating cells. In the experiment #2, although the 
average for excitatory period interval of Cell A was shorter 
than that of Cell B, the standard deviation for excitatory 
period interval of Cell A was higher than that of Cell B 
(Table 1). Therefore, since there was no dominant Cell 
which overcame above-mentioned constraints related to 
both the average and the standard deviation for the excita-
tory period interval, a stable excitatory conduction had not 
been formed on two-dimensional field in the experiment #2. 
Kojima et al. reported that the fluctuation of excitatory 
period interval played a role as dominant factor of synchro-
nization of excitatory conduction between beating cells [3]. 
Since the standard deviation has a grave influence on the 
fluctuation, the biological finding is in good agreement with 
the above-mentioned results. Therefore, both the average 
and the standard deviation for excitatory period interval are 
dominant factors of the synchronization of excitatory con-
duction between beating cells, and moreover a consideration 
of both is indispensable to elucidation of a mechanism of 
the synchronization between beating cells.  

IV. CONCLUSIONS  

We developed a novel numerical simulator for which an 
excitatory action produced by beating cells propagates on 
two-dimensional cellular matrix, and numerically analyzed 
an interference of excitatory conduction. It was clear that 
both the average and the standard deviation for the excita-
tory period interval played an important role in the synchro-
nization of excitatory conduction between beating cells. 
Therefore, a consideration of both the average and the stan-

dard deviation for excitatory period interval is indispensable 
to elucidation of a mechanism of the synchronization be-
tween beating cells. 
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Abstract— Virtual reality-based rehabilitation systems in-

volving first-person object manipulation need to include repre-

sentations of the patient’s hands and arms in the virtual envi-

ronment.  The virtual arms and hands should appear in the 

correct first-person spatial positions to allow natural interac-

tion with the system.  Head-mounted displays have cost and 

motion sickness problems even with healthy subjects, while  

other methods such as table-top projections have problems 

with image occlusion by the user’s own limbs.  Here we present 

the first large-scale, age-matched study of a mirrored horizon-

tal display which shows virtual arms in the correct position 

relative to the user on a table top.  We compared it with a 

conventional display in a questionnaire and a simple arm 

motor task on 21 sub-acute stroke patients, 14 age-matched 

healthy subjects and 26 younger healthy subjects.  Healthy 

subjects reported higher ownership of virtual arms using our 

display and enjoyed it more, while stroke patients preferred 

the normal display due to comfort reasons but showed no 

preference in terms of enjoyment.  Patients and healthy sub-

jects performed the motor task equally well in the display in 

either the mirrored or normal positions.  We conclude that our 

display may achieve good acceptance with stroke patients after 

customization to accommodate patient-specific sitting pos-

tures.  With these improvements it may become a valuable tool 

for virtual reality-based arm rehabilitation. 

Keywords— Virtual reality, ownership, motor test, mirrored 

display. 

I. INTRODUCTION  

Virtual reality (VR)-based rehabilitation systems must 

provide patients with realistic and immersive visual input 

under stricter comfort and usability constraints than those 

that apply to healthy subjects.  Normal displays presenting 

virtual environments on vertical monitors or projection 

screens are familiar and well accepted, but they cannot 

represent the user’s body parts – particularly arms and legs 

– in the correct position relative to the user’s viewpoint.  

Achieving this functionality can be important for rehabilita-

tion scenarios involving object manipulation.  Simple de-

vices such as a mirror box vertically aligned along the pa-

tient’s midline [1, 2] can achieve the desired effect for a 

single arm, but does not support manipulation of the viewed 

image or integration with bimanual VR tasks. 

Fully immersive head-mounted stereo displays (HMDs) 

can produce virtual environments in which virtual limbs 

appear in the correct position relative to the user’s view-

point.  However, their use has been limited by concerns of 

cost and motion sickness, e.g. in computer gaming [3].  

Shutter glasses, eyeglass displays and stereo glasses can 

reduce but not eliminate motion sickness problems than 

wrap-around HMDs due to better peripheral vision [4].  

Alternatives such as large displays achieve immersion by 

showing a live video image of the subject’s arm on the 

screen [5-7].  While easy to implement and quickly under-

stood by patients, the arm representation is not situated 

correctly in the user's frame of reference.  A different sys-

tem combines magnetic tracking of an arm moving on a 

table with a back-projected image of the arm on the table 

[8].  This arrangement allows the image of the virtual arm to 

be placed in the correct position relative to the user, but 

suffers from the potential disadvantage that the real arm can 

occlude the image of the virtual arm.  Another rehabilitation 

system comprising a half-mirror, a flat CRT display, shutter 

glasses, a pen-type haptic phantom display and eye trackers 

allows users to manipulate virtual sushi on a plate [9].  Pa-

tients see and manipulate the virtual sushi on a plate in 

stereo as if it was in front of them, but they see only repre-

sentations of chopsticks rather than virtual arms. 

From the above overview it is clear that no current VR 

system combines correctly positioned representations of 

virtual limbs with high usability without motion sickness 

effects.  Here we constructed and tested a VR system based 

on a mirrored display which shows correctly positioned 

virtual arms, combining good immersion with good usabil-

ity for both healthy users and patients.  We hypothesized 

that our system is as easy to use as a conventional display, 

does not affect performance in a simple arm motor task and 

improves subjective feelings of ownership of virtual limbs. 

II. METHODS  

A. System Description 

Users’ forearm and hand movements are tracked using 

custom-made digital compasses and data gloves (Figure 1).  
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The data gloves measure angular rotation of the forearm in 

three dimensions and the bending of the thumb, index finger 

and middle finger.  The bending of the virtual ring and little 

fingers was set to be the same as the virtual middle finger. 

Users look down into a horizontal mirror placed between 

the eyes and the arms on the table, in which they see a re-

flected image from a LCD monitor (94cm diagonal, 1366 x 

768 pixels) displaying a pair of virtual arms.  The monitor 

can be placed in two positions: a vertical position for nor-

mal use (normal position), and a horizontal position to be 

used with the mirror (mirrored position).  When the monitor 

is in the vertical (normal) position the mirror is removed.  In 

the mirror position, the virtual arms appear to float and 

move in space at approximately the same location as their 

real arms, without being occluded by the real arms. 

 

 
 

 
 

 

 

 

Figure 1: (Top left) Arrangement of mirror and monitor, showing the two 

possible positions of the monitor.  (Right) Subject wearing data gloves and 

viewing screen reflected in the mirror.  The subject’s arms are on the table 

below the mirror.  Due to the mirror reflection, the virtual arms appear to 

be level with the table. From Pescatore et al. Proc. Presence 2008 pp 270-

273.  (Center left) Data gloves used to record subject hand and forearm 

movements.  From Pyk et al. Proc. Virtual Rehabilitation 2008 pp 127-132.  

(Bottom left) Virtual arms shown in mirrored display. 

B. Subjects 

Forty right-handed healthy participants (21 female; age 

range 20-73 y, mean±SD 42.8±17.0 y) took part in the 

study.  Healthy participants received USD 20 for their time.  

In addition, 21 right-handed sub-acute stroke inpatients (6 

female; age range 25-81 y, mean±SD 64.1±12.9 y, 2-weeks 

to 6 months post-stroke) were recruited from the rehabilita-

tion center Reha Rheinfelden, Aargau, Switzerland.  Seven 

out of the 21 patients were sitting in a wheelchair.  The 

healthy participants were then subdivided into groups of 26 

younger (15 female, <52 y, 32.2±10.4 y) and 14 older sub-

jects (6 female, >52 y, 62.4±4.5 y); the older group was 

age-matched with the stroke patients.  All procedures were 

approved by the ethics committee of the ETH Zurich for the 

healthy subjects and by the ethics committee of canton 

Aargau for the stroke patients. 

The inclusion criteria for the stroke patients were: right-

handedness before ischemic stroke onset, low to medium-

level paresis in the affected arm, ability to sit upright in a 

chair or wheelchair, ability to understand the experiment 

and follow instructions.  Patients with significant cognitive 

or visual deficits (e.g. visual neglect) were excluded. 

C. Usability Test 

Each subject was tested with the screen in the normal 

(vertical) and mirrored (horizontal) position, with the initial 

position assigned randomly.  Subjects put on the data gloves 

and sat at the table with the screen set to the first position.  

They then moved their arms, hands and fingers, watching 

the corresponding virtual movements on the screen until 

they felt that they understood the correspondence between 

their own movements and those of the virtual arms.  The 

screen was then moved to the second position.  Subjects 

moved their arms again until they felt that they understood 

the movement correspondence.  They then responded to 

each statement on the questionnaire (Table 1) using a seven-

point Likert scale.  For statements 1-7, the left-most side of 

the scale (1) represented a strong preference for the normal 

display, the middle value (4) was neutral, and the right-most 

end represented a strong preference for the mirrored display 

(7).  For statements D1 and D2, the left-most value (1) indi-

cated strong disagreement with the statement and the right-

most value (7) indicated strong agreement. 

Table 1 Subject questionnaire statements 

# Statement Keyword 

1 More comfortable Comfort 

2 More enjoyable Enjoy 

3 Easier to use Easy 

4 More interesting to use Interest 

5 Easier to move my arms freely Move 

6 Easier to imagine that the arms on the screen 

belonged to me 
Imagine 

7 Prefer to use in the long term Prefer 

D1 I use computers regularly D-Comp 

D2 I am experienced with playing computer games D-Games 
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D. Click Test 

Eight of the young healthy participants, seven of the old 

healthy participants and 14 of the patients additionally per-

formed a simple “click test” motor task with the display in 

each position (normal or mirrored display).  All 21 patients 

attempted the test; 14 were able to control the mouse suffi-

ciently well to produce reliable results.  The beginning posi-

tion was randomized.  The click test consisted of clicking a 

standard two-button computer mouse with the right hand for 

each of 25 dark blue rings (3.5 cm external diameter, 2 cm 

internal diameter, 50% gray background) that appeared in a 

pseudo-random sequence (the same for each subject) on the 

screen (or mirrored screen), with a random inter-trial inter-

val of 1.5-2.0 seconds.  For each subject and for both screen 

positions, the mean position error to the center of the circle 

and the mean click response times were calculated. 

E. Data Analysis 

All data was analyzed using Excel and SPSS 16.0.  For 

the usability test a multivariate general linear model was 

applied for each statement of the usability questionnaire to 

assess effects of experimental order, gender and age.  The 

data were also checked for interactions between the fixed 

factors, i.e. first presented screen position and gender.  Z-

tests were conducted to evaluate significant deviations from 

the neutral response (4 on the scale) towards either the nor-

mal position or the mirrored position. 

For the click test, the per-subject click times and position 

errors were averaged and then grouped according to the 

subject type (healthy young, healthy old, stroke patient).  

Within each group, the mirrored condition results were 

compared with the normal condition (two-tailed t-tests). 

III. RESULTS  

A. Usability Test 

Table 2 summarizes the questionnaire responses for the 

healthy young people, healthy older people (age-matched 

with patients) and the stroke patients.  Significance levels 

are indicated in cases where the response was significantly 

different to the neutral value of 4 (z-test).  Unsurprisingly, 

the healthy young patients reported the highest levels of 

experience with using computers and computer games (D1 

and D2).  They preferred the mirrored display as being more 

enjoyable, easier to use, more interesting and easier to 

imagine that the virtual arms belonged to them.  The older 

healthy subjects, who had near-significantly lower levels of 

computer or gaming experience (two-tailed t-tests, 

p(D1)=0.065 and p(D2)=0.054), found the mirrored display 

to be more enjoyable and more interesting.  However, they 

did not prefer one display over the other for the other state-

ments.  The stroke patients had significantly lower comput-

ing experience than the age-matched older healthy subjects 

(p=0.04).  They showed no preference for either display 

except in terms of comfort and choice for long-term use, 

where they preferred the normal over the mirrored display. 

In the multivariate ANOVA only a single significant 

post-hoc difference was found between the groups.  The 

young healthy subjects found it significantly easier than the 

stroke patients to imagine that the virtual arms belonged to 

them (p=0.005).  No significant effects were found between 

the subject groups when sub-grouped by either gender or 

order of presentation (mirrored display or normal display 

first).  No overall age effect was found on any of the ques-

tionnaire responses except for subjects’ experience with 

using computers (p(D1)=0.001). 

Table 2 Subject questionnaire results for healthy young subjects, old 

subjects and stroke patients 

# Keyword 

Healthy 

Young 

Mean 

Healthy 

Young 

SD 

Healthy 

Old 

Mean 

Healthy 

Old 

SD 

Patients 

 

Mean 

Patients 

 

SD 

1 Comfort 3.88  1.71 3.93 1.33 3.29# 1.87 

2 Enjoy 4.88** 1.56 4.79** 1.19 3.76 2.02 

3 Easy 4.42* 1.37 4.14 1.56 3.67 1.88 

4 Interest 5.04*** 1.49 5.00*** 1.11 4.57 1.94 

5 Move 4.19 1.58 3.93  1.33 3.43 1.94 

6 Imagine 5.54*** 1.58 4.71 1.73 3.81 1.97 

7 Prefer 4.38 2.09 4.64 1.91 3.00# 2.28 

D1 D-Comp 6.69 1.25 5.71 1.77 4.10 2.72 

D2 D-Games 3.08 1.84 2.00 1.41 2.19 2.16 

Sig. level >4 (prefer mirrored): *=0.05, **=0.01, ***=0.001 

Sig. level <4 (prefer normal): #=0.05, ##=0.01, ###=0.001 

B. Click Test 

Table 3 shows a summary of the subjects’ response times 

and distance errors in the click test.  For all groups, the 

response times and distance errors were indistinguishable 

between the mirrored and normal positions (two-tailed t-

tests). 

Neither the age nor the health status of the subjects 

measurably affected their performance in the click test.  

None of the pairwise comparisons (t-tests with Bonferroni 

correction) between the three groups revealed any signifi-

cant differences in either response time or distance error.  In 

addition, the per-subject standard deviations of the response 

times and distance errors did not differ significantly be-

tween any of the groups. 

Patient Evaluation of a Mirrored Display for Viewing of Co-located Virtual Arms 1863

 IFMBE Proceedings Vol. 25  



Table 3 Click test results 

 Mean response time [s] Mean distance error [mm] 

 Mirrored Normal  Mirrored Normal  

 Avg SD Avg SD p Avg SD Avg SD p 

Healthy 

young 

1.97  0.42 1.93 0.42 0.93 2.16 0.99 2.26 1.15 0.92 

Healthy 

old 

1.98 0.62 1.66 0.38 0.25 2.75 2.12 3.25 1.77 0.38 

Patients 1.84 0.45 1.85 0.45 0.97 4.18 2.02 4.41 2.41 0.86 

 

Figure 2: Click test results: (Top) Variation of response times with age; 

(Bottom) Variation of distance errors with age. 

IV. DISCUSSION  

The responses to our mirror-based VR display varied 

with subjects’ age and health status.  Younger and healthier 

subjects preferred the mirrored display, particularly in terms 

of enjoyment and interest.  Stroke patients found the normal 

display to be more comfortable, and chose to use it in pref-

erence to the mirrored display, but expressed no preference 

in the other questions.  Like the healthy subjects, they per-

formed the click test motor task equally well in either condi-

tion.  We can interpret the comfort results in terms of the 

different posture of the patients compared to the healthy 

subjects.  The mirrored display requires subjects to lean 

forwards slightly to look into the mirror, which is difficult 

for wheelchair-bound stroke patients with arm strength 

problems.  Patients commented that the mirrored display 

required familiarization, which was not possible during the 

short experiment.  Future trials will improve patient-specific 

comfort and allow longer familiarization periods to ensure 

that patients either prefer the mirrored display or accept it as 

well as a normal display.  We will also use more difficult 

VR motor tasks to resolve detailed performance differences 

between patients and healthy subjects. 

V. CONCLUSIONS  

We have shown for the first time in a large-scale study 

that our mirrored display is a viable method for presenting 

immersive first-person virtual arms to healthy subjects of all 

ages.  After optimization of display comfort and a longer 

familiarization period we expect it to also achieve good 

patient acceptance for neurorehabilitation applications. 
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Abstract—Disturbance in the blood microcirculation is a 
frequent complication in a number of common diseases includ-
ing diabetes, arteriosclerosis and Raynaud’s phenomenon. In 
order to effectively diagnose these diseases, clinical tools able 
to monitor non-invasively the microvascular perfusion are 
required. For that purpose several techniques have been pro-
posed. Among them, laser Doppler flowmetry (LDF) has been 
developed over the years, from experimental tools into com-
mercial products, and several thousands of publications cite its 
use in the scientific literature. Nowadays, the LDF technique is 
commonly proposed in diverse applications. However, the 
dependence of the LDF signal on the microvascular architec-
ture is still not known. A scientific understanding and knowl-
edge of the LDF signal origin is not yet accessible to clinicians. 
Some studies proposed the use of different fiber separations or 
several wavelengths in order to modify the sampling depth of 
the LDF technique. However, further work is required to have 
knowledge and control over the mean sampling depth (and 
hence volume) in skin tissue.   

Keywords—Laser Doppler flowmetry; skin microcircula-
tion; depth and volume discrimination. 

I. INTRODUCTION  

Disturbance in the blood microcirculation is a frequent 
complication in a number of common diseases. While the 
superficial dermal plexus and capillary loops are often af-
fected by diseases such as eczema, psoriasis and 
acne (gravitational disorders), the deeper circulation (deep 
dermal plexus, arteriolar-venous anastomoses) may be more 
responsive to more general cardiovascular adaptations [1]. 
Moreover, complex widespread diseases such as diabetes 
may act at both levels of the microcirculation (true nutritive 
capillary blood flow and shunted blood flow), possibly by 
different mechanisms [1]. Burn wound depth assessment is 
also very important and could be evaluated by differentiat-
ing between superficial and deep blood flow [2]. Thus, in 
many investigations the main concern of the clinicians is to 
discriminate between blood perfusion signals out of superfi-
cial (nutrient) layers from deeper (thermoregulatory) layers 
of the tissue [3]. A measurement tool able to evaluate blood 

perfusion from different skin layers has therefore become of 
great interest.  

The aim of this paper is first to make a state-of-the-art of 
the most commonly used techniques proposed to monitor 
microvascular blood flow. However, none of them are able 
to discriminate between blood perfusion from superficial 
and deeper layers. We therefore show that a laser Doppler 
flowmeter (LDF) monitor able to give control over the 
mean sampling depth (and hence volume) in skin tissue is 
needed. 

II. SKIN MICROCIRCLATION 

A. Skin’s Anatomy and Related Diseases 

The cutaneous microcirculation present in the dermis is 
organized in two horizontal plexuses. One of them is situ-
ated at 0.4 - 0.5 mm, in the papillary dermis, below the skin 
surface. The other (at 1.9 mm from the skin) is at the dermal 
subcutaneous interface. Ascending arterioles and descend-
ing venules are paired as they connect the two plexus [4].  

In the upper horizontal network, arterial capillaries rise to 
form the dermal papillary loops that represent the nutritive 
component of the skin blood circulation (the nutritional 
blood flow). This plexus is a thermal radiator, but the exact 
sites of control for heat regulation remain to be determined. 

The lower horizontal plexus, formed by perforating ves-
sels from the underlying muscles and subcutaneous fat, 
gives rise to arterioles and venules that directly connect 
with the upper horizontal plexus [4]. Some authors attribute 
the thermoregulation capabilities to this layer, i.e., the 
shunts arteriovenous that have an important function in the 
heat regulation may be located in the deepest microcircula-
tion [3, 5]. 

B. Measurement Methods and Techniques 

There are many ways of studying the blood microcircula-
tion. Most of them are based on the quantification of optical 
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and thermal properties of the skin which are modified by the 
amount of blood perfusion. 

LDF is a non invasive technique enabling the monitoring 
of microvascular blood flow in clinical routines. It has been 
the subject of a growing number of papers in the last few 
years (see, for example, Technology and Health Care, 1999 
[6]). The technique can be used in dermatology to assess the 
degree of skin irritability in patch test procedures, in phar-
macology to study the microvascular effects of vasoactive 
substances and drugs, and in plastic surgery [7]. The tech-
nique also allows the study of the changes in microvascular 
blood flux in diabetic patients [8, 9, 10, 11], in people with 
peripheral vascular diseases [12, 13] or with Raynaud’s 
phenomenon [14, 15, 16]. LDF relies on the Doppler effect: 
the flowmeter laser light enters into the tissue where it can 
be reflected, refracted and gradually absorbed. Photons can 
struck moving erythrocytes. In the latter case, Doppler shifts 
are generated on the light which is therefore spectrally 
broadened [17, 18]. The signal is processed to obtain the 
first moment of the power spectral density. 

Thermography allows the measurement and recording of 
the temperature distribution on the skin surface. It is based 
on physiological and pathological properties of the skin, and 
it is correlated with blood flow and skin blood perfusion [1]. 
However, temperature does not necessarily reflect blood 
flow in the skin microcirculation because it is also influ-
enced by the blood flow rate in tissues underlying the skin, 
activity of nearby muscles, and the rate of sweat evapora-
tion. As a consequence, thermography is not an appropriate 
method to measure blood flow in patients [19]. 

Isotope clearance is based on calculating the washout rate 
of injected radioactive substances in tissue sections. Repro-
ducible and reliable data was obtained when used to study 
blood flow in skin flaps. However, there is a main disadvan-
tage of the use of this technique: blood flow determinations 
can only be done about once, daily, because of the slow 
washout of the radioactive substance [19]. 

The transcutaneous oxygen tension measurements use a 
probe with an oxygen sensitive electrode and a heating 
element to assess the oxygen supply to the skin. The local 
skin temperature is increased between 40-44°C to provoke a 
local reactive hyperemia. This heating can itself affect skin 
blood flow. The amount of oxygen diffused through the 
tissue is measured by the electrode and values in mmHg are 
obtained. It assesses the microcirculation indirectly and it 
needs very uncomfortable temperatures that cannot be used 
for a long period of time. Because of this reason and the 
disappointing results as an index of skin perfusion, it has 
been abandoned [20, 21].  

Fluorescein diffusion test provokes the phosphorescence 
of the blood plasma by the intravenous injection into it of 
sodium-fluorescein. The perfusion is visualized with a 

hand-held lamp that emits a specific wavelength of light in 
the precise area of the dye stained tissue (after dye perfu-
sion). Disadvantages of this technique include some adverse 
systemic side effects of the sodium-fluorescein. Fluorescein 
measurements lack the capacity to monitor dynamic blood 
flow continuously [19]. 

Photoplethysmography is based on the principle that 
when the skin surface is illuminated with infrared light, the 
amount of reflected light varies with the content of blood in 
that illuminated section of tissue - the higher the hemoglo-
bin content, the higher the amount of light absorbed. As the 
tissue blood contents vary with the pulse wave, a pulsatile 
signal is obtained. This method is widely used for continu-
ous post-operative skin flap monitoring. Disadvantages of 
this technique are that it requires considerable experience in 
deciphering the pulse curve and, since the values only indi-
cate the presence or absence of pulse wave, they cannot be 
quantified [1, 19]. This method also cannot measure blood 
flow in absolute units [20]. 

Radioactive microspheres technique is based on the prin-
ciple that small spheres, microspheres, with uniform diame-
ters, when injected into the circulation, will become trapped 
in vessels with diameters smaller than theirs. These spheres 
with a diameter of 15 µm are used to calculate the capillary 
blood flow, while 50 µm spheres will be trapped in both 
capillaries and shunts, thus resulting in a measurement of 
total skin blood flow. After injection of the radioactively 
tagged spheres into the left ventricle, the portion of skin to 
be studied is removed and measured for radioactivity with 
radiometry. The main disadvantage of this technique is that 
only one flow value can be obtained unless different iso-
topes are used, since to perform the radiometric measure-
ment the animal must be sacrificed. Also the hazard of 
working with radioactivity must be taken into account [19]. 

The thermal conductivity method assesses the rate of re-
moval of heat from a heated area of the probe by the skin 
nutrient blood flow. The thermal clearance transducer 
measures the temperature difference between a heated disc 
of copper (or gold) sitting on the probe and an unheated 
concentric copper annulus, at its periphery. The technique 
does not provide an absolute value for skin blood flow, but 
can be a useful additional technique, particularly to study 
the effects of vasoactive compounds. Individual readings 
take a lot of time, and the technique is not very sensitive [1].   

Orthogonal polarization spectral imaging allows the 
visualization of superficial blood vessels without using a 
microscope. The tissue is illuminated with green polarized 
light. The reflected light from the tissue is detected by a 
video camera with a polarizing filter oriented 90° to that of 
the illuminating light. Because this second polarizer blocks 
the backscattered light from superficial tissue layers, only 
the backscattered light from deeper layers in the tissue can 
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pass the second polarizer, increasing the visibility of the red 
blood cells [20]. The movements of the red cells can dy-
namically be quantified by image analyzing software, which 
leads to information on the perfusion. This technique can be 
applied at other locations than the nail fold, and may be-
come an alternative for dynamic capillaroscopy in the fu-
ture [20].  

Plethysmography technique measures the rate of arterial 
inflow into an organ or limb segment by measuring its ini-
tial rate of increase in volume when its venous outflow is 
suddenly occluded. The plethysmograph is the instrument 
for measuring those changes in volume within an organ or 
whole body (usually resulting from fluctuations in the 
amount of blood or air it contains) [20]. 

Clinical capillaroscopy is the only technique available in 
which, continuous, quantitative measurements of dynamic 
microcirculatory parameters can be directly observed (e.g. 
vessel diameters, red blood cells velocities, functional capil-
lary densities, vasomotion, etc.) in a non-invasive way. The 
papillary capillary loops in human skin can be viewed di-
rectly at high magnification and measured using ordinary 
light microscopy. The findings in studies performed in hu-
man subjects can be directly applied in all stages of patient 
care, i.e., diagnosis, prevention, treatments and prognosis. 
The major disadvantage is that only the capillary section of 
the microcirculation (papillary capillary loops) can be stud-
ied (it does not assess the total skin microcirculation) [19]. 
This technique is limited to a few types of tissues in human 
subjects and in animal models [19, 20]. 

III. LASER DOPPLER BLOOD FLOWMETRY – DEPTH 
DISCRIMINATION 

None of the above presented techniques has microcircu-
lation depth discrimination capabilities and, as it was men-
tioned before, there are clinical and research interests in this 
aspect. 

LDF has established itself as an effective and reliable 
method for the monitoring of blood flow in the microcircu-
lation in both routine clinical medicine and microvascular 
research [21]. However, it lacks depth discrimination capa-
bilities. 

The most commonly used laser wavelength in LDF mon-
itors is 780 nm because it offers a reduced dependence on 
skin color and is close to the isobestic points, thus eliminat-
ing dependence on oxygen saturation [22]. Some studies 
proposed the use of other wavelengths and different fiber 
separations in order to modify the sampling depth of the 
LDF technique, monitoring or imaging (see for example [5, 
21, 23, 24, 25, 26, 27, 28, 29]. However, further work is 

required to have better knowledge and control over the 
mean sampling depth (and hence volume) in skin tissue.  

Furthermore, most of the studies with different laser wa-
velengths or different probes are made with different LDF 
[21, 30]. When different devices are compared, there are 
instrumental factors whose effects cannot be precisely 
judged [30]. An absolute comparison would require the 
signal processing algorithms and processing bandwidths to 
be considered in the results [21]. Moreover, the properties 
of different lasers must be taken into account. Another im-
portant aspect that could be interesting to analyze when 
different laser wavelengths or different probes are being 
studied is the use of a single optical fiber probe.  

A recent study (using Monte Carlo simulations) pre-
sented typical measurement depths and volumes for perfu-
sion values in various types of tissue and with several sys-
tem setups (source-detector separation – 0, 0.25, 0.5 and 1.2 
mm - and wavelength – 453, 633 and 780 nm) [31]. For the 
skin model used, both the measured depth and volume in-
crease with the source-detector separation. Moreover, the 
measured depth and volume increase with wavelength. 
Furthermore, skin pigmentation was found to have a negli-
gible effect on the measurements depth. However, this study 
is based on simulations and no experimental setup is pro-
posed. 

To our best knowledge, only one recent paper deals with 
the discrimination of the volume and depth flow using LDF 
[32]. However, as far as we are concerned, the latter work 
lacks simulation and validation of the results. For instance, 
the mathematical equations used need to be strengthened 
and need validation.  

IV. CONCLUSIONS  

Further studies to develop multi-wavelength systems, 
with various distances between transmitting and receiving 
optical fibers are needed. The information given by the 
results would help clinicians in their diagnosis. The future 
experimental set-up could give birth to an industrial appara-
tus that would add comfort to the patients by a better fol-
low-up of the pathologies. 
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Abstract—Fluorescent reflectance imaging (FRI) is a diag-
nostic method with the high specificity which is based on spa-
tial distribution of fluorescence intensity at the surface of a 
biological tissue. The contribution of scattering effects to the 
fluorescence intensity prevents the detection of deep seated 
tumors. The aim of this paper is to develop an image 
processing algorithm for reducing the scattering effects in FRI 
images. For this purpose, an experimental setup was imple-
mented using a cooled CCD camera and a near infrared (NIR) 
laser. We used the set up to obtain FRI images of fluorescent 
point source inside a tissue like phantom. The acquired images 
were deblurred by the proposed algorithm which includes a 
Wiener filter in Wavelet domain. The deblurring method was 
evaluated qualitatively by full width at half maximum intensity 
(FWHM) and signal to noise ratio (SNR). In comparison with 
the conventional blind deconvolution method, the FWHM and 
CNR were reduced 5 pixels and 2 db. In conclusion the pro-
posed algorithm can be used in wide range of optical imaging 
modalities for detecting subtle and deep lesions. 

Keywords— Fluorescent molecular imaging, bandpass filter, 
Wiener filter, boxcar function, morphology 
process, deconvolution method. 

I. INTRODUCTION  

Fluorescence reflectance imaging (FRI) is widely 
used in the areas of clinical research, for instance, 
dermatological imaging and intraoperative imag-
ing as well as small animal imaging [1]. A con-
ventional FRI system records the spatial distribu-
tion of the scattered fluorescent light at the 
surface of a sample. The scattering effect limits 
light penetration into the tissues, thereby prevent-
ing visualization of the deep seated tumor. A me-
thod for reducing FRI image degradation due to 
scattered radiation was developed by Shimduzu 
et.al based on deriving of depth dependent PSF 
[2]. The PSF was obtained through two dimen-

sional deconvolution of the final image of a scat-
tering medium with the image in clear water. The 
deconvolution method was then evaluated using 
Monte Carlo algorithm for optical imaging system 
[3]. The studies showed that the deconvolution 
method increases the image noise. In addition the 
algorithm is based on the initial guess at PSF. 

Therefore, the goal of this article is to develop 
an algorithm for reducing the effects of light scat-
tering in FRI images using a Wiener filter in 
Wavelet domain. The algorithm was experimen-
tally evaluated by preparing FRI system using a 
cooled CCD, achromatic lenses, a long pass filter 
and a diode laser (at 635 nm). We used the imag-
ing system to obtain images of fluorescence point 
source embedded in a tissue like phantom. The 
acquired images were then filtered by the pro-
posed algorithm and evaluated by calculating 
SNR and FWHM. The results showed the signifi-
cant improvement of the image quality in compar-
ison with the conventional deconvolution blind 
algorithm. Therefore the proposed algorithm can 
be used for wide variety of optical imaging mod-
alities.  

II. MATERIALS AND METHODS 

The experimental set up was implemented as 
shown in Figure (1). The optical setup comprises 
a cooled CCD camera (Andor lucaEM EMCCD 
camera, England), an objective lens (Edmund 
optics, USA), a diode laser (peak emission at 
635nm, Diomed, England) and a long pass filter 
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(Edmund optics, USA). The setup was used for 
obtaining FRI images of a tissue like phantom 
which includes a fluorescent sphere source of 
1mm radius made of quantum dots (Invitrogen, 
USA). The phantom was constructed from Aga-
rose (BioGene Ltd., Cambridgeshire, UK), Indian 
ink (Pelikan 4001 black) and intralipid (Fresenius 
Kabi Pharmaceutical Co., Sweden) using method 
described by Cubeddu et.al [4]. 

Fig 1-The experimental set up for obtaining FRI images 

The images were filtered by a bandpass filter 
which includes a high pass filter and a low pass 
filter. The low passed image was produced by 
convolving the original image with a Wiener filter 
in Wavelet domain [5]. However, the high passed 
image was obtained by convolving the original 
image with a boxcar function [6]. The resulted 
image was subtracted from the low passed image 
to obtain a final image. The final image was made 
to undergo a sequence of morphological opening 
and closing  

We compared quantitatively the filtering algo-
rithm with the deconvolution method [2]. The 
deconvolution method was based on the idea that 
the obtained image is produced by the convolu-
tion of the unblurred image of the point source 
with the PSF of an optical imaging system. There-
fore the unblurred image can be obtained by de-
convolution of the imaging system PSF. The de-
tails of the deconvolution method is shown in 

Figure 2. The PSF includes a PSF of scattering 
radiation and CCD camera lens PSF (PSFlens). The 
PSFlens was acquired by obtaining the point source 
image without scattering medium in the focus of 
the lens.  

. 
 
 

Fig 2- Details of deconvolution algorithm. The convolu-
tion method denoted by the asterisk symbol. 

 
On the other hand, the scattering PSF (PSFscat) 

was defined as the distribution of the scattering 
radiation at the surface of the phantom. The 
PSFscat was derived from the analytic solution of 
diffusion equation [2]: 
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respectively, radiating power, reduced scattering 
coefficient, absorption coefficient, radial distance 
from z axis and depth of the point source. The 
PSF of CCD camera lens The PSFs were finally 
deconvolved with the obtained image using the 
blind deconvolution algorithm. The unblurred 
images showed two dimensional Gaussian distri-
bution. A two dimensional Gaussian curve was 
fitted to images using a leas square algorithm. The 
FWHM of each curve was then compared with 
the Gaussian distribution of the obtained image. 
The reduction of FWHMs can be shown the re-
duction of scattering effect at the edges of the 
point source. In addition a signal-to-noise ratio 
(SNR) was determined by choosing Region of 

Obtained image PSFscat*PSFlens Deconvolution 

Final image 
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Interests (ROI) in the center and the background 
of the final image by the following relation: 
 

⎟
⎠
⎞

⎜
⎝
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N
Slog10)db(SNR                                           (2 ) 

III. RESULTS 

The fluorescent point source inside the phan-
tom was excited by laser beam at 635 nm. The 
distribution of the fluorescent radiation at the sur-
face of the phantom was collected by the cooled 
CCD camera (Figure 3a). The obtained image was 
filtered by the bandpass filter which includes 
Wiener filter in Wavelet domain. The Figure 3b 
shows the filtered image of the source with Gaus-
sian distribution which has FWHM of 49 pixels 
and SNR of 10 db.  

     

50 100 150 200 250 300 350

50

100

150

200

 
Fig 3-a) the original image without the scattering layer. 

b) The image a filtered by the bandpass filter. 

 
The performance of the filtering method was 

evaluated by comparison with the deconvolution 
algorithm. The deconvolution method was applied 
to the original image in order to obtain the de-
blurred image (Figure 4). 
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Fig 4-a) The original image without scattering layer. b) 

The deblurred image SNR was acquired 8 db. 
 
 
The FWHM of deconvolved image was of 56 

pixels (Figure 5). 
 

a) 

b) 

a) 

b) 

  
 IFMBE Proceedings Vol. 25  

Development of an Algorithm for Reducing Scatter Distribution in Fluorescence Reflectance Images 1871



-200 -150 -100 -50 0 50 100 150 200
0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

Distance(pixels)

N
or

m
al

iz
ed

 in
te

ns
ity

 (
a.

u)

Intensity line profile of filtered image
Intensity line profile of deconvolved image
Intensity line profile of blurred image  

Fig 5-The normalized intensity profiles of the image of 
point source after deconvolution (dashed line) and after 
filtering (gray line). 
 

IV. DISCUSSION 

The reduction of scattering of FIR imaging is im-
portant for detecting deep seated lesions. For this 
purpose, we introduced the algorithm which in-
cludes the band pass filter and morphological al-
gorithm. The FWHM of intensity distribution and 
SNR of images were obtained 49 pixels and 10 db 
respectively. The data showed signification reduc-
tion of scatter effect on FRI images, because the 
band pass filter includes the boxcar function and 
the Wiener filter in Wavelet domain. The Wiener 
filter reduces noise due to digitization during im-
age acquisition with a CCD camera. On the other 
hand, the boxcar eliminates scatter distribution 
and uneven image background due to no uniform 
sensitivity of CCD camera pixels. Finally, the 
values on the border of the resulted image were 
then convolved with 0s. 
However the deconvolution method is known to 
increase the noise in an original image and based 
on initial guess at the PSF. The PSF was derived 
for fluorescent source at depth of d using analytic 
solution of the diffusion approximation. The eq-
uation can be only used for a point source which 
is in the large distance from CCD camera. There-

fore it is not applicable to fluorescent source with 
large radius near to detector such as biological 
lesions.  

V. CONCLUSIONS 

We showed that the quality of blurred FRI im-
ages can be significantly improved by the pro-
posed bandpass filter in comparison with conven-
tional deconvolution methods which are based on 
optical imaging system PSF. Therefore the pro-
posed method can widely be used in optical imag-
ing modalities. In conclusion, the Wiener filter in 
Wavelet domain is very useful image processing 
algorithm for reducing scattering effect on optical 
images. 
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Abstract—In the framework of the ContraCancrum project, 
automatic generation of an accurate finite element mesh is 
necessary for minimum user-interaction. The interest on 
automatic volume meshing for finite element (FE) has grown 
more popular since the apparition of microfocus CT (μCT) due 
to its high resolution, allowing assessment of mechanical be-
havior at a high precision. However, the basic meshing ap-
proach of generating one hexahedron per voxel produces jag-
ged edges. The Laplacian operator can be used to smooth the 
generated mesh, but this method produces mesh shrinkage and 
volume changes. In this paper an automatic meshing and 
smoothing algorithm for FE meshes from 3D image data is 
presented. The method includes a regularization step to assure 
good element’s shape based on a quality measure. The algo-
rithm introduces a novel technique to combine hexahedron 
and prism elements in order to increase the degree of mesh 
smoothness while maintaining good quality of elements.  The 
smoothing method is based on low-pass signal filtering using 
transfer functions approximated by Chebyshev polynomials, 
resulting in a fast and computationally efficient method being 
extended here for FE meshes. The smoothing process was 
evaluated on various data based on the quality of the elements 
after smoothing, and stress distribution. 

Keywords— finite element, meshing, automatic, microfocus CT 

I. INTRODUCTION  

 Volumetric meshing of 3D image data for Finite Ele-
ment (FE) simulations is of great value in the Biomedical 
Engineering field. Apparition of μCT has increased the need 
for robust and precise volume meshing algorithms due to its 
high resolution. The most usual way to generate a FE model 
consists in a series of steps using commercially available 
software packages. Typically, a STL surface is generated 
from the segmented geometry which is then converted into 
a closed volume that can then be meshed. In addition to the 
several software packages needed, the process is very time 
consuming and can hardly be automatized. Moreover, the 
resulting mesh is highly dependent on the quality of the 
STL surface, the STL being usually an assembly of triangu-
lar faces and the final FE mesh limited to tetrahedrons. 

In order to overcome the limitations of this long process, 
voxel-based methods for FE meshes (every voxel is trans-

formed into an element) have been introduced. Although 
these models are fast and automatic, the surfaces are com-
posed of jagged edges, which are problematic for simula-
tions, where different parts come in contact and stress con-
centrations appear at sharp corners. 

Smoothing of voxel-based FE meshes has already been 
tried before but volume shrinkage and element quality is 
still an issue [1]. Additionally, the verification of the 
smoothed surface is difficult since the original image is 
unknown. The scan is a discrete image of the original ge-
ometry and the smoothing algorithm “must” guess the pri-
mary smooth geometry leading to a difficult validation.  

The aim of this work was to create a smoothing algo-
rithm that would be volume preserving, automatic, and with 
good element quality. For this purpose a known geometry 
was studied to validate the algorithm. Also, preliminary 
results are provided on μCT biological images. 

II. METHODS 

The method is based on low-pass signal filtering using 
transfer functions approximated by Chebyshev polynomials, 
resulting in a fast and computationally efficient method, 
being extended here for FE meshes. The method includes a 
regularization step to assure correct element’s shape based 
on a quality measure. Moreover, the method presents a 
novel technique to enforce mesh smoothness by combining 
hexahedron and prism elements at places where hexahedron 
elements are not capable of describing smooth surfaces 
without degrading the element’s quality.   

 

A. Topological smoothing constraint 

Before application of the smoothing technique, the mesh 
is pre-processed and a topological inspection is performed 
to determine node types. This classification of nodes allows 
us to include smoothing constraints. The point classification 
uses a measure called “Feature Edge”. A feature edge oc-
curs when the angle between the two surface normals of a 
polygon sharing an edge is greater than a given value. De-
pending on the number of feature edges a point shares, it is 
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further classified as simple point when the point has no 
feature edges, as interior edge when feature edge is two and 
as fix or corner point, otherwise.  Points will be moved 
following this classification. Thus, simple points are al-
lowed to move freely, interior edges points can move along 
the edge, and fix or corner points can not move. 

 

B. Volumetric mesh smoothing through filter design 

The developed algorithm is inspired from the work pre-
sented in [2] and extended for volumetric meshes. In [2], it 
was shown that through filter designs techniques it is possi-
ble to define optimal smoothing filters. The general transfer 
function ruling the smoothing process can be written as 
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Where f(K) is the transfer function of signal x; xi repre-

senting the coordinate of the ith. Moreover, ei  are basis or-
thogonal functionals and n is the number of functionals 
involved in the approximation. The windowed sync low-
pass filtering transfer function is then approximated using 
Chebyshev polynomials. 
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The advantages of using this approximation are that the 

terms of the polynomial are orthogonal, it needs few storage 
capacities (i.e. three-term storage), and it is numerically 
stable and can be defined for volume preservation purposes. 

C. Assessment of element quality 

During the smoothing process, the quality of the elements is 
checked in order to assure good stability for posterior FE 
computations (figure 1). The quality of the elements was 
assessed through the jacobian of the element deformation, 
with a value of one representing a perfect undeformed ele-
ment and with decreasing values representing larger defor-
mations. The range of jacobian values is then used to cor-
rect the position of vertices as follows. 
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The algorithm was evaluated using a thin walled sphere 
(radius: 60mm, thickness: 3mm) where an internal pressure 
of 10MPa was applied. The material was considered as 
isotropic and linear elastic (E: 12GPa and ν: 0.3). For such a 
problem the circumferential stress is given by the following 
equation: 
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This value represents the ideal solution, the discrete ap-

proximation of the geometry leads to a variation of this 
value. Simulations were done with ABAQUS (ABAQUS. 
Inc., Providence, RI, USA) for the unsmoothed voxel based 
mesh and for different levels of smoothing. 

 

 

Fig. 1 Correction of over-smoothing based on jacobian measurements. A 
deformed element (green cube) is corrected by moving its vertices (de-

picted as vi’) inversely proportionally to the jacobian of the element in the 
direction Ci 

To further improve the quality of the mesh, hexahedral 
elements bearing a too large distortion are divided into 
prism elements (figure 2). If the angle between two faces of 
the element is superior to 130 degrees, then the edge at the 
intersection of the two faces is used for the division. The 
element is divided by the “virtual” plane that joins this edge 
with its opposite in the element. This approach prevents 
large angle between faces of hexahedrons that produce 
discrepancies in the formulation of the element. To assess 
the improvements brought by this approach, the jacobian of 
the elements of a typical trabecular structure in the bone 
were assessed for different degrees of smoothing (figure 3). 

 

 

Fig. 2 Correction of elements featuring large angles (here represented by 
θ). The elements are divided into two prism elements along the plane that 

passes through the “large angle” edge.  
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Fig. 3 (left) general view and (right) close-up view of the trabecular struc-
ture used for the assessment of the prism division of hexahedrons. 

III. RESULTS 

The Mises stress was extracted for every integration 
point and plotted in a histogram showing the distribution of 
stress around the ideal solution of 100 MPa (figure 4). In 
addition, the stability of the algorithm was studied in terms 
of number of warnings (given by ABAQUS due to distorted 
element shape) for different levels of smoothing (table 1). 

 

 

Fig. 4 Histogram of the distribution of stress of the elements in the sphere 
for different degrees of smoothing of the mesh.  

Table 1 Comparisons of the results obtained with different degrees of 
smoothing for the sphere example. 

 

Smooth-
ing level 

 Stress 
avg [MPa] 

S.D. Warnings  
(ABAQUS) 

Jacobian  
avg (SD) 

1000 99.91 7.1 23.4 % 0.80 (0.3) 
100 100.46 7.9 19.4 % 0.85 (0.2) 
15 99.97 9.4 12.1 % 0.91 (0.1) 
0 103.6 13.5 0.0 % 1.00 (0.0) 

 
 

An improvement can be noticed after the smoothing on the 
mean value and standard deviation (figure 4). As the level 
of smoothing increases the quality of the mesh decreases, 
which can be seen in column four and five of table 1. Nev-
ertheless, this increase did not hinder the execution of the 
simulations (i.e. no errors). The quality of the elements was 
evaluated using the jacobian. 
The decrease in the concentration of stress at the corners of 
elements is clearly visible between the smoothed and non-
smoothed models (figure 5 and 7). In terms of topology, this 
method gives excellent results with visually realistic mod-
els, even with complex structures such as folds in white 
matter (figure 8).  
 

 

Fig. 5 Detail of the smoothed (left) and non smoothed (right) spheres. Note 
the even distribution of stress on the left side and the stress concentration at 

the corners on the right side. 

Moreover, dividing incorrect hexahedral elements into 
prism elements improves significantly the general quality of 
the mesh as measured by the Jacobian (figure 6). The 
method is particularly efficient for elements having a very 
low Jacobian. 
 

 

Fig. 6 Comparison of the Jacobian obtained with different degrees of 
smoothing between the mesh with regular hexahedral elements and the 

mesh with prism correction. The proportion of elements having a problem-
atic Jacobian is clearly reduced with this method. 
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Fig. 7 Details of the Mises stress in the trabecular structure generated (left) 
without smoothing and (right) with smoothing. 

  
Fig. 8 Application of the algorithm to the segmented white matter in an 

MRI scanner. 

IV. CONCLUSIONS  

The presented paper introduces an automatic method for 
mesh generations and smoothing for finite element compu-
tations. The method is particularly adapted for automatic 
process such as needed for the ContraCancrum oncosimula-
tor. The smoothing procedure is based on optimal low-pass 

filter design and correction of element shape to ensure good 
quality of the elements for finite elements computations.   
The results on the synthetic sphere image showed that the 
smoothing improves the results compared to the voxel-
based method. The mean stress approaches the analytical 
solution with increasing smoothing levels and the stress 
distribution is much narrower thus reducing the parasite 
stress concentration at the corners.  

Dividing the largely deformed hexahedrons into more 
flexible prisms elements is a first step towards the treatment 
of element distortion. Another possible solution to over-
come this limitation could be to use mass spring models to 
obtain a more “stable” position of the existing nodes follow-
ing smoothing.  

These results let us conclude that the proposed algorithm 
is capable of improving the results of voxel-based finite 
element simulations. 
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Abstract— The discipline of computational physiology has 
focused on the development of mathematical models integrat-
ing physiological behavior across a range of time and anatomi-
cal scales. However, the translation of this technology in clini-
cal environments has not happened yet. This is mainly due to 
the challenge of efficiently customizing the model parameters 
such that the personalized model is able to reflect the patholog-
ical conditions of a patient. 

In the context of cardiovascular modeling, useful informa-
tion for model personalization can be extracted from medical 
images. However, the continuously growing amount of data 
produced by modern imaging equipments makes the manually 
process tedious and inefficient. Therefore, automatic image 
analysis is a prerequisite for practically handling this amount 
of data and for efficient image interpretation. This need is even 
more acute as it is becoming increasingly important to handle 
images from multiple modalities in clinical practice. 

We present a model-based segmentation framework in 
which a geometric model of the heart is automatically adapted 
to medical images. The adaptation starts with the localization 
of the heart in the image using a 3D implementation of the 
generalized Hough transform. Then, the mesh is deformed 
under the action of image forces. We first constrain the space 
of deformations to similarity transformations to compensate 
for pose misalignment. The complex initialization of the multi-

compartment mesh is then addressed by assigning an affine 
transformation to each anatomical region of the model. Final-
ly, a deformable adaptation is performed to accurately match 
the boundaries of the patient’s anatomy. 

Experiments carried out on computed tomography (CT) 
and several magnetic resonance (MR) protocols exhibit a mean 
point-to-surface segmentation error of about 0.8mm for CT 
and (non-contrasted) MR, and 1.0mm for contrast-enhanced 
MR. The proposed approach is fast and promises to facilitate 
and accelerate the geometric personalization of computational 
models from multi-modal images. 

Keywords— image segmentation, shape modeling, cardiac 
segmentation, shape-constrained deformable 
models, cardiac imaging. 
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image annotation
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Abstract— Snakes or active contours are energy minimizing 
deformable curves that are used for locating object bounda-
ries. Although they give accurate results in homogeneous re-
gions, they might fail to provide an accurate segmentation 
result in cases where both rigid and very elastic behavior is 
needed at the same time. In this paper, we propose a new tech-
nique, based on spatially adaptable parameters, which allows 
the curve to bend locally, according to underlying gradient and 
corner image characteristics. This way, strong, smooth edges 
are robustly defined without falling into local minima while the 
curve adapts to  high curvature, local inhomogeneities in the 
boundary, also including (or excluding) important anatomical 
features near the outline of interest that, depending on the 
application, could be important for the segmentation result. To 
demonstrate the efficiency of the presented method results on 
both synthetic and real medical images with clinical annota-
tion, are presented. 

Keywords— active contours, tumor segmentation, semi-
automatic, spatially adaptive, local bending 

I. INTRODUCTION  

 Parametric active contours, or snakes, have been widely 
used in image processing for segmenting image entities and 
delineate object boundaries. The snake algorithm, first in-
troduced by Kass et al. [1] is a semi-automatic method 
based on the deformation of an initial contour towards the 
boundary of the desired object, which is accomplished by 
trying to minimize an energy functional, designed so that its 
(local) minimum is obtained at the desired boundary. This 
functional consists of two energy terms, one controls the 
smoothness of the curve and the other attracts the curve 
towards the desired boundary. Additional external forces 
can be included, such as pressure [2] and distance potential 
forces [3] or gradient vector flows [4].  Snake evolution can 
be driven by weighting parameters which control the impact 
of each energy term on the resulting contour. 

Traditional active contours give accurate and fast results 
in homogeneous regions, however, when the parameters are 
constant for every image pixel, all image features, such as 
smooth edges or sharp corners, are treated similarly. If the 
parameters are adjusted so that extreme curve bending is 

penalized, then local inhomogeneities of the outline are 
often not detected due to snake's rigidity. On the contrary 
case, the snake result is prone to errors since it might evolve 
around small, but important, local edges, instead of includ-
ing them in the segmentation result. Therefore, in order to 
improve snake results, it is necessary to allow the snake to 
deform locally and, as a consequence, let it move smoothly 
towards the actual boundary, while adapting locally to sig-
nificant edges and particularly to edges with high curvature. 

In this paper, we propose a snake segmentation algorithm 
based on the construction of parameter matrices, with dif-
ferent parameter values for each image pixel, exploiting 
underlying gradient and curvature image information. We 
first describe the main steps of our method and then present 
results for both synthetic and real medical image segmenta-
tion in cases where small, sharp-edged inhomogeneous 
features, inside the desired boundary or near it, need to be 
outlined/ included in the segmentation result. In tumor seg-
mentation, such structures could be important necrotic 
areas, cysts, or even minor image artifacts. In the aforemen-
tioned cases, traditional snakes might fail to produce an 
accurate result,  hence, the proposed method can add value 
by accurately delineating boundary details and selectively 
including (or excluding) such small inhomogeneities. 

II. BACKGROUND THEORY 

A. Snake Energy Formulation 

A traditional snake is a curve 
( ) [ ( ), ( )], [0,1]s x s y s sv

ds

, that evolves through time in 
order to minimize its energy functional, which has the fol-
lowing form: 

1

int0
( ) ( ( ( )) ( ( )))snake ernal imageE E s E sv v v  (1)  

The internal contour energy is defined as:  
2

int ( ( ) '( ) ( ) ''( ) ) 2ernalE s s s sv v
2  (2) 
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where '( )sv  and ''( )sv  denote the first and second deriva-
tives of ( )sv  with respect to s .The parameters  and
are weighting parameters that control snake's rigidity and 
curvature, respectively: high values discourage stretching 
and bending of the contour, imposing it to be more rigid, 
while low values let the snake be more elastic and develop 
corners. The image energy term  depends on the gra-
dient of the image and is associated to the external forces 
that pull the snake towards the desired image boundaries. 
Given a gray-level image, it is formed as: 

imageE

2[ ( , )imageE G I x ]y

G

(3) 

where is, generally, a pre-processing image filter that is 
convolved with image I  in order to improve image charac-
teristics.

According to variational calculus [5], a snake that mini-
mizes its total energy , as described in E

''( ) ''( ) 0s s E

(1), must satisfy 
the Euler equation: 

imagev v

int 0ernal imageF F

''( ) ''''( )

 (4) 

which can alternatively be viewed as a force balance equa-
tion:

(5) 

where int ernal s sv image imageEF

int 0

'' '''' ( ) 0
ernal image external

imagek E fn s

F F F

v v

F v and . In 
order to overcome non-important edges that would cause 
our snake to stop in local minima, we add to (5) a pressure 
force that pushes the curve to expand like a balloon. The 
force balance equation now becomes: 

 (6) 

where is the unit vector normal to the curve at point ( )n s

( )sv , f  is the amplitude of this force and  is a weighting 
parameter that controls the impact of the image gradient on 
the contour evolution. Thus, 

k

, ,  and k f are the four 
parameters that control the snake's  evolution in time. 

In order to solve (6), we treat as a function of both time 
 and space 

v
t s  and by introducing a gradient descent 
scheme for the partial derivative of v  with respect to t , we 
get the resulting equation: 

( , ) , ) ''''( , ) ( , )image''(t s t s t k E fn s ts tv v v

0t

 (7) 

At equilibrium v  and we reach to a solution of (6).
Equation (7) can be solved iteratively by discretization, as 
described in [1]. 

Fig. 1 Application of a traditional balloon on a simple object: (a) Initial 
contour (b) Result using parameters: = =0.4, =1.0, k f =0.2, (c) 

Result using parameters: = =1.0, =0.9, k f =0.3

B. Traditional Balloon’s Behavior 

The traditional balloon model gives good segmentation 
results for homogeneous regions of interest but encounters 
difficulties when boundary image features with very differ-
ent characteristics (e.g. curvature), co-exist. Figure 1(a)      
shows a synthetic example of an object with sharp corners, 
few internal, high contrast circular regions and a 'blurred' 
edge.  By assigning to  and  values much lower with 
respect to k , the balloon will be flexible enough to include 
high curvature regions of the actual boundary, however, the 
snake will also be "caught" up in local edge maxima that are 
far away from the correct result. Moreover, small high con-
trast internal features will not be included in the segmented 
outline (see Fig. 1(b)). On the other hand, if the value of k ,
with respect to the values of  and , is lowered, the 
resulting snake will be more rigid (i.e. more affected by its 
internal energy than the image energy) and it will possibly 
overcome the previous problems with the price of losing 
sharp edge definition in high curvature areas (e.g. corners), 
that might be of importance in medical image applications 
(see Fig. 1(c)). 

 In the following section we introduce a framework that 
overcomes the problems discussed, by introducing locally 
snake bending, according to the user's settings. 

III. SPATIALLY ADAPTIVE ACTIVE CONTOURS 

The key point of our method is the use of adaptable pa-
rameters for the snake evolution. Instead of using constant 
parameters for every pixel, we group the pixels according to 
their gradient magnitude and the corner strength, and assign 
to each group a different set of parameters. Thus, we are 
able to geographically adapt the snake's behavior in the 
image and include, or not, small high-contrast regions by 
simply adjusting two user-defined thresholds.  
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Our overall approach is composed of the five following 
major stages: 

Stage 1. Anisotropic Diffusion. We first incorporate a 
pre-processing step of the image of interest using an edge-
preserving anisotropic diffusion filter. This filter was first 
formulated by Perona and Malik [6] as a diffusion process 
that encourages intraregional smoothing while inhibiting 
interregional smoothing, thus simplifying the image appear-
ance and smoothing small image artifacts, while enhancing 
structures of interest, such as edges or coherent structures. 

 Stage 2. Gradient-Based Pixel Grouping. First, we 
detect the strong image edges, by imposing a threshold on 
the gradient magnitude, resulting in a binary image, as illu-
strated in Fig. 2(a), where black pixels correspond to those 
with larger gradient values than the threshold (i.e. those 
with strong edges) and white to those with smaller gradient 
values than the threshold (i.e. with smoother or no edges). 
For the pixels with large gradient values the corresponding 
values of  and  will be larger, in order for the snake to 
be rigid enough to overcome the small inhomogeneities and, 
at the same time, robustly detect the actual boundary when 
approaching it. However, this coarse snake will lead to a 
poor delineation of higher curvature segments of the 'true' 
outline. The next step accounts for that.  

Stage 3. Corner-based pixel grouping. In order to allow 
the snake to bend to a greater extent when approaching 
extreme high curvature edges, we need to detect image 
corners and exclude their neighboring regions from the 
aforementioned grouping, by assigning to them smaller 
and  values. To that end, we apply to the image the Harris 
corner detector [7], which is based on calculating a gradient 
covariance matrix over a pixel neighborhood, for every 
source image pixel, and returning those pixels/corners with 
maximal eigenvalues. Morphological dilation is performed 
on the output of Harris detector, in order to include circular 
neighborhoods of the corners, as well. The result of this 
stage for the synthetic image of Fig. 2 is shown in 2(b)      
superimposed on the initial image, where green dots are the 
corners detected, and green disks constitute the corner's 
neighboring areas.  

Stage 4. Extraction of the weighting parameters. The fi-
nal pixel groups emerge from the disjunction of the results 
from the two previous stages, as shown in Fig. 2(c).  All 
black pixels, except for those included in the green circles, 
take large  and  values and low  values, while the pixels 
inside the corner regions take low 

k
 and  values and 

large  ones. The remaining white pixels are assigned with 
average parameter values. 

k

Stage 5. Iterative Snake Solution. In this final step, the 
snake deformation takes place, as described in section II, 
but instead of using constant parameter values, each point of  

Fig. 2 Application of our method on a synthetic object: (a) Gradient-based 
pixel grouping, (b) Corner detection result superimposed on initial image, 
(c) Corner detection result superimposed on gradient thresholded image, 

(d) Final snake result 

the snake has its own value, which can be attained by a 
look-up table process. 

IV. EXPERIMENTAL RESULTS 

In this section, we present experimental results which 
show our method's performance when applied to images 
with simple objects, as well as to complex medical images. 

In the first example, our method is applied on the syn-
thetic image of Fig. 1, with the same initial contour. In Fig. 
2(c), the black pixels take the values = =1.0, k=0.9, f=0.3, 
except to those pixels inside the green disks, which take the 
values = =0.3, k=1.0, f=0.35, as well as the remaining 
white pixels. Fig 2(d) shows the result of applying our me-
thod which improves the segmentation result, comparing to 
Fig. 1. It is clear that with our method the snake, during its 
evolution, bypassed the small internal circular regions and, 
at the same time, accomplished a detailed final contour. 
There is only a small region where the snake does not fit the 
true boundary, lying on the downside of the object, due to 
the blurred corner, which the Harris corner function failed 
to detect. As a consequence, the pixels around that corner 
were grouped as ‘black’ and forced the snake to be more 
rigid around it and overcome it as it evolved. 

In the next example, the method was applied to two MRI 
slides of a nephroblastoma case [8, 9]. In order to provide 
semi-automatic annotations of the tumor outline, it is impor-
tant for the clinician that the curve evolves to the correct 
outline, thus saving time. Also, it might be of interest to 
bypass (and include) small, high-contrast features near the 
edge that could correspond, e.g. to a necrotic center of the 
tumor. Our method can include such features in the segmen-
tation result facilitating annotations of tumors that could be 
the basis of applying 3D models of tumor growth or re-
sponse to therapy. 

The MRI scans include such a high contrast feature on 
their bottom side boundary, which is supposed to be in-
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cluded in the segmentation result, according to clinician's 
manual annotations, shown in Fig. 3(a) and 4(a). Images (b) 
and (c) in Fig. 3 and Fig. 4 show the final results of the 
traditional snake in red using two different sets of parame-
ters, = =0.5, k=1.0, f=0.3 and = =1.0, k=0.7, f=0.25 
respectively , while Fig 3(d) and Fig 4(d) illustrate the re-
sults of our method. It is obvious, in both cases, that the 
traditional snake algorithm fails to include the dark feature 
in the segmentation result or, when it does, it fails to fit 
precisely the true tumor boundary, whereas our method best 
follows the true edge as annotated by the clinician, also 
including the small high-contrast dark region near the boun-
dary. 

Fig. 4  (a) Clinician's manual annotation, (b), (c) Traditional snake's results 
using the same parameters as in Fig. 3 (d) Results applying our method V. CONCLUSION 

We have introduced a novel method for snake segmenta-
tion, based on locally adaptable parameters, in order to deal 
with limitations/compromises of applying the traditional 
snake algorithm. By extracting different sets of parameters, 
using gradient and corner-based image characteristics we 
can include small sharp-edged image features and still ob-
tain a detailed result. Experimental results show that our 
framework is efficient for synthetic images, while it shows 
promising initial results in following the clinician’s annota-
tions, something that will be further assessed in future work. 
The method can be useful for both generic and specific 
image segmentation applications such as for clinically-
supervised tumor segmentation where often both smooth 
and jagged outline segments so-exist while small regions 
near the boundary (e.g. small necrotic centers) need to be 
included in the result. 
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Abstract—The measurement of QT interval prolongation is 
an important test for evaluating the proarrhythmic risk asso-
ciated with drug interactions. Although algorithms for QT 
interval detection are well studied, there is no much attention 
on QT interval changes. On the other hand, for evaluation of 
QT interval measurement algorithms, pathological or experi-
mental Electrocardiograms (ECGs) corresponding to QT 
changes are not usually available. In this study, we developed a 
continuous wavelet-based algorithm specially aimed at the 
measurement of QT interval prolongation. For evaluation, we 
conducted computer simulation based a whole-heart model to 
develop ECGs before and after QT interval prolongation, and 
used these data as gold standard to evaluate our algorithm. 
The simulated ECGs were artificially mixed with three types of 
noise under various signal-to-noise ratio (SNR) of white Gaus-
sian noise. Six cases with different compositions of these noises 
were used for the evaluation. For all of the six cases, the stan-
dard deviation of the measurement error tends to decrease as 
the SNR increases, and the average standard deviation of 
measurement errors were less than 1 ms. 

Keywords—QT interval prolongation, QRS complex, T 
wave, and Continuous Wavelet Transform. 

I. INTRODUCTION  

The QT interval is the time duration between the onset of 
the Q wave and the offset of the T wave in ECG. It is re-
lated to the time between the start of ventricular depolariza-
tion and the end of ventricular repolarization. Recently, the 
detection of QT interval prolongation has been valued be-
cause an undesired side-effect concerned with some cardiac 
drugs (Sotalol, Dofetilide, Ibutilide, etc) and non-cardiac 
drugs (Erythromycin, Cispride, etc) is their ability to delay 
myocardial cell repolarization, generally known as Drug-
induced QT prolongation [1~3]. Drugs that lead to the QT 
interval prolongation may also increase the risk of sudden 
death from cardiac causes. Some of such drugs have been 
withdrawn from the market during the last few years. The 
US Food and Drug Agency (FDA) recommended pharma-
ceutical companies that all new pharmaceuticals should be 
assessed for their potential QT interval prolonging effects. 

As it is hard to accurately estimate the absolute value of 
QT interval, the drug-induced QT change is a useful index 
for the investigation of drug-induced proarrhythmic risk. 

The PDA concept paper claims that the drugs that prolong 
the mean QT/QTc interval by around 5 ms or less do not 
appear to cause significant proarrhythmic effects, some of 
the drugs that cause prolongation with more than 5 and less 
than 20 ms may be concerned, and have an uncertain rela-
tionship with proarrhythmic risk, but the drugs that prolong 
the mean QT/QTc interval by more than 20 ms have a sub-
stantially increased likelihood of being proarrhythmic[4]. 
Therefore, the change of QT interval can be used as a gauge 
for assessing a drug's proarrhythmic risk. For this purpose, 
we derived a method for Drug-induced QT change meas-
urement based on the continuous Wavelet Transformation 
(CWT). During the last two decades, the Wavelet Trans-
form has been proven to be a valuable tool in various fields 
of research, especially for analysis of non-stationary signals. 
The CWT can extract the time characteristics of the ECG 
signal at different scales, i.e., different frequency band.  To 
estimate the QT interval, there are two tasks, as for a single 
lead of ECG, we need measure the onset of QRS complex 
and the offset of T wave in each cardiac cycle. Because 
there are little clinical (ECG) data for quantitative study of 
QT prolongation, we used computer model to simulate the 
standard 12 lead ECG data with QT prolongation in this 
study. To evaluate noise sensitivities of this algorithm, 
white Gaussian noise of different SNR, power line interfer-
ence and baseline wanderings were added to the clean simu-
lation data for QT interval measurement. 

II. METHODS 

A. ECG Simulation and Artificial Noises 

In order to assess this algorithm objectively, a whole-
heart model (Wei-Harumi model) [5, 6] is employed to 
simulate the ECG with QT interval prolongations in this 
study. This model is composed of about 50,000 normal 
model cells such as the sinus node, atriuma, atrioventricu-
lar(AV) node, His-bundle(HB), bundle branch, Purkinje 
fiber, and ventricle, other specified model cells, known as 
user-defined types, can be defined by modifying their elec-
trophysiological parameters. The electrophysiological pa-
rameters of model cells are associated with the action poten-
tial, conduction velocity, automaticity, and pacing. In this 
heart model, the value of action potential duration is linearly 
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increased from the epicardium and base to the endocardium 
and apex for simulation of normal T wave. Through modi-
fying the action potential and conduction velocity of ven-
tricular model cells, we can simulate the variation of QT 
interval. We simulated two data samples by this software, 
called data1 and data2, respectively. Both of them are sam-
pled at 500 Hz (Fs = 500Hz) and with 20 cardiac cycles. 
For data1, the duration of the action potential and conduc-
tion velocity of epicardial ventricular model cells were set 
to be 255 ms and 50 cm/s, and for data2, 255 ms and 35 
cm/s. Therefore, data1 and data2 differed in their QT inter-
val, called as QT1 and QT2, respectively. Data1 assumed 
normal ECG and data2 abnormal by the drug's effect. The 
change of QT interval is ΔQT = QT2 - QT1 = 20 ms, as 
shown in Fig. 1. Since the purpose of this study was to eva-
luate anti-noises properties of this method for Drug-induced 
QT change measurement, we selected three different repre-
sentative noise sources for simulation: (a) white Gaussian 
noise (WGN, with an SNR levels ranging from 0 to 20 dB); 
(b) power line interference (PLI, 50 Hz and 60 Hz respec-
tively), the amplitude of which are 50% of the amplitude of 
clean R wave; (c) baseline wander (BW, due to respiration, 
the frequency is 0.3 Hz), and its amplitude was  10% of the 
amplitude of clean R wave. The last two kinds of noises 
were simulated by a sine function. The composite cases of 
these three kinds of noises will be discussed in the third 
section. 

 
Fig. 1 Action potential and simulated ECG data: (a) the curve of action 
potential; (b) data1 with QT interval QT1; and (c) data2 with QT interval 
QT2. ΔQT = QT2-QT1 = 20 ms 

B. CWT and QT Interval Measurement 

Wavelet transform can simultaneous interpret the signal 
in the time-frequency space, which allows local, transient or 
intermittent components of the signal to be elucidated. The 
time-frequency distribution derived by CWT provides a 
practical tool for ECG analysis. The CWT of a signal )(tx  
is defined by [7] as follows, 

∫
+∞

∞−

∗ −= dt
a

bttx
a

baWT f )()(1),( ψ         (1) 

Where a is the scale, b the spatial position, )(t∗ψ  the 
complex conjugate of the mother wavelet )(tψ . At a suit-
able scale a, the wavelet transform ),( baWT f can character-

ize the local spatial information of signal )(tx . From 
),( baWT f , we can derive the so-called modulus maxi-

mums, which have close relationship with the signal local 
changes. For a given wavelet, the center frequency, which 
corresponds to the peak of the power spectral density (PSD) 
of the wavelet at each scale a, can be assumed to be in-
versely proportional to the scale. It can be written as, 

a
Ff

f sc=
          

(2) 

where cf  is a wavelet dependent constant. In this paper, a 
Gaussian wavelet (the first derivative of the Gaussian func-
tion) was used for extracting feature points of simulated 
ECG signal according to our experiences. For this wavelet, 

cf was calculated using Matlab and equals to 0.20 [8]. 

 
Fig. 2 QT internal measurement: (a) raw data; (b) CWT coefficients  at 17 
Hz; and (c) CWT coefficients at 3 Hz 

From ECG spectrum analysis, a standard ECG signal, as 
for clinical application, has a bandwidth of 0.05 to 100 Hz. 
The energy of QRS complex is focused from 5 to 30 Hz, 
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and the energy of T wave is mostly concentrated below 6 
Hz. In our research, the detection of the onset of QRS com-
plex and offset of T wave is based on the modulus maxima 
and zero crossings of CWT of the ECG signal at different 
frequency band. We calculated CWT coefficients at the 
central frequency of 17 Hz and 3 Hz, and the local modulus 
maxima of these two data were used for detection of the 
onset of Q wave and offset of T wave respectively. The 
positions of zero-crossings contained in these CWT coeffi-
cients mean the maxima or minima locate in the raw ECG 
signal. Fig. 2 is the illustration of QT interval measurement. 
It can be seen in Fig. 2. (b), the peak of R wave corresponds 
to a zero crossing, which locates in the largest slope area in 
CWT coefficients of a cardiac cycle's ECG. The first 
modulus maximum before this zero crossing was regarded 
as the onset of the QRS complex. The T wave produces two 
modulus maxima with opposite signs of CWT coefficients, 
and separated by a zero crossing, see Fig. 2. (c). Therefore, 
the offset of T wave was measured as last modulus maxima 
of T wave. Strictly speaking, these two modulus maximas 
do not necessarily correspond to the classically defined 
onset of Q wave and offset of T wave but they are the ro-
bust characteristic points, which indicate the moments of 
the ventricular depolarization and repolarzation, in the noise 
contaminated ECG signals, and does not influence the esti-
mation of the QT interval's change. 

III. RESULTS AND DISCUSSION 

The QT interval was measured with Lead II of the simu-
lated ECG contaminated by noises. The compositions of 
these three kinds of noises were divided into six cases and, 
they include, simulated clean ECG + : ①WGN, ②WGN + 
BW, ③WGN + BW + PLI (50 Hz), ④WGN + BW + PLI 
(60 Hz), ⑤WGN + PLI (50 Hz), and ⑥WGN + PLI (60 
Hz). As we discussed above, at an SNR level of WGN rang-
ing from 0 to 20 dB, for both noisy signals with 0.5 dB 
added, we measured the QT interval of the two data sets for 
all of these six cases simultaneously, and repeated this proc-
ess for 10 trials. Then, the average mean of the change of 
QT interval and the corresponding standard deviation of the 
error (SD) were calculated. Fig 3 shows all the test results, 
in these figures, the thin lines are the theoretical QT 
changes 20 ms, and the thick curves with error bar are the 
measured QT interval change by our method for different 
cases. As a whole, the measurement accuracy of these six 
methods becomes high with the increasing of the SNR of 
simulation data. For all of these six cases, as shown in  
 

Fig. 3(a)~(f), the maximum of measurement error's SD is 
2.6 ms and the mean of the measurement error's SD of all of 
these six cases equals to 0.75, 0.70, 0.80, 0.72, 0.82 and 
0.74 ms respectively. All of these values are less than the 
sampling interval (2 ms) and therefore can nearly negligi-
ble. According to these results, the performance of our 
method is not significantly affected by the PLI and BW 
noises, and even in the low SNR conditions, the estimation 
error is also acceptable. 

 

Fig. 3 QT change measurements: (a) case 1; (b) case 2; (c) case 3; (d) case 
4; (e) case 5; and (f) case 6 

IV. CONCLUSION 

Drug-induced QT interval prolongation has been drawing 
considerable attention of the pharmaceutical companies and 
authoritative organizations. When the new drugs are found 
and tested, it urgently needs a standard approach to measure 
the drug-induced QT prolongation. Currently, there is little 
quantitative analysis on drug-induced QT prolongation 
measurement. Therefore, the results and the method of this 
study will help development of a pragmatic approach for 
drug-induced QT prolongation measurement with greater 
precision. To overcome shortage of few clinical ECG data 
with drug-induced QT prolongation, we used a whole heart 
model to simulate drug-induced like ECG for validating our 
method. Therefore, the method presented in this preliminary 
investigation was only tested with simulated data with the 
composition of three kind noises under different SNR. Since 
the existing research materials of this topic are lacking, this 
study will help the development of a pragmatic approach for 
measurement of QT prolongation with Drug interactions. As 
for a pragmatic approach, it needs be evaluated by large 
quantity of clinical ECG data with drug-induced QT pro-
longation in the future. 
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Abstract—Alzheimer’s Disease (AD) known as senile demen-
tia is a degenerative nervous system pathological changes in 
elderly, a serious threat to the health of the elderly. Traditional 
studies on AD image are mainly restricted to brain tissue mor-
phology measurements. Gradually in recent years to carry out 
deep-seated image information mining in the early diagnosis of 
diseases plays an increasingly important role. In this paper, 
fractal dimension analysis is performed on MR brain images 
and the brain edge images to compare patients with AD and 
healthy control group. The results showed that there is a sig-
nificant difference (P = 0.022) between two groups of the char-
acteristic parameter FD. The characteristic parameter FD may 
be reveal some early brain tissue pathological changes of AD, 
which is invisible to the naked eye. This is conducive to explore 
new ways of imaging diagnosis in the early AD. 

Keywords—Fractal Dimension, MRI, Alzheimer’s Disease. 

I. INTRODUCTION  

Alzheimer’s Disease (AD) known as senile dementia is a 
degenerative nervous system pathological changes in eld-
erly, a serious threat to the health of the elderly. Initially 
patients are performed with memory impairment, gradually 
emerging in language, visual-spatial orientation and cogni-
tive impairment. As gradual declining of brain functions the 
patients are unable to live independently. According to the 
World Health Organization, there were more than 18 mil-
lion patients in the world, and it will reach 34 million ex-
pected by 2020. In the United States, AD has become the 
fourth largest killer only to cardiovascular disease, cancer 
and stroke death of [1]. According to preliminary statistics, it 
will spend 1.5 billion a year in Beijing alone in patients with 
senile dementia. The prevalence of dementia will be a 
marked increase as average age prolongs. The year of 2010 
is expected to enter the aging time in China, when families 
of patients with AD will be a heavy financial burden, caus-
ing serious social problems.  

AD is a chronic degenerative brain disease that usually is 
of hiding and progressive development. Unless the symp-
tom is detected in early stage [2], it is very difficult for pa-
tients to obtain treatment effect. Studies have shown that 
AD brain tissue of patients with pathological changes can 

occur before the clinical symptoms by 5 ~ 20 years [3]. AD 
early diagnosis and prompt treatment can effectively slow 
down the loss of brain function, which can reduce the pa-
tient's disability and mortality. MR imaging is an important 
clinical diagnosis method of AD, brain atrophy is the main 
imaging performance. The current research is conducted 
mainly by morphology methods, such as measurement of 
the line, area, volume indicators on MR image [4-5]. Recently 
the developed countries in Europe and the United States 
began to apply texture analysis to exploit the deep-seated 
MR image information, which have made positive progress. 

In this paper, fractal dimension analysis is performed on 
MR images between patients with AD and healthy control 
group. Two fractal dimension characteristic parameters are 
extracted to test whether is significantly different in these 
two groups. Our aim is to explore the quantitative character-
istics of MR images for the further study on early diagnostic 
based on MR image and provide a basis for a new way. 

II. MATERIALS AND METHODS 

A. Materials 

In this paper, MR images came from the Department of 
Radiology, Xuanwu Hospital, Capital Medical University 
and it had been clinical diagnose as AD. T1-weighted spin-
echo images were acquired from a 1.5-T MR scanner (So-
nata; Siemens, Erlangen, Germany). A total of 176 layers 
were obtained [TR/TE =2000ms/2ms, matrix=256*224, 
field of view (FOV) =240mm *210mm, slice thick-
ness=1mm]. The number of patients were 12 (6 male and 6 
female), as shown in Table 1. Their average age was 68 
years (range, 60–76 years) and the average education is 9 
years (range, 0–16 years). It is also showed that the average 
mini-mental state examination (MMSE) score was 5 (range, 
1–13), and 86 percent is noted as cognitive impairment. 
Normal control (NC) group is consisted of twelve healthy 
volunteers (4 male and 8 female) whose average education 
is 12 years (range, 6–16 years) higher than the AD one, and 
the average MMSE score was 29 (range, 28-30) with the 
better cognitive function. 



Fractal Dimension Analysis of Magnetic Resonance Image in Patients with Alzheimer’s Disease 1887
 

  
 

IFMBE Proceedings Vol. 25

 

 

Table 1 Research Object 

 Sex 
(M: F） 

Average 
Age 

Average 
Education 

Average 
MMSE* 

AD 6：6 68 9 5 
NC 4：8 68 12 29 

*MMSE (0-30) to assess cognitive function. 

B. Fractal Dimension Analysis 

First of all, Image segmentation by semi-automatic 
method was performed in the right side of 10mm from the 
cerebral falx and the brain substance were separated from 
sagittal MR images of T1 as samples, which constitute re-
gions of interest (ROI) data sets from both AD and NC 
group. Then fractal dimension (FD) was extracted from the 
brain substance images. Because of atrophy AD had smaller 
brain volume, ventricular dilatation and cerebral culci to 
appear deeper than NC, which led to the deformation of the 
brain edge on MR images, fractal dimension of brain edge 
curve (FDE) was further extracted in the experiment.  

N is a subset with r-times narrowing to the set A, then the 
formula of fractal dimension D as follows: 

( )r
ND

1log
log=                                                             (1) 

It is very difficult to compute D by using of formula (1) 
directly, so a approximate method proposed by Gangepain 
was performed to compute fractal dimension, which is the 
unit mesh count method. Assumption using the box with the 
size of Lmax covers image space, then L = r × Lmax. Change 
the parameters r, 

]max[1
L

L
r

N DL ==                                                    (2)                 

That is, D
L LN −~ , LN  is box number of surface space 

covered by gray. Select the L values, and slope obtained 
using least square method that is the fractal box dimension 
in double logarithmic coordinates map between LN and L. 

The fractal dimension of the experimental FD and FDE 
calculation steps are as follows: 

1. The use of iterative method for image segmentation 
threshold and the best ROI binary image processing to 
obtain binary image; 

2. Binary image of edge detection carried out by the edge 
of the brain images in real terms; 

3. Different grid mesh size in the binary image and edge 
image, L for the grid side, and then count, as long as 
the target grid contains any part, set the number of NL, 
so that corresponds to a L there is a NL, the value of the 
smaller side, NL greater value; 

4. Different L values should be taken to a different set of 
data L ~ NL, make the relationship map between lnNL 
and ln (1 / L); 

5. Using least squares fitting a straight line Y = aX + b, to 
obtain the slope of a, which is box-counting dimension. 

C. Statistical Analysis 

Statistical software SPSS 11.5 was used for statistical 
analysis. Respectively, the fractal dimension of the charac-
teristic parameters of FD and FDE in the AD group and the 
NC group conduct an independent samples t test, p <0.05 as 
statistically significant. 

III. RESULT AND DISCUSSION  

In the paper box-counting dimension method was used to 
calculate the two-dimensional fractal dimension of ROI and 
its edge image. Parameter FD showed that the maximal 
value is 1.7066 and the minimal value is 1.6631, the mean is 
1.6837 in AD group; the maximal value is 1.6974 and the 
minimal value is 1.6309, the mean is 1.6665 in NC group, 
shown in Fig.1. For parameter FDE showed that the maxi-
mal value is 1.3625 and the minimal value is 1.2300, the 
mean is 1.3154 in AD group; the maximal value is 1.3326 
and the minimal value is 1.2113, the mean is 1.2872 in NC 
group, shown in Fig.2. 

 

 
Fig.1 Characteristic parameters of FD  

 
Fig.2 Characteristic parameters of FDE 
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There is a statistically significant difference in character-
istic parameter FD between AD group and NC group 
(p=0.022). FDE of AD group higher than NC group, but did 
not show significant differences (p=0.106), as shown in 
Table 2. 

Table 2 Statistics analysis 

AD NC 
 

mean std mean std 
t p 

FD 1.6837 0.0206 1.6665 0.0128 2.454 0.022 
FDE 1.3154 0.0409 1.2872 0.0410 1.684 0.106 

Box-counting dimension is one of methods to describe 
the fractal dimension of images, which has been widely 
used in fractal theory research. Fractal dimension of images 
can be used to study the complexity of texture. Images of 
different structures in their gray-scale changes in the border 
is no longer continuous, but a mutation. It is roughness in 
precisely visual changes. Box-counting dimension reflects 
the complexity of the fractal sets. So by using of fractal 
dimension may better reflect the changes in the border. In 
this test, after binarization of images, sudden change is 
inevitable between black and white pixels. According to the 
fractal dimension to analyze the changes in the value of 
such a texture edge of complexity, the higher the complex-
ity of the image, the greater its box-counting dimension. 

The results showed that the value of FD and FDE is 
slightly higher for AD than for NC group. The fact above 
may be due to the occurrence of brain atrophy, which re-
duces the volume of brain tissue, and courses the cerebral 
sulcus deepen. It is easily observed in MR image of brain, 
that the edge’s smoothness decreased and circumference 
edge increased, so that the complexity of the edge in-
creased. Compared to the NC, AD group obtained higher 
value of both FD and FDE, and then complexity increased. 
The significant difference of FD is also noted, shown in 
Table 2. This difference may reflect the pathological 
changes in the brain of the AD，which could not be recog-
nized by naked eyes. The fact that the significant difference 
of FDE between the two groups was not be seen may be 
owing to small sample size. 

IV. CONCLUSIONS  

Significant difference of FD between AD and NC group 
(p=0.022) confirmed by statistical test reflects the edge 

complexity, which may be more sensitive to the atrophy on 
brain tissue.  

The larger sample set is need to verify the results of this 
test in further study. 
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Abstract Magnetic Induction Tomography is a relatively 
new non-invasive modality for the imaging of the electrical 
properties of materials which is currently under investigation 
for a variety of industrial and biomedical applications, in par-
ticular the detection and monitoring of cerebral haemorrhage. 
The speed of FFT-based phase measurement algorithms em-
ployed in some current MIT systems is however a major limit 
to higher data acquisition rate and precision.  

This paper describes an effective approach for parallel FFT 
processing implemented on an Nvidia Geforce 9800 GX2 
Graphics Processing Unit (GPU). Acquired signals are 
processed in the GPU using the CUDA FFT library . The 
processed data is then passed by the GPU to a Labview-based 
measurement software tool on the host PC for further 
processing and image reconstruction.  

The FFT algorithm was accelerated on the GPU by up to 
9.5 times compared to the processing time for the same data 
set on a single processor of an Intel Core2 Duo (E6750) PC. 
This compares to a maximum speed-up of 2.2 achieved for a 
parallel implementation using four cores of an Intel Quad-core 
(Q9300) PC with the software written in Labview using the 
same definition and data sets.  

We show that the use of GPUs can be an effective solution 
to accelerate FFT-based signal measurement algorithms. Fast-
er data acquisition may then allow imaging of dynamic 
processes, compensation of artifacts associated with head 
movement and/or improved measurement precision through 
greater data averaging. 

Keywords  Magnetic Induction Tomography, FFT, CUDA, 
GPU, Labview. 

I. INTRODUCTION  

Magnetic Induction Tomography (MIT) aims at contact-
less imaging electrical properties (conductivity, permittivity 
and permeability) within objects [1]. Typically, an array of 
excitation and detection coils is arranged around a sample. 
The excitation coils are used to produce an alternating mag-
netic field, which then induces eddy currents within the 
sample. The detection coils then detect the perturbation of 
the primary magnetic field produced by those eddy currents. 
The detected signals are used to estimate the distribution of 
samples electrical properties by solving an image recon-
struction inverse problem. 

Biomedical applications of MIT under investigation in-
clude the detection and monitoring of cerebral stroke. For 
this application a very high signal phase measurement pre-
cision is required. Zolgharni et al [2] modelled cerebral 
haemorrhages of varying locations and sizes using a finite 
element model and concluded that, at 10MHz, a phase mea-
surement precision of ~1m  was necessary to detect  smaller 
(~8cm3) peripheral or larger deeper lying haemorrhages. 
Data averaging over longer times is likely to be necessary to 
achieve the required SNR values for this application. Also, 
static imaging studies may not reflect the dynamics of ob-
jects in monitoring applications due to continued bleeding 
and change of conductivity or shape of objects with time. 
Especially, artifacts associated with motion of head and 
functional imaging of lung may require fast signal 
processing and image reconstruction to keep track of the 
motions and then to compensate for the artifacts. Efficient 
signal processing and measurement algorithms are therefore 
essential. 

Fast Fourier Transform (FFT) provides an efficient me-
thod of signal measurement for MIT, especially if spectros-
copy and/or simultaneous multi-channel excitation are em-
ployed [3]. However, the speed of FFT-based phase 
measurement algorithms is a major limit to the data acquisi-
tion rate and/or precision of current MIT measurement sys-
tems. For the Cardiff Mk2 MIT system, recently developed 
at the University of Glamorgan, a single channel of the 
digitized detected signal of length 8.5ms requires 75ms to 
process via FFT using a dual- core workstation, and a single 
full data frame (14 excitation × 14 detection channels) of 
the system takes 90s. Thus, there is a need for significant 
increase of the speed of the FFT algorithm. 

One method of achieving such improvements as regards 
speed of the FFT algorithm is parallel implementation. In 
this paper, a low cost parallel hardware implementation was 
investigated based on a Graphics Processing Unit (GPU).  

has become a recent trend in parallel 
computing since their highly parallel structure, designed for 
the manipulation and display of computer graphics, also 
makes them effective for parallel implementation of a range 
of complex algorithms.  

A brief overview of the GPU architecture and program-
ming model will be described, but the focus of the paper 
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will be the performance of FFT on the GPU using the FFT 
library in CUDA, in comparison to implementations using 
1, 2 and 4 processors on dual and quad-core workstations.  

II. METHODOLOGY 

A. The MIT signal measurement process and data 

The data used to reconstruct conductivity, permittivity 
and permeability distributions in MIT is derived from the 
measured changes in the detected signal amplitude and 
phase produced by samples placed within the system. The 
general procedure for acquiring the phase and amplitude of 
sampled waveforms using an FFT method is: 

 (i) The detected signals for all receiver channels, along 
with a reference signal, are first digitized and transferred to 
a host PC.  

(ii) The PC is used to perform a real to complex FFT 
on all of the digitized signals  

(iii) The phase of the detected signals is then computed 
relative to the phase of the reference signal at the frequency 
indices of interest. 

 
Changes in the amplitude and phase of the detected sig-

nals relative to free-space (absolute measurements), or be-
tween different frequencies or over time (difference mea-
surements), may then be measured and used for image 
reconstruction. 

 
B. Implementation of FFT algorithm on multi-processor 
workstations 

Measurement
 data sets are 
channeled to 

multiple processor FFT

FFT

FFT

FFT

FFT

FFT

FFT

Divide sets 
according to 
CPU cores

FFT 
RESULTS

FFT 
RESULTS

FFT 
RESULTS

Select and profile FFT timing

1 core

2 cores

4 cores

 
Fig. 1 Parallelization of FFT function using 1, 2 and 4 threads in Labview. 

Fig. 1 shows a simplified diagram of how the FFT function 
in Labview was parallelized for use in multi-core worksta-
tions. The measurement data sets were divided and chan-
neled into 1, 2 or 4 threads depending on the number of 
available processors with an FFT carried out in parallel on 
each thread. Labview provides an automatic synchroniza-
tion for gathering results from each thread.  

Two multi-core PC , a dual-core with 
E6750 processor operating at 2.66GHz and 3GB memory 
(4MB of L2 cache, FSB 1333MHz) and a quad-core with 
Q9300 processor operating at 2.49GHz (6MB of L2Cache, 
S775 1333MHz) with 3GB memory.  

 
C. Implementation of FFT algorithm on GPU 

The GPU employed in this study was an Nvidia GeForce 
9800 GX2 Graphics card which was installed in a dual-core 
PC (E6750 processor operating at 2.66GHz and 3GB mem-
ory). This card has two graphics processors and each has 
512MB of onboard memory and 128 stream processors 
operating at 1566 MHz clock speed. No direct communica-
tion occurs between the GPUs and each functions indepen-
dently. Only one graphics processor was used in this study. 
More detailed specification of the GPU architecture can be 
found from [4].  

The GPU programming environment employed was 
Compute Unified Device Architecture (CUDA), released by 
NVIDIA for its graphics platform [4]. CUDA is both a 
hardware and software architecture for issuing and manag-
ing computations on the GPU as a data-parallel computing 
device. CUDA provides an extension to the C programming 
language, called kernels, for source code development. 
CUDA SDK includes optimized GPU implementations of 
standard FFT and BLAS libraries. The CUFFT library pro-
vides a programming interface that is similar to the FFTW 
open source software library [5].  

Applications still require some user-written CUDA code 
to be used in combination with calls to these libraries. The 
CUDA code for the FFT library was compiled to create a 
DLL file which is interfaced with Labview in order to pass 
the acquired signals and return computed results between 
the PC and GPU. The parallelized FFT algorithm then runs 
on the GPU and is called by a Labview application running 
on the host PC. To calculate the FFT of input data on the 
GPU the following steps are carried out: 

 
(i) A user-defined FFT plan is created using the 

cufftPlan1d function. 
(ii)  The digitized signal data is copied from the host PC 

to the GPU using the cudaMemcpy function. 
(iii)The forward FFT on the GPU is computed using the 

cufftExecR2C function. 
(iv)   Selected frequency indices from the results of the 

FFT are copied from the GPU to the host PC based 
using the cudaMemcpy function. 

(v) The processed results are passed from DLL interface 
to Labview. 
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For this study, the version 2.01 of NVIDA® CUDATM [5] 
and version 8.6 of LabVIEW for Windows were used. 1D 
real to complex forward FFT transformation was performed 
in all tests. 

 
D. Test measurements 

The MIT measurement data used in this study was simu-
lated by digital single-frequency sine waves of length 215 to 
220 samples, all with single precision.  

The speed-up SP of the parallel FFT algorithm for GPU 
vs. multi-core PC is defined as 

GPU

PC   SP
T
T  (2  

where TPC is the computation time for the FFT algorithm 
on a multi-core PC and TGPU is the computation time of the 
FFT algorithm on GPU and data transfer time between host 
and PC. 

The speed-up used for comparison between multi-core vs. 
single core PC implementation is defined as  

                                          
N

s
N T

TSP  (3)  

 
where TS is the computation time for the algorithm on a 

single core CPU and TN is the computation time for the 
algorithm on N number of cores. The efficiency is then de-
fined as SN / N. The optimal speedup is SPN = N and optimal 
efficiency =1. 

For the GPU, computation times were measured for (i) 
FFT computation only in CUDA which includes sine wave 
generation on the host, FFT computation within the GPU 
and data transfer time to and from host using the cutCreate-
Timer function in CUDA and (ii) FFT computation per-
formed on GPU via DLL call from Labview environment 
which includes FFT computation within the GPU and data 
transfer time to and from the host, which was measured 
using a tick count function in Labview. Data sets consisting 
of batches of 1, 4 and 16 sine waves were used in the expe-
riments. 

For the multi-core workstation measurements, computa-
tion times were measured using the tick count function in 
Labview for 1 and 2 threads on the dual-core workstation 
and 1, 2 and 4 threads on the quad-core workstation. Data 
sets consisting of batches of 16 sine waves were performed. 

 

III. RESULTS 

Table 1 shows the FFT computation times for the opera-
tions described in section D, showing (i) times for GPU via 
CUDA compiled code only and (ii) times for GPU via DLL 
call from Labview. The data transfer times from DLL to 
Labview is shown on the right hand side of table 1.  

It can be seen that the total time increases approximately 
linearly for both increasing FFT sample lengths and batch 
sizes. The data transfer time was also found to be approx-
imately linear.  

Table 1 Computation times for varying numbers of FFT sample lengths 
and batch sizes for (i) FFT computation within the GPU only and (ii) 

Labview DLL which includes FFT computation within the GPU and data 
transfer times. The time is in milliseconds. 

Table 2  Total computation times of FFT on dual-core and quad-core 
workstations for varying number of FFT points and 16 batches. The 

computation time is in milliseconds. (SP2  speed-up with two cores, SP4 
 speed-up with 4 cores) 

 
Table 2 shows the results obtained for the dual-core and 

quad-core workstations. The increased numbers of cores 
reduced the simulation time, but well below the theoretical 

(

No. of 
FFT 

points 

 
 

 (i) FFT via  

CUDA  com-

piled code 
No. of batches 

 

 

 (ii) FFT via 

Labview DLL 

call 
No. of batches 

 Timing 

difference  

between 
(ii)-(i) 

 1 4 16  1 4 16  batch 16 

215  0.6 1.6 5.4  1.5 3 7  1.6 

216  0.8 2.3 8.4  2 4.5 12  3.6 

217  1.5 5.2 19.6  3 8 28  8.4 

218  2.9 11 42.4  5 15 55  12.6 

219  4.2 16 63  8 36 86  23 

220  7.8 30 120  16 65 170  50 

No. of 
FFT 

points 

Intel dual-core PC Intel Quad-core PC 

1 

core 

2 

core 
SP2  

1 

core 

2 

core 

4 

core 
SP2 SP4 

215 22 13 1.7  26 23 12 1.1 2.2 

216 45 28 1.6  49 53 29 0.9 1.7 

217 106 77 1.4  132 114 89 1.2 1.5 

218 295 222 1.3  370 299 251 1.2 1.5 

219 818 535 1.5  975 686 594 1.4 1.6 

220 - - -  - - - - - 
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maximum speed-up. This may be due to synchronization 
delays among multiple cores. Interestingly, the dual-core 
provided lower overall computation times than the quad-
core, even though the latter could provide twice as many 
threads. This may be due to the smaller L2 cache size avail-
able to each processor in the quad-core in comparison to the 
dual (1.5MB vs. 2MB respectively). The efficiency in gen-
eral dropped from 0.71 to 0.41 with increasing number of 
cores for 2 vs. 4 cores with 219 sample lengths. This may 
demonstrate limitations which may be found with the use of 
multi- mputing. 

Both the multi-core PCs failed to run with 220 sample 
lengths (with a batch of 16 signal), with Labview returning 
a lack of memory error.  

Fig. 2 shows the speed-up figures of the dual-core 
workstation with GPU vs. the dual-core workstation only,  
for 1 and 2 cores used, for increasing number of FFT sam-
ple lengths. The data used is taken from Table 1 for the total 
Labview DLL times for 16 batches. 

 

 
Fig. 2 A graph showing the speed-up factor: GPU vs.  dual-core worksta-

tion for increasing data sample lengths. 

It can be seen from Fig. 2 that the workstation with GPU 
demonstrated increasing speed-up values with increasing 
number of sample lengths, over both the single and dual-
core workstations. Maximum speed-ups of 9.5 and 6.2 were 
achieved over the single processor and dual-processor im-
plementations respectively.  

IV. CONCLUSIONS 

The use of multi-core workstations for parallel imple-
mentations of FFT appears, based on the results obtained in 
this study, to offer limited performance gains. Efficiency 
dropped significantly as the number of cores increases. The 
lowest computation times achieved for the largest data set 
with which we may compare the different parallel FFT 

implementations  a batch of 16 signals each of 219 sample 
length and of single precision  for the single, dual and quad 
processor implementations, without the use of a GPU, were 
818s, 535ms and 594ms respectively.  

The corresponding figure obtained using the GPU was 
86ms. Consequently, the use of a GPU for parallel imple-
mentation of FFT appears to provide effective acceleration 
of FFT algorithms. The method is cost-effective since 

cost of suitable devices is therefore relatively modest (£100 
- £500, 2009). 

For Magnetic Induction Tomography systems, GPU ac-
celeration of FFT-based signal measurement algorithms 
should allow lower data acquisition times. This may then 
allow imaging of dynamic processes, compensation of arti-
facts associated with head movement and/or improved mea-
surement precision through greater data averaging. Due to 
the importance of FFT in digital signal processing, parallel 
implementations of FFT on GPU  should also be of use in 
many other applications. 
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Abstract - The risk of breast cancer is increased by a num-
ber of factors including the breast density, considered to be the 
proportion of the fibroglandular tissue in the breast. Breast 
density can be assessed in three-dimensional breast MR im-
ages. This involves analysis of a large volume of image data. 
Most MR based density estimation methods are designed to 
work on images acquired using a particular MR scanner and 
field strength. Those that can be implemented on a wide range 
of scanner platforms require complex sequences; phantom 
scans or calibration which makes them impracticable for rou-
tine clinical use. 

In this study, two density estimation methods that can be 
applied to routine clinical practice, that have been developed 
in our institute, are compared. Prior to density estimation, the 
breast region anterior to the pectoral muscle on each breast is 
segmented separately using active contouring with gradient 
vector flow. The first method is based on interactive intensity 
thresholding applied to the pre-contrast T1 weighted images 
corrected for coil sensitivity non-uniformities using proton 
density weighted images. The second method utilizes dual 
phase T1 histogram based fuzzy maps computed from the 
proton density weighted and dynamic contrast enhanced T1

weighted images. The fibroglandular tissues are detected from 
the maps by applying a fuzzy threshold.  

Analyses using multi centre data collected during the UK 
multi-centre study of MRI screening for breast cancer show 
high correlations between the breast densities estimated by 
both methods. The correlation is highest when a fuzzy thresh-
old of 0.2 is used (r=0.943). For this value, estimated densities 
are almost 30% lower than those estimated by the first 
method. The second method is highly automated and increases 
the reproducibility and the consistency in estimations.  

Keywords - Breast, MRI, density, fibroglandular tissue, fuzzy.  

I. INTRODUCTION  

In breast cancer, risk is increased by a number of factors 
such as age, positive family history of a first-degree relative 
with breast cancer, certain mutations in the BRCA1, 
BRCA2 or TP53 genes [1, 2]. Breast density assessed by X-
ray imaging as the ratio of the fibroglandular tissue area to 
the total breast area is a further independent risk factor [3]. 
However, the measurements are affected by many technical 
factors such as variations in the compressed breast thickness 

and X-ray flux [4]. Three-dimensional breast MR imaging 
attracts increasing interest for the estimation of breast den-
sity as it provides high-spatial resolution cross-sectional 
morphology and tissue specific physiological parameters 
[5]. It is also suitable for young women and women who are 
susceptible to cancer initiation by radiation such as TP53 
carriers [6]. 

Density assessment using breast MR imaging involves in 
the analysis of a large volume of image data acquired at 
high spatial resolution. Pre and post contrast images can be 
evaluated visually or fibroglandular tissues may be deline-
ated manually [7]. However, due to the fat diffusely dis-
persed throughout the fibroglandular tissue, these tech-
niques require constant and diligent attention for a long 
period and suffer from reader variability. A number of 
automated methods have been developed to work on images 
acquired using a particular MR scanner and field strength 
[8-13].  Methods that employ the intrinsic MR parameter T1
can be implemented over a range of scanner platforms 
However, their need for complex acquisition protocols in-
volving multiple excitations with different flip angles; phan-
tom scans or calibration makes them impracticable for rou-
tine clinical use. 

In this study, two density estimation methods developed 
in our institute and applicable to clinical practice are com-
pared. Both methods perform analysis on the breast region 
anterior to the pectoral muscle, segmented using active 
contouring with gradient vector flow. The first method is 
based on interactive image intensity thresholding applied to 
the pre-contrast T1 weighted images after correction for 
intensity uniformities using the proton density weighted 
images. The second method utilizes dual phase T1 histogram 
based fuzzy maps computed from proton density weighted 
and dynamic contrast enhanced T1 weighted images. A user 
selected threshold is applied to the fuzzy map to detect 
fibroglandular tissues. The breast density is calculated as 
the ratio of the fibroglandular tissues detected to the seg-
mented breast volume. The details are described in the fol-
lowing section.  
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II. MATERIALS AND METHODS 

A. Study dataset 

The study dataset comprises twenty healthy women who 
attended the UK multi-centre study of MRI screening for 
breast cancer (MARIBS) [14]. During MARIBS, proton 
density weighted and T1 weighted images were acquired in 
the coronal plane using dedicated breast coils and a pre-
determined 3D spoiled gradient echo pulse sequence with 
flip angles of 6° and 35°, matrix size (256×256), slice 
thickness (2.5 mm) and field of view (340 mm). Dynamic 
imaging was performed using contrast agent Gd-DTPA 
(0.2mmol/kg bodyweight) with a temporal resolution of 
approximately 90s [15].  

B. Segmentation of the breast  

The breast region anterior to the pectoral muscle of each 
breast is segmented separately using T1 weighted images 
and a fast semi-automated algorithm that we have devel-
oped that requires no prior information concerning breast 
anatomy. It is based on active contouring with gradient 
vector flow, minimising the impact of noise on segmenta-
tion [16]. An initial contour is manually selected on the 
coronal slice closest to pectoral muscle. This contour is next 
used to grow each sequential contour of the breast region 
automatically while processing the anterior slices. The seg-
mented breast volume is inspected visually and some man-
ual corrections are performed if necessary. 

C. Detection of the fibroglandular tissue 

Interactive thresholding (M1)

This method uses intensity uniformity corrected pre-
contrast T1 weighted images to detect fibroglandular tissues 
inside the segmented breast volume [17]. The correction is 
performed using a 2D averaging window moved across the 
proton density image in the coronal plane. To make correc-
tion in the axial plane, a user controlled uniformity factor 
variable is utilized. This algorithm is embedded in the 
MRIBView software [18]. The expert navigates between the 
slices presented in axial, sagittal and coronal planes and 
interactively sets the axial uniformity factor and the inten-
sity threshold applied to the T1 weighted image until the 
best fibroglandular tissue classification is achieved. 

Automated fuzzy c-means clustering (M2)

This method is based on automated fuzzy c-means clus-
tering that works on the dual phase T1 estimate histograms. 
A two-point method is used to calculate the T1 estimate T1
for each tissue inside the segmented breast [19]. The T1
histogram H is constructed with the optimal histogram bin 
width computed using Scott’s method [20]. To determine 
dual phase components H1 and H2 of H, breast tissues are 
classified by their post-initial enhancement changes. Let Iv
be the signal intensity of the breast tissue at each time point 
v after contrast agent administration and let I0 be the pre-
contrast signal intensity. The normalized enhancement is 
computed using [21] 

100/)( 00 IIIE vv       (1) 

The post-initial enhancement change is defined as 

}max{ min31min8 EEPEC   (2) 

Tissues that show continuously increasing enhancement 
(PEC 10%) are populated in H1. Tissues that show plateau 
or wash-out enhancements (PEC<10%) are populated in H2.

The computed dual phase histograms are supplied to a 
fast fuzzy c-means (FCM) classifier [22] designed to dis-
criminate fibroglandular tissue (class 1) from fat (class 2). 
The fuzzy index of the classifier is set to 2. The initial cen-
troids are computed from the initial membership value of 
the lth entity of H for class f defined as 
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   (3) 

The minimum of the objective function of the designed 
FCM classifier is numerically computed using an iterative 
optimization procedure stopped when the absolute change 
in class centroids is less than 0.01. A spline function is 
fitted to the membership values determined for the fibro-
glandular tissue class. This function is used to generate a 
volumetric fuzzy map of the segmented breast from the 
computed T1 values. The fibroglandular breast tissues are 
detected by applying a threshold to the fuzzy map. This 
algorithm is implemented using IDL 7.0 (ITT Visual Infor-
mation Solutions, USA).  

D. Breast density calculation 

Let nfg and nfat be the number of voxels detected as fibro-
glandular tissue and fat inside a segmented breast volume. 
The breast density is calculated by 

100)/( fatfgfg nnnBD   (4) 
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E. Statistical Analysis 

To compare the breast density assessment algorithms, 
calculated densities were analyzed using SPSS 15 (SPSS, 
Inc., USA). The Pearson correlation coefficient r was calcu-
lated to determine the correlation between density meas-
urements. The linear regression curve fit was carried out for 
regression analysis. The independent samples t-test with 
either a pooled or a separate variance as determined by the 
Levene’s test for equality of variances was performed.  

III. RESULTS AND CONCLUSION  

MR Images from twenty healthy women who attended 
the UK multi-centre study of MRI screening for breast can-
cer were analyzed. For each patient, the left and the right 
breasts were segmented separately from the pre-contrast T1
weighted images. Interactive thresholding based density 
estimations (M1) were performed using the intensity uni-
formity corrected pre-contrast T1 weighted images. Auto-
mated fast fuzzy c-means (FCM) clustering based density 
estimations (M2) were performed from the proton density 
weighted images and the dynamic contrast enhanced T1
weighted images for a fuzzy threshold TH varied from 0.05 
to 0.50 with 0.05 intervals.  To illustrate the method, images 
from a woman with a dense breast have been considered 
(see Fig. 1). 

Fig. 1 The results for the representative slice stack for a woman with a 
dense breast. (a-b) Pre-contrast T1 weighted and proton density weighted 
images, (c) segmented left (gray) and right (white) breast regions, fibro-

glandular tissues detected by (d) M1 and by (e-h) M2 with TH of 0.05, 0.02, 
0.35 and 0.50. 

Breast densities calculated by M1 and M2 show high cor-
relations with the correlation highest for M2 when a fuzzy 
threshold of 0.20 is used (r=0.943, see Fig. 2). For this 
value, the result of regression analysis on the breast densi-
ties estimated using M1 and M2 gives the linear curve char-
acterized by (see Fig. 3) 

M1M2 71.001.0 BDBD   (5) 

The breast density estimated by M2 is almost 30% lower 
than that estimated by M1 and the 95% confidence interval 
for the slope is 0.63 to 0.89 (P< 0.001).  
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Fig. 2 Breast density correlation plot for different TH values 
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Fig. 3 The regression curve fitted for the average breast density 

The results of statistical analyses of the calculated breast 
densities for the left and the right breasts are given in Table 
1. The left and right breast densities computed by each 
method are highly correlated. There is no significant differ-
ence between the left and right breast densities as measured 
by either M1 or M2.

Table 1 Mean breast densities and correlations 

BD value
Method Left Breast a Right Breast a P value r value

M1 0.26 ± 0.13 0.26 ± 0.12 0.92 0.976 
M2 0.19 ± 0.13 0.20 ± 0.10 0.82 0.938 

a Mean ± SD 

a       b 

c       d 

e       f 

g       h 
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The first method is semi-automated and easy to use. 
However, images with high degrees of noise and intensity 
inhomogeneity artifacts need more user attention and guid-
ance. In the absence of the proton density weighted images, 
some degrees of inhomogeneity artifact can be compensated 
for by using an axial uniformity factor. A practical, fast and 
fully automated method of detecting fibroglandular breast 
tissue is provided by the second method. The FCM cluster-
ing technique employed consumes less process time to con-
verge especially for large breasts when compared with tradi-
tional FCM. Initial clustering parameters are calculated 
automatically avoiding the need for guidance to select the 
correct initial centroids with a high impact on the repro-
ducibility.  

Both of the algorithms developed in this study provide an 
easy and reproducible way to detect fibroglandular breast 
tissue using three-dimensional MRI applicable to clinical 
practice. The performance of these methods on images 
acquired using different brands and models of MR scanners 
sited in different clinics offers the potential to obtain consis-
tent density measurements which may assist in determining 
individual breast cancer risk. The estimated mean breast 
densities are highly correlated. However, the second method 
is highly automated and capable of minimising partial vol-
ume artifacts, increasing the reproducibility of density 
measurements.  
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Abstract—The extraction of coronary artery centerlines from
computed tomography angiography data is relevant in clinical
practice. A large number of (semi-)automatic methods have
therefore been presented for this purpose. However, prior to
the work described in this paper no standardized evaluation
methodology has been published to reliably evaluate and com-
pare the performance of coronary artery centerline extraction
algorithms. This paper describes the deployment of a publicly
available database of coronary CTA data with corresponding
reference standard derived from manually annotated centerlines,
a standardized evaluation framework consisting of well-defined
evaluation measures, and an on-line tool for the comparison of
coronary CTA centerline extraction techniques.

I. INTRODUCTION

Coronary artery disease (CAD) is one of the main causes of
death in the world (1). Computed Tomography Angiography
(CTA) is a non-invasive imaging modality for diagnosing CAD
(2) that allows the assessment of the coronary lumen and the
evaluation of the presence, extent, and type (non-calcified or
calcified) of coronary plaque (3).

The diagnosis of coronary artery disease with cardiac CTA
is often performed using advanced visualization techniques
such as maximum intensity projections (MIP), volume render-
ing techniques, multi-planar reformatting (MPR), and curved
planar reformatting (CPR) (4). Several of these visualization
techniques depend on a curve through the lumen of the vessel
of interest (i.e. a ’centerline’ or central lumen line) and
efficiently obtaining a reliable centerline is therefore relevant
in clinical practice. This clinical necessity has resulted in
several commercially available software packages and a large
body of literature on (semi-)automatic centerline extraction
methods. However, up to now no standardized evaluation
methodology has been published to reliably evaluate and
compare the performance of commercial software packages
and algorithms described in literature.

This paper describes the deployment of a publicly available
database of coronary CTA data with corresponding refer-
ence standard derived from manually annotated centerlines, a
standardized evaluation framework consisting of well-defined
evaluation measures, and an on-line tool for the comparison
of coronary CTA centerline extraction techniques. The paper
is concluded with a description of the first application of
the evaluation framework: a comparison of thirteen coronary
artery centerline extraction methods, implemented by different

authors. More information about the evaluation framework can
be found in previous work from our group (5).

II. MOTIVATION

The value of a standardized evaluation methodology and
a publicly available image repository has been shown in a
number of medical image analysis and general computer vision
applications, for example in the Digital Retinal Images for
Vessel Extraction database (6), the Middlebury Stereo Vision
evaluation (7), the Lung Image Database project (8), and a
workshop and on-line evaluation framework for liver and cau-
date segmentation (9). Similarly, standardized evaluation and
comparison of coronary artery centerline extraction algorithms
has both scientific and practical benefits.

Approximately thirty papers have appeared that present
and/or evaluate (semi-)automatic techniques for the segmen-
tation or centerline extraction of human coronary arteries
in cardiac CTA datasets (5). The proposed algorithms have
been evaluated by a wide variety of evaluation methodologies.
However, none of the presented algorithms has been compared
to another and only very few methods were quantitatively
evaluated on both the extraction ability (i.e. how much of
the real centerline can be extracted by the method?) and
the accuracy (i.e. how accurately can the method locate the
centerline or wall of the vessel?).

Such a quantitative benchmark of state-of-the-art techniques
is a prerequisite for continued progress in this field: it shows
which of the popular methods are successful, and researchers
can quickly apprehend where methods can be improved. It is
also advantageous for the comparison of new technology with
the state-of-the-art. Without a publicly available evaluation
framework, such comparisons are difficult to perform: the
software or source code of existing techniques is often not
available, articles may not give enough information for re-
implementation, and if enough information is provided, re-
implementation of multiple algorithms is a laborious task.

The understanding of algorithm performance that results
from the standardized evaluation also has practical benefits.
It may, for example, steer the clinical implementation and
utilization, as a system architect can use objective measures
to choose the best algorithm for a specific task. Furthermore,
the evaluation could show under which conditions a particular
technique is likely to succeed or fail; it may therefore be used
to improve the acquisition methodology to better match the
post-processing techniques.

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1897–1900, 2009. 
www.springerlink.com 
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We therefore designed and implemented a standardized
methodology for the evaluation and comparison of coronary
artery centerline extraction algorithms. We collected a repre-
sentative set of cardiac CTA datasets with corresponding ref-
erence standard, we designed an appropriate set of evaluation
measures, and we created a web-based framework for easy
comparison of the different algorithms. Each of these issues
is discussed in more detail below.

III. EVALUATION FRAMEWORK

In this section we will describe our framework for the
evaluation of coronary CTA centerline extraction techniques.

A. Data

The cardiac CTA data was acquired in the Erasmus
MC, University Medical Center Rotterdam, The Netherlands.
Thirty-two datasets were selected from a series of patients
who underwent a cardiac CTA examination between June
2005 and June 2006. Twenty datasets were acquired with a
64-slice CT scanner and twelve datasets with a dual-source
CT scanner (Sensation 64 and Somatom Definition, Siemens
Medical Solutions, Forchheim, Germany).

The image quality of each dataset was visually assessed by
a radiologist and this qualitative categorization was used to
equally distribute the data over a group of 8 and a group of
24 datasets. The first group of 8 datasets is used for training
and is made publicly available together with a corresponding
reference standard that is created from observer centerlines.
The other 24 datasets are provided without corresponding
reference standard and these datasets are used for performance
assessment of the algorithms.

B. Reference standard

We defined the centerline of a coronary artery in a CTA
scan as the curve that passes through the center of gravity of
the lumen in each cross-section. We defined the start point
of a centerline as the center of the coronary ostium (i.e. the
point where the coronary artery originates from the aorta), and
the end point as the most distal point where the artery is still
distinguishable from the background.

This definition was used by three trained observers to
annotate centerlines in the selected cardiac CTA datasets. The
observers annotated in all 32 datasets points along the center
of the lumen of four coronary arteries, namely the RCA, LAD,
LCX and one large side branch of the main coronary arteries,
yielding 32 × 4 = 128 annotated centerlines per observer. The
observers also specified the radius of the lumen at least every
5 mm. The paths of the three observers were combined to
one centerline per vessel using a Mean Shift algorithm for
open curves (10). An example of the data with corresponding
reference standard is shown in Figure 1.

C. Evaluation

Coronary artery centerline extraction may be used for differ-
ent applications, and thus different evaluation measures may

Fig. 1. An example of the data with corresponding reference standard. Top-
left: axial view of data. Top-right: coronal view. Bottom-left: sagittal view.
Bottom-right: a 3D rendering of the reference standard.

apply. We accounted for this by employing four different eval-
uation measures. The extraction capability is quantified with
three different measures and the accuracy is represented with
one measure. We discerned between extraction capability and
extraction accuracy, because accuracy can only be evaluated
when extraction succeeds.

The first overlap measure represent how much of the
extracted centerline lies within the lumen annotated by the
observers. The second measure is similar to the first, except
that parts of the reference standard with a diameter smaller
than 1.5 mm (i.e. assumed to be not clinically relevant) are not
taken into account. The third overlap measure represents how
much of the reference standard was found without making any
errors. The accuracy is quantified by calculating the average
distance from the reference standard to the extracted centerline
for all points found within the annotated reference standard.
We would like to refer the reader to our previous work for a
more extensive description of these four evaluation measures
(5).

D. Relating results to inter-observer variability

Each extraction result is related to the performance of the
human observers (the inter-observer variability). This makes
evaluation of a method for clinical applications easier, because
for a clinical application the goal is often to reproduce the
performance of human observers. Relating each result to the
inter-observer variability makes it also possible to compare
the extraction performance (i.e. the relative performance with
respect to the performance of the observers) between datasets
with varying difficulty.

E. Ranking the algorithms

The evaluation framework can be used to compare algo-
rithms using the four different evaluation measures. Moreover,
the framework also provides the possibility to rank the eval-
uated algorithms on their overall performance. This overall
performance is obtained by ranking all the algorithms for each
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of the 96 evaluated vessels and 4 different measures on their
relative performance compared to the inter-observer variability.
This results in 96 × 4 = 384 ranks between 1 and the number
of evaluated algorithms. The average of these 384 numbers
is then used to rank the different algorithm on their overall
performance.

F. Algorithm categories

Three different categories of coronary artery centerline
extraction algorithms can be evaluated with the evaluation
framework: automatic extraction methods, methods with mini-
mal user interaction and interactive extraction methods. Auto-
matic extraction algorithms work without any user-interaction,
minimal user interaction methods can use one user-defined
point and interactive methods have no limitations on the user-
interaction.

IV. WEB-BASED EVALUATION FRAMEWORK

The evaluation framework is made publicly available
through a web-based interface (http://coronary.bigr.nl). All the
thirty-two cardiac CTA datasets, and the corresponding refer-
ence standard centerlines for the training data, are available for
download for anyone who wants to validate their algorithm.
Extracted centerlines can be submitted and the obtained results
can be used in publications. Furthermore, the website contains
several possibilities to inspect the results and compare the
algorithms.

V. RESULTS

The evaluation framework was first tested during the work-
shop ’3D Segmentation in the Clinic: A Grand Challenge
II’ at the 11th International Conference on Medical Image
Computing and Computer Assisted Intervention (MICCAI)
in September 2008. Approximately 100 authors of related
publications, and the major medical imaging companies, were
invited to submit their results on the 24 testing datasets.
Fifty-three groups showed their interest by registering for the
challenge, 36 teams downloaded the training and testing data,
and 13 teams submitted results: five fully-automatic methods
(11; 12; 13; 14; 15), three minimally interactive methods
(16; 17; 18), and five interactive methods (19; 20; 21; 22; 23).

After the MICCAI workshop four new teams have submitted
results and four existing teams improved their results. We
expect that some of these results will be used in upcoming
scientific publications for the validation of new coronary
artery centerline extraction techniques. The new results will
be incorporated in the on-line results when a description of
the method is made available. A short overview of the current
results of the evaluation framework can be found in Table I.
More results, including all the 384 measures for each method,
their relation to the inter-observer variability, and the rankings,
can be found online (http://coronary.bigr.nl).

VI. DISCUSSION AND CONCLUSION

This paper described the deployment and utilization of a
publicly available framework for the evaluation for coronary

artery centerline extraction algorithms. The framework uses a
set of well-defined evaluation measures, it contains thirty-two
cardiac CTA datasets with corresponding reference standard
centerlines and the results can be inspected through a web-
based interface (http://coronary.bigr.nl). The potential of the
framework is demonstrated by the utilization of the framework
during a segmentation challenge workshop at the Medical
Image Computing and Computer-Assisted Intervention (MIC-
CAI) conference (24) for the comparison of thirteen coronary
artery centerline extraction methods, implemented by different
authors. Furthermore, the framework is currently actively be-
ing used for the evaluation of the newly developed or improved
centerline extraction techniques.

The benefits of a large-scale quantitative evaluation and
comparison of coronary artery centerline extraction algorithms
are clear. However, before this work no initiatives have been
taken towards such an evaluation. We believe this is mainly
because creating a reference standard for many datasets is a
laborious task. Moreover, in order to get a good reference
standard, annotations are needed from multiple observers and
combining annotations from multiple observers is known to
be difficult (25) and until recently unexplored for three-
dimensional curves (10). Furthermore, an appropriate set of
evaluation measures has to be developed and a representative
set of clinical datasets have to be made available. By address-
ing all these issues we were able to deploy and utilize the
coronary artery centerline extraction evaluation framework.
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TABLE I
THE OVERALL RANKING OF THE THIRTEEN EVALUATED METHODS. THE AVERAGE OVERLAP RANK, ACCURACY RANK AND THE AVERAGE OF THESE TWO
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Abstract— A sensitive method to detect structures in CT im-
ages is put forward by analyzing their stochastic information.
These different kinds of stochastic information are isolated by
non-parametric modelling and represented by a system of cou-
pled integral equations obtained from the mathematical model
equation for the generation of CT images. Elementary stochastic
properties are isolated and utilized to compose newly stochastic
properties to find regions with specific characteristics. In partic-
ular, cancer cell regions are detected by testing newly developed
hypotheses of stochastic properties.

Keywords— image processing, stochastic properties, hypotheses
testing for stochastic, non-parametric analysis, can-
cer detection

I. INTRODUCTION

Imaging has become an essential component in many
fields of medical and laboratory research. Radiologists iden-
tify and quantify tumors from CT scans, and neuroscientists
detect regional metabolic brain activity from PET and func-
tional MRI scans. Analysis of these different images requires
sophisticated quantification and visualization methods. Espe-
cially the structures in CT images are very complex as the
grey values of the related image are normally obtained by a
summation of information in all layers. Fortunately, the grey
scale solution is 12 bit or higher, so that a huge amount of
information can be used. This rises the problem, to obtain an
integral value of the grey value of the image, as our interest
is only on a special layer along the line. Mathematically, we
have to solve the inverse problem by representing the image
layers as a series of integral equations, describing the influ-
ence of the different layers. Therefore, a small perturbation
of data corresponds to an arbitrary large perturbation of the
solution. Hence, the analyze of medical images requires addi-
tional medical expertise in order to select specific parts of the
stochastic properties to find the special layers, e.g. cancerous
regions.

II. METHOD

In this section the mathematical background of analyzing
CT images with pathologic cells by successive isolation of

many stochastic components is provided. To find the ”hid-
den” stochastic information within an image the rank and de-
viations of these unknown parameters need to be calculated.

A. Mathematical description

The physical situation of CT images can be described by
the problem of absorption of electro-magnetic radiation of
frequencies in the x-ray range in human tissues and bones.
Such an image is the integrated value of the received radia-
tion absorbed along the way from the source of the x-ray to
the receiver. The problem is to find information in a selected
region given by a contribution of a selected layer in the inte-
grated value at the receiver. Whereas in the x-ray crystallog-
raphy a non-stochastic method of determining the arrange-
ment of atoms within a crystal exist, the x-ray analysis in
the CT-technique is much more complicated, because the hu-
man tissues are of continuous kind and therefore the stochas-
tic properties are more important and have to be detected in-
dependently from the noise generated in the tissue and the
electronic equipment.

For the input value z(y) of the x-ray on the sensor, e.g. an
x-ray CCD, going through some tissue layers from 0 to y can
be represented by the nonlinear function F:

z(y) = z0

∫ y

0
F(θ ,z(y′),ξ (y′))dy′ , (1)

where θ represents the interesting set of parameters, z de-
notes the location in the tissue layer, z0 = z(0) and ξ are the
disturbances, resulting e.g. from reflection, scattering or re-
fraction in the tissue. In differential form the Eq. 1 can be
written as

∂
∂y

(z(y)− zr) = εF(θ ,z(y),ξ (y)) . (2)

Here, ε is an auxiliary parameter (later it is set to 1) for devel-
oping an iteration. The value of zr describes the solution given
for a normal tissue characterizing normal homogeneous situ-
ations. Applying the method of [1] to our situation the above
equation can be further developed to

z(y)− zr ≡ H(zr,y)
= εH1(zr,y)+ ε2H2(zr,y)+ ε3H3(zr,y)+ . . .
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with

∂
∂y

(z(y)− zr) = ε
∂
∂y

H1(zr,y)+ ε2 ∂
∂y

H2(zr,y) (3)

+ε3 ∂
∂y

H3(zr,y)+ . . .

=
∂
∂y

H(zr,y) .

The Taylor series of z gives then

∂
∂y

z(y) = εF(zr,y,ξ (y))+ ε(z− zr)
∂F(z,y,ξ (y))

∂ z

∣∣∣
z=zr

+ε
(z− zr)2

2
∂ 2F(zr,y,ξ (y))

∂ z2

∣∣∣
z=zr

+ . . . .

By combining both equations we obtain

∂
∂y

z(y) = εF(zr,y,ξ (y))

+ ε[εH1(zr,y)+ ε2H2(zr,y)+ . . .]
∂F(z,y,ξ (y))

∂ z

∣∣∣
z=zr

+
ε
2!

[εH1(zr,y)+ ε2H2(zr,y)+ . . .]2
∂ 2F(z,y,ξ (y))

∂ z2

∣∣∣
z=zr

+ . . .

A comparison of the terms with the same power in ε give
the relations

H1(zr,y) =
∫ y

0
F(zr,y

′,ξ (y′))dy′ (4)

as well as

H2(zr,y) =
∫ y

0
F(zr,y

′,ξ (y′))H1(zr,y
′)dy′ (5)

=
∫ y

0
F(zr,y1,ξ (y1))dy1

∫ y1

0
F(zr,y2,ξ (y2))

and higher components results in

z(y)− zr = T
∞

∑
n=0

1
n!

∫ y

0
dy1 . . .

∫ yn

0
F(zr,y1) . . .F(zr,yn) (6)

At the first moment it seems, that this formula is just another
description of the problem to solve an incorrect problem.
However, it allows us to look for approximations in certain
directions of the image layer. Therefore, we have to solve the
problem by summation of different terms, to combine these
terms by multiplication, to use filtering terms and to apply or-
derings like rank algorithm. All these operations [2] give then
a particular filtered image of properties and regions of before
defined medical interest.

This is applicable only for cases, where tissues need to
be resolved without bones, e.g. in finding cancer region by

image processing in mammography. However, if the x-ray
passes through bones and tissues two nonlinear functions F
and G have to be used and disrupt the simple T product rep-
resentation. So, we have to extract successively the compo-
nents of nonlinear functions depending on the selected layer.
Beyond these two types many other shapes like lung, heart,
kidney etc. exist and have to be resolved.

Moreover, the information in CT images are very com-
plicated coupled, depending on the individual, the different
locations and forms of pathologic cells. The estimation has
to be individually adapted for each person and situation. The
key are the principles of non-parametric modelling, the de-
composition of the stochastic properties and the fusion of el-
ementary properties to create new more adapted properties
for the final evaluation by a specialist.

B. Testing of hypothesis of assumed types of stochastic

The finding of cancer cells within normal cells is based
upon a special kind of multi-dimensional testing of hypothe-
ses for different kinds of stochastic, where thresholds are es-
timated by stochastic properties. These images will be exam-
ined for the presence of special stochastic parts, by assuming
that one part has a special stochastic which the other part has
not. Such typical characteristics of cancer cells in comparison
to normal cells has been studied, which is applied in the non-
linear filtering of the original image. The grey values of the
bit-wise pixels in the original and the test image are utilized
to obtain an estimation of the contributions of different kinds
of stochastic in the original image. The cross-correlation of
two images or parts of them are then used for the calcula-
tion of the ratio of their likelihood. By applying the Neuman
and Pearson criterion, the condition for the detection of the
related stochastic is obtained, which provides the possibility
to calculate a threshold K using the value of the likelihood.
The next issue to solve is the decision problem as to whether
an image region BA contains nearly the same stochastic con-
tents as a region BD, as the cancer cells are similar the normal
cells. It is assumed that the grey value of the image region BA

consists of a noise component ni j and a stochastic informa-
tion component zi j. A similar condition for the region BD ex-
ists, so that w′

i j = z′i j +n′i j, where the terms relevant to region
BSD are identified by an apostrophe. The different types of
stochastic can be represented by different systems of stochas-
tic differential equations for an assumed input signal of white
noise with different types of filtering. Such a coupled system
of stochastic differential equation of the continuous form can
be represented by

z(x) = z(x,ζ ,φ) with
dζ (φ ,x)

dx
= −βζ (φ ,x)+ g(x)n

(7)
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and
dφ(x)

dx
= −γφ(x)+ g1(x)n1 , (8)

where ζ and φ describe the non-stochastic part. For the dig-
ital images the equations are used in the digitized form. The
different coloured noise processes in the system of equations
are described by the function g(xi j) on the white noise pro-
cess ni j. For the moments in region BA the following condi-
tions for the noise and the stochastics are assumed by

〈w(xi j)〉 = 0, 〈ni j〉 = 0, 〈z(xi jw(zkl))〉 = δikδ jlS(w(xi j)),

〈ni jnkl〉 = δikδ jlQ(ni j), 〈wi jwkl〉 = δikδ jl [S(xi j)+ Q(ni j)] .

The same conditions are applied to region BD. To find the
equivalence of both regions, the hypothesis test is used [3].
If the requisite stochastic information is present in the image,
then

〈wi jw′
kl〉

〈wi jwkl〉
=

S
S + Q

(9)

and if the stochastic information is absent (no cancer is
present)

〈wi jw′
kl〉

S + Q
= 0 . (10)

For the variation of wi jw′
kl , where the special stochastic infor-

mation is present the following relationship can be obtained

(wi j + wkl)2

〈wi jwkl〉−
〈wi jw′

kl〉〈wi jw′
kl〉

〈wi jwkl〉

=
(wi j + w′

kl)
2

(S + Q)(1− S2

(S+Q)2 )
. (11)

So we find the difference or the same stochastic of both re-
gions by the relationship

n

∑
i, j=1

(wi j + w′
i j)

2 ≥ K (12)

which is important to localize the boundary of cancer.

C. Principles of non-parametric modelling

Non-parametric descriptions can be realized by ordering
of values within a specific region. Such ordering are based
on specific distribution functions, rank algorithms and filter-
ing for the detection of an a priori assumed stochastic. Many
different possibilities exist to construct ensembles including
the use of partial histograms, partial rank order, signum or-
dering or spatial relationships of nearest neighborhood pixels
and hypothesis testing. Important in analyzing the results by
ordering them in single regions is the selection of individ-
ual regions related to the information in the image. Addition-
ally a distance of intensity of grey values, a local distance,
a distance between derived values or absolute values about a

threshold have been used. The larger region is separated in
different sub-regions depending upon the selected relation-
ships between the grey values. The rank Ri, j can be expressed
for images with grey values xi j of the l � k pixel points in the
form

Ri, j =
M

∑
l=−M

N

∑
k=−N

u(xi, j − x j+l, j+k) (13)

with the step function u(z). The fluctuation in the desired
stochastic information is better represented if the value d is
subtracted from the grey values, where d is determined by
the condition that the number of positive and negative values
is approximately the same. The rank can now be represented
in the following form

Ri, j(d) =
M

∑
l=−M

N

∑
k=−N

u(|xi, j −d|− |x j+l, j+k−d|) . (14)

In order to characterize a particular stochastic component, a
threshold g is assumed so that only those rank values Ri, j

which validate the criterion xi, j > g are used. With this as-
sumption the following equation for the characterization of
the underlying stochastic is achieved

S({xi j},g) =
N

∑
i, j=−N

Ri, j(g)u(xi j −g)≥C . (15)

Here C is a constant, which will be estimated by a statisti-
cal estimation procedures. For the measure of the cancer size
an extended search region of selected stochastic properties is
constructed by extension of the region beginning with an as-
sumed central element (i,j) of the larger region with the grey
value xi, j. The basis for this extension is the geometric dis-
tances from the central element connected with a generalized
stochastic property. Mathematically, the construction of the
sub-regions is based upon the mapping of a region to a set
of stochastic values. This can be best realized by fuzzy inte-
grals. Ordering or other non-parametric statistics represents
stochastic relationships. The ordering utilized to achieve this
separation is based upon ranking with a predefined thresh-
old. The remaining pixels are used to build a new smaller
closed region. A region of selected stochastic properties can
also be constructed by extension of the region beginning with
an assumed central element (i,j) of the larger region with the
grey value xi, j. Instead of rank ordering, the difference be-
tween the pixel values and the mean pixel value of the re-
gion can be used. This difference has to be smaller than a
prescribed threshold. If a histogram for ordering is used, a
sub-region can be constructed by the condition that the dif-
ference between the values of the pixels in the region and
the central value, is limited to a constant value with constant
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(a) Original CT image of the
tongue

(b) Visualization of stochastic
properties of image (a)

Fig. 1: Analysis of a CT mouth image by applying the fuzzy technique. In
figure (b) is shown the modified CT images after we applied the additive
and multiplicative composition of the original CT image visualizing the

cancer structure not visible in the original mostly homogeneous grey image.

(a) Original CT image of the
head

(b) Visualization of stochastic
properties of image (a)

Fig. 2: Analysis of CT head image by applying the fuzzy technique. By
applying fuzzy techniques structures can be resolved in more detail.

distance to the central element xi, j. In this manner different
non-linear structured algorithms can be built. Normally one
special statistical property is used to find a special region and
then other properties are employed to describe the stochas-
tic in this region. Thus, the characteristic stochastic of the
selected larger region can be decomposed by application of
different stochastic descriptions over the applied region.

III. RESULTS AND DISCUSSION

We obtained an equation representing the nonlinear func-
tion and relationships to give a hint in which relations we
have to search for decomposing the integrated measure value.
Cancer cells have a different structure compared to normal
cells especially they are bigger in size. This property can be
extracted by image processing, because in the images with a
grey scale of 212 until 216 the fingerprint of these cells can
be represented. As the human eyes cannot solve the extreme

small differences in greyscale a false colour representation
is applied. In Fig. 1 a cancer on the tongue is detected and
shown as an isolated violet stripe and the cancer on the mouth
floor is shown by an isolated violet point over the word can-
cer. As cancerous cells and normal cells are similar the test
has to be very sensitive in finding the right boundary between
them, which is of particular importance for surgery. In Fig. 2
the structure of the brain are resolved by stochastic analysis.
This can be used to find micro changes in the brain.

IV. CONCLUSION

A mathematical description of the x-ray absorption by a
human tissue has been developed. It is shown, that an itera-
tive filtering process in combination with summation of dif-
ferent parts and multiplicative operations have to be applied
in consideration with a medical expertise. If more complex
tissues (including bones) are present then the hierarchical in-
tegral equation, represented by nonlinear filtering, have to
be combined by addition and multiplication. Especially for
finding cancerous cells the boundary of a specific tumour
hypotheses has been developed by testing various stochas-
tic properties. The huge variability of CT images, differing
from person to person, the combination of illnesses, the elec-
tronically equipment etc., requires to have adaptive methods
taking into account these different situations. We have shown
that these different scenarios are manageable with the help
of non-parametric methods as they allow to separate different
stochastic properties. The methods have been tested on differ-
ent examples, like to find a tumour in the head, kidney, liver,
to find nerves and to give hints for the necessity of operation
in case of slipped discs.
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Abstract—To date the planning procedure of correction os-
teotomies especially in cases of multiplanar deformities repre-
sents a challenging task in orthopedic surgery. A technical 
solution for the quantitative prediction of the influences on the 
post-operative functionality of the human locomotion is an 
open question in the frame of computer-assisted orthopedic 
surgery. This paper presents a novel approach based on the 
integration of multi body simulation into a planning and navi-
gation system in order to address the problems of functional 
planning.  

Keywords—Multi-Body-Simulation; correction osteotomy, 
mechanical axis, patello-femoral joint. 

I. INTRODUCTION  

Correction osteotomies on lower extremities are widely 
accepted procedures to correct deformed bones. The pri-
mary aim of such procedures is the realignment of the joint 
axes and the transfer of the joint loads into physiological 
ranges. Whereas for the planning of single-planar (e.g fron-
tal plane) corrections the planning procedure is standard-
ized, the planning of multiplanar corrections (e.g. simulta-
neous corrections of angulation and anteversion) is rarely 
practiced due to the complexity of such an intervention [1]. 
The main problem of multiplanar corrections concerns the 
poor predictability of outcomes not only in terms of bone 
geometry, but especially in terms of functionality. With 
single-planar corrections, a comparable problem exists. The  
“Mikulicz Line” is only valid for planning in the frontal 
plane. In all other body planes, no similar biomechanical 
reference axis is described, which may help the surgeon 
during conventional planning procedure [1].  

A solution to the previously mentioned problem can be 
found within Muli-Body-Simulation (MBS) systems. With 
its origins in crash car simulations, the MBS analysis is a 
prominent technique based on motion-capturing data com-
bined with external force measurement. Based on an  
inverse-dynamic algorithm, information concerning  

dynamic joint loads and torques, soft-tissue function, and 
the orientation of the spatial mechanical axis can be ap-
proximated.  

The aim of this project is to integrate MBS analysis into 
a planning and navigation system for oblique osteotomies 
for femoral multiplanar corrections. 

II. METHODS 

A. MBS Approach 

One objective of the project was to use only a single sys-
tem in clinical context. Therefore the MBS analysis is inte-
grated into the planning system by executing the following 
approach: 

1. User-based leg geometry determination based on multi-
planar fluoroscopy in combination with optical tracking 

2. Computer-based matching of generalized MBS refer-
ence model with geometry determination result.  in-
dividual patient-specific MBS model 

3. User-based specification of geometrical correction 
parameters 

4. Computer-based calculation of optimal oblique osteot-
omy correction 

5. Computer-based simulation of calculated oblique os-
teotomy correction based on patient-specific MBS 
model 

6. User-based specification of MBS analysis method (sin-
gle or double leg-stance) 

7. Computer-based inverse dynamic MBS analysis of 
patient-specific and corrected MBS models 

8. User-based evaluation of functional (e.g. Fig. 1) and 
geometrical results with subsequent navigated imple-
mentation or re-specification of correction parameters 
(see step 3) 
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Fig. 1 Example of MBS results (double-leg stance): Amount of mechanical 
axis transfer and relative change in patello-femoral joint pressure after 
simulated oblique osteotomy 

B. Study Design 

On the basis of the described procedure and in light of an 
in-vitro study, the simulated correction of six deformed 
artificial lower extremities (deformed femora and non-
deformed tibia) has been performed. The objective of the 
target geometry definition (step 3) was the achievement of 
geometrical physiological conditions. The following pa-
rameters have been used for evaluating the influence of each 
geometrical correction: 

• the mechanical axes during simulated single and double 
leg stance 

• the resulting patello-femoral force 
• the changes in musculotendinous structure length 

The same approach was used in the frame of an ex-vivo 
study (five legs), in which the influence of internal and 
external rotation osteotomies (20 degree each) have been 

simulated. Here, it was aimed at verifying the feasibility of 
the developed workflow in clinical context.  

In both scenarios, specific attention was paid to the plau-
sibility of the results achieved with the employed MBS 
approach. 

III. RESULTS 

In the case of the in-vitro study, all six deformed femora 
could be geometrically corrected to a physiological target 
geometry as was described in step 4. In all cases, regardless 
of single versus double stance simulation, the MBS analysis 
showed a quantitative transfer of the mechanical axis into 
the direction of the joint center. With the simulated oblique 
osteotomy, anteversion and angulation are simultaneously 
influenced. The angular influence was always associated 
with the stretching of musculotendinous structures on the 
concave and the slackening of the structures on the convex 
side. An increasing anteversional influence continuously 
resulted in a lateral transfer of the patello-femoral force, 
whereas a decreasing influence resulted in a medial transfer. 

In the case of the ex-vivo study, the geometry of all five 
non-deformed legs could successfully be determined in a 
time range of 16 ± 2 minutes.  Considering double leg 
stance simulations, the simulated internal rotation osteot-
omy increased the femoral anteversion angle and resulted in 
a transfer of the spatial mechanical axis to the medial side. 
The opposite was true for the decreasing anteversion angle 
resulting in a transfer of the spatial mechanical axis to the 
lateral side. Single leg stance simulation has shown no ten-
dencies for a mechanical axis transfer. In all cases, regard-
less of single versus double stance simulation, the  
MBS analysis showed a lateral transfer of the patello-
femoral force in cases of increasing anteversion angle and 
vice versa. 

IV. DISCUSSION 

The novel MBS integration approach has been proven to 
be feasible in an in-vitro as well as an ex-vivo study. The 
functional results concerning the transfer of the mechanical 
axes and the transfer of patello-femoral forces corrobated 
the findings of other research teams and showed plausible 
results [1, 2]. Additionally, all generated functional results 
concerning the angular influence of oblique osteotomies 
match with the mainstream beliefs of orthopedic surgeries. 
However, a key challenge remaining regards the quantita-
tive validation of this approach, as, to our best knowledge, 
no method for a non-invasive measurement of in-vivo joint 
loads or muscle forces is known. 
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Abstract—Alzheimer’s disease (AD) is a degenerative patho-
logical change of the nervous system. It has been reported in 
the literature that there are 18 million patients in the world 
and as high as 4.8 percent people suffering from AD in China 
among those over the age of sixty-five. Early diagnosis of AD is 
very difficult. In this study, gray level co-occurrence matrix 
was used to investigate the texture features in the hippocampus 
of AD patients based on MR image. Then the correlation be-
tween texture features and traditional morphological features 
as well as clinical cognitive function were tested. The results 
indicated that the features on texture may be more sensitive 
than that on morphology in reflecting pathological changes of 
AD. In the mean time, it could provide new evidence  on early 
diagnosis of AD. 

Keywords—Alzheimer’s disease; Texture analysis; Tempo-
ral horn width. 

I. INTRODUCTION  

Alzheimer’s disease is a degenerative pathological 
change of the nervous system. Recent memory disorders 
and cognitive impairment on language, emotion and visual-
spatial orientation are showed on the patients with AD. As 
the function of the brain declines, the ability of living inde-
pendent will be lost [1]. 

At present, morphological analysis is often used to ana-
lyze the MR structural image of the AD patients. For exam-
ple, researchers measure the lateral ventricle temporal horn 
width (THW), the volume of the hippocampus and entorhi-
nal cortex. THW is a linear measure that can reflect the 
atrophy of hippocampal and erihippocampal structures oc-
curring in patients with AD. It is both objective and simple 
enough to be used in routine clinical applications. Studies 
have shown that THW is a very good linear measure to 
discriminate AD patients from controls [2]. However, the 
morphological measure of the primary site is not susceptive 
to pathological changes in the early stage of AD.  

In recent years, researchers proceed to carry out data 
mining to the MR images of AD patients. Texture analysis 
begins to be applied to the medical images and has made 
some progress. Liu et al extracted feature vectors including 
texture features from the high-resolution brain MR image 
and showed that 95% AD patients were distinguished from 

the controls by these features [3]. Thomaz et al first com-
bined the texture and morphological features to discriminate 
AD patients from controls [4]. 

Our previous study on the MR image of multiple sclero-
sis patients [5,6] demonstrated that texture features would 
change when pathological changes occur. In this study, 
texture analysis was conducted to extract parameters and 
tested whether there is significant difference between AD 
and control group. The THW of the two groups were meas-
ured and the correlation between texture and THW features 
as well as the cognitive levels were tested in order to dem-
onstrate the validity of texture analysis, and to provide new 
image evidence for clinical diagnosis.  

II. MATERIALS AND METHODS 

A. Materials 

Sixteen probable AD patients and 19 normal controls 
(NC) were recruited from Department of Radiology, 
Xuanwu Hospital of Capital Medical University. The basic 
information of the subjects was as follows. 

Table 1 The basic information of the subjects (Mean±SD) 

 age sex
（M:F） education MMSE 

score 
AD 66±7.92 8:8 10.47±4.27 5.31±4.52 
NC 65±7.92 7:12 11.95±3.32 28.84±0.76 

Conventional spin-echo sagittal and coronal T1-weighted 
MR sequences were acquired with a 3.0T MR Siemens 
imaging system (TR/TE = 2000/2 ms, FOV = 240 × 220 
mm, matrix = 256 × 224, section thickness = 1 mm, no layer 
spacing, totally 176 layers). 

B. Methods 

(1) Extraction of regions of  interest (ROI) 
The layer which showed the largest area of hippocampus 

in the sagittal plane (layer 110±5) was selected from both 
AD (n=16) and NC (n=19) group. Then the hippocampus 
was manually segmented as ROI by a radiologist, as shown 
in Fig.1a. The layer which showed the maximum width of 
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temporal horn in the coronal plane was chosen (layer 90±5). 
Then the left and right THW were measured in the AD and 
NC group respectively, as shown in Fig.1b. THW was stan-
dardized by using the actual THW multiplied the ratio of the 
individual and the average of all subjects diameter. 

     

Fig. 1 Extraction of ROI 

(2) Extraction of texture features 
After calculating the gray co-occurrence matrix, eleven 

texture features were extracted from the ROI of the two 
groups, which include contract, sum average and difference 
variance. The formulas of contract, sum average and differ-
ence variance are as follows:  
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In the formulas, Ng represents the superlative degree of 
grey level quantization for peach pixel, d stands for the 
interval distance of each pair of pixels, θ  stands for the 
direction angel of each pair of pixels. P (i, j, d,θ ) repre-
sents emergence probability of a pair of pixels with gray 
level i and j respectively which are in the direction θ  and 
with d pixels intervals. 

In order to extract rotation invariant features, texture 
measures of the four directions were averaged as a texture 
feature. 

(3) Statistics analysis 
The THW and texture features of the hippocampus in AD 

and NC group were analyzed by independent sample t test. 
Correlations between texture features and THW as well as 
MMSE score were evaluated by Person correlation analysis. 

III. RESULT   

Scatter diagram of the texture features and THW was drew 
(Fig.2). As Fig.2a showed, sum average was in the range of 
104 to 140 in the AD group and 119 to 147 in the NC group. 
Left THW was in the range of 2.88 to 9.27 in the AD group 
and 0.10 to 4.34 in the NC group as the Fig.2b showed. 
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Fig. 2 Scatter diagram of sum average and left temporal horn width 

Results of the independent t test for the texture features 
and THW were shown in Tab.2. Significant difference was 
revealed in the contrast (P=0.042), sum average (P=0.001), 
difference variance (P=0.036), left and right THW (P=0.005 
and P<0.000) between the two groups(p<0.05).  

Table 2 Descriptive Statistics (Mean ± SD) for texture features and THW 
and results of independent sample t test 

 NC  AD  P 
contrast 13.37±4.49 16.89±5.35 0.042 

sum average 136.30±7.62 124.50±11.62 0.001 
difference 

variance 5.78±2.07 7.48±2.52 0.036 

right THW 2.96±2.20 5.23±2.29 0.005 
left THW 1.92±1.25 4.51±1.84 <0.000 
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Correlation between texture features and THW was also 
tested (Tab.3). Results showed that sum average was sig-
nificantly correlated with left THW (P<0.05). 

Table 3 The correlation between texture features and THW 

 R P 
sum average vs left THW -0.605 <0.000 

The correlation between texture measures and clinical 
cognitive measure (MMSE score) was also studied. The 
texture measures which revealed significant difference be-
tween the two groups (contrast, sum average, difference 
variance) were all correlated significantly with the MMSE 
score as Tab.4 showed.  

Table 4 The correlation between texture features and MMSE score 

 R P 
contrast vs MMSE  -0.369 0.029 

sum average vs MMSE  0.509 0.002 

difference variance vs MMSE  -0.372 0.028 

IV. DISSCUSIONS  

Previous studies suggested that hippocampus and en-
torhinal cortex were affected in the early stage of AD patho-
logical progress. Researchers often measure the atrophy 
extent of the hippocampus to help diagnose AD and have 
achieved lots of positive results [7,8,9]. This study at-
tempted to carry out data mining to the MR image of AD 
patients and extract texture features to test the difference 
between AD and NC group. Meanwhile, the correlation 
between texture features and cognitive function was studied.  

This study showed that contrast, sum average and differ-
ence variance were significant difference between AD and 
NC group. Combined the results of Tab.2 with the meanings 
of the texture features [10], it can be concluded that the 
texture primitive of AD group was strong contrast and 
lower intensity when compared to the NC group. It is noted 
that neurofibrillary tangles and deposition of senile plaques 
occur in the hippocampus in the early stage of AD. These 
pathologic changes may lead to the texture primitives con-
trast strongly in the hippocampus in AD group. Wang et al 
[11] studied the T2-weighted MR images of AD and NC 
group and found that AD patients had longer T2 relaxation 
time in hippocampus and amygdale. The results suggested 
free water in the hippocampus of AD patients increased and 
led to the T2 high intensity. Our result is consistent with 
theirs by using T1-weighted MR images. The most  

important explanation for this result is the presence of cere-
brospinal fluid (CSF) in the hippocampus. There are some 
possible reasons for this, such as increased CSF in the atro-
phying region, lacunae and edema. Taken together, these 
findings suggest that texture features could reflect the 
pathologic changes of AD patients to some extent.  

Left and right THW was significantly different between 
the two groups which coincided with previous studies 
[2,12]. Meantime, that sum average was correlated with left 
THW suggested that texture features may become a meas-
ure to discriminate AD patients from controls. The lack of 
correlation between texture features and right THW may be 
caused by the small sample size. 

Our study also demonstrated that there was significant 
correlation between texture features and MMSE. Zhang et 
al [12] investigated the correlation between cognitive func-
tion and MRI measurements of hippocampus and THW in 
AD patients. Their result showed the brain structural meas-
urement using MRI was found to correlate significantly 
with cognitive assessment. Giesel et al [13] found that vol-
ume of temporal horn can be a marker of AD and correlated 
with neuropsychological test. In this study, we explored the 
relation between deeper information of MR image in AD 
patients and traditional diagnosis method in a new perspec-
tive. Our results indicate that texture analysis could provide 
basis for the early diagnosis of AD patients.  

While THW is only a marker of the atrophy of hippo-
campus and adjacent tissues, texture measures of the hippo-
campus can extract image features which can not be distin-
guished from the naked eyes and help us to better 
understand the pathological changes in AD. With the results 
above, it could be speculated that texture analysis is more 
sensitive in reflecting AD pathology than THW. 

V. CONCLUSION S 

This study indicated that texture analysis can detect the 
significant difference between the AD and NC group. And 
texture features correlate with the cognitive level of AD 
patients. Thus it may provide some new evidence for the 
clinical diagnosis of AD. Considering of factors that will 
affect the disease such as depression condition, genotype, 
further study on correlation between the texture features and 
the AD pathological changes would be conducted. Mean-
while, the sample size should be enlarged to confirm the 
results of this study. 
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Abstract—Background: Wave intensity (WI) is a new 
hemodynamic index that provides information about the 
dynamic behavior of the heart and the vascular system and 
their interaction. WI can be defined at any site in the 
circulatory system and provide a great deal of information. 
However, the clinical usefulness of the second peak of WI, 
which is related to the ability of the left ventricle to activity stop 
aortic blood flow, has not been fully reported. In previous 
study, the magnitude of W2 was related to the inertia force of 
late systolic aortic flow. Also, the higher augmented inertia 
force, which was calculated with cardiac catheterization, was 
associated with greater exercise capacity. Then, we hypothesize 
that WI is correlated to exercise capacity. In this study, we 
investigated whether WI and the echocardiographic 
parameters would be correlated with exercise capacity. 
Methods: A total of 24 patients of heart disease were enrolled. 
WI was obtained at the right carotid artery using a color 
Doppler system for blood velocity measurement combined with 
an echo-tracking method for detecting vessel diameter changes. 
As echocardiographic parameters, we analyzed ejection 
fraction (EF), the early (E) and late (A) diastolic mitral 
velocities, and early (Ea) and late (Aa) diastolic velocities 
measured using Tissue Doppler imaging. We evaluated exercise 
capacity (peak VO2, VE/VCO2, and AT). We used Pearson’s 
correlation analysis for statistics. Results: EF, the E/A ratio, 
and the E/Ea ratio were not correlated to exercise capacity. 
However, the second peak of WI was significant correlated to 
the peak VO2 (r=0.50, p<0.05). Conclusion: The second peak of 
WI is noninvasively obtained, and a clinically useful parameter 
for exercise capacity in heart disease. 

Keywords—Wave intensity, Second peak, 
Echocardiographic parameters, Exercise capacity, Heart 
disease. 

I. INTRODUCTION  

Wave intensity (WI) is a new hemodynamic index that 
provides information about the dynamic behavior of the heart 
and the vascular system and their interaction [1]. Carotid 
arterial wave intensity in normal subjects has two positive 
peaks. The first peak, W1, which occurs in the early phase of 
LV ejection, is related to the LV contractile function. While, 
the second peak, W2, which occurs near end of ejection, is 

related to the ability of the left ventricle to activity stop aortic 
blood flow. WI can be defined at any site in the circulatory 
system and provide a great deal of information. However, the 
clinical usefulness of WI, particularly W2, has not been fully 
reported. Ohte et al. [2] reported that the magnitude of W2 
was related to the inertia force of late systolic aortic flow in 
patients with coronary artery disease. Meanwhile, Sugawara 
et al. [3] showed that the higher augmented inertia force, 
which was calculated with cardiac catheterization, was 
associated with greater exercise capacity in ischemic heart 
disease. Thus, in clinical setting, W2 may be a useful 
parameter for evaluating exercise capacity, define disease 
severity and predict outcome. 

In contrast, regarding echocardiographic parameters, 
many studies reported that LV systolic fraction was not 
correlated with exercise capacity [4]. Also, several studies 
emphasized the correlation between LV diastolic function 
and exercise capacity [5]. However, these correlations were 
very weakly. Then, echocardiographic parameters may not 
be full to explain exercise capacity. 

Based on these lines of evidence, we hypothesized that 
W2 was more related to exercise capacity compared with 
echocardiographic parameters of the systolic and diastolic 
function in patients with heart disease. In this study, we 
investigated whether WI and these echocardiographic 
parameters would be correlated with exercise capacity. 

II. MTERIALS AND METHODS  

Patient population: 24 consecutive patients of heart 
disease were enrolled in this study. Patients were not 
included in the study if they had valve disease, hypertrophic 
cardiomyopathy, chronic lung disease, or other non-cardiac 
conditions that might limit exercise capacity. 

Wave intensity: For measurements of wave intensity, we 
developed a real-time measurement system, which 
simultaneously measured carotid arterial blood flow velocity 
and diameter, and calculated wave intensity. This system was 
incorporated in ultrasonic diagnostic equipment (SSD-6500, 
Aloka, Tokyo, Japan), which had a color- Doppler system for 
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blood flow velocity measurements and an echo-tracking 
subsystem for diameter-change measurements with a linear 
array probe (5 MHz for color Doppler, 10 or 13 MHz for 
echo-tracking). By setting the tracking positions, the 
echo-tracking subsystem automatically starts measurements 
of arterial diameter change with a precision of one-sixteenth 
of the ultrasound wavelength. The blood flow velocity 
averaged along the Doppler beam crossing the artery is 
measured by using range-gated color Doppler signals. This 
system uses different ultrasound beams for diameter change 
and for blood flow velocity measurements that can be 
manipulated independently. The two beams intersect so that 
the center of the two tracking lines on the 
diameter-measuring beam and the center of the range gate of 
the velocity-measuring beam are superimposed. The 
diameter-change waveform, which is calculated by 
subtracting the distance to the near wall from that to the far 
wall, and the blood flow velocity waveform are displayed on 
the M-mode view. The sphygmomanometer- measured blood 
pressure data are entered for calibration. Five consecutive 
beats are ensemble-averaged to obtain a representative 
waveform. The maximum and minimum values of the 
diameter-change waveform are calibrated by systolic and 
diastolic blood pressure and WI indices are calculated 
automatically. We derived two indices of intensity, W1 and 
W2, and two indices of time, the interval between the R wave 
of the ECG and the peak of W1 (R-W1) and the interval 
between the peaks of W1 and W2 (W1-W2). The 
interpretation of the indices of time is straightforward; R-W1 
corresponds to pre-ejection period, and W1-W2 corresponds 
to ejection time. NA, which is the negative area betweenW1 
and W2, indicates the effects of reflected waves. In this 
study, WI was measured for 6 times before cardiopulmonary 
exercise testing, and calculated the mean value in each 
patient. 

Echocardiography: All patients underwent 
echocardiographic examination before cardiopulmonary 
exercise testing. Left ventricular end diastolic volume and 
end systolic volumes were calculated, and the standard 
formula was applied to give the left ventricular ejection 
fraction. The peak velocities of early (E) and late (A) mitral 
inflow, deceleration time of the E wave, and mitral A 
duration were measured using pulse-wave Doppler. Tissue 
Doppler imaging (TDI) of the mitral annulus was obtained 
from an apical 4 chamber view. The peak systolic, early (Ea), 
and late (Aa) diastolic velocities were measured from the 
TDI recordings. The E/A, and E/Ea ratios were calculated. 

Cardiopulmonary exercise testing: All patients underwent 
symptom-limited exercise tests on an upright bicycle 
ergometer using a ramp protocol (15W/min.) with 
simultaneous respirator gas analysis. Expired oxygen, carbon 
dioxide, and airflow rate were measured continuously at rest 
and throughout exercise using a breathing apparatus. 
Exercise duration was defined as the time from the start of 
exercise until its cessation from dyspnea or fatigue. The peak 
oxygen consumption (peak VO2), defined as the mean of the 
highest oxygen consumption values obtained during the last 
10 seconds of exercise, and the anaerobic threshold (AT), 
defined as the point at which carbon dioxide production 
increased disproportionately in relation to oxygen 
consumption obtained from a graph plotting oxygen 
consumption against carbon dioxide production, were 
measured. Other variables measured during the test were 
ventilatory equivalent for carbon dioxide (VE/VCO2 slope). 

Statistical analysis: Continuous data are presented as 
mean +- standard deviation. Discrete data are presented as 
number or frequencies of occurrence. Pearson’s correlation 
coefficients were used to evaluate the correlation between 
wave intensity or echocardiographic parameters, and 
exercise capacity. A probability value <0.05 was considered 
statistically significant. 

III. RESULTS 

Baseline clinical characteristics of the 24 patients are 
summarized in Table 1. Cardiopulmonary exercise testing, 
echocardiographic parameters, and WI data are summarized 
in Table 2-4. The average of ejection fraction, E/A ratio, and 
E/Ea ratio were 53 +- 17 %, 1.08 +- 0.47, 11.4 +- 3.9, 
respectively. The average of W1 and W2 were 6800 +- 3800 
mmHg m/s3 and 1550 +- 720 mmHg m/s3. The average of 
exercise time, peak road, AT, peak VO2, and VE/VCO2 
slope were 545 +- 127 seconds, 99 +- 39 Watt, 12.2 +- 2.0 
ml/min/kg, 20.1 +- 4.6, and 26.4 +- 5.3 ml/min/kg, 
respectively. 

The correlation between echocardiographic parameters or 
WI data, and exercise capacity were summarized in Table 5. 
There was no correlation between ejection fraction and peak 
VO2, VE/VCO2 slope, or AT. There was also no correlation 
between E/A ratio, or E/Ea ratio, and peak VO2, VE/VCO2 
slope, or AT. However, regarding WI, W2 was significant 
correlated to the exercise time (r=0.79, p<0.00001), the peak 
road (r=0.65, p<0.001), and the peak VO2 (r=0.50, p<0.05). 
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Table 1 Clinical characteristics 

Age (yrs  Mean±SD) 57±13 
Male, n(%) 15 (63) 
BMI (kg/ m2  Mean±SD) 24.0±5.3 
Clinical diagnosis  

Ischemic cardiomyopathy, n(%) 6 (25) 
Non ischemic cardiomyopathy, n(%) 18 (75) 

Medical treatment  
 Aspirin, n (%) 6 (25) 

Statin, n (%) 5 (21) 
ACE-I, ARB, n (%) 10 (42) 

  Β-blocker, n (%) 13 (54) 

Table 2 Echocardiographic parameters 

Echocardiographic parameters Mean±SD 

Ejection fraction (EF) (%) 53±17 
LVDd (mm) 54±10 
LVDs (mm) 39±12 
E (m/s) 0.69±0.25 
A (m/s) 0.66±0.14 
E/A ratio 1.08±0.47 
Dct (ms) 241±73 
Ea (cm/s) 6.4±2.6 
E/Ea ratio 11.4±3.9 

Table 3 Wave intensity data 

Wave intensity Mean±SD 

First peak of WI  (W1) (mmHg m/s3) 6800±3800 
Second peak of WI (W2) (×103 mmHg m/s3) 1550±720 
Negative Area (mmHg m/s2) 27±13 
Time R-1st (ms) 127±31 
Time 1st-2nd (ms) 252±32 

Table 4 Cardiopulmonary exercise testing 

Cardiopulmonary exercise testing Mean±SD 
Exercise time (sec.) 524±127 
peak load (W) 99±39 
peak VO2 (ml/min/kg) 20.1±4.6 
VE/VCO2 slope 26.4±5.3 
AT (ml/min/kg) 12.2±2.0 

 

 

Table 5 Correlation between echocardiographic parameters or WI data, and 
exercise capacity 

 Exercise 
time Peak road Peak VO2 VE/VCO

2 slope AT 

Echocardiographic 
parameters      

EF -0.31 -0.05 -0.08 -0.24 -0.10 
E/A ratio 0.14 0.23 0.26 -0.36 0.05 
E/Ea ratio 0.18 -0.12 -0.09 0.15 -0.10 
Wave intensity      
W1 0.16 0.19 0.08 -0.46* -0.08 
W2 0.79*** 0.65** 0.50* -0.37 0.04 

*: p<0.05, ** :p<0.001, *** :p<0.00001. 

IV. DISCUSSION 

Cardiopulmonary exercise testing provides an objective 
measurement of peak functional capacity, and has become an 
important clinical tool with which to define disease severity 
and to predict outcome. There is overwhelming evidence of 
the role played by peak VO2 in stratifying risk in heart 
disease patients. In patients with LV dysfunction, impaired 
exercise capacity is the major clinical manifestation. The 
factors that limit exercise capacity in these patients remain 
under investigation. To explain the exercise capacity of heart 
disease patients, investigators have mainly focused on 
systolic function and forward flow abnormalities. However, 
many studies have demonstrated the poor correlations 
between parameters of LV systolic function and exercise 
capacity [4]. On the other hand, although recent reports have 
emphasized the relation of LV diastolic function to exercise 
capacity [5], these correlations were very weakly. 

In the present study, we found that echocardiographic 
parameters such as ejection fraction, E/A ratio, and E/Ea 
ratio were not correlated with exercise capacity, however the 
amplitude of W2 was significant correlated with the peak 
VO2 in heart disease patients. 

Only little information is available regarding the 
pathophysiological meaning of W2. During the period of 
W2, the LV actively stops aortic blood flow by generating 
forward-traveling suction wave. The generation of suction 
waves is caused by rapid fall in LV pressure. Sugawara et al. 
[3] proposed a concept that the inertial force of the blood 
flowing out of the LV toward to the aorta, which was 
calculated from the LV pressure-dP/dt relationship (phase 
loop), causes a rapid fall in LV pressure and generates 
suction waves in the LV near end-ejection. Also, Ohte et al. 
[2] showed that, in coronary artery disease patients, the 
amplitude of W2 correlated significantly with the maximum 
rate of LV pressure decay, and W2 was significantly higher 
in patients with the inertial force than in those without the 
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inertial force. Thus, the greater W2 is produced from the 
inertial force of aortic flow. 

The strength of inertial force had a significant correlation 
with LV end-diastolic pressure, cardiac index, stroke volume 
index, ejection fraction, and the maximum rate of LV 
pressure decay (-dP/dt) [3]. All of these parameters are 
considered to be helpful in evaluating the working condition 
of the heart. An increase or decrease in the inertial force 
corresponds to improvement or deterioration of the heart. 
Moreover, the inertial force was enhanced during exercise, 
because sympathetic stimulation and tachycardia produce a 
downward shift of the early diastolic portion of the LV 
pressure-dP/dt relationship (phase loop) [6]. Sugawara et al. 
[3] also found that exercise capacity became lower in the 
order, the patient that the inertial force were not seen both in 
the resting condition and during exercise, the patient that the 
inertial force were not seen in the resting condition but were 
enhanced during exercise, the patient that the inertial force 
were seen both in the resting condition and during exercise. 
A higher inertial force was associated with great exercise 
capacity. 

These evidences support our present study that the 
amplitude of W2 was significant correlated with the peak 
VO2 in heart disease patients. The amplitude of W2 may be a 
useful parameter for evaluating the condition of the heart in 
heart disease patients. 

V. CONCLUSIONS  

The second peak of WI is noninvasively obtained, and a 
clinically useful parameter for exercise capacity, not only in 

the resting condition but also during exercise, in heart 
disease. 
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Abstract—Many patients undergo long-term artificial venti-
lation and their respiratory system mechanics should be moni-
tored to detect changes in the patient’s state and to optimize 
ventilator settings. In this work two recursive algorithms for 
tracking respiratory resistance and elastance over ventilatory 
cycles, i.e. the recursive least squares and the Kalman filter, 
have been analyzed using the forward-inverse modeling ap-
proach. The results show that the optimal values of algorithm 
parameters, minimizing the error of estimation, reveal a bi-
modal character. In effect the algorithms can be used with 
similar success to monitor both the long-time and intracyclic 
variations of respiratory mechanics. The optimal values of 
these parameter depend however on the noise level present in 
measured signals of ventilatory flow and pressure. 

Keywords—Artificial ventilation, Respiratory mechanics 
mo-nitoring, recursive least squares, Kalman filter, Monte 
Carlo analysis. 

I. INTRODUCTION 

Artificial ventilation is generally a rescue therapy, how-
ever, there are many patients who require prolonged ventila-
tory support. Their respiratory system mechanics reviles 
both short- (cyclic) and  long-term variations. Knowledge of 
these trajectories is of great importance for two main pur-
poses: to detect changes in the patient’s state, so pharma-
cological therapy can be administered, and to adjust the 
ventilator settings in order to minimize the mechanical 
stress and to prevent ventilator induced lung injury. 

There are two main approaches to monitor respiratory 
mechanics during artificial ventilation. The first one con-
sists in the estimation of mathematical model parameters by 
matching the model to empirical data from the last ventila-
tory cycle using multiple linear regression [1]. In the second 
case recursive algorithms are used to update formerly calcu-
lated estimates of respiratory parameters using new samples 
of measured flow and pressure. 

The recursive least squires with exponential forgetting 
(RLS) have been the most frequently used algorithm (e.g. 
[2-6]). In this instance the linear single-compartment first-
order model with total respiratory resistance and elastance is 
applied. The usefulness of this model in clinical practice is 
due to its simplicity, immediate physiological interpretation, 
and sensitivity to changes in lung mechanics. Another  

method for monitoring respiratory mechanics, the Kalman 
filter (KF) applied as the recursive parameter estimator, has 
been proposed recently. In this approach, both the linear 
single-compartment model [6] or a nonlinear dynamic 
model for the respiratory system [7] can be used. In the 
latter case the Extended or Unscented Kalman Filter ought 
to be applied. 

Despite popularity of the recursive algorithms, the prob-
lem of selection of algorithm’s parameters remains open. 
Generally, these parameters set the balance between the 
systematic error of estimation and the estimates sensitivity 
to measurement noise. An improper selection of their values 
makes that the interpretation of results must be more quali-
tative than quantitative, especially when analyzing the intra-
cyclic variations of respiratory resistance or elastance. 

The accurate evaluation of the algorithms is impossible 
for real subjects since their true mechanics and its changes 
are unknown. In this work the forward-inverse modeling 
together with a Monte Carlo analysis are proposed to assess 
the optimal values of the RLS and KF parameters in terms 
of estimation error minimization. 

II. METHODS 

A. Recursive Least Squares 

The RLS algorithm with exponential forgetting is a 
modified version of the conventional least squares, where 
the data from the past are scaled by exponentially decreas-
ing weights dependent on the forgetting factor λ (0<λ≤1). 
Finally, the algorithm works recursively updating the model 
parameters θ each time ti a new data set arrives. For a single 
output y: 
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where k is a vector gaining the difference between the new 
data and model prediction calculated form model sensitivi-
ties x = ∂y/∂θ multiplied by the former evaluation of esti-
mates, I is the identity matrix, and P is the matrix propor-
tional to the covariance matrix of estimates. 
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The forgetting factor is related to the time constant 
τ = Ts/ln(λ), where Ts is a sampling interval. The lesser λ 
(and τ), the smaller number of past data contribute to the 
estimates making them more sensitive to temporary varia-
tions in the data, including the measurement noise. 

B. Kalman Filter 

The Kalman filter can be applied as the parameter esti-
mator assuming a random walk of parameters of a dynamic 
linear (single output) model: 
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where w denotes the process noise (white and uncorrelated) 
with the covariance matrix Q and e is the measurement 
noise (white and uncorrelated) with the variance σe

2. After 
normalization with respect to σe

2 and merging the prediction 
and correction stages one gets the recursive scheme: 
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where the subscript n indicates the normalized matrices. 
In this algorithm the quality of estimation depends on the 

elements of diagonal Qn. Larger values allow the more 
dynamical variability of estimates and vice versa. 

C. Forward-Inverse Modeling 

It is useful to investigate estimation algorithms based on 
the so-called inverse models using synthetic (i.e. model 
generated) data instead of empirical ones. This allows com-
paring the obtained estimates of inverse model parameters 
with known parameters of a forward model used to generate 
these data [8]. In this study a simplified version of this 
method has been applied, where the forward and inverse 
model structures are identical. The only diversity concerns 
the representation of respiratory resistance and elastance, 
which are treated as locally constant in the inverse model 
and are nonlinear in the forward model. 

 

Fig. 1 An electric scheme of the model for artificial ventilation 

D. Mathematical Models for the Respiratory System 

The forward and inverse models for the artificial ventila-
tion consist of respiratory resistance Rrs and compliance Crs 
in series, connected to a volume-controlled ventilator via an 
endotracheal tube with resistance Ret (Fig. 1).  

Assuming negligible changes of compliance one gets the 
well-known first-order formula describing the model: 

00
0

PVEQRPτQdEQRP rsrs

t

rsrsrs ++=++= ∫ ,    (4) 

where Ers = 1/Crs is elastance, and V is an additional gas 
volume forced into the lung. This linear inverse model with 
θ = [Rrs, Ers, P0]T was used in the RLS and KF algorithms. 

The synthetic ventilatory data were generated including 
the nonlinear dependence of Rrs on flow and lung volume 
VL: 
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where ks1, ks2, and ks3 are the empirical coefficients, and the 
nonlinear relationship between Ers and VL: 
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where Vm is the maximal lung volume and kv is the empiri-
cal coefficient [1]. 

E. Monte Carlo Analyses 

The synthetic ventilatory data were generated 2500 times 
for different states of lung mechanics. Then the resulting 
signals of pressure and flow were disturbed by additive 
white noise characterized by the signal-to-noise ratio (SNR) 
of 40, 50 and 60 dB. Each set of such synthetic data was use 
to calculate the estimates of Rrs and Ers for systematically 
varying λ in the case of the RLS or Qn in the case of the KF 
(matrices Qn were constructed according to the formula: 
Qn = s·Qbase). After each estimation producing vectors of 
estimates rsr̂  and rsê , the relative errors were calculated: 
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and the algorithm parameters giving minimal errors (λ or s) 
were recorded. Finally, the histograms of these optimal 
parameters were plotted and statistically analyzed 
(mean ± SD) for each algorithm and SNR. 
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Fig. 2 Histograms of optimal λ minimizing the error of tracking respiratory 
resistance, elastance and total errors by the RLS algorithm 

III. RESULTS 

The example results of analysis of the respiratory me-
chanics monitoring with the RLS algorithm (SNR of 50 dB) 
are shown in Fig. 2. Mean values with standard deviations 
of optimal λ for the both visible modes are summarized in 
Table 1. The first modes are characterized by smaller values 
of λ* which decrease with increasing SNR. Simultaneously 
the mean λ* minimizing the error of resistance tracking are 
larger than corresponding values ensuring the minimal error 
of elastance monitoring. The effects of using the RLS with 
the optimal values are illustrated in Fig. 3. Optimal values 
of λ minimizing the total error were applied: 0.95 for mode 
1 and 0.995 for mode 2, resulting in time constants of 0.2 
and 2 s, respectively. 

Analogous result of the analysis of the KF algorithm are 
presented in Fig. 4 and Table 2. Once again the bimodal 
character of the optimal parameter (s*) became visible, 
however this time the minimal errors were achieved for 
extreme values of s in some simulations, making the algo-
rithm extremely sensitive or insensitive to the time-
variations of Rrs and Ers (see Fig. 3 and Table 2). 

Table 1 Optimal values of λ (mean ± SD) minimizing errors of estimation 
when using the RLS algorithm 

Minimization of δR Minimization of δE Minimization of δT 
SNR 

Mode 1 Mode 2 Mode 1 Mode 2 Mode 1 Mode 2 

40 dB 0.961 
±0.003 

0.991 
±0.005 

0.957 
±0.003 

0.999 
±0.000 

0.960 
±0.003 

0.995 
±0.003 

50 dB 0.951 
±0.003 

0.987 
±0.006 

0.948 
±0.003 

0.999 
±0.000 

0.950 
±0.003 

0.995 
±0.003 

60 dB 0.941 
±0.003 

0.986 
±0.007 

0.938 
±0.003 

0.999 
±0.000 

0.940 
±0.003 

0.995 
±0.003 
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Fig. 3 Results of resistance and elastance tracking by the RLS algorithm 
with optimal λ minimizing the total error (SNR of 50 dB): real trace (·····), 
mode 1 estimate (—), mode 2 estimate (---) 
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Fig. 4 Histograms of optimal s (presented as log10s) minimizing the error 
of tracking respiratory resistance, elastance and total errors by the KF 
algorithm 

Observing the second mode values of s* calculated for 
the elastance and resistance tracking (Table 2), one can 
notice that this parameter is larger when Ers is optimally 
monitored and that it increases with increasing SNR. 

Table 2 Optimal values of log10s (mean ± SD) minimizing errors of estima-
tion when using the KF algorithm (asterisks denote statistics achieved with 
extreme values excluded) 

Minimization of δR Minimization of δE Minimization of δT 
SNR 

Mode 1 Mode 2 Mode 1 Mode 2 Mode 1 Mode 2 
40 dB -6.4±0.5* -2.0±0.3 -7.0±0.6* -1.1±0.5* -6.3±0.4 -1.9±0.3 
50 dB -6.4±0.5* -0.9±0.3 -6.8±0.5* -0.1±0.6* -6.2±0.3 -0.8±0.3 
60 dB -6.4±0.4* 0.7±0.6* -6.0±0.6* 5.0±0.0 -6.2±0.3 0.8±0.6* 
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Fig. 5 Results of resistance and elastance tracking by the KF algorithm 
with optimal s minimizing the total error (SNR of 50 dB): real traces (·····), 
mode 1 estimates (—), mode 2 estimates (---) 

An illustration how the KF algorithm works when the to-
tal error of estimation is minimized, i.e. with s* = 6.3·10–7 
(mode 1) and s* = 0.16  (mode 2) is shown in Fig. 5. 

IV. DISCUSSION AND CONCLUSIONS  

The synthetic data generated with the forward model of 
mechanical ventilation were used in this study instead of 
empirical measurements. Although complex models of the 
respiratory system (e.g. [9-10]) could be used at this stage 
of investigations, the synthetic data were generated with a 
nonlinear, however simple two-element model. The advan-
tage of this approach stems from the fact that the forward as 
well as the inverse models had the same structure and the 
differences between the estimates and real traces resulted 
only from the properties of the algorithms. 

The bimodal character of the optimal parameter distribu-
tions for the both algorithms seems to be the most interest-
ing observations in this work. It shows that the RLS and KF 
can be used with similar success to monitor long-term 
changes of respiratory mechanics or to track the variations 
of Rrs and Ers within the ventilatory cycles. The values of 
optimal parameters depend however on the signal-to-noise 
ratio. Their systematic changes with the SNR prove that the 
smaller noise level present in measurement data the more 
dynamic and accurate response of the algorithms to the 
variations of resistance and elastance is possible. Simulta-
neously the comparison between the values of  λ* or s* at the 
same SNRs demonstrates that the estimates of Rrs are more 
sensitive to measurement noise than the estimates of Ers. 
This outcome is in agreement with the results of the analysis 
of batch algorithms used for the same purpose [1]. 

Assessing the estimated trajectories of Rrs and Ers for 
smaller λ (mode 1) and larger s (mode 2) shown in Figs 3 
and 5 it is evident that they differ from the real ones. It 
should not be surprising that the investigated algorithms, 
assuming a local time constancy of the parameters, cannot 
properly react to the abrupt variations in respiratory me-
chanics within a ventilatory cycle. On the other hand, the 
estimates of resistance intercept the amplitude of real 
changes making this approach more interesting in terms of 
diagnostics, e.g. when the changes in the amplitude follow-
ing a deep inspiration could be observed [21]. This issue is 
worth to be studied in more details in the future. 
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Abstract— The European research project ContraCancrum
(Clinically Oriented Translational Cancer Multilevel Modelling)
aims at developing a multi-level platform for simulating malig-
nant tumor development and tumor as well as normal tissue re-
sponse to therapy. Lung cancer is one of the applications, which
is targeted first. In the complex multi-level processing chain of
ContraCancrum image processing (registration as well as seg-
mentation) is a key step. Image processing is necessary to adapt
the general tumor model of ContraCancrum to an individual
patient with an individual tumor. Image processing thus pro-
vides the input necessary for a spatially resolved and patient
specific simulation. In this paper we describe the methods used
for registering morphological (CT) with functional (PET) im-
ages of the tumor as well as registering a time series of multi-
modal images before, during, and after therapy. Furthermore,
we describe how the functional information can be used to seg-
ment tumors into regions with different metabolic properties.

Keywords— ContraCancrum, PET/CT imaging, therapy re-
sponse assessment, registration, segmentation

I. INTRODUCTION

In ContraCancrum, medical images are used for two dif-
ferent purposes. Firstly, medical images are the input for tu-
mor simulations. They provide the information on the shape
and location of the tumor and the surrounding healthy tis-
sue. Secondly, medical images are used in model validation.
They allow quantitatively comparing the simulation predic-
tions with the actual development of the tumor in the patient.
However, before being used as input for either simulation or
validation, the images must be processed. Tumor and normal
tissue segmentation allow identifying areas of either of equiv-
alent tissue with respect to some underlying property, e.g.
belonging to the same organ, being malignant tumor cells,
showing similar tracer uptake, etc. The input for the simula-
tion proper is thus not the medical image itself, but rather the
processed segmentation result. Since the necessary informa-
tion cannot be provided by a single imaging modality alone,
an alignment (registration) of images with different contrast
is required. Furthermore, in order to validate the simulation
results and to assess the change of functional and morpho-
logical parameters during the course of therapy, correspond-

ing tumors in the image series (base-line scan and follow-
up scans) must be identified and registered. Without software
support this is a tedious and error prone task. Therefore, im-
age processing, especially tumor and normal tissue segmen-
tation as well as multi-modal image registration and the reg-
istration of a time series of image sets, is a key step in Con-
traCancrum’s processing chain.

II. LUNG REGISTRATION FOR LUNG TUMOR

AND LUNG TISSUE TRACKING

Especially for lung tumors, integrated PET/CT systems
provide the opportunity to combine morphologic with func-
tional information and to create the necessary information
about the tumor and the surrounding tissue.

A. Rigid Registration and block matching

In [1] we have proposed to use the combination of a pre-
computed global rigid registration with an on-demand local
block matching to identify corresponding lesions. The user
marks a lesion in the base-line PET scan. The algorithm then
finds the corresponding lesions in the follow-up scans auto-
matically. Our proposed lesion tracking algorithm consists of
three basic steps. We assume that we are given a number of
PET/CT scans from the same patient.

1: Global rigid registration: We apply a fast multi-
resolution rigid registration algorithm [2]. We only allow
scalings and shifts in the space of possible rigid transforma-
tions. As similarity measure we use cross correlation between
the intensity values. We compute registrations between all
PET/CT pairs and between all pairs of two consecutive CT
scans. Registrations between two arbitrary images from that
series are defined by chaining up these global rigid registra-
tions. This is depicted on the left image of Figure 1.

2: Block matching: Whenever the user clicks on a lesion
in the base-line PET image, the corresponding locations in
the CT images are identified (based on the PET/CT registra-
tion). The initial coordinate estimate by the global registra-
tions is refined by a block matching of two local volume of
interest (VOI) around the corresponding position in the CT
images. We crop a VOI around the corresponding CT point in

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 1920–1923, 2009. 
www.springerlink.com 



Fig. 1: Registration schema for lesion tracking: Combination of a
pre-computed global rigid registration with a on-demand local block

matching

the base-line CT image. The VOI is propagated to the follow-
up CT scans according to the global registration. The center
of the VOI is then varied in the follow-up CT scans, while
optimizing the cross-correlation within the VOI. The block
matching is depicted in the right image of Figure 1.

3: Local lesion search in the PET scans: In some cases
the block matching can fail. The morphology near the lesion
in the CT scans can change during the course of the therapy.
In these cases block matching may not find the correct posi-
tion of the corresponding lesions. To improve the result, we
combine Steps 1 and 2 with local lesion search in the PET
scans [1].

B. Elastic Registration

The algorithm of the previous section is designed to iden-
tify corresponding lesions in the base-line and follow-up
scan. It cannot be used to accurately register the complete
lung from the base-line to the follow-up scan. However, in
order to validate the biomechanical model of the lung, this
registration is required. An elastic registration tries to find a
deformation vector field (DVF) such, that both a certain sim-
ilarity measure D and a regularizing term S are minimized.
By adding a regularizing term, the registration problem is
well-posed. For D we choose the popular sum of squared
differences while for S an elastic regularizer based on the
Navier-Lamé equation is employed. The elastic regularizer
assumes that the underlying images can be characterized as
an elastic and compressible material. Its properties are mod-
eled by the so-called Lamé constants λ , μ .

Based on calculus of variations we arrive at a system of
non-linear partial differential equations to be solved,

μΔu +(μ + λ )∇ ·∇u = ∇Tu(R−Tu) , (1)

with Tu and R corresponding to the displaced base-line scan
and the follow-up scan, respectively.

For the discretization of (1) finite differences in conjunc-
tion with Neumann boundary conditions have been chosen.
The resulting system of linear equations consists on one hand
of a sparse, symmetric, and highly structured matrix arising
from the regularizer and, on the other hand, of a so-called
force vector corresponding to the similarity measure. By na-
ture, the larger the contrast of misaligned image structures
is, the larger the modulus of the force vector is. Therefore,
in CT images bone structures get typically perfectly matched
whereas soft tissue may be not aligned. This holds partic-
ularly for the lung-rib interface with on the one side the
parenchyma following the breathing motion and on the other
side the ribs staying in place or even moving in opposite di-
rection. To circumvent mis-alignment of parenchymal struc-
tures we added a simple masking of the force vector. For ev-
ery voxel with Hounsfield value above 0 HU in the reference
phase, the force vector is set to zero for this voxel position.
This results in a lung deformation which is not influenced by
mis-alignment of the rib cage.

The corrected linear system of equations is then lin-
earized and iteratively solved by a conjugate gradient scheme.
The whole registration method is embedded into a multi-
resolution setting (typical image pyramid has a resolution
of 512× 512× 136 at level 0, 256× 256× 136 at level 1,
128×128×68 at level 2 etc.; registration is executed on lev-
els 4 to 1) and preceeded by an affine pre-registration.

The proposed algorithm has been successfully applied for
the lung ventilation estimation based on 4D-CT imaging [3]
and compared with other elastic registration approaches in
[4].

III. MORPHOLOGICAL SEGMENTATION OF

LUNG TUMORS FROM CT DATA

The task to segment lung tumors in CT images in three di-
mensions is not trivial. There are many papers and methods
on lung nodule segmentation [5, 6, 7]. However, according
to our experience these methods cannot be directly applied
to the segmentation of lung tumors. Lung tumors are usually
much larger than lung nodules and they often have a substan-
tial connectivity to other lung structures such as lung wall,
hilum, or diaphragm. Lung nodule segmentation algorithms
often use morphological image operations and therefore will
not work for lung tumors.

In [8] we have suggested to use a model-based segmen-
tation approach [9, 10, 11]. However, the high variability in
shape and size of lung tumors makes it difficult to define a
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general tumor model. Moreover, partial connection with the
lung wall often occurs with little or no contrast between tu-
mor tissue and outer-lung regions. Our segmentation algo-
rithm has two steps:

1: Interactive definition of some boundary points: To
prepare for tumor volume estimation we have developed a
new technique for a fast, flexible, and intuitive 3D definition
of meshes. Points on the boundary of the tumor are marked
by mouse clicks. After each mouse click we compute a close
3D surface which interpolates the user-defined points. An ex-
ample is shown in the first row of Figure 2.

2: Model adaptation: To improve the accuracy of the
result from the previous step we apply the well known
model based segmentation methods. We convert the de-
formed sphere from the previous step into a triangular mesh.
The adaption is an iterative process which optimizes the in-
fluence of shape constraints, given by a triangular mesh M,
and features of the grayscale image I in each step. These con-
straints are modeled by an energy term E, which is defined
as

E := Eext + αEint.

Regarding a possible deformation of a model, Eint is the
higher the more the deformed model differs from the non-
deformed model. On the other hand, the energy term Eext is
high when parts of the model do not correspond with charac-
teristic features of the underlying image I, i.e., the edges of
the model do not correspond with the gradients at their loca-
tion. The parameter α weights the relative influence of both
energy terms. Thus, the aim at each iteration is to find the de-
formation which minimizes the energy term E . An example
is shown in the second row of Figure 2.

Fig. 2: Lung tumor segmentation. First row: Example of an interactively
delineated tumor. Black squares are the user-defined boundary points.

Second row: automatically adapted mesh.

IV. FUNCTIONAL SEGMENTATION OF LUNG

TUMORS FROM PET DATA

In the previous section we have discussed an algorithm
to automatically extract morphological features like size and
shape from CT images. Integrated PET/CT systems provide
the opportunity to combine morphologic with functional in-
formation. The information contained in functional images is
of high importance to properly adapt ContraCancrum models
to the actual patient. We propose to combine a CT based seg-
mentation like described in the previous section with a func-
tional segmentation from the PET images. In this way we ob-
tain a classification of the tumor into different tissue types.
The CT based segmentation provides all parts of the lung be-
longing to the tumor whereas the PET based segmentation,
depending on the applied tracer, provides only the parts with
a certain functionality. In the case of FDG as a PET tracer we
will obtain all part with a high metabolic activity. In order to
segment the ”hot areas” from the PET image we have used
standardized uptake value (SUV) prioritized region growing.
The problem with region growing based with intensity thresh-
old only is, that leakage can occur. Lesions can be connected
to other areas with high tracer activity. A leakage removal
tool was described in our previous work [1]. The user can
choose either an absolute SUV threshold or a percentage of
the maximum SUV in the lesion as threshold. From the seg-
mented hot areas in the PET images we compute the max-
imum SUV, mean SUV, the volume of the lesion, and the
total glycolytic volume (TGV)[12, 13, 14]. The TGV inte-
grates the activity over the the PET-based lesion area (area
depends on the threshold) and thus it combines the mean
metabolic activity in the tumor with the PET-based tumor
volume and might therefore be more suitable for a therapy
response assessment than a purely volume based (CT diame-
ter) or purely functional based (e.g. SUV max or SUV mean)
response measures.

In Figure 3 we show 3 fusion views of PET/CT studies
of a lung cancer patient. The images have been acquired at
Princess Margaret Hospital, Toronto, Canada. The patient re-
ceived a radiotherapy. The first PET/CT scan was acquired
before the radiation, one scan during radiation (after 2-4
weeks) and one scan after 8 weeks after the completion of
treatment. It can be nicely observed how size and metabolic
activity of the tumor change during the course of the therapy.
In Figure 4 we show the automatically segmented areas. The
red curve indicates the automatically segmented area from
the the CT image. The red area inside the tumor is derived
from the PET segmentation.
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Fig. 4: Region of interest around the lung tumor. The red curve indicates
the automatically segmenetd area from the the CT image. The red area is

the segmented area from the PET image

Fig. 3: The images show 3 fusion views of PET/CT studies from one
patient acquired at Princess Margaret Hospital, Toronto, Canada. The

patient received a radiotherapy. The image shows the PET/CT scan before
radiation, one scan during radiation (after 2-4 weeks) and one scan after 8

weeks after the completion of treatment.

V. CONCLUSION

In this paper we have shown that image processing is a key
step in ContraCancrum’s processing chain. For lung tumors,
rigid registration and local block matching are suitable meth-
ods for aligning PET/CT images. The registered images can
then be used for validating model predictions. We have also
shown that elastic registration of CT images can be used to
find biomechanical properties of the lung, a. necessary input

for the biomechanical model. Morphological segmentation of
lung tumors from CT data as well as functional segmentation
from PET data provide the basis for the tumor simulation.
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Registration of 3D pre-interventional to 2D intra-interventional medical images
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Abstract— Image guided medical interventions are becom-
ing increasingly important as they benefit the patient and re-
duce the overall cost of the intervention. Image guidance can be
achieved by 3D/2D registration, which finds a spatial relation be-
tween a pre-interventional 3D image and one or more 2D intra-
interventional projective images. An overview of registration of
3D to 2D medical images is presented in this paper. The basic
principles for achieving 3D/2D registration have been reviewed
and a novel classification according to the registration basis and
strategy has been proposed. Despite the variety of methods pro-
posed for 3D/2D registration, the great majority of research in
recent years was focused on the group of intensity-based meth-
ods. Although for the intensity-based methods the important
breakthrough into the clinical theater was accomplished, the re-
search challenges and opportunities in the field call for more so-
phisticated approaches. In this respect, the presented overview
and classification might prove valuable for identification of the
most suitable registration paradigms.

Keywords— 3D/2D registration, survey

I. INTRODUCTION

In modern health care, less or minimally invasive interven-
tions are becoming increasingly important as they benefit the
patient and reduce the overall cost of the intervention. The
technology that has the potential to decrease the invasiveness
of an intervention is image guidance which can be achieved
by 3D/2D registration by finding spatial relations between
a pre-interventional 3D image and one or more 2D intra-
interventional projective images. Thereby, a precise transfor-
mation between the patient’s anatomy and corresponding pre-
interventional 3D image, on which the intervention has been
planned, can be obtained. After registration, properly dis-
played 3D images provide the interventionalist with informa-
tion about the position of his instruments or of the patient rel-
ative to the planned trajectory, nearby vulnerable structures,
and the ultimate target.

In this paper, we give an overview of the field of 3D/2D
medical image registration. We state the 3D/2D registration
problem in Section II. and discuss the classification of the
3D/2D registration methods in Section III..

II. 3D/2D REGISTRATION PROBLEM

Image registration is concerned with finding a geometrical
transformation that brings one image into the best possible
spatial correspondence with another image or physical space.
More precisely, registration is defined as the determination of
a one-to-one mapping between the images in order that the
corresponding anatomy from the two images is mapped to
each other. In 3D/2D registration one-to-one mapping valid
in 3D/3D or 2D/2D registration is not fulfilled, since many-
to-one mapping exists between the 3D and more 2D images.

We use the term 3D/2D registration for registration of 3D
spatial data to 2D projective data. The same term may also be
used when registering a 3D image to 3D data reconstructed
from a few 2D projection images, since such course of 3D
reconstruction does not provide enough information to es-
tablish a one-to-one mapping between images. On the other
hand, the registration of a single tomographic slice to 3D spa-
tial data fulfills the condition of one-to-one mapping and as
such it is just an extreme case of 3D/3D registration where
one of the images is reduced to a single slice.

The 3D/2D registration of the pre-interventional image to
the patient is achieved by determining two transformations:
transformation T between the coordinate system Spre of the
pre-interventional image and the world coordinate system
Sw and transformation Tcalib between the coordinate system
Sintra of the intra-interventional image and the world coordi-
nate system Sw (Fig. 1). The transformation Tcalib is estab-
lished during the calibration of the 2D imaging system, while
the transformation T is obtained using the 3D/2D registration.

III. 3D/2D REGISTRATION CLASSIFICATION

In this section we present a novel classification of 3D/2D
registration methods according to the nature of the registra-
tion basis [1] and the strategy to achieve spatial correspon-
dence. We focus on image-to-image registration based on
patient generated image content only. First, we discuss the
3D/2D registration according to dimensionality (Section A.)
and then present the classification according to the nature of
registration basis (Section B.).
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Fig. 1: Geometrical setup of the registration of a 3D image to two 2D X-ray
projection images.

A. Dimensionality

In order to achieve 3D/2D registration the, 3D and 2D im-
age information (image intensity, features) has to be brought
in spatial correspondence. To achieve this two strategies can
be employed. Either the 3D image is projected into the space
of the 2D image (3D → 2D) or the 2D images are recon-
structed in the 3D space, forming the so-called 2.5D data (N x
2D → 2.5D). In the latter strategy, a minimum number of 2D
images are used due to acquisition time, reconstruction time
and minimum exposure constraints. While in case of projec-
tion only one 2D image might be enough to achieve 3D/2D
registration, the reconstruction approach requires at least two
or more 2D images to build a 2.5D image.

B. Nature of registration basis

According to the nature of the registration basis, 3D/2D
registration methods can be classified as extrinsic, intrinsic
and non-image based. While extrinsic methods rely on ar-
tificial objects like stereotactic frames or a small number
of markers implanted into the patient’s anatomy to register
the images, non-image based methods achieve registration
based on carefully pre-calibrated imaging devices and posi-
tion of the operation table. Therefore, these two groups of
methods are not in scope of this paper. We focus on intrin-
sic registration that relies on patient generated image content
only. According to the intrinsic nature of registration, we pro-
pose a classification into three further classes: feature-based,
intensity-based and gradient-based methods (Table 1).

Feature-based 3-D/2-D registration methods are con-
cerned with finding the transformation that minimizes
the distances between corresponding geometrical entities
like points, contours or surfaces extracted from the pre-

interventional image or anatomical model and the intra-
interventional image. Extraction of geometrical features
greatly reduces the amount of data, which in turn makes the
registration fast. However, the accuracy of the procedure is
directly dependent upon the accuracy of the segmentation,
which by itself is a non-trivial procedure to perform auto-
matically, while manual segmentation is time consuming and
subjective. To reduce the influence of inaccurate segmenta-
tion, approaches for handling false geometrical correspon-
dences like the M-estimator [2] may be used. We further clas-
sify the feature-based methods according to the two strate-
gies for achieving spatial correspondence, as described in
Section A.The first subgroup of feature-based methods (Ta-
ble 1, 1.a) minimizes the distance between the projected 3D
curves or a silhouette of a 3D surface and 2D curves in the
2D plane of the projective image [3, 4], while in the second
group of feature-based methods (Table 1, 1.b) the registra-
tion is performed by minimizing the distance between the sur-
face model and the lines connecting 2D contour points with
the X-ray source [2, 5]. Therefore, the first group of feature-
based methods performs the registration in 2D plane, while
the methods in the second group perform the registration in
3D space.

Intensity-based approach relies solely on information con-
tained in voxels and pixels of 3D images and 2D projection
images, respectively. We classify these methods according to
the strategy for achieving spatial correspondence (Section A.)
and strategies to reduce the size of the data for registration.
The first group of intensity-based methods (Table 1, 2.a) and
by far the most reported in literature is based on simulated
X-ray projection images called digitally reconstructed radio-
graphs (DRRs) that are produced from the CT image using
raycasting. The registration of the CT volume relative to the
X-ray image is estimated by iteratively optimizing the sim-
ilarity measure calculated between a DRR generated for the
current iteration and an X-ray image [6, 7, 8, 9]. The most
frequently used and studied similarity measures for intensity-
based 3D/2D registrations are mutual information, normal-
ized cross correlation, sum of square differences, entropy of
difference image, as measures of global intensity correspon-
dence, and pattern intensity, gradient difference and gradi-
ent correlation - as measures of correspondence of local in-
tensity changes. From studies comparing different similarity
measures [6, 8], it can be concluded that similarity measures
based on global intensity correspondence are less suitable for
matching DRRs with X-ray images. The measures of corre-
spondence of local intensity changes produce substantially
more accurate and reliable results, although in some stud-
ies mutual information proved to be among the best mea-
sures, especially when registering clinical images. In general,
DRR-based 3D/2D registration is not suitable for registra-
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Table 1: Classification of intrinsic 3D/2D registration methods

3D/2D registration Pre-interventional Intra-interventional Spatial correspondence
References

classes 3D data 2D data strategy
1. Feature-based

1.a
3D image → 3D feature 2D image → 2D feature projection

[3, 4]
(surfaces, points) (contours, points) 3D → 2D

1.b
3D image → 3D feature 2D image → 2D feature reconstruction

[2, 5]
(surfaces, points) (contours, points) N x 2D → 2.5D

2. Intensity-based

2.a 3D image 2D image
projection

[6, 7, 8, 9]
3D → 2D

2.b
3D image → 3D segm. image

2D image
projection

[10, 11, 12]
(ROI, stat. or surface model) 3D → 2D

2.c 3D image 2D image → 2.5D image
reconstruction

[13]
N x 2D → 2.5D

3. Gradient-based

3.a 3D image → 3D gradient 2D image → 2D gradient
projection

[15]
3D → 2D

3.b 3D image → 3D gradient 2D image → 2.5D gradient
reconstruction

[14, 16]
N x 2D → 2.5D

tion of MR and X-ray images because there is practically no
correspondence between these imaging modalities, except in
cases when contrast agents are used [7]. Another drawback
of DRR-based methods is that by projecting a high quality
3D CT image into 2D, valuable 3D information may be lost.
However, as these algorithms require little or no segmenta-
tion, their performance does not suffer from segmentation er-
rors. Moreover, since these methods utilize all the informa-
tion in the images, it is reasonable to expect that they are
more accurate and reliable than feature-based methods. Un-
fortunately, DRR-based registration is time-consuming due
to computational complexity of DRR generation using stan-
dard ray casting in every iteration of the optimization. Sev-
eral approaches for faster DRR generation were proposed
that can roughly be divided into the software-based and
hardware-based approaches. The software-based approaches
propose more efficient rendering algorithms such as shear-
warp factorization, the transgraph, attenuation fields, progres-
sive attenuation fields or wobbled splatting. To further reduce
the computation time, hardware-based approaches can be
used, employing fast rendering using the computer’s graphic
card [8]. Other approaches to improve the DRR-based regis-
tration involve the pre-computation of a subspace of DRRs
according to the expected range of transformation parame-
ters [9], decoupling transformation parameters using an ap-
propriate world coordinate system [9], and the use of sophis-
ticated minimization strategies to minimize the number of it-
erations [9]. Finally, the computational problem may also be
reduced by calculating DRRs containing only the structures
of interest [6, 8, 9].

In order to address the disadvantages of DRR-based inten-
sity methods a new group of methods emerged that attempts

to reduce the amount of data similarly to feature-based meth-
ods (Table 1, 2.b). Here segmentation of the 3D image is per-
formed to extract either a surface model [10] or a statisti-
cal atlas [11], while the registration framework remains the
same as in classic DRR-registration whereby DRRs are cre-
ated from the image intensities bound by the surface model
or the statistical atlas and registered to the real projection im-
ages. A more advanced approach combines the registration
and segmentation into an iterative framework [12]. The cur-
rent estimated registration is used to drive the segmentation,
which in turn enables the computation of a new registration
estimate. However, the aim of the segmentation is not to ex-
tract features, but rather to keep the information vital for reg-
istration and at the same time perform data reduction [10, 12]
or to remove the need for a 3D image by calculating a statis-
tical atlas of the anatomy of interest [11].

The last subgroup of intensity-based approaches refers to
the methods that measure correspondence between 3D and
2D images by reconstructing a low-quality 3D image from
available 2D images and performing 3D/3D registration [13]
(Table 1, 2.c). The principle to obtain the 3D image from
2D projection images is the same as the principle used in the
commercially available cone beam CTs (CBCTs), which en-
able acquisition of intra-interventional 3D images that can be
easily registered to pre-interventional 3D images. However,
the kV or MV CBCT requires more than a 100 projection
images in order to reconstruct a 3D CBCT image, while reg-
istration of a CT to just two X-ray images by using a robust
mutual information based similarity measure, called asym-
metric multifeature mutual information that uses additional
spatial features in the form of intensity gradients, was pro-
posed [13]. This approach enables CT as well as MR to X-
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ray registration, it is potentially accurate and robust [13], but
it typically requires more projection images, especially for
MR to X-ray registration.

Gradient-based methods use a direct relationship between
the 3D gradient vectors and the 2D gradient vectors computed
from the CT and X-ray image, respectively [14, 15, 16]. The
method by Tomaževič et al. [14] is based on the relation-
ship between gradients from 2D X-ray images and attenua-
tion coefficient gradients determined from the 3D image, us-
ing a simplified model of X-ray generation that assumes a
logarithmic static response of the X-ray sensor. Thereby, the
2D image gradients are back-projected into 3D at positions
with strong 3D gradient values. The back-projected 2D gra-
dients and the strong 3D gradients are used in a robust cri-
terion function that maximizes their magnitudes and angular
correspondence [14]. In contrast, Livyatan et al. [15] devel-
oped a gradient projection theorem and maximized the sum
of 3D gradient magnitudes that are incident to rays that em-
anate from the X-ray source and pass through contour pixels
extracted from the 2D image. Therefore, the matching of the
gradients in the former case takes place in the 3D space (Ta-
ble 1, 3.b), while in the latter, the matching is performed in
the 2D plane (Table 1, 3.a). Most recently, Markelj et al. [16]
presented a robust 3D gradient-based method where 3D pre-
interventional image gradients are registered to coarsely re-
constructed 3D gradients from 2D images. In general, the
gradient-based methods exhibited promising results regard-
ing accuracy, reliability and also computational complexity.
However, to the best of our knowledge no clinically relevant
evaluation has been conducted yet.

IV. CONCLUSION

An overview of registration of 3D pre-interventional to
projective 2D intra-interventional medical images has been
presented. The basic principles for achieving 3D/2D registra-
tion have been reviewed and a novel classification according
to the registration basis and the strategy to achieve spatial cor-
respondence has been proposed. While diverse approaches
were proposed for 3D/2D registration problem, to the best of
our knowledge only the most studied intensity-based meth-
ods reached the clinical practice (Accuray Cyberknife, Brain-
lab Novalis). To address the emerging research challenges
and opportunities in the clinical practice, new registration
paradigms or possibly some presented in the past will have
to be applied. To this end, the presented overview and classi-
fication might prove valuable for identifying the most suitable
3D/2D registration paradigms.
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Abstract  In this paper we present an arrhythmia classifi-
cation method using Heart Rate Variability (HRV) signal 
features and Support Vector Machine (SVM) Classifier. Eight 
linear and nonlinear features are extracted from the HRV 
signals and a subset of these features is selected using the Im-
proved Forward Floating Selection (IFFS) method to train the 
classifier. BSVM is a classification algorithm based on SVM 
which is able to solve the multi-class classification problems. 
here, five types of the most life threatening  cardiac arrhyth-
mias including normal sinus rhythm, atrial fibrillation, ventri-
cular fibrillation, ventricular bigeminy and sick sinus syn-
drome can be discriminated by BSVM and selected features 
with the average accuracy of 99.78%. 

Keywords Heart rate variability signal, Arrhythmia classifi-
cation, Support vector machine, Forward floating 
feature selection 

I. INTRODUCTION 

Nowadays the cardiac arrhythmias are the most famous 
causes of mortality. Hence, several techniques have been 
proposed to identify and detect the different types of arr-
hythmia. These techniques usually extract desired features 
from ECG or HRV arrhythmic signals to classify them. 
Since ECG signal processing is time consuming and too 
sensitive to the amount of the noise, many researchers ana-
lyze HRV signals to detect abnormal rhythms. Some exam-
ples of these automatic arrhythmia detection and classifica-
tion techniques are neural networks [1,2], wavelet 
transforms [3], support vector machines [4], fuzzy logic [5] 
and the rule-based algorithms [6]. 
The proposed algorithm in this paper presents an HRV-
based arrhythmia classification method which can detect 
and classify five types of the most famous abnormal cardiac 
rhythms. These arrhythmias are namely the Normal Sinus 
Rhythm (NSR), the Atrial Fibrillation (AF), the Ventricular 
Fibrillation (VF), the Ventricular Bigeminy (B) and the Sick 
Sinus Syndrome (SSS). This technique is based on the IFFS 
feature selection method and SVM-based classifier. In the 
first step, IFFS selects the optimal subset of features from 
the 8 original features and then SVM separates the arrhyth-
mia classes in the selected feature space. IFFS finds the best 
subset of features by evaluating a criterion function [7].  It 

not only reduces the cost of feature extraction methods like 
Principle Component Analysis (PCA), but also improves the 
classification accuracy. 
 SVM, first proposed by Vapnik in 1998 [8], has been used 
as a powerful tool for classification problems. Here, we 
propose the multi-class BSVM formulation [9] for arrhyth-
mia classification. As it reported in the past, we can see that 
SVM provides more accurate results in classification than 
other methods such as the neural networks. 
The details of the mentioned method for arrhythmia classi-
fication using HRV features are presented in continue. In 
the first section, we explain the steps extracting ECG sig-
nals and preprocessing it in order to obtain HRV signals. 
Afterwards, a range of linear and nonlinear features are 
extracted from HRVs and then by using the IFFS the di-
mensionality of these original features are reduced to 4. 
Finally, in the last section the BSVM multi-class classifier 
is applied to the selected features to detect any types of 5 
cardiac arrhythmias.  

II. MATERIALS AND METHODS 

A. Extracting and preprocessing the signal 

The MIT-BIH arrhythmia data base is a standard reference 
for ECG signal processing which includes 48 ECG record-
ings each with a length of 30 min [10]. All signals in this 
database were filtered in the frequency range of 0.1-100Hz 
and were sampled with a sampling rate of 360Hz. We ex-
tract the ECGs relating to NSR, AF, B and SSS arrhythmias 
from this database. In addition to this database, we use the 
Creighton University Ventricular Tachyarrhythmia Data-
base to obtain the VF signals after resampling it at a rate of 
360 Hz. As the first step it is necessary to extract HRV 
signals from these ECG signals. For this purpose the inter-
fering signals are eliminated using a 5-15Hz bandpass filter. 
Then the wave R in the filtered signals is detected by using 
Hamilton and Tompkins algorithm [11]. For constructing 
the HRV signal we first measure the time intervals between 
the successive waves R in each ECG signal and then plot 
this intervals against the time indices. The obtained HRV 
signals are divided into the same length segments each 
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containing 64 R-R intervals. Totally, we have 889 HRV 
segments including 341 NSR segments, 340 AF segments, 
142 VF segments, 37 B segments and 24 SSS segments. 
 
B. Extracting  features and selecting  optimal subset 

 To illustrate linear and nonlinear behavior of cardiovas-
cular system, it is necessary to consider both linear and 
nonlinear features of cardiac signals. So we consider a com-
bination of linear and nonlinear features. The linear features 
which are obtained from time and frequency domains are 
calculated based on the proposed standard in [12]. The li-
near features are 5 and include: 
 Time domain features: This features which are ex-

tracted from the R-R interval time series directly are: 
Mean RR: The mean value of the 64 R-R intervals in 
each segment. 
STD RR: The standard deviation of the 64 R-R inter-
vals in each segment 
RMSSD: The root mean square successive difference 
of the 64 R-R intervals in each segment 
pNN50: The number of successive difference of 64 
R-R intervals that differs more than 50 ms, respec-
tively, divided by 64. 

 Frequency domain features: These features are ex-
tracted to discriminate between sympathetic and para-
sympathetic contests of the HRV signals. In this work 
we calculate Power Spectral Density (PSD) for the 
High Frequency (HF) band (0.15-0.4Hz) and Low Fre-
quency (LF) band (0.04-0.15Hz) and the ratio of the LF 
and HF bands power (LF/HF) as the Frequency domain 
feature of the HRV signal. 

On the other hand, HRV signal analysis by help of me-
thods on nonlinear dynamics leads to very valuable informa-
tion for physiological interpretation of the heart. So we extract 
these 3 nonlinear features: 

LLE:  The Largest Lyapunov Exponent provides useful 
information about the dependency of system on initial con-
ditions and a positive lyapunov exponent confirms the exis-
tence of chaos in the system.  For calculating LLE a point is 
selected in the reconstructed phase space of the system and 
all neighbor points residing within a predefined radius are 
determined. As the system evolves, the mean distances 
between the trajectory of the initial point and the trajectories 
of the neighbor points are calculated. Then the logarithm of 
these mean values plots against the time and the slope of the 
resulting line is considered as LLE [13]. 

D2: The Correlation Dimension is a measure of complex-
ity of the time series and determines the minimum number 
of dynamic variables which can model the system. We use 
the algorithm presented in [14] in order to estimate this 
feature. 

ApEn: The Approximate Entropy shows the unpredictability 
of the fluctuations in a time series. Large values of ApEn 
show high irregularity and smaller values of it indicate more 
regular time series. The proposed method in [15] is used to 
calculate ApEn for each segment of HRV signal. 
Now, we have 8 features for each of 889 HRV segments. 
These all features are normalized within the range of [0, 1] 
initially. We then simplify the proposed method reducing 
the number of features. For this purpose a new feature se-
lection method named Improved Forward Floating Selection 
(IFFS) is used to select an optimal subset of original fea-
tures. This algorithm has a new search strategy to check 
whether removing any feature in the selected feature set and 
adding a new one at each sequential step can minimize the 
criterion function (misclassification rate). The results show 
that this method compared with other techniques selects the 
optimal subset of features and requires significantly less 
computational time. 
By applying the IFFS to the original feature space, 4 fea-
tures are selected from 8. These selected features are Mean 
RR, RMSSD, pNN50 and D2. 
 

 

Fig. 1 Box-plots of the four selected features for different arrhythmia 
classes (1 = NSR, 2 = AF, 3 = VF, 4 = B, 5 = SSS).The values are norma-

lized between 0 and 1. 

The box-plots of the four selected features for different 
arrhythmia classes are presented in Fig. 1. As seen each of 
the selected features has a value in a range that differs from 
one class to another. In fact we can say by using these fea-
tures we have better discrimination between the 5 classes. 
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Table 1 The Confusion Matrix on the test set.  The values are average of 100 train and test procedures 

  
Total number of 

train/test segments 
 

classification 

NSR AF VF B SSS 

223.07/117.93 

Database 
annotation 

NSR 117.93 0 0 0 0 

221.57/118.43 AF 0.22 117.55 0.03 0.63 0 

90.01/51.99 VF 0 0.01 51.98 0 0 

22.98/14.02 B 0.06 0.77 0.01 13.18 0 

14.37/9.63 SSS 0 0 0 0 9.63 

 

C. Classification based on SVM 

The last step of the proposed algorithm is classification 
of arrhythmias using the selected features. As it mentioned 
we use SVM as a classifier here.SVM is a machine-learning 
technique which identifies the best separating hyper plane 
between the two classes [16]. Although SVM can separate 
the input data into only two classes, the multi-class classifi-
cation is also possible by BSVM formulation. Suppose the 
training vectors are: 

 
𝒯   𝑥 𝑦  …  𝑥𝑙 𝑦𝑙                                                 (1) 
where  

∈ 𝒳 ⊆ ℛ  

𝑖 ∈ 𝒴  … 𝑐              
 

The aim of BSVM is training the following classification 
rule 
 
𝑞 𝑥 𝑎𝑟𝑔 𝑦∈𝒴 𝑓𝑦 𝑥                                                  (2) 
where 
 𝑓𝑦 𝑥  𝛼𝑦 𝑘𝑆 𝑥  𝑏𝑦 𝑦 ∈ 𝒴        

 
The parameters of the rule above are determined by solv-

ing the BSVM formulation: 
 

 𝑊∗ 𝑏∗ 𝜉∗ 𝑎𝑟𝑔 𝑤 𝑏   𝜔𝑦 𝑏𝑦𝑦∈𝑌

𝐶   𝜉𝑖
𝑝

𝑦∈𝑌  𝑦 𝑖∈𝐼                                                       (3) 
subject to 
 𝜔𝑦𝑖

𝑥𝑖 𝑏𝑦𝑖
−   𝜔𝑦 𝑥𝑖 𝑏𝑦 ≥ − ξ𝑖

𝑦
𝑖 ∈ 𝐼 ∈ 𝑌  𝑦𝑖  

ξ𝑖
𝑦
≥ 𝑖 ∈ 𝐼 𝑦 ∈ 𝑌  𝑦𝑖  

Considering p=2, we use the Mitchell-Demyanov-
Malozemov algorithm [17] to solve (3). Furthermore, we 
select the Radial Basis Function (RBF) as the kernel in (2). 
So, we have two free parameters that must be assigned 
correctly. The first is the width of RBF kernel and the 
second is the Regularization parameter in (3). We select 
σ=0.2 and C=10 empirically. 
 
 

 

III. RESULTS 

Finally, the all 889 segments of different arrhythmias are 
randomly divided to train and test sets in an approximate 
ratio of 2/3 and 1/3. After training the SVM classifier we 
use test set to evaluate the classification performance. This 
procedure is repeated 100 times and each time we divide 
whole data into train and test sets and carry out classifica-
tion using these sets. The average Confusion Matrix ob-
tained from 100 different test sets are presented in Table 1. 
As seen  for the NSR and SSS  we have no misclassification 
to other classes (0%). for the AF in average only 0.88 seg-
ments are also misclassified (0.007%), for the VF in aver-
age 0.01 segments are misclassified (≅0%) and for B in 
average 0.84 segments are misclassified (0.06%). 

In continue the four famous measures sensitivity, speci-
ficity, positive predictivity and accuracy are derived from 
the proposed algorithm. Furthermore, to compare the effi-
ciency of the proposed method, these parameters are calcu-
lated for the SVM classifier which is trained using the 8 
original features too. Table 2 shows the average values of 
these parameters for both mentioned algorithm. As we can 
see the presented method can discriminate the NSR with an 
average accuracy of 99.91%, the AF with 99.47%, the VF 
with 99.98%, the B with 99.53% and SSS with 100%. These 
results demonstrate the effectiveness of this method in the 
classification of cardiac arrhythmias. As a comparative 
study we can see the results of the classification using origi-
nal features too. Table 2 shows that the classification using 
the 4 selected features has better results than the classifica-
tion using the 8 features. The average values of the perfor-
mance parameters shows that when we use the selected 
features instead of the original features for classification we 
have  an increment about 2% in the sensitivity, 0.2% in the 
specificity, 0.5% in positive predictivity and 0.2% in the 
accuracy. The use of selected features on the other hand 
decreases the SVM training time significantly. So the pro-
posed classification algorithm based on IFFS and SVM 
classifier, not only decrease the processing time but also 
makes a noticeable increase in accuracy of classification. 
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Table 2 Performance analysis of the BSVM classifier on the original features and the selected features in terms of the average values of the four commonly 
used measures in %.( number inside the parenthesis are the standard deviations) 

 
 Classification using 4 selected  features Classification using 8 original  features 

Arrhythmia 
classes 

Sensitivity 
(%) 

Specificity 
(%) 

Positive 
Predictivity 

(%) 

Accuracy 
(%) 

Sensitivity 
(%) 

Specificity 
(%) 

Positive 
Predictivity 

(%) 

Accuracy 
(%) 

NSR 
AF 
VF 
B 

SSS 

100 
99.26 
99.98 

94 
100 

99.85 
99.57 
99.98 
99.79 
100 

99.76 
99.34 
99.92 
95.44 
100 

99.91 
99.47 
99.98 
99.53 
100 

100 
99.14 
99.42 
89.28 
93.86 

99.39 
99.2 
99.95 
99.68 
100 

99.03 
98.68 
99.72 
94.32 
100 

99.62 
99.25 
99.83 
99.38 
99.8 

Average 98.65(2.61) 99.84(0.16) 98.89(1.95) 99.78(0.26) 96.38(4.68) 99.68(0.36) 98.35(1.02) 99.58(0.25) 

 

IV. CONCLUSIONS 

 
In this paper an effective HRV-based arrhythmia classifi-

cation method has been presented. We first extract 8 fea-
tures from HRV segments and then in order to reduce the 
learning time and also to improve the efficiency of the clas-
sifier, 4 optimal features are selected from 8 original fea-
tures using the IFFS algorithm. Then a SVM-based multi-
class classifier method named BSVM is used to classify the 
5 types of arrhythmias. Comparing the results that have 
been shown in Table 2 we find that the proposed technique 
outperforms the same classifier which is applied to the orig-
inal features producing the classification accuracy of 
99.91%, 99.47%, 99.98%, 99.53% and 100% for the arr-
hythmia classes of NSR, AF, VF, B and SSS respectively. 
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Abstract—With the progress in implant technology, the 
understanding of the interaction between implants and living 
cells and tissue raised in relevance. To get insight into the 
biocomplexity of the underlying cellular mechanisms in the 
cell-biomaterial dialogue, an automatic quantification of cell 
parameters is required as a first step. An ad hoc designed 
texture analysis procedure is implemented to assess the 
development of actin filaments in human osteoblasts grown on 
titanium surfaces from confocal microscopic images.  

The main tool for the assessment of filaments is a graph, 
embedded into the plane. To automatically detect this feature 
from given image data, one has to consider a variety of 
random disturbances and variability. The solution is a 
specially adapted Ridge Method for the feature estimation. 

Keywords—Texture Analysis, Ridge Detection, Image 
Processing, Confocal Laser Microscopy, Actin Cytoskeleton, 
Osteoblast. 

I. INTRODUCTION  

Cellular behavior at the interface of an implant is 
strongly influenced by the biomaterial's topography [1] as 
well as its physico-chemical properties [2]. The adhesion of 
cells to a surface triggers a cascade of diverse cell functions, 
e.g. proliferation and activation of signaling proteins [3]. 
Thereby the dynamic change of the cytoskeleton seems to 
be one intracellular signal that controls cell differentiation 
[4]. The knowledge about biocomplexity in dependence of 
the biomaterial characteristics is of clinical relevance for the 
development of optimal implant designs in tissue 
engineering. The aim of this research is to quantify actin 
filament organization by means of mathematical modeling 
to find out correlations of specific cell parameters with 
physico-chemical surface characteristics [5, 6]. 

Among other quantitative methods, imaging techniques 
are an effective source of parameters. It would be a great 
loss of information if the images were simply binarized. The 
accuracy, that can be achieved this way, is not sufficient. 
Binarization, however, would be a precondition to access 
established methods from mathematical morphology. It 
turns out to be more efficient to analyse the images in detail 

and construct an adapted technique with the toolbox of  
non-binary image processing techniques. 

II. MATERIALS AND METHODS 

A. Image Acquisition 

Cell Culture of Bone Cells: Human MG-63 osteoblastic 
cells (osteosarcoma cell line, ATCC, LGC Promochem) 
were cultured in serum-free Dulbecco’s modified Eagle 
medium (DMEM) (Invitrogen) with 1 % gentamicin 
(Ratiopharm) at 37 °C and in a 5 % CO2 atmosphere. Cells 
at a density of 3x105 cells/disk were seeded on polished 
titanium (cp, grade 2, Ra = 0.045 µm, Ø 11 mm) 
functionalized with the extracellular matrix protein collagen I 
via the bifunctional linker molecule polyethylene glycol 
diacid (PEG DA, Fluka) as already described [7]. 

Microscopic Analysis of Actin Cytoskeleton: MG-63 cells 
were cultured for 60 min. After fixation with 4% PFA 
(10 min, RT) cells were washed with PBS followed by 
permeabilization with 0.1% TritonX-100 (10 min, RT) 
(Merck, Darmstadt, Germany). Afterwards cells were 
incubated with phalloidin-TRITC (diluted 1:100, Sigma) for 
30 min in the dark at RT and embedded after washing. 
Actin staining was investigated with confocal microscopy 
(LSM 410, Carl Zeiss).  

Confocal Laser Scanning Microscopy: Microscopic 
examinations were performed on an inverted confocal laser 
scanning microscope LSM 410 (Carl Zeiss) equipped with 
an argon-ion laser. For the experiments a ZEISS 63x water 
objective (1.25 water / 0.17) was used.  The image size was 
512x512 pixels. 
 
B. Preprocessing 

Image Model: Images are regarded as square matrices      
with real number entries for brightness between 0 and 1. 
Each entry fx, y represents the value of pixel (x, y). 

Feature Model: In the images of interest, the actin 
cytoskeleton is organized in filaments. These are modeled 
as a graph of ridges in the gray value mountains associated  
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with the image. A ridge can be interpreted as the projection 
of a part of a filament onto a fixed plane. It is a local 
maximum at the image profile lines perpendicular to its 
orientation. A ridge is of small variation along its 
orientation, cf. [9]. Thus we work with a graph G = (V, E) 
that is embedded into the plane where V is the set of vertices 
representing points in the plane and E is a set of unordered 
pairs of vertices, denoted edges, representing the ridges 
between the corresponding points. The graph is said to be 
the feature graph. 

High Frequency Noise: In turn of image acquisition there 
is sensor noise, which is approximately additive and 
normally distributed. This kind of noise has to be reduced 
with care because of its affinity to the feature. Total 
variation minimization is a promising method [10]. It is a 
feature-preserving technique with fast algorithmic schemes 
and several degrees of freedom for further adaption to noise 
and feature. Other options are coherency enhancing 
diffusion with a disadvantageous impact on the image 
morphology and wavelet shrinkage with introduction of 
additional image artifacts. 

Low Frequency Noise: The microscope focuses on one 
layer of the cells. The light from the stain in other layers or 
from unspecific boundary of other molecules results in 
amorphous out of focus spots of a random brightness. This 
can be ignored or be reduced by high-pass filtering. 

Feature Variability: Apart from noise, the ridges expose 
further variability. A ridge varies in brightness from its 3D 
position of the filament to the focal layer. A filament 
randomly varies in brightness. Moreover, a filament varies 
in width, which can be reduced by gray valued morphology 
methods. The width of a ridge in the image is not the true 
width of the filament. The visible width depends on the 
random stain accumulation. 

 
 

   
Fig. 1 Formation of the actin cytoskeleton in MG-63 osteoblasts after 60 
min on pure titanium (a) in comparison to titanium coated with collagen  I 
(b). Note the progress in actin formation on the collagen layer. Here, the 
actin cytoskeleton is organized in well-defined stress fibers 

 

All these modifications of the feature are artifacts, which 
are caused by image acquisition. The parameters of interest 
are length, orientation and connectivity of all filaments in 
the focal layer. Figure 1 shows examples of the images to be 
processed and to be distinguished by quantitative 
parameters. 

C. Segmentation 

Segmentation Problem: The segmentation step aims at 
separating all pixels associated with the feature from those 
associated with the background.  

Laplacian Thresholding: With regard to the feature 
characteristics and differential calculus, the discrete 
Laplacian of the image appears suitable for the 
segmentation problem. The set of feature-associated pixels 
is defined as 

V*: = {(x, y): Lfx, y < -T}                            (1) 

with 

Lfx, y: = -4fx, y+ fx-1, y+ fx+1, y + fx, y-1 + fx, y+1            (2) 

and a threshold T > 0. 
As the discrete second derivatives of the Laplacian are 

sensitive to high frequency noise, the segmentation strongly 
depends on proper preprocessing. 

D. Feature Extraction 

Feature Extraction Problem: The segmentation with 
Laplacian Thresholding after different steps of 
preprocessing copes with most of the feature variability and 
low frequency noise. Still it does not provide the filaments 
with their true connectivity. Thus one cannot extract the 
feature graph directly. The graph with V* or with the 
skeletonization of V* as vertices and with edges between 
adjacent vertices in the computational grid exposes 
redundancy and gaps. This is insufficient for quantification 
of orientation, connectivity and length, even with post-
processing as proposed in [8]. 

III. RESULTS 

Ridge Method: A novel problem-adapted method makes 
use of an extra decision algorithm that selects preferably 
bright ridges between vertices in V* as edges of our stepwise 
created feature graph. 
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All pixels in V* are sorted by their brightness in f. Then 
the first pixel is selected and all pairs with other filament 
pixels are checked for the response of a Ridge Filter for this 
pair, close-by pairs first. The addition of a pair as an edge of 
the graph is decided via threshold. If an edge is added, V* is 
reduced by pixels that are close to this edge. If no edge is 
found for the brightest pixel in V*, it is removed from V*. 
This procedure is repeated until V* is empty.   

  

Fig. 2 Ridge Filter coefficients for the pixels (v1, v2) and (w1, w2) 

 

Fig. 3 Feature graph (white dots, white lines) representing the estimated 
filament layout of the underlying gray-valued image shown in Figure 1 (b)  

 

Ridge Filter: An estimator of a ridge between two pixels 
can be constructed as a discrete filter that approximates the 
average second smoothed derivative perpendicular to the 
line between these pixels. See Figure 2 for a surface plot of 
the filter coefficients. A negative response of this filter 
under the assumption of a negligible first derivative 
perpendicular to the line is taken as evidence for a ridge. 

Example: The results of the Ridge Method look 
promising. In Figure 3 there is a covering of the majority of 
filaments. Bright filaments are mostly detected without gaps 
and with their main ramifications. On the other hand, 
filaments with less contrast are identified only partly. 
Furthermore there are isolated short ridges that do not 
display filamentous actin in the focal layer. 

IV. DISCUSSION 

The quantification of the actin cytoskeleton of 
osteoblasts from confocal microscopic images is a 
challenging task. There are various kinds of noise and 
feature variability to consider before the estimation reaches 
a sufficient degree of accuracy. An approach via 
binarization seems not to be satisfactory because of the low 
frequency noise and feature variability. First experiments 
show that there exist proper solutions with an ad hoc 
adapted Ridge Method. Further attention has to be paid to 
its computational complexity and uniqueness of its solution. 
A quantitative measurement for the feature estimation 
quality is subject to ongoing studies. An optimization of the 
performance for artificial images with known ground truth 
is planned. Furthermore suitable quantitative parameters of 
the estimated feature graph have to be identified. 

V. CONCLUSION 

Bio-medical image processing is a great field of 
application for mathematical techniques. At the problem of 
quantification of human cell's adhesion structure 
development, the ultimate goal is to automate perceptive 
merits that the human eye provides with ease. Texture 
analysis in such detail that graph structures are estimated in 
images has not been established as a standard in image 
processing yet. The reason might be that line features are 
very close to the noise inherent to effective image 
acquisition techniques. 
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Abstract—This communication is based on the experimental 
data treatment. New nonlinear methods of immunofluores-
cence statistical analysis of peripheral blood neutrophils have 
been developed. We used technology of respiratory burst reac-
tion of DNA fluorescence in the cells nuclei due to oxidative 
activity. The photon count statistics in flow cytometry experi-
ments are analyzed in the variables of the flashes frequency as 
functions of the fluorescence intensity. Statistics of im-
munofluorescence fluctuations are substantially non-Gaussian. 
Statistic peculiarities of histograms set for healthy and un-
healthy donors allow dividing all histograms on the three 
classes. First histograms group belongs to healthy donors. Two 
other groups belong to donors with autoimmune and inflam-
matory diseases. Three types of wavelet spectra are observed 
for autoimmune and inflammatory diseases and for the 
healthy people. Different exponential distributions of the cen-
tral moments the fluorescence intensity fluctuations supple-
ment the represented analysis of immunofluorescence. Possi-
bilities and alterations of immunofluorescence statistics in 
registration, diagnostics and monitoring of different diseases in 
various medical treatments have been demonstrated. Early 
diagnostics and monitoring of the diseases by means of statisti-
cal analysis the immunofluorescence distributions may be 
realized with the exponentially high precision. Health or illness 
criteria are connected with statistics features of immunofluo-
rescence histograms.  Neutrophils populations' fluorescence 
presents the sensitive clear indicator of health status. Medical 
diagnosis and statistical data of the immunofluorescence histo-
grams for identifications of health and illnesses are intercon-
nected. 

Keywords—blood, cytometry, immunofluorescence, neutro-
phils,  oxidants.  

I. INTRODUCTION  

Flow cytometry is one of the main methods of modern 
analytical biology [1]. The method based on registrations of 
rather big collections of photon count statistics for fluores-
cence cells, DNA and RNA. This technological process is 
performed at rates of thousands of cells per second. There 
are many applications of flow cytometry to immunology, 
cell cycle kinetics, cell kinetics, genetics, molecular biol-
ogy, microbiology, parasitology, bioterrorism, biological 
oceanology, husbandry and others.                   

We used flow cytometry for medical diagnostics in mo-
lecular immunology experiments, but the same approach to 
experimental data treatment can be useful for other  
problems.         

Flow cytometry  is unique, one only method when col-
lective spectra of gene regulation, gene expression and their 
correlations are observed in the living population cells in 
free life in natural conditions without especial adaptations. 
Neutrophils present one of the most important consistencies 
elements of immune system. Usage the technology of respi-
ratory burst reaction of DNA fluorescence in the neutrophils 
nuclei visualizes oxidative activity of DNA [2,3]. Im-
munofluorescence histograms reflect collective pictures of 
all pathological processes for oxidative activity of DNA.   

We observe the universality of strong exponential growth 
for central moments of immunofluorescence intensity fluc-
tuations in any fluorescence conditions and various cells. 
Rapid exponential increase of the statistical moments forms 
the basic question about the methods of the correct descrip-
tion of very informative neutrophils fluorescence distribu-
tions. We examine some of the opportunities, which inter-
connected with the growth of the central moments of 
intensity fluctuations, the fluorescence noises and their 
wavelet spectra. We use our approaches in the classification 
of the immunofluorescence distributions for diagnostics of 
health statuses. Some of the diseases are not noted by the 
known biochemical methods. Immunofluorescence can be 
useful for existence registration of any illnesses. 

Statistic peculiarities of histograms set for healthy and 
unhealthy donors allow dividing all histograms on the three 
classes. First histograms group belongs to healthy donors. 
Two other groups belong to donors with autoimmune and 
inflammatory diseases. The classification is based on three 
different types of wavelet spectra of immunofluorescence 
noise distributions. This classification has only qualitative 
nature. More accurately and in more detail a differences in 
the health statuses are reflected by differences in the indices 
of the exponential curves, which determine an increase in 
the central moments of immunofluorescence intensity fluc-
tuations. We have both diagnostics and monitoring of dis-
ease with the exponentially high sensitivity. 
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II. EXPERIMENTS 

We present new statistical treatment approaches of the 
highly sensitive quantitative method [3] for registration the 
inflammatory reactions of organism founded on collective 
cytofluorescence features. The method based on the flow 
cytometrical measurement of the capability of the peripheral 
blood neutrophils for the reaction of respiratory burst or 
oxidizing explosion [3].   

The volume of peripheral blood is V = (1 ... 2) ml. Blood 
with heparin additives is diluted by physiological solution in 
a ratio of 1 / 3. We used hydroethidine addition with con-
centration 150 gμ /ml for fluorescence initiation. At the 
beginning hydroethidine is transformed in ethidium bromide 
as the results of chemical oxidative reactions in the blood 
cells. Small concentration 100 ng /ml additives of phorbol 
myristate acetate (PMA) to blood samples ensure the inten-
sive staining of the cell nuclei of polymorph nuclear leuko-
cytes.  Staining reflects differences in the ability of cell to 
produce oxygen radicals, i.e. the respiratory burst activity. 
The fluorescence is proportional to the ability of neutrophils 
to produce the active forms of oxygen. Ethidium bromide 
binds with fragments of nuclear DNA and has strong red 
fluorescence excited by TEM00 mode radiation Argon laser 
light at 488 nm wavelengths. Fluorescence is registries by 
flow cytometry technique. The rate of the measurements is 
about (1-2)104 cells per min.  Mean time of the measure-
ment of one model is about 2 min. This empirically selected 
regime is self-consistent with noises level of various nature 
[4] and gives statistically stable and reproducible results. 
The inaccuracy and reproducibility for preparations and 
measurements procedures usually compose no more some 
of percent or more correctly is about %2≈  . Same inaccu-
racy and reproducibility level corresponds to unavoidable 
and irremovable noises, errors and restrictions both of 
physical and biological nature [4].                         

Principle features of our procedure have no dependence 
from the  changes of the most conditions. The reaction has 
not dependence from time if the incubation period exceeded 
1.5 hour. The reaction has not dependence from the increase 
of concentration of the used inductor and dye. The total 
time of analysis and the preparation of one test is 1.5 hour. 

Results are represented in the form the histograms of 
immunofluorescence in the variables the number flash- 
intensity of flashes for 256 channels of intensity measure-
ments. The average number of flashes is N  ~ 104… 105, in 
the range of intensities I  from 10….14 to 256 dimen-
sionless units, which correspond to the numbers of the 
channels l  of intensity measurements. Low boundary of 
intensities range 12~lowI usually constitutes 12 and in the 
general case is variable. The fluorescence with intensity less 

than lowest boundary is not considered. Lowest boundary of 
intensities limit is determined by the stochastic interception 
of background noise. Background noise is cut off. Three 
typical examples of histograms are shown in Fig.1. 
 
 

  
Fig. 1 Dependence of normalized spontaneous fluorescence flashes num-
ber P (I) on their intensity I (left) , functions LOG(P(I)) (right)    The area 
under the final histograms of P(I) normalized to unit; rhomb points corre-
spond to bronchial asthma. Total number of flashes is      766230 =N ; 
quadrate points correspond to the healthy donor. Common number of 
flashes is 401090 =N ; triangle points correspond to the oncology 

disease. Common number of flashes is 407520 =N  

The fragments of nuclear and mitochondrial DNA with 
oxidizing metabolism activity and oxidants determine the 
basic place for localization of the fluorescent dye [1-4], its 
distribution and concentration, and consequently intensity 
and statistics of fluorescence. DNA of neutrophils nuclei 
absorbs dye. The heterogeneous fluorescence of chromo-
somes reflects simultaneously the genetic special, individual 
features and immune response to the pathogenic actions.  

III. EXPIRIENCES AND MEDICAL PRACTICES 

The cytometrical histograms of the blood immunofluo-
rescence in Fig.1 contain unique information about the 
neutrophils’ populations, which reflect the types and dy-
namics of the pathology processes. These histograms are 
changeable. Their special features depend on health status.  

Detailed comparison of histograms in Fig. 1 and their 
disagreements represent the indicators of disease, frequently 
outwardly, or according to the data of other analyses of full 
health of the patient. Differences of histograms have diverse 
and statistical nature and, at present, they are not described 
by the clear qualitative and quantitative criteria, to determi-
nation of which is oriented this work. 

Preliminary experiments had shown the usage opportuni-
ties of proposed approach for the solution of various medi-
cal problems. We observed the inflammatory processes  
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after different surgical interventions, appearance and flow 
of autoimmune processes with the post infection complica-
tions, neurological and heart complications after diphtheria, 
chronic inflammation with rheumatoid arthritis, inflamma-
tory reaction with bronchial asthma, course of inflammatory 
events with the myocardial infarctions,  inflammations with 
system lupus erythematosis, hepatitis, peritonitis, purulent 
appendicitis, pneumonias, cardiovascular, oncology and 
other diseases, connected with the oxidants or other reasons 
for the disturbance of oxidizing metabolism. 

The spectrum of medical applications, possibly, is con-
siderably wider, because of the wide prevalence of oxidative 
abnormality as the reason of various illnesses and the aging. 

IV. IMMUNOFLUORESCENCE INTENSITY FLUCTUATIONS 

The basic difficulty of immunofluorescence histograms 
classification is connected with the absence of the clear 
comparison criteria for different immunofluorescence dis-
tributions.  Difficulties are determined by the statistical 
instability of immunofluorescence intensity fluctuations. 
Statistical instability is connected with an exponentially 
exuberance in the central moments of the immunofluores-
cence intensity fluctuations. Each subsequent statistical 
moment is more than previous. In this case the dispersion of 
the intensity is less than the asymmetry. Asymmetry is less 
than the excess and so on and so others. Therefore there is 
no sense to compare the average or local values of the im-
munofluorescence intensity for the different distributions in 
different histograms. It is possible to compare the rate of 
growth for the moments of the immunofluorescence inten-
sity fluctuations in different histograms and other peculiari-
ties. This special feature can be illustrated by the compari-
son of completely different histograms in Fig.1.  

Let us consider examples of the central moment distribu-
tions for immunofluorescence intensity fluctuations. 

We use the centered random variables and their centered 
moments for all procedures on any step. This approach is 
necessarily for the exception of the uncontrollable and sys-
tematic errors, instabilities of algorithmic procedures and 
corresponding drift of averages. Let us consider the relative 
deflections of fluorescence flashes number from their aver-
age level 

)1()( −
><

×>=<><−=
N
NPPPn l ,                               (1)         

1
minmax )( −−>=< IIP , )(lNN =  ,                                                    
><×>=< PNN 0  , 0/)( NlNPl = , 256,...2,1=l  , 

where symbol >< ...   denotes statistical average of the 
fluorescence fluctuations for all 256 channels of intensity 
                                                                                                                        

measurement ; 0/)( NlNPl =   is the probability distribu-
tion density of the  flashes number  ; )(lNN =  is the num-
ber of flashes with the assigned intensity lI =    for the 
dimensionless intensity  I  coincides with the number of 
channels l   ; 0N   is common number of flashes;  average 
value of flashes number is ><×>=< PNN 0 . Mean prob-

ability value is 03906.0)( 1
minmax =−>=< −IIP   for 256  

channels of intensity measurement. 
The relative deflection of the intensities I   from the av-

erage value of intensity level >< I  for the l’ channel with 
the number of 256...2,1=l  is )(li ,  
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where symbol >< ...   denotes statistical average of the fluo-
rescence fluctuations. 

The central moments >< ki   of the fluctuations )(li  the 
order of k  are designated as ),( kiM , i.e. 
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Fig. 2 Dependence of logarithmic distributions of intensity fluctuations’ 
central moments )),(( kiMLn on their number k  Data in Fig.2 corre-
sponds to Fig.1 data: rhomb points correspond to bronchial asthma; quad-
rate points correspond to the healthy donor; triangle points correspond to 
the oncology disease 

Let us note the universality of exponential growth the 
moments of ),( kiM , with .2>k  The same universal distri-
butions are observed for any types of fluorescence for any 
cells such as neutrophils, lymphocytes and erythrocytes 
with very high authenticity, with correlation index 
of 9.02 >R .   

The indices of exponential curves are different for vari-
ous groups of diseases. The indices change for one and the 
same patient in the process and development of disease and 
its treatment. Thus is possible both diagnostics and  
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monitoring of disease with the exponentially high sensitiv-
ity. In Fig.2 the ratio of upper (quadrate) and lower (rhomb) 
distribution of  lowerupper kiMkiM ),(/),(  composes the 

value 4.17e  for 16=k . This example characterizes the re-
producible and systematic differences between criteria of 
health and illness. 

V. WAVELET SPECTRA OF IMMUNOFLUORESCENCE NOISE 

Let us consider noise of cytofluorescence flashes number 
distribution or fluctuations of function lP  in Fig.1. Back-
ground noise is changeable. Therefore, is realized a random 
switches of lI = positions of noise discriminator 

12~lowI  in the right and in the left direction. The noise 
limiter switching has equal possibility for the support of the 
initial position and position of the nearest neighbor. There-
fore, local fluctuations of flashes number )( lPNoise   are 

2/)()( 1++−= llll PPaveragemovingPPNoise  (4) 

Function )( lPNoise  describes the flashes number devia-
tions from averaged level. Thus we consider noise of im-
munofluorescence, without the averaged background glow. 
Function )( lPNoise  describes the spontaneous dominants 
of fluorescence intensity amplitudes due to oxidative activ-
ity of DNA. Some of the special features of immunofluores-
cence noise can be separated by means of wavelets tech-
nique. More suitable are Doubetchies wavelets. Doubetchies 
wavelet spectra transformations ))(( lPNoisewave are shown 
in Figs.3. Calculations of wavelet conversions are based on 
MATHCAD   technique.  

 

  

 
 
 
     
  
 
 
 
 
 
 
 
 
 

  
 
 
 
 

 
 
 

Fig. 3 Doubetchies wavelet spectra of immunofluorescence noise 
))(( lPNoisewave  

Data in Figs.3 corresponds to Fig.1 data: first graphic corresponds to 
bronchial asthma; second (middle) graphic corresponds to the healthy 
donor; third (lower) graphic corresponds to the oncology disease. 

Comparison of the first, second and third graphics in 
Figs.3 shows their strong differences. There are three char-
acteristic classes of immunofluorescence noise with the 
negative (health sign, middle graphic), positive (inflamma-
tion sign, upper graphic) and neutral (autoimmune’ dis-
eases, lower graphic) dominants of the wavelet spectra 
amplitudes. The first graphic in Figs.3 is similar to the fluo-
rescence distributions [7] for the Haar’s wavelet spectra, 
which describe the differential gene expression values ac-
cording to their chromosomal position   for separated chro-
mosome. Detailed analogies are unknown.  

VI. CONCLUSIONS  

To be continued.  
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Abstract—Confocal fluorescence microscopy has become an 
important tool in biological and medical sciences for imaging 
thin specimen, even living ones. Due to out-of-focus blurring 
and noise the acquired images are degraded and therefore it 
can be difficult to analyse them. In the last decade, many de-
blurring methods were proposed to restore these images. Since 
deblurring is an ill-posed problem, most methods use restric-
tions or a priori knowledge in order to get a stable solution. 
Some of these algorithms restrict the restoration result to non-
negative values and are able to reconstruct additional informa-
tion outside the bandwidth of the optical transfer function. 
One of the most popular methods to restore fluorescence mi-
croscopy images is the iterative Richardson-Lucy (RL) algo-
rithm, which includes a non-negativity constraint and is 
adapted to Poisson noise. Since this algorithm amplifies noise 
after several iterations, it was extended with different regulari-
zation techniques weighted by a regularization parameter. On 
of the most recent RL algorithm uses a Total Variation (TV) 
regularization which requires non-negativity. However, the 
algorithm includes no restriction to enforce the non-negativity 
and thus the TV regularization must be limited to avoid nega-
tive values. In this paper, we present a new method based on 
the RL functional and an unlimited TV regularization using a 
constraint conjugate gradient method to enforce non-
negativity. In addition, a background signal is applied in order 
to ensure the effectiveness of the non-negativity restriction. We 
show on synthetic and real microscopy images that our new 
method improves the deblurring results by comparing it with 
the RL and RLTV algorithms. 

Keywords—Confocal fluorescence microscopy, Deblurring, 
Richardson-Lucy, Total Variation, Non-negativity. 

I. INTRODUCTION  

Fluorescence microscopy is a widespread imaging tech-
nique used in nearly all fields of cell and molecular biology. 
The principle of fluorescence is the excitation of a fluores-
cent molecule with light of a specific wavelength and the 
instantly responding emission of light with a characteristic 
wavelength [1]. In confocal microscopy, the specimen is 
excited and imaged point-by-point in 3D using a focused 
laser beam to illuminate the specimen and a pinhole to ex-
clude most out-of-focus light. However, the pinhole is not 
able to reject all out-of-focus light and thus the images are 
still blurred. In addition, the diffraction limited nature of 
light leads to blurred images, too. Furthermore, the pinhole 

strongly reduces the amount of detectable light. For this 
reason, confocal microscopy is a low-photon imaging tech-
nique suffering from Poisson noise [2].  

In the recorded images there are, however, hidden infor-
mation that can be used to reconstruct the underlying im-
ages with less blur and noise. Deblurring belongs to the 
class of ill-posed inverse problems [3] and the noise in the 
images must be considered properly in the reconstruction to 
avoid artifacts. First, linear methods like Inverse and Wie-
ner filter were introduced to reconstruct the blurred images 
but both filters create artifacts. The linear Tikhonov-Miller 
filter [4] includes a regularization term and produces better 
results but the possibilities of linear methods are limited. 
Additional properties, like a non-negativity constraint, can 
be included in iterative non-linear methods. A constraint 
iterative version of the linear Tikhonov-Miller filter (ICTM) 
has been applied to fluorescence images [5]. This method 
includes a non-negativity constraint and is capable of restor-
ing information outside the bandwidth of the optical transfer 
function. However, the ICTM is adapted to Gaussian noise 
and not suitable for the Poisson noise in the fluorescence 
images. The deblurring results can be further improved by 
using a Richardson-Lucy (RL) algorithm [6][7] which is 
adapted to Poisson noise and includes a non-negativity 
constraint. In [8] the authors showed that the performance 
of the RL algorithm can be further improved by adding a 
background signal to the image formation model in order to 
get near zero values. However, the RL algorithm has a ma-
jor drawback. It does not converge for noisy images due to 
its ill-posed nature and thus additional regularization is 
needed. Before regularization has been applied the RL algo-
rithm was stopped before noise was amplified or the images 
were denoised in a previous step [9]. A popular choice for 
regularization is the Tikhonov-Miller (TM) regularization 
[10]. A TM regularized RL algorithm guarantees a stable 
solution but it has the drawback to smooth edges. In order to 
overcome this problem Dey et al proposed to use total varia-
tion (TV) regularization in combination with the RL algo-
rithm (RLTV) [11]. The TV regularization was first used to 
denoise images [12] and has the property of preserving 
edges. The RL algorithm itself guarantees the non-
negativity of the solution but in the RLTV algorithm nega-
tive values are possible. In order to avoid negative values 
the authors suggest using a small regularization parameter.  
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In this paper, we propose a new deblurring algorithm 
based on a constraint conjugate gradient method using the 
RL functional and the TV regularization. In addition, we 
include a background signal in order to get near zero values. 
In the result section, this new method is compared with the 
original RL and the RLTV algorithm using synthetic and 
real images. Furthermore, the influence of the background 
signal is investigated. 

II. DEBLURRING 

A. Image Formation Model 

As mentioned before, fluorescence microscopy images 
are blurred and noisy. Blurring can be modeled by a point 
spread function (PSF) convolution whereas h represents the 
PSF in this paper. Since confocal microscopy is a low-
photon imaging technique the noise statistics in the image is 
well described by a Poisson process denoted by φ. In the 
image formation model i is the observed image, b the back-
ground signal and o the original image:  

)( bhoi +⊗= ϕ            (1) 

The RL and the RLTV algorithm are based on an image 
formation model without a background signal, i.e. b=0.  We 
assume that the PSF is already known. It is possible to use a 
second image with beads to estimate the PSF in a preceding 
step [13]. For the synthetic images shown in this paper, a 
centered Gaussian normalized PSF with a certain variance is 
used. The noise distribution of the observed image i is a 
Poisson distribution. Since it can be assumed that the noise 
in the observed image is statistically uncorrelated, the pre-
sent noise statistics is the likelihood distribution given by: 
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B. Richardson Lucy Algorithm 

The RL algorithm maximizes the likelihood distribution 
(2) with respect to o. Therefore, it is perfectly suited for the 
noise distribution that can be found in the fluorescence 
microscopy images. Instead of maximizing P(i|o) it is also 
possible to minimize -log(P(i|o)) being equivalent to the 
minimization of the RL functional J (3). 

( ) log( )iJ o i i o h dV
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⊗∫          (3)   

Minimizing the RL functional iteratively leads to the RL 
algorithm (4). 
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C. Total Variation Regularization 

The RL algorithm does not converge for noisy images 
due to its ill-posed nature. Instead, noise is amplified after 
several iterations and artifacts are created. For this reason, it 
is necessary to add a regularization term and to maximize 
the a posteriori distribution P(o|i) = P(i|o)·P(o)/P(i) includ-
ing a priori knowledge about the original image P(o). In the 
RLTV algorithm total variation (TV) regularization (5) is 
added and weighted by a regularization parameter λ. 

( )TVR o o dV= ∇∫                   (5) 

In [11] the RLTV algorithm containing the RL functional 
(3) and the weighted TV regularization (5) was proposed.  
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The RLTV algorithm guarantees a stable solution with 
sharp edges. Nevertheless, this algorithm has an essential 
limitation. The values that can be used as λ are not allowed 
to be too high since the denominator in (6) can become zero 
or negative. Such a behavior would cause very high intensi-
ties for small values or even a violation of the non-
negativity constraint. In order to overcome this problem the 
authors suggest using small values for λ and they used 0.002 
in their own experiments. 

D. Constraint RLTV 

In our method, we use the RL functional (3) as basis and 
modify it with the background signal b according to the image 
formation model. Due to the ill-posed nature of this minimiza-
tion problem we add a TV regularization (5) term to the RL 
functional. Instead of using the original version of the TV 
functional we use a modified version presented in [10]. In the 
minimization, it is necessary to use the derivative of the TV 
regularization term and since the L1 norm is not differentiable 
at zero the modified TV term is used. Adding a small β>0 
prevents the norm from being zero and thus the derivative of 
the TV term is well defined. We denote this modified norm by 
|.|β. In [14] the authors suggest to use 10-5d as β with [0, d] 
being the dynamic data range of the already reconstructed 
image ok and we follow this recommendation. The composed 
functional E (7) has to be minimized to deblur the image. 
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We use a constraint conjugate gradient method (CCG) to 
minimize E. In order to calculate the current direction in the 
CCG method the Polack-Ribière formula [15] is applied. 
Additionally, a line search is necessary and we use a me-
thod based on a parabolic interpolation [15]. The non-
negativity constraint is enforced by modifying the search 
direction and the reconstructed image itself after each itera-
tion. Hereby, all negative values in the search direction with 
corresponding zero values in the reconstructed image are set 
to zero. In addition, at the end of each iteration step all neg-
ative values of the reconstructed image are set to zero. The 
CCG method was inspired by an optimization algorithm in 
[16] which is used for astronomic images having similar 
properties as the microscopy images. The CCG method 
belongs to a class of iterative schemes called projections 
onto convex sets; which are guaranteed to converge [15]. In 
the following sections our method is referred to as RLTV-
CCG. 

E. Evaluating the Results 

In case of synthetic data the original image is known and 
can be used in the evaluation by comparing it directly with 
the reconstructed image. The root mean square error 
(RMSE) criterion measuring the similarity of two images 
according to the L2 norm (8) is used here.  

∑
Ω∈

−=
x

xixoioRMSE 2))()((),(           (8) 

III. RESULTS  

A. Synthetic Data 

Fig. 1 shows the synthetic images used in this paper. The 
first dataset (upper row) contains circles while the second 
one (lower row) includes different objects. Both images are 
blurred with a Gaussian PSF (σ = 2.5) and degraded by 
Poisson noise using two different photon counts (500 - SNR 
10.2dB and 10000 - SNR 17.2dB). The degraded first dataset 
is referred to as Image1a for the low photon count and Im-
age1b for the high photon count. The second dataset is 
denoted Image2a and Image2b accordingly. 

First, we investigated the influence of the background 
signal in the RLTV-CCG algorithm. Fig. 2 clearly shows 
that an improvement in the result can be achieved if the 
correct background signal is chosen. An underestimation of 
the background yields to a performance that is comparable 
with a model not including the background. An overestima-
tion leads to poor results because too much information in 
the image is lost by clipping. A good estimation of the 
background signal is thus mandatory.  

 

Fig. 1 Synthetic images: original, degraded (high and low photon count) 

 

Fig. 2 RMSE in dependence of background signal in RLTV-CCG 

The results displayed in Fig. 3 show that the RLTV-CCG 
algorithm further improves the quality of the deblurring. For 
both low and high photon count fewer artifacts are created 
and the object edges are significantly sharper than for the 
RL and the RLTV algorithm. The regularization in the 
RLTV is weighted by 0.002 as suggested. Since there are no 
limitations for the weighting in the RLTV-CCG algorithm 
we used 0.005 for a low photon count. In case of a high 
photon count, we used 0.002 in the RLTV-CCG algorithm 
as well. Because of the included background signal, the 
results are improved in comparison to the RLTV algorithm. 
The RMSE values in Table 1 confirm the improvement of 
the RLTV-CCG.   

 

Fig. 3 Deblurring results RL(left), RLTV(middle) and RLTV-CCG(right) 
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Table 1 RMSE 

 RL RLTV RLTV-CCG
Image1a 836 772 581
Image1b 765 678 477
Image2a 1562 1428 1025
Image2b 1381 1192 803

B. Real Data 

To evaluate the performance of our method on real data, 
we used a cell image. The cell image together with the de-
blurring results is displayed in Fig. 4 in the upper row. A 
region of interest (ROI) is shown in the lower row 

 

Fig. 4 Left to right: Image, RL, RLTV, RLTV-CCG 

The resolution of the cell image is improved for all de-
blurring algorithms. However, the result of the RL algo-
rithm does not contain sharp edges. The RLTV algorithm 
overcomes this problem but some areas are plain. This stair-
casing effect is a well known drawback of the TV regulari-
zation. The RLTV-CCG algorithm does not show this be-
haviour despite including TV. Fig. 5 shows a profile of such 
an area and the advantage of the RLTV-CCG can be seen. 

 

  
Fig. 5 Profile of image, RLTV and RLTV-CCG 

IV. CONCLUSIONS  

In this paper, we have presented a new algorithm for con-
focal fluorescence microscopy deblurring. It is based on a 
TV regularized RL functional considering an image forma-
tion model with a background signal. A constraint conjugate 
gradient method is used in the algorithm and enforces a 

non-negativity restriction. An evaluation of the influence of 
the background signal proved that this model further im-
proves the deblurring result. We compared our new method 
with the original RL algorithm and the regularized RLTV 
algorithm. The results of both synthetic and real microscopy 
images showed that our new method improves the quality of 
the deblurring. 
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Abstract— Laser Doppler flowmetry (LDF) signals give a 
peripheral view of the cardiovascular system. We herein 
propose to analyze the complexity of LDF signals recorded in 
the palm side of the hand and to compare the results with 
those obtained in the forearm. Moreover, we also study the 
possible impact of local heating (40°C) on the width of the 
multifractal spectra for the hand. For this purpose, LDF 
signals are recorded simultaneously in the hand and forearm. 
A local heating of 40°C is performed in the hand palm, leading 
to an increase of the local skin blood flow via, among others, 
the production of nitric oxide. LDF data recorded before and 
during the local heating are processed in order to obtain their 
multifractal spectra. The latter are computed, without 
normalization of the signals amplitude, by first estimating the 
discrete partition function of the data, then by determining 
their Renyi exponents with a linear regression, and finally by 
computing their Legendre transform. The results show that, at 
rest, the average multifractal spectrum of signals recorded in 
the hand palm is larger and more asymmetric than the one of 
data from the forearm. Furthermore, without normalization of 
the signals amplitude, local heating in the hand palm leads to a 
slightly narrower and more symmetric average multifractal 
spectrum for this site. This study brings information on the 
multifractal spectra of LDF signals and is a first step in order 
to have more knowledge on the potential implication of the 
endothelium in the complexity of LDF signals in the hand 
palm. 

Keywords— Laser Doppler flowmetry, multifractality, local 
heating, spatial variations, biomedical engineering. 

I. INTRODUCTION

Laser Doppler flowmetry (LDF) is an established 
technique for the real-time monitoring of microvascular 
perfusion in tissue [1-4]. It is commonly used in clinical 
research and gives a peripheral view of the cardiovascular 
system. LDF can be used in many purviews and on many 
organs, such as skin, brain, liver and intestines [5,6]. LDF 
signals are generated by the interaction between photons of 

a laser light and moving scatterers, mainly red blood cells. 
Both concentration and velocity of the moving scatterers 
affect the LDF perfusion estimate [7]. 

We herein propose to study the complexity of LDF 
signals recorded in the palm side of the hand and to 
compare the results with those obtained in the forearm. 
Complexity of LDF signals from glabrous and non glabrous 
skins is therefore analyzed. Recent works have shown that 
LDF signals recorded in the forearm, in young healthy 
subjects at rest, are weakly multifractal [8], but that aging 
can lead to a reduced multifractality [9]. However, to our 
knowledge, no work has been carried out for the hand palm. 
Moreover, we also propose to study the possible impact of 
local heating on the width of the multifractal spectra for the 
hand. For this purpose, LDF signals recorded 
simultaneously in the hand and forearm, at rest and during a 
local heating (local heating in the hand palm), are processed 
in order to obtain their multifractal spectra. 

In response to the skin local temperature increase,
cutaneous blood vessels dilate via local temperature-
dependent mechanisms. Local skin heating involves local 
generation of nitric oxide (NO) [10], and is therefore 
commonly used as a functional marker of endothelial
microvascular functions [11]. The observation of its effects 
is important as the endothelium is the main regulator of 
vascular wall homeostasis. Abnormal production of NO can 
affect blood flow and other vascular functions. 

In what follows we first introduce the LDF technique and 
the measurement procedure used. Then the multifractal 
analysis is presented. Afterwards, we apply the signal 
processing analysis on experimental LDF data and present 
the results. Finally we end with a discussion and conclusion. 

II. LDF TECHNIQUE

LDF allows a continuous monitoring of microcirculatory 
blood flow. The technique relies on the Doppler shift. When 
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a coherent light is steered towards a tissue, photons are 
backscattered by static or in-movement structures. The 
Doppler effect appears when photons meet moving 
particles, mainly red blood cells. Their frequency is then 
modified. The backscattered light is brought towards an 
optical fiber to a photoreceptor. The LDF signal obtained is 
connected to the properties of the blood cells in the 
floodlighted volume. 

III. MEASUREMENT PROCEDURE

The measurement procedure for the LDF signal 
acquisition was the following: five young healthy subjects 
were studied in the supine position. Their mean age was 
28.2 ± 5.8 years. The measurements were performed in a 
quiet room with an ambient temperature set at 24 ± 1°C. 
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Fig 1: LDF signal of a young healthy subject recorded                                         
(a) in the left forearm, (b) in the left hand palm
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Fig 2: LDF signal of a young healthy subject recorded in the left hand 
palm 17 minutes after the beginning of the local heating (40°C). 

After at least 10 minutes of acclimatization, skin blood 
flow measurements started. Skin blood flow was assessed in 
arbitrary units (a.u.) and recorded on a computer via an 
analog-to-digital converter (Biopac System) with a sample 
frequency of 20 Hz. 

For the recordings, a LDF probe connected to a laser-
Doppler flowmeter (Periflux PF4001, Perimed, Stockholm, 
Sweden), was positioned on the left hand palm of the 
subjects. Local warming devices (PeriTemp 4005 Heater, 
Perimed, Stockholm, Sweden) coupled to the LDF hand
probe were also fixed onto the hand palm. Another probe 
was positioned on the left forearm (ventral face). Two LDF 
signals were thus recorded simultaneously for each subject. 
The local heating in the hand, chosen to 40°C, began after 
twenty minutes of recording.

LDF signals recorded after ten minutes of recording (thus 
before local heating) are shown in Fig. 1. Moreover, a 
signal recorded in the hand palm seventeen minutes after 
the beginning of the local heating is shown in Fig. 2. In 
what follows, we analyze 2048 samples from each LDF
signal.

IV. MULTIFRACTAL ANALYSIS

The rapid changes in a time series X are called 
singularities and a characterization of their strength can be 
obtained with the Hölder exponents [12]. The Hölder
exponent α(t0) characterizes the strength of the singularity at 
t = t

0
 [12]. When a "broad" range of exponents is found, 

signals are considered as multifractal. A "narrow" range 
implies monofractality. Multifractality in a process is a 
mark of a higher complexity compared to monofractal

IFMBE Proceedings Vol. 25

Laser Doppler Flowmetry: Multifractal Spectra of Signals Recorded in Hand of Young Healthy Subjects 1945



processes.  The fractal behavior of a signal can be studied 
statistically by the multifractal spectrum f(α), using the 
multifractal formalism, which is defined as the fractal 
dimension of the subset of points with Hölder exponent α. 

In what follows, no normalization amplitude of LDF data 
was performed before the analysis. The multifractal spectra 
were determined by first estimating the discrete partition 
function of the signals with non-overlapping boxes of 
increasing size (use of the so-called box method), which is 
defined as [13]: 
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iqZ
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,            (1) 

where q is a real parameter that indicates the order of the 
moment of the measure ( )εμ i

 and ε  is the size of the boxes 

used to cover the signal. The boxes are labeled by the index 
i and ( )εboxesN  indicates the number of boxes of size ε
needed to cover the signal. 
We then determine their Renyi exponents by a linear
regression: 
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Finally we obtain α and f(α) by computing their Legendre 
transform [13]: 

( ) ( ) ( ) ( ) ( )qqqf
q

q
q ταατα −=

∂
∂= ,          (3) 

 The computation of the Legendre transform was 
performed with the Reyni exponents between scales 29 and 
212.

V. MULTIFRACTAL SPECTRA OF LDF SIGNALS

With the above mentioned considerations, the results of 
the average multifractal spectra for the two anatomical sites 
before local heating are shown in Figs. 3. The results 
obtained on the hand palm before and during local heating 
are shown in Fig. 4. From these figures we observe that the 
average multifractal spectrum of the LDF signals recorded
in the hand palm is larger and more asymmetric than the 
average multifractal spectrum recorded in the forearm. 
Thus, without local heating, when f(α) = 0.5, the average 
width is 0.0584 for the forearm and 0.2599 for the hand 
palm. Blood flow from the hand palm (glabrous skin) seems 
therefore more complex than blood flow from the 
forearm (non glabrous skin). 
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Fig 3: Average multifractal spectra of LDF signals recorded in the left 
forearm (star curve) and the left hand palm (diamond curve) at rest. 
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Fig 4: Average multifractal spectra of LDF signals recorded                      
in the left hand palm at rest (star curve) and 17 minutes after the beginning 

of a local heating of 40°C (diamond curve). 

Moreover, we observe that the average multifractal 
spectra of data recorded seventeen minutes after the 
beginning of the local heating to 40°C is narrower and more
symmetric than the one obtained at rest. Thus, the average 
width is 0.1301 for the hand palm seventeen minutes after
local heating, while it is of 0.2599 at rest. 

VI. SUMMARY AND CONCLUSION

Many biological signals were recently analyzed to 
evaluate their mono- or multifractality. Most of them were 
recorded from the central cardiovascular system. In this 
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study we process LDF signals which correspond to data 
issued from the peripheral cardiovascular system. 

Signals recorded simultaneously in two different 
anatomical sites are analyzed. Moreover, to study the 
possible impact of the endothelial microvascular function in 
the multifractal spectra width for the hand, a local heating to
40°C is performed. 

From our results we confirm that LDF signals recorded 
in the forearm in healthy subjects at rest are weakly 
multifractal. This is in accordance with previous 
works [8,9]. In addition, our results show that, without 
amplitude normalization, the average multifractal spectrum 
of LDF signals recorded in the hand palm are broader than 
the one computed from data recorded in the forearm. 
Moreover, we show that, without amplitude normalization, 
the average multifractal spectrum of LDF data recorded 
during local warming, in the hand palm is narrower and 
more symmetric than the one of signals recorded at rest. 

The underlying mechanisms leading to the width of the 
multifractal spectra for LDF signals are still unknown. 
However, our findings show that the breadth of the 
multifractal spectra could depend on the anatomical sites. 
Furthermore, in sight of our results, NO could also have an 
impact on the multifractal spectra. This study is a first step 
in order to have more knowledge on the potential 
implication of the endothelium in the complexity of LDF 
signals recorded in the hand palm. 
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Abstract - The actual diagnostic protocol for breast lesions 
includes the use of ultrasound imaging in order to determine 
whether the lesion is malignant or benign. The low specificity 
associated to the ecography induces the development of 
automatic systems for the parameters extraction and 
classification of nodules. This work proposes an algorithm able 
to determine some of the BIRAD features such as lesion shape, 
axes ratio (longitudinal and latitudinal) and the presence of a 
hyperechogenic halo, which is a symptom of benignity. These 
features were then used for the discrimination of 85 available 
nodules revealed by ultrasound imaging through an Artificial 
Neural Network (ANN). Finally, a comparison among the 
classifier’s performance with 3 different combinations of the 
same parameters was realized.    

Keywords – neural network, ultrasound, breast cancer, 
classification, BIRAD 

I. INTRODUCTION 

Nowadays breast cancer is the disease associated with one of 
the highest incidence on the population, varying from 10% to
90% [1]. In order to reduce the impact on the society and to 
decrease the health investments, the Western countries are 
caring of screening the population to prevent the pathology.  
In this context, the internationally most-spread 
mammography is being accompanied by other imaging 
techniques such as the less invasive and less humiliating 
UltraSound Imaging (USI). In this way, for the last 15 years 
USI has been assuming the role of complementary technique 
in case of highly-risked patients [2]. 
Unfortunately, through USI a low specificity (64%) is gained 
and a high interoperator variability in diagnosis is revealed. 
These are the reasons why some auxiliary automatic systems 
are being projected to support the operators in distinguishing 
suspect and malignant ones, which must be supplementarily 
investigated, from benign lesions. In order to facilitate this 
kind of analysis two complementary standard protocols were
elaborated in the past 15 years: the first one by Stravros [3] in 
1995 and the BIRAD protocol by the American College of 
Radiology [4] in 2004. The first one proposes some particular
combinations of benign symptoms so that a lesion can be 
evaluated as benign if one of the combinations is present; 
otherwise it is considered malignant or uncertain. Differently, 
the second one takes two different kinds of parameters into 
consideration: the morphological (shape, margins, 
parenchimal alterations, axes ratio) features, whose regularity 
is symptom of benignity, and the echogenic (interface halo, 
shadowing) features. 

Some previous studies by Sehgal et al. [5] and Song et al. [6] 
cared of the possibility of creating an automatic classifier able 
to decide about a suspect mass’s nature after an evaluation of 
its features by a group of medical operators. 

The present article is going to propose a new approach to 
the problem of automatic extraction of lesion’s peculiar
parameters from an echogram and of the discrimination of
lesion’s nature. In fact, here is shown a software able to 
automatically define the presence or the absence of some 
nodule’s characteristics (morphology, axes ratio, echogenic 
halo), which are the input parameters for an Artificial Neural 
Network (ANN) discriminating the nature of the lesion 
(benign or malignant). The goal of the study is also to 
compare the discriminating power of the single chosen 
features; in other words, the performance of the classifier with 
3 different discrimination models (1, 2 and 3 parameters) 
were evaluated.   

II. MATERIALS AND METHODS 

The present study was realized thanks to the ultrasound 
acquisitions by Nori and Di Paolo [7] at the University 
Hospital of Careggi in Florence from 2001 to 2004. The 
available set of echograms included 85 cases among which 60 
were benign and 25 were malignant; all of them had 
undergone fine-needle aspiration biopsy. 
3 different phases of this work can be distinguished: 

1. automatic parameters extraction; 
2. discriminating artificial neural network project; 
3. comparison of classifier’s performance with 3 

different discrimination models. 

Fig.1: block diagram for the automatic parameters extraction
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A. Automatic parameters extraction 

The automatic parameter-extraction system was developed 
using the software MATLAB 7.4.0 distributed by The 
Mathworks Inc [8]. The block diagram in figure 1 illustrates 
the main phases of the features extraction. 

In the first step the echogram is loaded and pre-processed. 
This step includes the conversion in gray levels (original
images are acquired in RGB format) and the manual selection 
of the Region Of Interest (ROI) inside the image, which is the 
only manual operation in the whole procedure of extraction.

Afterwards, in order to make the ROI compatible with the 
following elaborations, it is converted in B/W format through 
the Otsu method [9] which performs histogram shape-based 
image thresholding.  

The algorithm assumes that the image contains two classes 
of pixels and calculates the optimum threshold separating 
those two classes so that their combined spread (intra-class 
variance) is minimal. After the thresholding step, the area of 
the lesion appears in white while background appears black. 

The third phase of the algorithm consists of the 
segmentation of the lesion [10] which is completed through a 
pixel-based algorithm which selects all the black pixels linked 
to at least one white pixel in the 4-connected neighbourhood  
and among them, the ones adjacent to each other are linked to 
form the margin of the lesion itself.  

Although spurious areas may be present, the lesion can be 
simply isolated through the determination of its centroid 
which is the nearest to the centre of the whole ROI; figure 2 
shows the result of the whole procedure of segmentation.  

Fig. 2: lesion after segmentation and localization of its centroid plotted in 
green

In order to univocally identify the nodule, the regions are then 
labelled and the nodule itself is associated to the one with the 
maximum area. 

As suggested in past literary works [11], the morphology of 
the lesion is determined by plotting the curve of the 
variability of the distance between its centroid and its margin; 
in fact, in case of regular shape, the number of local and 
absolute minima in this curve is mainly low (2-3) while a 
high number of them (>3) is significant for the morphological 
irregularity. Unfortunately, the curve obtained is not 
exploitable yet for the calculation because of the amount of 
noise which is introduced in the segmentation process; 
consequently, it undergoes a b-spline approximation (fig.3). 
This latter procedure is realized through a 4th order curve 
using 10 reference points or knots.

Fig.3: curve for the variability of the distance between lesion’s centroid 
and margin (red line) and its b-spline approximation (blue line)   

The number of minima is finally calculated looking for the 
points who satisfy the following two conditions: 

• it’s lower than both its adjacent elements; 
• the difference between it and each adjacent element 

is higher than 10-2 so that possible constant segments 
are not entirely included as minima. 

Finally it is to be noticed that no threshold is set but the actual 
number of minima itself is used as an input parameter of the 
classifier. 

The second morphological characteristic of the lesion, the 
axes ratio (longitudinal axis/latitudinal axis), is calculated by 
the individuation of the points on the margin whose one of the 
coordinates is the same as the centroid’s; in this way the 
longitudinal (horizontal) and latitudinal (vertical) axes 
obtained are perpendicular and crossing each other in the 
centroid. Afterwards the distances are obtained and the axes 
are plotted on the segmented image. It is to be noticed that 
this procedure always succeeds in determining the main 
development direction of the nodule. 

The final parameter extracted inside the echogram is the 
possible presence of a hyperechogenic halo surrounding the
segmented lesion, which is a symptom of benignity. 
Consequently it has been empirically established that the halo 
is present if at least 60% of the pixels along the margin have a 
gray level higher than the mean gray level of the ROI. 

B. Classifier project 

The artificial neural network was realized thanks to the
software Weka 3.6.0 elaborated by the University of New 
Zealand [12]. 

Fig. 4: scheme of the projected ANN (green: input units, red: hidden units, 
yellow: output units)

IFMBE Proceedings Vol. 25

1950 L. Favilli et al.



In order to discriminate benign and malignant lesions, it was 
designed a 3-layer network (input, hidden and output layers). 
As figure 4 shows, the network has 3 input units, one for each
parameter, two output units (benign or malignant); the 
number of hidden units was set equal to 10 to avoid that the 
network became a clusterer and at the same time to avoid it 
couldn’t learn an efficient rule of classification [13,14]. 

The other settings for the classifier were defined as follows: 
• activation function: a sigmoidal-shaped curve was 

adopted for the single units;  
• training method: the weights of the connections and 

the units’ threshold were determined through the 
error back-propagation rule in 500 iterations. 
Moreover the data set was organized through the 
cross-validation method with 10 folds; 

• learning rate: it was chosen a fixed learning rate 
equal to 0.3 because no improvements were noticed 
using a decreasing rate or a lower/higher fixed rate. 

The classification procedure was finally activated after 
declaring the input and output parameters with the whole data 
set in an “.arff” format file. 

C. Different combinations of parameters 

As figure 5 shows, axes ratio appears less significant than the 
other features so the performance of the classifier was 
evaluated considering 3 different combinations of features in 
order to determine their effective influence on the 
discrimination process.

Fig.5: histograms for the distribution of the data set based on the 3 peculiar 
parameters (red: malignant lesions, blue: benign lesions)

The one-parameter model was based only on the lesion shape 
while the 2-parameter model considered the coupling of shape 
and echogenicity at the interface between lesion and 
surrounding parenchyma. Finally the last 3-parameter model 
was defined with the combinations of all the 3 features 
(shape, echogenicity, axes ratio). 
The comparison was realized thanks to the Knowledge Flow 
interface of the software Weka which let create a multiple 
flow of information in order to compare different 
performance’s results. 

III. RESULTS 

The present study was developed on a data set composed of 
60 benign and 25 malignant lesions revealed by ultrasound 
acquisitions. 

The indexes chosen to evaluate the ANN output were: 
• accuracy: 74 nodules were correctly classified (19 

malignant lesions and 55 benign lesions), 
consequently the final accuracy is about 87%; 

• sensitivity: calculated as the true-positive ratio, its
value for the realized ANN is equal to 92%;  

• specificity: the true-negative ratio for the present 
work is equal to 76%; 

• area under ROC: after plotting the Receiver 
Operating Curve, the area included under that was 
obtained and its value, considering all the 3 input 
parameters, is 0,878.  

The final results of the classification are summarized in table 
1.

Table 1: results of the classification process

Accuracy 87%

 Exact classifications 
Malignant 19 

Benign 55
Sensitivity 92%
Specificity 76%

Area under ROC 0,878 

The following evaluation of the single feature’s influence on 
the discrimination is reported in figure 6 where the areas 
under ROC for the 3 different combinations of parameters are 
compared. The other indexes are not reported because they 
are identical to those for the complete model. 

Fig. 6: histograms comparing the areas under ROC for the 3 discrimination 
models

The table shows that the ANN performance is similar both 
considering the 1- and the 3- parameter models while it is 
significantly improved with the 2-parameter model. 
These results suggest that the nodule shape and the 
echogenicity are the most relevant features for the 
discrimination of nodule’s nature while the axes ratio is one 
of the less significant morphologic characteristic [15]; in fact, 
in this work it makes the area under ROC sensitively decrease 
so that the classifier performance equals the one obtained 
with the single parameter model. It is also worth to be noticed 
that the other evaluating indexes do not depend on the number 
of the parameters used for the classification. 

0,87

0,875

0,88

0,885

0,89

1 parameter 2 parameters 3 parameters

Discrimination model

A
re

a 
u

n
d

er
 R

O
C

Area under ROC

IFMBE Proceedings Vol. 25

Automatic System for the Analysis and the Discrimination of Breast Nodules in Ultrasound Imaging 1951



IV. DISCUSSION 

The reported results can be compared with the performance of 
other similar experiences described in past works such as 
those by Sehgal [5] in 2004, elaborated on a data set 
composed of 58 suspect masses, and Song [6] in 2005, where 
the available echograms were 54. 
As the histogram in figure 7 shows, the performance of the 
present ANN is generally similar to theirs and sometimes it 
appears even better: the specificity obtained is significantly 
higher than that of Sehgal (76% vs 63%) while the area under
ROC is about the same (0,878 vs 0,874).

Fig. 7: histograms comparing the performance of the present study, the one 
by Sehgal and the one by Song

This situation is inverted in the comparison with the work by 
Song: in this case the specificity is almost identical (76% vs 
76,5%) while the area under ROC for Song’s work is lower 
(0,878 vs 0,856). 
Finally, it can be pointed out that the obtained results for the 
ANN in the present study line up well with the past similar 
experiences reported in medical and engineering literature. 

As far as the parameters’ combination is concerned, only a 
work by Costantini [4] of 2006 can be compared with this 
one. As the present study suggests, Costantini found that the
axes ratio is one of the least significant parameter among the 
BIRAD’s ones, also for the operators’ services.  

V. CONCLUSION 

The proposed work aimed to present an automatic method for
some peculiar breast nodules’ features extraction in USI and a 
classifier able to discriminate malignant and benign lesions. 
Thanks to the fact that all the echograms had been obtained 
with the same machine and that the extraction algorithm is 
modular, the results of this study are sufficiently accurate and 
can be further developed in the future, introducing new 
parameters or a different output scheme to make the ANN 
able to determine a malignancy index for a nodule. Moreover 
a graphical interface could be designed to let the medical 
operators use this combined system as an auxilium for the
diagnosis.  
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Abstract— This paper presents a new technique permitting
the determination characteristic impedance of viscoelastic
conduits filled with viscous fluid. The method assumes only the
measurement of pressure and flow at one location. To test the
accuracy of this technique the characteristic impedance was
calculated in a computer model of a single vessel  having vari-
ous terminal impedances and various lengths where the cha-
racteristic impedance was known a priori. The comparison of
results obtained by the new technique and the classical one
shows that both methods provide values of characteristic im-
pedance similar to the true ones in reflection-less system. How-
ever, variation of terminal impedance and vessel length affects
only the accuracy of the classical method. The values of cha-
racteristic impedance computed by the new technique remains
identical to the true ones for all terminal examined impedances
and lengths.

Keywords— Input and characteristic impedance,  wave, ref-
lection site, simulation.

I. INTRODUCTION

The concept of arterial impedance and wave reflection
are one of the most controversial problems in the study of
cardiovascular physiology. Many authors consider the role
of reflection to be important in describing several phenome-
na of the cardiovascular system and explaining some of it
characteristics. The measured difference in pressure and
flow waveforms has been explained by reflection [1, 2]. The
curve of the input impedance spectrum (ratio of pressure to
flow wave measured in the ascending aorta) was another
argument that supports the reflection hypothesis [3, 4]. In
the other hand some authors who recognize reflection phe-
nomena consider that arterial reflection is not important due
to the effect of wave damping [5, 6, 7].

The input and characteristic impedance were widely used
as a surrogate tools in the diagnosis of arterial system.
Therefore, measurement of arterial input impedance is
needed to obtain information about the ventricular after load
[8, 9, 10]. The characteristic impedance which is related to
mechanical properties of the vessel can be approximated by
the input impedance at high frequencies values in the fre-
quency domain [11] or by the ratio of instantaneous aortic
pressure and flow above their end-diastolic levels in the

time domain [12]. However, approximate the characteristic
impedance to input impedance at high frequency seems to
be unreasonable due to the ratio signals to noise in experi-
mental data. Other authors, also with the assumption of
reflection-less system (high values of Womersley number),
estimated the characteristic impedance by
where c is pulse wave velocity, r is radius and  is blood
density (1050 Kg/m3).

The  aim  of  the  present  study  is  the  development  of  a
theoretical model which allows an estimation of the charac-
teristic impedance. The mathematical model is based on the
linearization of continuity and momentum equations and
takes  into  account  the  viscoelastic  behaviour  of  the  wall  as
well as the viscosity of the fluid. The method requires only
the measurement of pressure and flow rate at one site.

II. THEORETICAL FORMULATION

     Governing equations and boundary conditions are linear.
Therefore, solutions for any arbitrary periodic or transient
flow phenomenon can be constructed knowing the solution
of the problem for a simple harmonic oscillation. Following
a standard solution of the wave equation for pressure P(t, x)
and volumetric rates Q(t, x) distribution in the tube we can
write[13,14]:) = +

) = + )
( ) ( ) ( )   = ( = 0) )

               (1)( ) ( ) ( )            = ( = 0) )
          (2)

where  denotes the circular frequency of the forced oscil-
lation, c is the complex propagation velocity and Y0 is the
characteristic admittance.
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= =                                                  (3)

 (1 )                  (4)

 represents the wave velocity in a non-viscous system, i.e.
Moens-Kortweg wave velocity.

 is the Bessel function as given by Womersley and(1 ) represents the fluid viscosity and the boundary
conditions:= ( )( )                                                              (5)

Where

 represents the effects of wall viscosity and  represents
the viscoelastic phase angle as a function of frequency [4]:[ ]                                                      (6)

Equation (4) yield:

=  (1 ) =                                    (7)

The reflection coefficient K is the ratio of the reflected to
incident pressure waves that can be calculated for the distal
site from the following equation:= =                                               (8)

Using equation (7) the pressure and flow equations 1-2 can
be written:( ) =( = 0)                  ) )

                              (9)( ) =( = 0)  +                    ) )
                          (10)

 where ( ) and ( ).
In other hand at the vessel position of abscise (x=0).( ) )                                    (11)

( ) )                                     (12)

where (0)[sin sin( )]                                  = (0)  sin( )]                      (13)(0)[sin sin( )]                                  = (0)  sin( )]                         (14)

Hence, the characteristic impedance for each harmonic can
be expressed as the ratio the corresponding Fourier terms:

= ))                                        (15)

The computational model is constituted of a single vessel
of length L=  44.3  cm  with  uniform  cross  sectional  area A.
The vessel terminates in impedance   that produces a
reflection coefficient  (Fig.1).

Fig.1 Schematic diagram of a single vessel with length L, characteristic
impedance and terminal impedance .

Fig. 2  Examples of pressure and flow waveforms. Top panels show
examples of the velocity (left) and pressure (right) waveforms, in site1
(blue), site2 (green) and site3 (red): Noise=0%. Bottom panels show the
Fourier harmonics contain of these signals

The procedure requires simultaneous measurements of
pressure and flow at one site and Fourier analysis of each of
the two sets into harmonic components. From these simu-
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lated pressure and flow waveforms (Fig. 2), the characteris-
tic impedance can be computed using equation (15) de-
scribed above. The computed values of characteristic im-
pedance were compared to those obtained by the classical
method (average of higher frequencies input impedance
values, i.e. from 7 to 14 nth harmonics).

III. RESULTS

    Input and characteristic impedance frequency spectra
were calculated from Fourier analysis of pressure and flow
waveforms. Fig. 3 displays the amplitude of both input and
characteristic impedance versus frequency for various re-
flection coefficient (K=0.05, 0.35, 0.65 and 0.95). The com-
puted characteristic impedances are in close agreement with
input ones in the frequency range from 1 to 14 Hz. The new
technique of computation the characteristic impedance pro-
vides accurate values of this parameter independently of the
terminal impedance degrees. It can be seen that the input
impedance varies considerably with frequency and reflec-
tion coefficient. It fall from maximum value at zero fre-
quency to a minimum value at f=3Hz. It can also be seen
that at higher frequencies the maxima and minima become
considerably broadened and the input impedance ap-
proaches the nominal characteristic impedance. Moreover,
the fluctuation of the input impedance about the nominal
characteristic impedance is small for reflection-less system
(K=0.05 and 0.35) and large for high reflection coefficient
(K=0.65 and 0.95).

Fig. 3  Effect of variation of reflection coefficient upon input (o) and
characteristic ( ) impedance. (a): K=0.05, (b): K=0.35, (c): K=0.65 and
(d): K=0.95.
    The effect of negative reflection coefficient on both input
and characteristic impedance were shown in Fig. 4 (K=  -
0.05, -0.35, -0.65 and -0.95). The behaviour of the input

impedance obtained was similar to those obtained for posi-
tive reflection coefficient. However, the input impedance
curve obtained for negative reflection coefficient was out of
phase of  from that obtained for positive reflection coeffi-
cient. The characteristic impedance modulus as computed
by the new technique still in good agreement with the real
true values for all the frequency range studied.

Fig. 4  Effect of variation of reflection coefficient upon input (o) and
characteristic ( ) impedance. (a): K= -0.05, (b): K= -0.35, (c): K= -0.65
and (d): K= -0.95.

In Table 1 are reported the computed characteristic imped-
ance obtained by classical method (average of input imped-
ance corresponding to frequencies between 7 and 14 Hz)
and the new technique (average of characteristic impedance
from 1 to 14 Hz). It  is clear from table 1 that characteristic
impedances computed by both methods are similar to the
true values (334 Pa.s.ml-1) at low reflection coefficient.
However, the characteristic impedance computed by classi-
cal method becomes overestimated for high reflection coef-
ficient while the characteristic impedance calculated by the
new technique still in good agreement with the true ones.

Table 1: computed characteristic impedance for various reflection coeffi-
cients: Z0(A ) are values computed by the new technique and Z0(B) are
values computed by the classical technique.

K 0.05 0.2 0.35 0.5 0.65 0.8 0.95

Z0(A) 339.8 335.7 335.1 334.8 334.7 334.6 334.5

Z0(B) 338.5 351.0 366.7 385.9 409.0 336.4 468.6
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Fig. 5  Effect of variation of vessel length upon input (o) and charac-
teristic ( ) impedance.

To examine the applicability of the new technique to
computation of characteristic impedance for the various
vessel lengths within the arterial system, we simulated sev-
eral lengths (Fig. 5). Results show that the values of charac-
teristic impedance obtained by the new technique are simi-
lar to the true ones over the frequency range studied (1 to 14
Hz). We can conclude that the developed technique can be a
good tool to compute the characteristic impedance in arte-
rial system where vessel length varies from few centimetres
to some decimetres.

IV. CONCLUSIONS

 This first investigation of this new method described in
this paper show that this technique offers an objective me-
thod for determination of characteristic impedance. The
results of calculation of this parameter at various physical
and geometrical conditions show the robustness of the me-
thod. It provides values similar to real ones. Moreover, it
has the advantage that requires only the measurements of
instantaneous flow rate and pressure at one arterial location.
The increase in terminal impedance and length vessel seem
to have no effect on the accuracy of this technique.
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1 Department of Applied Mathematics, Charles University, Prague, Czech Republic
2 Institute for Theoretical Computer Science, Charles University, Prague, Czech Republic

Abstract— We describe the digital biological cell model for

microscopic tumor growth module of ContraCancrum project.

We present approaches for simulation of basic mechanisms of

microscopic tumor growth and response to treatment. It in-

cludes simulations of microscopic mechanisms of tumor growth

and response to treatment including i.a. avascular tumor

growth, non imageable tumor response to treatment, angiogen-

esis, invasion, and metastasis.

Keywords— digital biological cell, tumor growth, hybrid agent-

based model, virtual laboratory.

I. INTRODUCTION

We present approaches for simulation of basic mecha-
nisms of microscopic tumor growth and response to treat-
ment. It includes simulations of microscopic mechanisms of
tumor growth and response to treatment including i.a. avascu-
lar tumor growth, non imageable tumor response to treatment
(chemotherapy / radiotherapy), angiogenesis (endothelial cell
migration depending on chemotaxis (tumor angiogenic fac-
tor(TAF)/vascular endothelian growth factor (VEGF), hap-
totoaxis (fibronectin) and random motility), invasion, and
metastasis.

During past few decades there were developed different
mathematical models to describe all these phenomena. Main
approaches used in these models are continuous, discrete, hy-
brid, and agent based approach [1].

Each modeling approach, discrete or continuous, assumes
typical spatial and temporal scale and a specific nature
of the physical or biological interactions involved. Indeed,
the continuous evolution equation for cell population densi-
ties essentially describes mean-field-like cellular interactions.
Whereas cellular automata (or agent-based) models rely on
local or short-range interactions. Possibly both types of in-
teractions may occur. In addition, the balance between deter-
minism and stochasticity depends on time and length scale on
which questions are posed. At the molecular level, protein –
protein and protein – DNA interactions are stochastic, but at
the cellular level and long time span, average concentrations
can be statistically defined and their evolutions described by
deterministic equations.

In this paper we give a brief overview of an unified mecha-

nism. First part describes the model in general and the second
part shows an application of the model within ContraCan-
crum project.

II. THE DIGITAL BIOLOGICAL CELL
APPROACH – A UNIFIED MODELING

PLATFORM

A unified hybrid agent-based approach to treat these mech-
anisms is being developed.

A. The Environment Model

An environment is modeled on two different levels. At lo-
cal level it has a lattice structure to allow more or less precise
calculations. Global structure is handled by an oriented graph
which is more suitable for description of topological struc-
ture. All the information is united to the graph of locations,
where we have

Nodes - local environments. Each node (environment) is
represented by a discrete lattice. Each lattice site contains ho-
mogeneous concentration of vaxes and digital biological cells
(dbcs, see definition bellow). Lattice can be dynamically sub-
divided. Ratio of volumes of two neighborhood sites can be
maximally 1:8.

Edges - connections between local environments (long
distance). They describe transfers of vaxes and dbcs. Edge
describes connection of set of sites in source node and set
of sites in destination node and temporal transfer function of
vaxes and dbcs.

B. Interactions

To describe reactions and signalling it is used the notion
vax. Vax is an abstract mathematical object which encap-
sulates all properties of entities that can interact. Most fre-
quently represented entities are chemical species (such as
oxygen, nutrients, drugs, growth factors, ...) [2, 3]. A set of
all vaxes is called Vax. In each site of the environment there is
given a concentration of each vax (vax rate function), and for
each vax we define a spreading transformation. It describes
change of concentration which depends on spreading of a
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Fig. 1: The digital biological cell (DBC) scheme

vax in the environment. For example diffusion of uncharged
chemicals is described by a spreading transformation

dcvax

dt
= −Dvax

d2cvax

d2x
,

where Dvax is a diffusion coefficient and cvax is a concentra-
tion of particular vax.

We distinguish two types of vaxes to emphasize whether
the vax is freely/bound in the environment or it is bound to
a dbc. The first one is called provax the latter one revax. In
particular we can interpret provaxes as ligands and revaxes as
receptors.

For description of interactions among provaxes we need
to define provax transformation. Formally we put all vaxes
which take part in the interaction together with their respec-
tive concentrations to form an interaction rule. The inter-
action rule prescribes change of particular concentration of
vaxes.

If an interaction rule contains vaxes that are only chemi-
cal species then it describes classical chemical reaction and
change of concentration can be described by reaction dy-
namic equations. As a simple example with three vaxes Vax =
{V,A,X} and one reaction V + A ↔ X we have for each
vax ∈ Vax the following equation which describes change of
concentration of particular vax:

dcvax

dt
=−cvax

(
∑

vax1∈Vax;vax1 �=vax
cvax1ρ(vax,vax1)+α(vax)

)
,

where ρ(vax,vax1) is a reaction function and α(vax) is a de-
compose function.

If we are interested only in the generic description of reac-
tions and not in particular interaction rule it is useful just to
call vax A complementary to vax V if there exists reaction
V +A → X .

To complete dynamics of a provaxes we also include equa-
tions which describe disappearing of provaxes from the envi-
ronment (typical example is an exponential decay).

C. Digital Biological Cells (dbcs)

The cells [3] in our model are represented by the digital

biological cells (dbcs). A dbc is characterized by system of
membranes that divides the dbc into compartments (Figure 1)
[4]. Each membrane encloses part of the environment and di-
vide it into inner and outer environment. Each membrane has
prescribed transfer function that determines transfer of vaxes
through the membrane. Outermost membrane characterizes
shape of dbc. Each membrane is divided into membrane ele-
ments. Each membrane element holds bound vaxes (revaxes).

Revax can be oriented into inner or outer environment of a
particular membrane. It can interact with inner or outer vaxes
(provaxes and revaxes). Interactions of revaxes with micro-
environmental provaxes/revaxes are prescribed by revax-
interaction rules. It defines conditions of an interaction and
measure of influence of these interactions [2, 3, 5]. Revax-
interactions influence determines behaviour of the dbc. Influ-
encing revaxes determine state of the dbc.

Fig. 2: An example of zygothic graph

All actions that the dbc can perform are described by
so called zygothic graph (Figure 2), that is defined as ori-
ented edge-labelled graph. While the nodes of the zygothic
graph represent vaxes, each edge defines action, whose pa-
rameters reflect cost of particular action. Main actions that
can be performed are production of provaxes, building of re-
vaxes, movement of the dbc, shape change of the dbc, divi-
sion and death of the dbc. Action performed by the dbc is
determined by influencing revaxes. Formally, performing ac-
tions are taken from outgoing edges of nodes that represent
influencing revaxes at given time. If there are not enough re-
sources the action is not performed. Each action has time
quantum on which can be performed (for example, interac-
tions of chemicals take milliseconds, division of cells takes
hours). Produced vaxes can be distributed homogenously or
proportionally. Produced provaxes can be stored in storage
and they will be spilled when the storage is full.
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Division of dbc is performed if there is enough resources
and space and simultaneously the division action occurs
on zygothic graph or number of revaxes on the membrane
reaches given maximum [6]. Division transformation makes
two new dbcs from one mother dbc. Membrane is divided into
two membranes and its resources are distributed to each of
new membrane (homogenously or non-homogenously). Pre-
ferred direction of division can be toward or orthogonal to
the influencing vax or toward the inner polarization or ran-
dom direction if there is no influencing vax. Division trans-
formation determines duration of division and it determines
and performs abnormalities that can happen during division.

Death of dbc happens when the death action occurs on zy-
gothic graph or number of revaxes on the membrane reaches
given minimum - dbc disappears (model ofapoptosis) or there
is not enough resources or number of inner provaxes of mem-
brane reaches some maximum then membrane cracks - dbc
spills its resources to environment (model of necrosis).

III. DBC MODELS OF AVASCULAR TUMOR
GROWTH, INVASION, ANGIOGENESIS AND

DRUG INTERACTIONS

An adaptive discrete and discretized continuous approach
(Figure 1) is considered to model avascular tumor grouwth,
invasion, angiogenesis and drug interactions (Figure 3). The
tumor is considered as a spatiotemporal distribution of dis-
crete cells and chemicals/ligands (oxygen, nutrients, drugs,
growth factors) regions. The functioning of this module is as
follows:

Fig. 3: Workflow diagram

1. The microscopic imaging data of the tumor (photographs
of histopathological sections of in vivo or in vitro experi-
ments etc.) are provided or one cell that are being iritated.

2. The microscopic imaging data are processed in such a
way that the some characteristics of tumor cells and cell
system shape and state are calculated.

3. The pre-treatment spatial distribution of non imageable
tumor cell is estimated.

4. Editor of micro-enviromental changes provides utility for
changing micro-environment parametrers.

5. The molecular data (e.g. diffusion, stochiometry, status,
amplification and expressions of critical genes, which
have been shown to drastically affect the response of the
tumor under consideration to the treatment addressed, re-
ceptors present ...) are provided. Estimates (even semi-
qualitative) of their productions and state changes char-
acteristics.

6. Model of cell takes into account compartmental model
(Figure 4) for better understanding of cell shape, drugs
interactions and energetic conditions.

Fig. 4: Compartmental model

7. The model parameters are estimated based on the previ-
ously mentioned data as well as literature based informa-
tion.

8. Every time scale proceeds appropriate rules (state
change, proliferation, death, drug/chemical interaction,
movement, shape changes ...) on particula discretized en-
tity. The outcome is an update of the spatiotemporal cell
states of the various tumor cells over the entire tumor.

9. Avascular tumor growth module (TM) provides sources
of TAF (tumor angiogenic factor)/VEGF (Vascular en-
dothelial growth factor) for angiogenesis module (AM)
and AM provides sources of chemicals (oxygen, nutri-
ents ...) to TM.

In parallel with the solution of the biological problem a
physical refinement (shapes, convective movement etc.) can
take place based on the minimazition of the action (based on
cellular Q-Potts models). Any physical data available (pri-
marily through literature) is utilized for this part.

The prediction of the spatiotemporal cells state and shape
of tumor is made for both the case of free tumor growth

IFMBE Proceedings Vol. 25

Microscopic Tumor Growth Module for ContraCancrum Project 1959
 



Fig. 5: dbc model of avascular tumor growth with small adhesion and
diffusion

Fig. 6: dbc model of vasculogenesis with chemotaxis and haptotaxis

[no treatment] and tumor response to treatment (chemother-
apy / radiotherapy). Several forms of prediction visualization
(graphs, 3D and 4D rendering etc.) can be offered.

Main quantitative connection between mathematical mod-
els and biological observations are particular parameters of
mathematical models. Each parameter refers to a given phe-
nomenon and has a particular effect on a specific cell popula-
tion or a chemical substance or a sub-cellular process within
a cell type. Some of the parameters can be evaluated from bi-
ological assays, obtained from generic databases or derived
from mathematical models, which justify the increasing ef-
fort to develop a quantitative and structural information in-
frastructure suitable to support physiological modeling [7].

Interactive part of module (Virtual Laboratory) provides
functionality to create virtual experiments and to monitor
these experiments during various processes depending on
changing conditions (see Figures 5, 6). This makes it pos-
sible to design experiments which are heavy feasible in vivo
and in vitro or possibly explore differences between the re-
sults of experiments in vivo and in vitro (find an agent who is
not represented in the in vitro experiments).

IV. CONCLUSION

The link between the microscopic and the macroscopic de-
scription remains an open problem [8]. The reason is that sub-

and cellular models involve a more detailed dynamics depen-
dent on the state of the cells, information which is lost in
macroscopic models as one can see comparing the evolution
equations, even for non-moving cells in a spatially homoge-
neous environment.

Main purpose of the development of these microscopic
models within the ContraCancrum framework is to enhance
our understanding of the tumor dynamics related phenomena
on the microscopic level so that refinement of the imageable
tumor models can be achieved.
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Abstract—Inflammation and the associated recruitment of 
monocytes/macrophages into the aortic wall is critical in the 
pathology of abdominal aortic aneurysm (AAA) disease. The 
mechanisms behind this process are ill defined though wall 
shear stress (WSS) is known to play a role in leukocyte re-
cruitment. In this study patterns of monocyte deposition and 
the probability of recruitment in AAA are determined numeri-
cally and compared with distributions of WSS. Finite element 
computational fluid dynamic (CFD) modelling was used to 
model blood hemodynamics, track monocyte behaviour and 
determine the magnitude of wall shear stress in rigid walled 
geometries of generalised AAA dimensions.  Pulsatile flow was 
simulated using a one-way coupled Eulerian-Lagrangian simu-
lation with near-wall particle lift and drag modification. Parti-
cle tracking was combined with a non-dimensional distance-to-
wall dependent residence time model to observe the probabil-
ity of cell adhesion. Patterns of WSS were closely related to 
vortex formation and dissipation in the AAA and monocyte 
NWPRT was highest in areas of vortex dissipation. Since areas 
of high deposition overlap with sites of high WSS and WSS is a 
limiting factor in monocyte recruitment, a WSS-limiter was 
applied to the NWPRT model.  

Keywords—AAA, WSS, monocyte, NWPRT, CFD. 

I. INTRODUCTION  

Abdominal aortic aneurysm (AAA) is a focal dilation of 
the aortic wall below the renal arteries exceeding 150% of 
the normal aortic diameter [1]. AAA pathogenesis is charac-
terised by the breakdown of elastin and collagen within the 
aortic wall leading to expansion of the aneurysm sac until 
wall stresses exceed wall strength and rupture occurs. De-
spite improvements in surgical techniques, including the use 
of endovascular stents, the mortality rate for emergency 
AAA repair remains high and post rupture mortality rates 
higher still. It is therefore important to assess a critical time 
at which to operate on AAA and minimise the risks in-
volved. The current clinical indicator of rupture risk in-
volves measurement of a maximum aneurysm diameter. 
While the mechanisms which instigate aneurysm expansion 
are poorly understood, the degradation of the extra cellular 
matrix is closely linked with inflammation of the aortic 
wall. Circulating monocytes enter the wall where they be-
come macrophages which localise in the medial and adven-
titial layers of the aortic wall. This is distinct from  

atherosclerotic disease where inflammatory cells localise in 
the intimal and medial layers. These macrophages then 
release cytokines which enable the release of matrix-
metalloproteinases (MMPs) which act either as elastinases, 
breaking down elastin and causing the aneurysm to expand, 
or collagenases, breaking down the collagen structure of the 
ECM leading to the eventual rupture of the AAA. MMP-8 
and MMP-9  have been shown to localise at the site of AAA 
rupture [2] indicating that ‘hotspots’ of inflammation occur 
in the aortic wall creating areas of maximum degradation. If 
these hotspots can be identified and quantified they could be 
used to improve current clinical indicators. 

The standard model of inflammatory uptake involves 
white blood cells becoming loosely attached to the endothe-
lium via molecular bonds which detach easily allowing the 
cells to roll along the surface until they attach to stronger 
bonds where they are sequestered into the wall. In vitro 
studies of monocyte behaviour in recirculation flow fields 
[3, 4] show a correlation between monocyte adhesion and 
the residence time (RT) of the particle.  

Longest et al [5] applied a non-dimensional near wall 
particle residence time (NWPRT) parameter to their nu-
merical simulations of blood flow to describe the probabil-
ity of monocyte adhesion due to residence time. The 
NWPRT model was validated by simulating experiments by 
Hinds et al [.6]  

Vessel haemodynamics, specifically wall shear stresses 
(WSS), have been shown to influence this inflammatory 
process by regulating the behaviour of both the endothelial 
cells and the formation of intercellular bonds. Endothelial 
cells have been shown to align with blood flow and remain 
unaligned in the presence of turbulent flow [7].  Sho et al. 
[8] found luminal flow conditions regulate macrophage 
infiltration in animal models. 

In this study, CFD simulations of pulsatile flow were 
conducted in generic, axisymmetric geometries representing 
healthy aorta and different stages of AAA development. 
Particles representing monocytes were injected into the flow 
and monitored over 6 pulsatile cycles. A NWPRT parameter 
was applied to quantify the probability of particle adhesion. 

When comparing the NWPRT results with the CFD de-
rived WSS patterns there was overlap between areas of high 
wall shear and areas of high NWPRT. Because of this, a 
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WSS-limiter was added to the NWPRT model to assess the 
effects of WSS on the probability of particle adhesion. 

By elucidating the probability of monocyte adhesion 
based on residence time and wall shear stress, numerical 
simulation can be used to predict where hotspots of inflam-
mation may occur. With proper validation, these models can 
then be applied to patient-specific AAAs. 

II. METHOD 

Simulations were carried out in 3 axisymmetric models. 
A fully developed aneurysm (maximum sac radius 2cm, 
inlet radius 0.95cm), a developing aneurysm (maximum sac 
radius 1.37cm, inlet radius 0.95cm) and a straight tube 
(length 32.2cm, radius 0.95cm) representing a healthy ar-
tery. Inlet lengths of 2d were added to the AAA geometries 
to ensure fully developed flow and outlet lengths of 11d 
were also added. A fine boundary layer of elements was 
added to the mesh to improve accuracy in modelling near-
wall particle behaviour and WSS magnitude. The AAA 
geometries were based on dimensions from in vitro models 
used by Budwig et al. [9] and Egelhoff et al. [10] and CFD 
simulations were validated by comparing normalised WSS 
magnitudes for steady flow at Reynolds numbers of 300 and 
1800 with values from the Budwig study. 

The geometries were meshed using Gambit (ANSYS, 
Inc) and exported to FLUENT 6.3.26 (ANSYS, Inc) for 
solving equations of blood (ρ= 1056 kg/m3, η=0.0035 pa) 
flow.  
    The equations of continuity and the Navier-Stokes equa-
tions for laminar, incompressible flow can be expressed by: 

0=⋅∇ fu            (1) 
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fff
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∂

η        (2) 

where uf is the fluid velocity vector, η is viscosity and P is 
pressure. 

A patient averaged aortic waveform [11] was converted 
to Womersley flow and added as an inlet boundary condi-
tion. As models were rigid walled, no outlet boundary con-
dition was required.  Since literature shows AAA flow is 
transitional towards turbulence during late systole and early 
diastole, a large eddy simulation (LES) turbulence model 
was applied. 

A mesh independence study showed meshes of over 
80,000 elements to be independent and a wave-cycle inde-
pendence study showed flow to be consistent from the third 
cycle onwards. Particles were injected at the start of systole 

on the third pulse cycle and data was recorded from the 
forth until the tenth cycles. 

Individual monocytes (diameter= 16μm, ρp= 1070kg/m3 

[12]) were injected into the flow along a cross-sectional 
plane positioned 1.5cm from the inlet to ensure they do not 
escape through the inlet during the end of systole. 12705 
cells were injected per timestep over 200 timesteps to pro-
vide a realistic concentration. Since the concentration of 
monocytes in whole blood is relatively low (0-0.8x106/ml) 
compared to red blood cells (~45%) their behaviour was 
modelled with a one-way Eulerian-Lagrangian approach 
whereby the cells do not affect the flow of the whole blood. 
The equations used to solve particle motion are given by: 

xpD
p FuuF

dt
du

+−= )(           (3)  

Where up is particle velocity in the x-direction, FD is the 
fluid drag force coefficient based on flow Reynolds number 
and Fx refers to and additional forces per unit particle mass. 

Particle near-wall lift and drag forces based on the ratio 
of particle-wall distance to particle radius derived by Long-
est et al. from studies by Mclaughlin and Cherukak [13] 
were used. 

This study employed a non-dimensional NWPRT pa-
rameter developed by Longest et al. [5]. The NWRT deter-
mines the probability of cell adhesion by scaling the resi-
dence  time of cells in near wall elements by the distance of 
the cell from the wall and is given by: 
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where Q is average flow rate, n is number of cells, V is 
near-wall volume, ap is the cell radius and hp is particle-wall 
distance. 

Utilizing a probabilistic approach to cell adhesion allows 
the modelling of computationally demanding microscopic 
variables such as wall roughness and cell bond forma-
tion/breaking to be bypassed. The particle-modelling 
method used here was validated by reproducing the results 
of the Karino and Goldsmith [14] study of red blood cell 
motion over a backwards-facing step (results not shown). 

Results comparing the NWPRT model with WSS magni-
tude show an overlap between areas of high WSS and high 
NWPRT. Studies including work by Worthen et al.[15] on 
neutrophils have shown that leukocytes do not attach to the 
endothelium at high WSS magnitudes and that the relation-
ship between WSS and adhesion is  non-linear. A WSS-
limiter is therefore required to reflect the effects of WSS on 
NWPRT and thus give a more realistic probability of  
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monocyte adhesion. Adhesion data from [15] was used to 
create a non-linear WSS controlled factor between 0 and 1 
by which the NWPRT parameter was multiplied.  

III. RESULTS 

Velocity profiles of the healthy artery geometry show the 
formation of a parabolic flow profile. With the exception of 
the inlet area, where flow is still developing, WSS remains 
relatively homogenous throughout the geometry during each 
timestep. After 6 cycles, the NWPRT of ~3000 (data not 
shown) at the first point of measurement on the artery rap-
idly decreases further along the vessel with a NWRT of 
1015 at distance = 0, which aligns with the central point of 
the bulges in the AAA geometries and no particles entering 
the near-wall zone after distance=0.028m. 

 

  

Fig. 1 Velocity vectors (m/s) during diastole for (a) 1.74cm radius bulge 
model and (b) 2cm radius bulge model 

 

Fig. 2 WSS contours (pa) during diastole in (a) 1.74cm radius bulge model 
and (b) 2cm radius bulge model 

 

Fig. 3 Histograms of NWPRT against distance from cavity centre for (a) 
1.74cm radius bulge model and (b) 2cm radius bulge model 

Velocity profiles of the 1.37cm bulge radius geometry 
(Fig. 1a) show vortex formation at the proximal end of the 
AAA sac during systole. The vortex is seen to dissipate into 
the main cavity during diastole. Vortex formation dictates 
the patterns of maximum WSS with the largest WSS magni-
tudes occurring at the proximal end of the AAA sac (Fig. 
2a) and maximum WSS occurring during the diastolic pe-
riod when the vortex is dissipating against the central and 
proximal wall. The NWPRT parameter (Fig. 3a) also re-
flects the vortex behaviour. As with the straight tube ge-
ometry, there is a peak of residence time at the inlet which 
decreases towards the bulge entrance. However in this case 
the NWPRT increases downstream of the entrance. There 
are two peaks in NWPRT, the first towards the proximal 
end of the sac and the second, larger, peak around the apex 
of the bulge (maximum NWRT~3x105). After this point 
NWPRT decreases towards the distal end of the bulge.  

Vortex formation is also a key feature in the flow dynam-
ics of the 2cm radius bulge geometry (Fig. 1b). A larger 
vortex forms at the proximal end of the cavity during sys-
tole and translates distally during the wave cycle coinciding 
with a 'slug' of higher velocity flow moving distally through 
the centre of the aneurysm. Once in contact with the distal 
wall the vortex then dissipates during the end of diastole 
and the beginning of systole on the next cycle. Areas of 
high WSS are again closely linked with vortex behaviour. 
During systole there is a band of high WSS at the point of 
vortex formation at the proximal end of the cavity (Fig. 2b) 
and during vortex dissipation there is another band of high 
WSS at the distal end. As with the straight tube, there is 
some NWPRT at the AAA inlet which rapidly decreases 
downstream (Fig. 3b). There is a large and sudden peak in 
NWPRT at a point towards the distal end of the cavity 
(maximum NWRT~3.5x106) coinciding with the site of 
vortex dissipation. The NWPRT then decreases gradually 
towards the far distal end and outlet of the AAA. Interest-
ingly, the magnitudes of NWPRT are around ten times lar-
ger in the larger cavity model than the smaller. 

The large spikes in NWPRT may be caused by single 
cells which become stationary in elements adjacent to the 
wall. 

 

Fig 4 Histograms of WSS-limited NWPRT against distance from cavity 
centre for (a) 1.74cm radius bulge model and (b) 2cm radius bulge model 



1964 D. Hardman, W.J. Easson, and P.R. Hoskins
 

  
 

IFMBE Proceedings Vol. 25

 

 

WSS-limited NWPRT models for both AAA geometries 
show a significant decrease in overall NWPRT (Fig. 4 a and 
b). In the smaller cavity model, the minor peak in NWPRT 
is smoother in the WSS-limited model but the general 
trends in NWPRT are similar in both the WSS-limited and 
non-limited models. In the larger cavity model, however, 
there is a more obvious difference between the models as 
the WSS limited model does not show the defined peak in 
NWPRT seen in the non-limited model. Over all the resi-
dence times are more evenly distributed in the WSS-limited 
model and there is a slight peak at the outlet of the AAA not 
present in the non-limited model.  

IV. CONCLUSIONS 

The haemodynamics of the axisymmetric AAA geome-
tries used appear to be driven by the formation, translation 
and dissipation of vortices in the AAA cavity. Areas of 
maximum WSS are situated at the areas of vortex formation 
and dissipation. The near wall residence times of particles 
also appears to depend on vortex behaviour. In the smaller, 
less developed, AAA model peak NWPRT occurs just 
proximal to the centre of the cavity whereas it is firmly at 
the distal end in the larger model, both sites correlating with 
the areas of vortex dissipation. 

The magnitude of monocyte NWRT at each point in-
creases significantly with increasing AAA size. This may, 
again, be due to vortex behaviour.  The larger vortices pre-
sent in the 2cm radius cavity may trap more cells and so 
dissipate higher concentrations of cells over a longer time 
period towards the distal wall of. The pathological implica-
tions of this are that more developed aneurysms will invoke 
more inflammation than smaller ones thus speeding the 
wall-degradation process and possibly facilitating rupture. 

There is a clear overlap between areas of high particle 
residence times and areas of high WSS which suggests the 
need for a WSS-limiting factor to be included in the 
NWPRT model. The inclusion of the WSS-limiting factor 
reduces NWRT generally in all models. For the smaller 
AAA model the general trends in residence time were pre-
served despite the inclusion of the WSS-limiting factor 
whereas in the larger model the prominent peak in NWPRT 
at the distal end of the cavity was decreased by its inclusion. 
To return to the pathological implications of this it may 
mean that while residence time is increased in more devel-
oped AAAs, the patterns in WSS will limit the amount of 
monocytes entering the wall and thus regulating the in-
flammatory process. 

This study has shown that monocyte residence time 
models with the inclusion of a WSS-limiter have the poten-
tial to identify areas of monocyte infiltration, and thus  

inflammation providing the standard model of inflammation 
holds in AAA disease.  If the model can be validated in 
patient-specific geometries, it could be a potential tool in 
analysis of AAA growth and rupture risk prediction. 
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Abstract— ECG Imaging using inverse electrocardiographic 
solution has been suggested as a potential aid to guide radio-
frequency ablation of cardiac arrhythmias. However, endo-
cardial activation patterns in terms of potential distributions 
have been difficult to reconstruct.  

We are reporting a case of a patient with frequent highly 
symptomatic right ventricular outflow tract ectopic beats that 
were successfully ablated endocardially at the posteroseptal 
region of the outflow tract. The site of ablation and right ven-
tricular endocardial activation time map were documented 
using electroanatomical mapping system CARTO™. We com-
puted early endocardial QRS minimum potential location in 
order to compare the computed site of the earliest activation 
with the recorded site. We used homogeneous Dalhousie torso 
model with ECG recordings at 120 electrode sites and our own 
model of the heart surfaces derived from CT angiogram of a 
patient unrelated to the study individual. We chose boundary 
element method and Tikhonov regularization to calculate the 
epicardial and endocardial isopotential maps in matter of 
seconds to minutes using software package SCIRun 4.0 run-
ning on a common notebook computer. The reconstructed 
early endocardial minimum (as opposed to the epicardial one) 
during initial low-amplitude 20 msec of 15 signal-averaged 
QRS complexes correctly located the earliest activation site to 
the high posteroseptal segment of the outflow tract.  

If these computations prove correct and reproducible for 
various cardiac arrhythmias, isopotential ECG imaging of the 
early endocardial activation minimum potential is feasible and 
could aid interventional treatment by quick noninvasive locali-
zation and automated navigation. Also, improved computa-
tional algorithms aimed at volume-based finite-element me-
thod and individualized meshing of the models will improve 
the overall performance of this technology. 

Keywords— ECG imaging, body surface potential maps, in-
verse solution, automated navigation, heart and 
torso model 

I. INTRODUCTION  

Imaging of the electrical information invasively has be-
come commonplace and indispensable in the field of cardiac 
electrophysiology especially in relation to the catheter abla-
tion of arrhythmias. Noninvasive counterpart called ECG 
imaging (ECGI) has been suggested as a potential aid in 

guiding the physician performing the invasive procedure 
within ventricular or atrial myocardium. [1] 

One major hurdle for the ECGI seems the reconstruction 
of endocardial activation patterns that are most important in 
majority of clinical arrhythmias. Successful endocardial 
ECGI via inverse solution in a clinical case of ventricular 
arrhythmia has not yet been published to our knowledge. 
Therefore, we approached the endocardial activation esti-
mate by simple comparison of inverse isopotential endocar-
dial solutions of the initial QRS complex with the invasive 
electroanatomical endocardial activation map having the 
site of successful radiofrequency ablation recorded in the 
CARTO™ (Biosense Webster®) map. 

II. METHODS AND RESULTS 

A. Clinical case description 

The patient was a 31-year old otherwise healthy male 
who underwent successful radiofrequency ablation of fre-
quent and highly symptomatic ventricular ectopic beats 
from right ventricular outflow tract (RVOT). The procedure 
proved uncomplicated ablation at the posteroseptal segment 
of the high RVOT requiring 13 applications of energy ceas-
ing the ectopy just below the pulmonary valve as reported 
by physician electrophysiologist. 

B. Data acquisition and processing, modeling and inverse 
solution 

ECG acquisition: We performed 123-lead ECG record-
ings (3 limb leads, 120 torso leads) in this patient one day 
before the curative procedure outside the catheterization 
laboratory. We acquired 15- and 30-sec ECG recordings 
using ActiveTwo™ hardware (www.biosemi.com) adapted 
to using passive disposable carbon electrodes (Tyco Health-
care®) at 2048Hz sample rate and 24-bit voltage resolution. 
All subsequent signal processing has been performed off 
line and aimed at development of computational algorithms 
(networks) using SCIRun 4.0 and map3d software pack-
ages. [2,3] Therefore, the results of these computations were 
not available to the electrophysiologist at the time of abla-
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tion and consequently are retrospective. The ECG data were 
processed to obtain body surface potential maps (BSPM) of 
signal-averaged initial 20 milliseconds of 15 QRS complex-
es of the ventricular ectopic beats superimposed on the 
Dalhousie torso model [4] using Laplacian 3d interpolation 
algorithm. [5] The initial QRS potentials of interest that 
were evaluated in individual leads and maps were of 10-50 
µV amplitudes and generally preceded the naked-eye dis-
cernible or summary root mean square QRS onset. The 
initial QRS minimum was located on the back of torso with 
a prominent maximum in the upper front chest. (Fig. 1) 

 

 
 

Fig. 1 Dalhousie torso model with BSPM at 15 msec into the QRS 
complex of the ectopic beat. 

 
Heart Torso Model: We used contrast-enhanced angio-

graphy scans from 32-slice CT acquired from another pa-
tient unrelated to the above described patient. The epicardial 
and endocardial surfaces were extracted using level-set 
segmentation algorithm available through seg3d software. 
[6] The resulting isosurfaces were reduced manually into 
approximately 100-350-node triangulated surface meshes. 
We registered the resulting epicardial and endocardial 
meshes into the common Cartesian space within the Dalh-
ousie torso hence creating homogeneous heart torso model.  

Isopotential inverse solution: The realistic heart and tor-
so meshes constituted the framework for the boundary ele-
ment method (BEM)-based inverse solution. We used Tik-
honov regularization L-curve and also experimental 
selection of regularization parameter while observing the 
resulting epicardial and endocardial maps of the 20 selected 
initial QRS samples. We retrospectively compared the re-
sulting inverse isopotential epicardial and endocardial maps 
with the electroanatomical CARTO activation map and 
successful ablation site location. The computed inverse 
solution maps showed corresponding initial QRS minimum 
located in the posteroseptal segment of the RVOT (Fig.2)  

 

 
 

Fig. 2 ECG images (potential distributions) obtained by inverse solution 
computed on the triangularized mesh (model) of the right ventricle. The 
blue spot is the initial QRS negativity with the potential minimum at its 
center. Overlapping is the CARTO right ventricle map (it is the rougher 

and light green coloured surface with its nodes in the form of small balls) 
at a computed minimum distance from the model. The orange and red balls 
are the earliest sites and also sites of the successful ablation on the CARTO 

map.  
 

whereas the epicardial solution showed a minimum sig-
nificantly displaced off this site. These computations were 
performed using a common notebook computer (ThinkPad 
R61i, Intel Core2Duo, 1.5GHz, 2.99GB RAM). The critical 
computations (Tikhonov inverse solution module) ran in 
matter of seconds up to tenths of minutes (if taken in series 
of samples using L-curve). 

III. DISCUSSION  

In this report we sought the simplest way to reconstruct 
initial QRS endocardial activation patterns and sites by 
means of ECG imaging. We believe, together with others 
that prerequisite of ECGI application into clinical algo-
rithms is its feasibility and light-weightiness. [7] ECGI 
would be always inherently less accurate in comparison 
with invasive techniques; nevertheless, it could still be of 
significant help if it proves fast, correct, and easy to apply 
nearly the same as other noninvasive methods. 

Generally, most of the attempts to noninvasively recon-
struct cardiac activation and recovery have resulted in fairly 
accurate epicardial patterns and imaging either in terms of 
isopotentials [8] or isochrones [9]. Therefore, elaborate 
iterative algorithms for best-fit reconstruction of complete 
electrograms and computing activation times have been 
developed in order to estimate activation of deep structures 
of myocardium. As a consequence, these algorithms as yet 
require significant computing time and resources, and their 
accuracy is difficult to validate [10] due to often incomplete 
(even though clinically sufficient) invasive recordings and 
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reconstructions in the real-world patients with arrhythmias. 
Typically, esp. in the case of ventricular arrhythmias, suc-
cessful radiofrequency ablation as guided by electroanatom-
ical maps provided by the CARTO system does not require 
the entire or complete endocardial or epicardial activation 
pattern to be reconstructed and rather a rationed approach 
has been used by most physicians with variable mapping 
density or even partial maps. Instead of need for complete 
activation pattern, they have long been exercising the ability 
to estimate the region or wider site of origin using extensive 
experience in ECG QRS patterns recognition [11] with high 
degree of accuracy. Validity of this approach was also do-
cumented by meticulous statistical QRS integral analysis of 
BSPM. [12] The only routinely available technology for 
obtaining a complete reconstruction of endocardial activa-
tion patterns requires introduction of a special non-contact 
and rather invasive endocardial cavity probe. [13] 

In our case report, we respected the clinical approach by 
acknowledging that the arrhythmia comes from RVOT 
(based on the typical QRS shape in the 12-lead ECG) and 
require just a refinement of the segment or wider site of 
origin. In respect to the general assessment of the accuracy 
of the inverse isopotential calculations, we should compute 
inverse solution also using the left ventricle endocardial 
surface including the outflow tract. Spatial mismatch be-
tween the computed early minimum and measured earliest 
activation site together with the successful ablation site in 
our case was introduced most likely by the anatomical mis-
match between the patient’s heart and torso and our arbi-
trary model. This should be solved by creating individua-
lized patient heart torso models using effective and 
automated segmentation and registration methods. 

Generally, the issue of limited sampling of the cardiac 
volume by boundary element method should be improved 
by sampling the tissue volume by finite element method. 
Also, the activation time computations by iterative methods 
are legitimate and, perhaps, more accurate in terms of in-
verse solution reconstructions, especially in the case of 
continuous activations without clear isoelectric line typical-
ly found in the case of reentry arrhythmias that are common 
in structurally challenged hearts with scarring and other 
morphological abnormalities.  

 

IV. CONCLUSIONS  

Our experimental and rather simple inverse solution-
based endocardial activation reconstruction seems realistic 
and feasible in terms of computing power and practical use. 
It could aid clinical arrhythmia interventions by offering 
automated coordinates and enhanced navigation. It needs 

further validation in various cases of arrhythmias with dif-
ferent mechanisms. Also, it requires improvement of the 
computations by means of automated meshing and working 
with tissue volumes. 
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Abstract—Baroreflex is a rapid response system in human 
body for dealing with the changes in blood pressure. Systolic 
arterial blood pressure (SABP) and mean heart rate (MHR) 
were analyzed by cross-correlation function (CCF) in diabetics 
with autonomic neuropathy to evaluate baroreflex. 60 diabet-
ics were separated into 3 groups by different severity of auto-
nomic neuropathy (AN). The control group was 10 age-
matched healthy subjects. SABP and MHR were acquired 
during both supine and head-up tilt positions. Average max 
CCF value of healthy subjects was significantly higher (p<0.05) 
than those in diabetic groups. It indicated that the correlation 
of SABP and MHR in diabetics was lower and it might reveal 
SABP and MHR in diabetics cannot be controlled as well as 
that in healthy subjects by the function of baroreflex. Besides, 
max CCF index values (phase difference) in diabetics were 
significantly lower (p<0.05) than that in healthy subjects. 
Lower phase difference in diabetics revealed the change of 
SABP almost caused the change of MHR simultaneously. It 
might indicate baroreflex cannot buffer the change of blood 
pressure and heart rate. Standard deviation of max CCF value 
in healthy subjects was significantly lower (p<0.05) than that 
in diabetic with severe autonomic neuropathy. It revealed 
variation of SABP and MHR was higher in diabetic with se-
vere AN. It could indicate the fluctuations of blood pressure 
and heart rate were higher with less functioning of baroreflex. 
According to the results, diabetic autonomic neuropathy ex-
erted an influence on baroreflex in diabetics. Therefore, blood 
pressure and heart rate cannot be maintained by the function 
of baroreflex. It might cause blood flow decreasing or increas-
ing in the blood vessels and bring kinds of health  
complications. In conclusion, cross-correlation function can be 
useful to assess baroreflex and severity of diabetic autonomic 
neuropathy. 

Keywords—Baroreflex, cross-correlation function, diabetic 
autonomic neuropathy. 

I. INTRODUCTION  

According to the definition of diabetes mellitus by WHO, 
diabetes mellitus (DM) is a chronic disease which occurs 
when the body does not produce enough insulin or cannot 
effectively use the insulin. Insulin is a hormone which 
regulates blood sugar. A common effect of uncontrolled 
diabetes is raising blood sugar (hyperglycaemia), and it 

could lead to damage in many systems in human body, 
especially the nerves and blood vessels. In addition, 
diabetes mellitus may cause serious health complications 
including renal failure, heart disease, stroke, and blindness. 
Some physiological mechanisms in human body are to 
sense and control changes of blood pressure.  One of the 
mechanisms is baroreflex. Baroreflex refers to the system 
with rapid response for dealing with the change in blood 
pressure. Patients with baroreflex failure may present 
hypertension, pheochromocytoma and damage to the 
glossopharyngeal or vagal nerves. Cross-correlation 
function (CCF) has been applied by previous investigators 
as a means to assess cerebral autoregulation [1-5]. 
Moreover, cross-correlation analysis of blood pressure and 
heart rate variability has been applied to investigate the 
relationship between pulse interval and systolic arterial 
blood pressure [6]. Previous studies showed that CCF 
would be a useful tool to assess cerebral autoregulation. In 
this study, arterial blood pressure and heart rate signals were 
acquired during both supine and head-up tilt positions and 
bandpass-filtered in the low frequency range (0.07-0.15 Hz) 
before applying cross-correlation function analysis. The 
main purpose of this research is to assess baroreflex by 
using cross-correlation analysis of mean heart rate and 
systolic arterial blood pressure in healthy subjects, diabetics 
without autonomic neuropathy (AN),  diabetic with mild 
AN and diabetics with severe AN. 

II. MATERIALS AND METHODS 

A. Subjects and Measurements 

60 patients with diabetes were studied. 16 diabetics with-
out autonomic neuropathy (55.63±15.49 years), 25 diabetics 
had mild autonomic neuropathy (67.52±8.79 years) and 19 
diabetics were diagnosed with severe autonomic neuropathy 
(65.87±11.11 years). The diabetics took one or two oral 
hypoglycemic drugs such as Sulfonylureas and Metformin. 
Proceeding from a consensus conference in 1992 recom-
mended that three tests (R-R variation, Valsalva maneuver, 
and postural blood pressure testing) could be used for  
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longitudinal testing of the cardiovascular autonomic system. 
The determination of the presence of prominent autonomic 
neuropathy was based on a battery of autonomic reflex tests. 
The diabetics have no stroke history and there is no signifi-
cant blood pressure difference (p>0.05) among groups in 
supine position. The patients did not discontinue their daily 
therapy of oral intake of Sulfonylureas and Metformin. 

10 healthy subjects (57.40±8.41 years) were included 
only if they had no history of cardiovascular disease, heart 
problems, hypertension, migraine, epilepsy, cerebral 
aneurysm, intracerebral bleeding or other pre-existing 
neurological conditions. None of the subjects were 
receiving any medication during the period of the study. 

Continuous ABP and heart rate signals were acquired via 
using the Finapres (Ohemda 2300). Subjects were examined 
on a tilt-table that enabled a motor-driven change from a 
supine to an upright position within 10 seconds. Data 
acquisition was started after a 10-min relaxation period in 
the supine position. The personal computer combined with a 
general purpose data acquisition board and LabVIEW 6i 
environment for acquiring signals correctly was developed 
in our pervious study [5,7]. 

B. CCF Estimation 

Assume SABP and MHR signals are )(nf  and )(ng , 
respectively. In order to assess autonomic nerve system in 
specific frequency bands, )(nf  and )(ng  signals were 
bandpass filtered in low frequency (LF) ranges before 
applying the CCF. Where the range of LF is 0.07 through 
0.15 Hz. Assume that bandpass filtered )(nf  and )(ng  
signals are )(ˆ nf and )(ˆ ng , respectively. The CCF between 

)(ˆ nf and )(ˆ ng  can be calculated as follows: 
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N is the total number of cardiac cycles, W is the window 
width and k is the time lag. )(⋅iCCF  is the result of the CCF 
between )(ˆ nf  and )(ˆ ng  in the ith time window. 

III. RESULTS AND DISSCUSSION 

Table 1 indicates the blood pressure results in diabetics 
and table 2 shows the supine to head-up tilt ratio of blood 
pressure. The results indicated the ratio increase (ratio value 
>1) in response to head-up tilt in healthy subjects and 
diabetics had no autonomic neuropathy. The blood pressure 
of supine to head-up tilt ratio kept constant or become lower 
(ratio ≦1). The ratio in healthy subjects and diabetics 
without autonomic neuropathy was significantly different 
(p<0.05) from that in diabetics with mild and severe 
autonomic neuropathy. Therefore, it shows that diabetic 
autonomic neuropathy could influence the change in blood 
pressure.  

Table 1 Results of blood pressure in healthy subjects and diabetics 

SABP(mmHg) MABP(mmHg) DABP(mmHg)
 supine tilt supine tilt supine tilt 

Healthy 120.9±7.7* 128.5±19.1 88.1±7.8 93.9±11.8 69.6±9.1 75.0±11.2 

Without 129.5±16.7 133.1±21.3 92.9±15.2 93.6±19.8 72.4±15.4 74.5±20.5 

Mild 128.26±17.8 129.4±21.4 89.3±14.0 87.5±17.2 68.6±12.0 67.0±15.1 

Severe 143.1±26.3 125.4±26.4 98.4±20.8 85.9±19.2 74.1±16.3 66.3±15.9 

SABP: systolic arterial blood pressure; MABP: mean arterial blood 
pressure; DABP: diastolic arterial blood pressure; Without: Diabetics 
without autonomic neuropathy; Mild: Diabetics with mild autonomic 
neuropathy; Severe: Diabetics with severe autonomic neuropathy; *p＜
0.05 (supine SABP healthy  vs. Diabetes with severe AN).  

Table 2 Supine to head-up tilt ratio of blood pressure in healthy subjects 
and diabetics 

SABP(supine/tilt) MABP(supine/tilt) DABP(supine/tilt)

Healthy 1.06±0.14@ 1.07±0.12# 1.08±0.13* 

Without 1.03±0.08^ 1.01±0.08& 1.02±0.11 

Mild 1.00±0.11~ .0.97±0.11 0.97±0.12 

Severe 0.90±0.13 0.91±0.18 0.95±0.23 

@p＜0.05 (SABP Healthy vs. Diabetes-severe); 
#
p＜0.05 (MABP Healthy 

vs. Diabetes-severe); *p＜0.05 (DABP Healthy vs. Diabetes-mild); 
^
p＜

0.05 (SABP Diabetes-without vs. Diabetes-severe); 
&
p＜ 0.05 (MABP 

Diabetes-without vs. Diabetes-severe); 
~
p＜0.05 (SABP Diabetes-mild vs. 

Diabetes-severe). 
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The CCF result of one sample in the healthy group was 
drawn in Fig. 1. Fig. 1(a) shows the correlation among 
CCF(k), CCF index and time index. 3D representative 
figures showed the results of CCF(k) in each beat and all of 
the 2D representative figures give the mean and standard 
deviation of the CCF for the representative subjects. Fig. 
1(b) shows the max CCF value, max CCF time index and 
corresponding time lag. Similarly, Fig. 2 presents the result 
of one sample in diabetic groups. According to previous 
research, the CCF peak in negative time index is a result of 
the phase-lead property. The increasing time lag could 
stands for the buffer function of baroreflex. As we can 
observed in Fig. 1(b) and Fig. 2(b), the mean CCF(k) curve 
(with the symbols ×) in the healthy subject is more smooth 
than that in the diabetic. The standard deviation curve (with 
the symbol ■) is also smooth in the healthy subjects. It may 
reveal that correlation between blood pressure and heart rate 
is more stable in healthy subjects. On the other hand, 
baroreflex might be affected by autonomic neuropathy in 
diabetics make the correlation between blood pressure and 
heart rate unstable. That also indicates baroreflex in healthy 
subjects is more sensitive than that in diabetics. According 
to the representative of Fig. 1 and Fig. 2, it may show the 
difference of baroreflex between healthy subjects and 
diabetics with autonomic neuropathy. 
 

 

Fig. 1 CCF result of a typical sample subject in healthy group. (a) 3D 
representative figures of CCF (b) 2D representative figures of CCF with 
mean (×) and SD (■) in LF in supine position for a healthy subject. k is the 
time index. CCF (k) is the mean value of CCF in time indices. The line 
with symbols (×) is the mean value of CCF in each time index. The line 
with symbols (■) is the standard deviation of CCF in each time index 

 

Fig. 2 CCF result of a typical sample subject in diabetic group. (a) 3D 
representative figures of CCF (b) 2D representative figures of CCF with 
mean (×) and SD (■) in LF in supine position for a healthy subject. k is the 
time index. CCF (k) is the mean value of CCF in time indices. The line 
with symbols (×) is the mean value of CCF in each time index. The line 
with symbols (■) is the standard deviation of CCF in each time index 

Fig. 3, 4 and 5 show the CCF analysis results. Fig. 3 re-
veals the results of max CCF value in healthy subjects and 
diabetics. It may indicate max CCF value become lower 
with severity of diabetic autonomic neuropathy in both 
supine and head-up tilt positions. (Supine: healthy: 
0.53±0.10, without: 0.33±0.18, mild: 0.31±0.14, severe: 
0.28±0.13; Head-up tilt: healthy: 0.51±0.17, without: 
0.52±0.16, mild: 0.32±0.13, severe: 0.29±0.17). Moreover, 
the difference existed significantly between healthy subjects 
and diabetics (p<0.05). 

 

Fig. 3 Result of max CCF value for healthy subjects and diabetics in both 
supine and head-up tilt positions. (p<0.05 stands for significant difference) 
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Fig. 4 and 5 reveal the results of max CCF index in 
healthy subjects and diabetics. Identically, it may indicate 
max CCF index become lower with severity of diabetic 
autonomic neuropathy both in supine and head-up tilt 
positions. (Supine: healthy: -3.08±0.81 sec, without: -
2.32±1.95 sec, mild: -0.66±3.23 sec, severe: -1.19±3.11 sec; 
Head-up tilt: healthy: -2.60±1.42 sec, without: -2.08±0.99 
sec, mild: -1.75±2.50 sec, severe: -0.93±2.44 sec). The 
difference existed significantly between healthy subjects 
and diabetics (p<0.05). The phase difference in diabetics 
was more close to zero than that in healthy subjects. It may 
indicate the less buffer function of baroreflex in diabetics. 

 

Fig. 4 Result of max CCF index (beat) for healthy subjects and diabetics in 
both supine and head-up tilt positions. (p<0.05 stands for significant differ-
ence) 

 

Fig. 5 Result of max CCF index (sec) for healthy subjects and diabetics in 
both supine and head-up tilt positions. (p<0.05 stands for significant differ-
ence) 

IV. CONCLUSIONS  

Autonomic neuropathy influenced the function of 
baroreflex in diabetics according to the result of CCF 
analysis. The difference was significantly between healthy 
subjects and diabetics in both supine and head-up tilt 
positions. Therefore, CCF can be a useful tool to evaluate 
baroreflex and help diagnose in clinical practice. Further 
studies are needed to assess the clinical significance of 
cardiovascular regulation in patients with diabetes or 
cardiovascular diseases. 
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Abstract— This study aims to investigate the use of de-novo 
designed Interleukin-like peptide for its efficacy in cancer 
treatment. The synthetic peptide was designed using the Reso-
nant Recognition Model (RRM), which postulates that certain 
features within protein structures are critical for specificity of 
protein activity. It was shown that interleukin (IL) can signifi-
cantly affect tumor progression. We designed and synthesized 
a bioactive peptide that can mimic the therapeutic activity of 
IL-12 protein. The activity of the de-novo designed peptide was 
tested on an adherent mouse skin cancer cell line (B16F0). 
Visible effects of this peptide on cancer cells, including mor-
phological changes and apoptosis, were evaluated using phase 
contrast and fluorescent microscopy. The results revealed that 
the IL-12 peptide analogue was toxic to cancer cells as it af-
fected their growth and survival causing apoptosis followed by 
detachment of the confluent cellular layer. 

Keywords— Signal processing methods, characteristic fre-
quency, protein function, interleukin, tumor cells. 

I. INTRODUCTION  

Drug research and discovery are of critical importance in 
human health care. Computational approaches for drug lead 
discovery and optimization have proven successful in many 
recent research programs. These methods have grown in 
their effectiveness not only because of improved under-
standing of the basic science, the biological events and 
molecular interactions that define a target for therapeutic 
intervention, but also because of advances in algorithms, 
representations, and mathematical procedures for studying 
such processes [1].   

It is generally recognized that the relationship between 
the structure and biological function of a protein and its 
ability to bind to a specific ligand, can be enunciated in 
terms of a multistage process which involves specific bio-
recognition, chemical binding and energy transfer. The 
Resonant Recognition Model (RRM) [2,3] is one attempt to 
identify the selectivity of protein interactions within the 
amino acid sequence. The RRM allows investigation of the 
periodicity of structural motifs with defined physicochemi-
cal characteristics, which determine biological properties of 
protein and DNA sequences.  

The RRM presents a physico-mathematical approach to 
analysis of protein-protein and protein-DNA interactions. 
The RRM interprets the protein sequence’s linear informa-
tion using digital signal analysis [2-5]. It is assumed that 
proteins with the same biological function or interactive 
activity have the same periodic components in the distribu-
tion of delocalized electron energies along the protein mole-
cule. This postulate is supported by the fact that electrons 
delocalized in the particular amino acid have the strongest 
impact on the electronic distribution of the whole protein 
sequence. The RRM is based on the findings that there is a 
significant correlation between spectra of the numerical 
presentation of amino acids and their biological activity 
[2,3].  

It was found that the RRM frequencies present the char-
acteristic features of different protein’s biological functions 
or interactions [2,3]. It is proposed that these characteristic 
frequencies (RRM frequencies) are relevant parameters for 
mutual recognition between bio-molecules, and are signifi-
cant in describing the selectivity of interaction between 
proteins and their substrates or target but are not chemical 
binding [4,5].  

IL-12 has an essential role in the interaction between the 
innate and adaptive arms of immunity by regulating in-
flammatory responses, innate resistance to infection, and 
adaptive immunity. In experimental tumor models, recom-
binant IL-12 treatment has a dramatic anti-tumor effect on 
transplantable tumors, on chemically induced tumors, and in 
tumors arising spontaneously in genetically modified mice. 
IL-12 utilizes effect or mechanisms of both innate resistance 
and adaptive immunity to mediate anti-tumor resistance. 
The stimulating activity of IL-12 on antigen-specific immu-
nity relies mostly on its ability to determine or augment Th1 
and cytotoxic T lymphocyte responses. Because of this 
ability, IL-12 has a potent adjuvant activity in cancer and 
other vaccines [6,7].  

In this study the RRM approach was employed for struc-
ture-function analysis of IL-12 proteins and the design of a 
short therapeutic peptide having interleukin-like activity, 
with toxic anti-tumor effect which was experimentally vali-
dated on B16F0 mouse melanoma cell culture.   
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II. MATERIALS AND METHODS 

A. Resonant Recognition Model 

The RRM postulates that protein (DNA) interactions en-
tail a mechanism of resonant energy transfer between the 
interacting molecules at the frequency specific for each 
observed function/interaction. In this model the protein 
primary structure is represented as a numerical series by 
assigning to each amino acid in the sequence a physical 
parameter value relevant to the protein’s biological activity 
[2,3]. The application of the RRM involves two stages of 
calculation.  The first is the transformation of the amino 
acid sequence into a numerical sequence.  Each amino acid 
is represented by the value of the Electron-Ion Interaction 
Potential (EIIP) describing the average energy states of all 
valence electrons in a given amino acid.  The EIIP values 
for each amino acid were calculated using the following 
general model of pseudo-potentials [8]: 
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ZZ
kwqk =+                   (1)  (1) 

where q is a change of momentum of the delocalised electron 
in the interaction with potential w, while: 
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where Zi is the number of valence electrons of the i-th com-
ponent of each amino acid and N is the total number of 
atoms in the amino acid. A unique number can thus repre-
sent each amino acid or nucleotide, irrespective of its posi-
tion in a sequence.  As the average distance between amino 
acid residues in a polypeptide chain is about 3.8 Å, it can be 
assumed that the points in the numerical sequence derived 
are equidistant.  For further numerical analysis the distance 
between points in these numerical sequences is set at an 
arbitrary value d=1.  Then the maximum frequency in the 
spectrum is maxf =1/2d=0.5.  The total number of points in 

the sequence influences the resolution of the spectrum only.  
Thus for N-point sequence the resolution in the spectrum is 
equal to 1/N. The n-th point in the spectral function corre-
sponds to the frequency f=n/N.  In order to extract common 
spectral characteristics of sequences having the same or 
similar biological function, the following cross-spectral 
function was used: 

                         Sn=XnYn* n=1,2,...,N/2                           (3) 
where Xn are the DFT coefficients of the series x(m) and Yn*  
are complex conjugate discrete Fourier transform 
coefficients of the series y(m).  Peak frequencies in the 
amplitude cross-spectral function define common frequency 
components of the two sequences analysed.  To determine 
the common frequency components for a group of protein 

sequences, the absolute values of multiple cross-spectral 
function coefficients M have been calculated as follows: 
                |Mn|=|X1n|.|X2n|...|XMn|     n=1,2,...,N/2              (4) 

Peak frequencies in such a multiple cross-spectral 
function denote common frequency components for all 
sequences analysed. Signal-to-noise ratio (S/N) for each 
peak is defined as a measure of similarity between sequences 
analysed. S/N is calculated as the ratio between signal 
intensity at the particular peak frequency and the mean value 
over the whole spectrum. The presence of a peak frequency 
with significant signal-to-noise ratio in a multiple-cross-
spectral function implies that all of the analysed sequences 
within the group have one frequency component in common. 
From previous studies [2-5,] the fundamental conclusion was 
drawn: one RRM peak frequency characterises one particular 
biological function or interaction. This frequency is related 
to the biological function provided the following criteria are 
met: 

• One peak only exists for a group of protein se-
quences sharing the same biological function. 

• No significant peak exists for biologically unre-
lated protein sequences. 

• Peak frequencies are different for different biologi-
cal functions.  

Once the characteristic frequency for a particular protein 
function/interaction is identified, it is possible then to utilize 
the RRM to predict the “hot spot” amino acids in the se-
quence that predominantly contribute to this frequency and 
consequently to the observed function (these “key” amino 
acids are found to be clustered in and around the protein 
active sites); to identify the protein active sites/functional 
epitopes; and design bioactive peptide analogues [3,9]. 

B. Experimental study 

Using the RRM approach, only on the basis of the com-
putationally defined frequency and phase [3,9-12], we de-
signed the IL-12 peptide analogue, which mimics the activ-
ity of the mouse IL-12 protein. Here, we emphasized on the 
experimental validation of the potential anti-tumor activity 
of the synthetic IL-12-like peptide.  
Thirteen IL-12 mammalian protein sequences from different 
origins were analyzed using the RRM. The characteristic 
RRM frequency was identified at fRRM=0.4531±0.08 (Fig.1). 
The peptide analogue AREDLDERAQQKREDLDP, with 
IL-12-like activity was designed with fRRM=0.4531 and 
phase ϕ=3.069 using the mouse IL-12 sequence 
(NP_032377, Swiss Prot). 

The biochemical characteristics of the de novo peptide 
sequence were checked before it was commercially synthe-
sized in both forms of fluorescent-tagged and non-tagged 
short peptide.  
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B16F0 mouse melanoma cell line was grown in a 24 
wells plate to form a confluent layer in Dulbecco's modified 
Eagle's medium (DMEM) supplemented with 10% heat 
treated foetal bovine serum (FBS) and incubated at 37°C in 
10%-CO2 for 18 hours. The synthetic peptide, in three dif-
ferent concentrations (25ng, 50ng and 100ng) mixed with 
DMEM, was added to the cell culture. Ovalbumin (25ng, 
50ng and 100ng) was used as a negative control for this 
assay, in addition to a second control of no treatment 
(blank).  All samples were tested in duplicates.  The cell 
cultures were further incubated for 2h, 4h and 16h before 
they were visibly checked for the presence of any cellular 
changes, cell death and detachment.  The morphological 
changes in the cell culture were compared with both the 
negative and blank controls using phase contrast and fluo-
rescent microscopy.  

III. RESULTS AND DISCUSSIONS 

Microscopy results revealed that the IL-12 peptide ana-
logue was toxic to cancer cells as it affected the growth of 
the B16F0 cancer cell line causing apoptosis and cell de-
tachment of the confluent layer. It was also observed that 
this effect is dose-dependent as the toxic effects (including 
cell death and detachment) of 100ng were visible within 2h 
of incubation for IL-12.  Similarly 25ng of IL-12 analogue 
had a significant toxic effect on the cancer cell line when 
incubated for 16 hours. Ovalbumin (25ng, 50ng and 100ng) 
did not produce any toxic effect on the cells, and similarly 
there was no change observed in the growth rate and cell 
viability for cell cultures incubated in DMEM only (blank), 
as shown in the microphotographs (Fig.2).   

 
Figure 1. Multiple cross-spectral function of 13 IL-12 proteins. The ab-
scissa represents RRM frequencies, and the ordinate is the normalized 

intensity. 
The fluorescent signal for the peptide in cell cultures 

could not be detected due to the low concentrations of the 
peptides (maximum concentration used was 100ng), which 
were beyond the sensitivity of our fluorescent microscope 

used in the study (the Rhodamine fluorescent signal was 
detected at concentration above 600ng).  

 

 
(a) IL, 25 ng 

 
(b) IL, 50 ng 

 
(c) OA, 50 ng 

 
(d) Blank (DMEM+FBS only) 

Fig. 2 The phase contrast micrographs at 400x magnification 
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This test was also included to confirm the suitability of 
the fluorescent tag for future confocal microscopy imaging, 
and to confirm its negative effect on cellular growth.  The 
Rhodamine fluorescent tag did not affect the cancer cells 
when compared to the non-tagged peptides. Interestingly to 
note, when the mouse melanoma cell line was grown in 
DMEM supplemented with non-heat treated foetal bovine 
serum (FBS), instead of the heat-treated FBS, we noticed 
that the cancer cells produced more melanin and were more 
resistant to the toxic effect of the peptide analogue.   

The phase contrast micrographs at 400x magnification in 
(Fig.2) are indicative of the effects of the IL-12-like peptide 
treatment at 25ng and 50ng protein concentrations on the 
mouse melanoma cell line (B16F0) grown in DMEM sup-
plemented with 10% heat treated FBS, at 16hrs incubation 
period (a & b). Negative controls of 50ng ovalbumin (OA) 
and no treatment (blank) are also included (Fig.2 c & d). 

 

IV. CONCLUSIONS  

The experimental results clearly indicated that the tested 
de-novo designed peptide analogue produced a toxic effect 
on the B16F0 melanoma mouse cancer cells.  Importantly, 
its anti-tumor activity is dose and time dependent, taking 
into consideration the calculated estimated half-life and the 
instability index of the synthetic peptide. There is also a 
clear indication on the enhancement of the tolerance of the 
skin cancer cells to the toxic effect of the peptide analogue, 
when they are grown in the presence of non-heat treated 
FBS, which is a subject of further investigation. 

The fact that using this novel approach, non-homologous, 
biologically active peptides can be designed solely from the 
computationally determined characteristic frequencies, 
demonstrate that these frequencies are in fact the critical 
parameters for protein biological functions, i.e. selective 
interactions. Rational de novo design of a variety of pep-
tides and proteins would have a significant impact on bio-
technology and pharmacology industries.  
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Abstract––Recording of visual impulses under anaesthesia is 
an important task in case of the subjects whom ordinary 
recording of such recordings are impossible. Visual evoked 
potential (VEP) & Electroretinography (ERG) are among the 
visual impulses that are performed under anaesthesia in 
certain cases e.g. infant subjects. It is observed that the ERG 
patterns obtained under anaesthesia are more reliable than 
VEP one. The aim of present work is an attempt to look for 
reliability of ERG & VEP recordings under anaesthesia. 

Fifty infants referred to university poly clinic for VEP & 
ERG examinations were selected. Conventional electrode 
attachment was used to connect the electrodes to the patients. 
The patterns obtained were analyzed by ophthalmologists to 
check for the reliability of the patterns obtained.  

The result obtained showed ERG pattern are more reliable 
in comparison to VEP one.  

According to result of present work it can be concluded that 
ERG pattern are more reliable because ERG is extracted from 
limited layers of retina where the complexity is less in 
comparison to VEP pattern which is extracted from visual 
pathway which starts from retina & ends up to visual cortex in 
brain.  

 
Keywords––Complexity of visual system, Visual impulses, 

Visual evoked potential, Electroretingram. 

I.   INTRODUCTION 

Nervous system is the most complicated organ of the 
human body. Several aspects of this system is not known 
yet. Visual pathway & retina in the visual system are the 
visual part of the Nervous system. Visual pathway is the 
segment of visual system starts from retina & ends up to 
occipital region in brain.  

Retina is the light-sensitive portion of the eye that 
contains photoreceptor cells rods & cones. When these two 
photoreceptors are excited, signal are transmitted first 
through successive layers of neurons in the retina itself and 
finally into optic nerve fibbers & the cerebral cortex.[1] As 
it is evident, visual pathway is larger & more complex than 
retina in the Nervous system. There are different techniques 
to investigate the status of these two organs. Fluorescence 
angiography & Magnetic Resonance Imaging (MRI) are 
among the techniques to check the structural changes of the 

retina & visual pathway respectively.[2,3] 
Electrophysiological techniques are the tools to look for the 
functional characteristics of nervous system.[4] Visual 
Evoked Potential (VEP) & Electroretinogram (ERG) are the 
two techniques which are used to search for the functional 
characteristics of visual pathway & retina respectively.[5] 

Visual evoked potential is the potential extracted from 
occipital region by light stimulation of the visual system. It 
is consists of different peaks in which the P100 Peak of the 
VEP is clinically important.[6]  

Electroretinogram is the electrical response of the retina 
which is obtained by light stimulation of retina. ERG 
consists of different peaks, among which a & b peaks are 
clinically important.[7] 

Different physiological & pathological conditions may 
affect the functional characteristics of visual pathway & 
retina in different levels, some of which are listed as follow.  

Pre-eclampsia is a condition in some female subjects 
which is accompanied by high blood pressure during 
pregnancy. It is observed that  
pre-eclampsia affect the visual pathway i.e. it increases the 
latency of VEP,[8,9] P100 Peak where as it does not affect 
the retina.[10]  

Monthly cycle is a physiological condition in female 
subjects. Monthly cycle temporary affects the visual 
pathway [11] where as no effect of this condition is reported 
on retina.  

The aim of present work is to check out the effect of 
certain anaesthetic i.e. Thiopental sodium on these two 
organs & to survey the possible effect of this drug on visual 
pathway & retina. 

II.   MATERIAL AND METHOD 

Fifty infants referred to university polyclinic for VEP & 
ERG recordings were selected. Thiopental sodium was used 
as an anaesthetic in total population. Pantops-PC2 was the 
machine to record VEP & ERG in total population. In case 
of VEP, three electrodes i.e. active on occipital region, 
reference on ear lobe & ground on forehead were used to 
connect the patients to the machine and record VEP 
patterns. For ERG also three electrodes i.e. a hard contact 
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lens as an active electrode placed on cornea, ear ring 
electrode placed on ear lobe & ground electrode placed on 
forehead were used to connect the patients to the machine & 
record ERG pattern. 

VEP with flash stimulator was used to stimulate the eyes 
of the subjects; the parameters for VEP recording were 
selected as follow.  

Amplification (Gain × 1000: 200), filtering (low cut 
frequency: 0.3 HZ, high cut frequency: 35 HZ). 

Averaging (test duration: 500 ms, number of cycle: 75). 
The specifications of flash for stimulation were, delay: 0 
ms, time: 10 ms, stimuli/cycle: 1/2, Filtering colour: white, 
Intensity: maximum lux. 

Beside VEP recording, ERG was also recorded in total 
population. The parameters for VEP recording were 
selected as follow, 

Amplification (Gain × 1000: 20), Filtering (low cut 
frequency: 0.3 Hz, high cut frequency: 500 Hz), Averaging 
(Test duration 250 ms, number of cycle: 25). The 
specifications of flash for stimulation were, delay: 0 ms, 
time: 10 ms. Stimuli/cycle: 1/1, Filtering colour: white, 
Intensity: maximum lux. 

Amplitude & latency of VEP, P100 in case of VEP & 
amplitude & latency of b wave of ERG was measured for 
each infant. A group of neuro- ophthalmologist and 
biophysicist were selected to check the reliability of patterns 
obtained.  

III.   RESULT 

The aim of present work is to compare & check the 
reliability, of electroretinogram & visual evoked potential 
patterns obtained under anaesthesia & relate it to structural 
basis of origin of these potentials. Figure 1 is the sample 
ERG & VEP patterns obtained in different cases. 
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Fig. 1 Comparison of sample ERG & it's counterpart VEP 
pattern in infant subjects in following cases. 

A1: Normal ERG pattern without anaesthetic  
A2: Normal VEP pattern without anaesthetic  
B1: Normal well shaped ERG pattern under anaesthesia 
B2: Delayed & distorted VEP pattern under anaesthesia 
C1: Broad b wave ERG pattern under anaesthesia 
C2: Approximately Normal VEP pattern with two consecutive peaks 

under anaesthesia. 
D1: ERG pattern with severe fall in b wave of ERG pattern under 

anaesthesia 
D2: VEP pattern with multi peaks under anaesthesia 

Figure1- A1 is the ERG pattern with 156 μv & 40 m sec 
as a voltage & latency of b wave respectively & its 
counterpart VEP (Figure1-A2) with 92 m sec as latency of 
VEP, P100 Peak in a healthy infant without using 
anaesthetic. The two ERG & VEP patterns are well defined.  

Figure1- B1 is the ERG pattern with 152 μv & 44 m sec 
as a voltage & latency of b wave respectively & its 
counterpart VEP (Figure1-B2) with 152 m sec as a latency 
of VEP, P100 peak in a healthy infant using anaesthetic 
Thiopental sodium. As it is obvious from the Figure the 
ERG is fully normal where as it counterpart VEP is delayed 
& distorted in shape.  
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Figure1- C1 is the ERG pattern with 86 μv & 65 m sec as 
a voltage & latency of b wave respectively & it's 
counterpart VEP, P100 Peak (Figure1- C2) with 104 m sec 
as a latency of VEP, P100 Peak in a subject with retinal 
problem & approximately normal VEP. In this case the VEP 
pattern seems normal as far as the latency is concerned but 
the two consecutive peaks are observed which makes 
doubtful decision where as the ERG pattern is well defined 
despite the dystrophy available in the retina.  

Finally Figure 1-D1 is the ERG pattern with 1μv & 64 m 
sec as a voltage & latency of b wave respectively & it's 
counterpart VEP (Figure1-D2) with 226 m sec as latency of 
VEP, P100 Peak in case of a blind infant under anaesthesia, 
In this case despite the severity of the case, the ERG pattern 
is once again well defined where as the VEP is with multi 
peaks which make inaccurate diagnosis. 

IV.   DISCUSSION 

According to figure 1 which is the sample VEP & ERG 
patterns obtained under anaesthesia in case of the infants 
referred to university polyclinic, it is evident that the ERG 
patterns are more reliable than the corresponding VEP 
patterns. ERG pattern are accurate in shape & the a & b 
peaks of ERG are distinct & resolved completely even in 
severe pathological conditions, where as in case of VEP 
pattern this characteristics is not observed despite the care 
was taken to have accurate VEP patterns. The possible 
reason for this difference may be the adverse effect of 
anaesthetic, Thiopental sodium on visual pathway & there 
by distorted VEP patterns. The adverse effect of Thiopental 
sodium is not observed in case of retinal layers & there by 
well shaped & reliable ERG patterns was obtained.  

The possible reason for this discrepancy may lies in 
complexity of visual pathway in comparison to retinal 
layers. This assumption may be supported by following 
statements.  

In case of pre-eclampsia which is a pathological 
condition in some pregnant subjects, the adverse effect is 
observed on visual pathway rather than retina i.e. the VEP, 
P100 peak is delayed[8,9] where as normal ERG patterns 
with distinct a & b peaks are obtained in these subjects.[10]  

Second statement which may support the above 
assumption is the Monthly Cycle which is a physiological 
condition in female subjects. In this case the VEP, P100 
peak is delayed & the VEP patterns are not fully resolved 
[11] where as on other hand there is not any report of ERG 
changes during monthly cycle in female subjects.  

The above reason supports the above assumption that the 
anaesthetic, Thiopental sodium may affect the part of 

Nervous system i.e. visual pathway which is more complex 
in construction rather than retina which is comparatively 
simpler in construction.  

V.   CONCLUSION 

Anaesthetic, Thiopental sodium affect functional 
characteristics of visual pathway but it does not affect the 
retina. The reason is the complexity of visual pathway in 
comparison to retina.  
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Hidden Markov Models for Classification of Heart Rate Variability in RR Time 
Series 
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Abstract—Discrete hidden Markov models (HMM) are 
trained in order to differentiate between RR series of persons 
in normal sinus rhythm and of post-myocardial infarct pa-
tients with six or more ventricular premature complexes per 
hour during 24 hour Holter ECG recording. 

The RR series of ten subjects of each group are used to 
train the models. 44 RR series of each group are used as test 
data. The basic RR intervals are transformed into the final 
observation sequences by means of symbolic dynamics.  

Models with different parameters of the symbolic dynamic 
building process are tested as well as different lengths of RR 
series and different numbers of hidden states of the model.  

Keywords—Hidden Markov model, symbolic dynamics, 
heart rate variability, myocardial infarction, ventricular pre-
mature complexes. 

I. INTRODUCTION  

The goal of the work presented in this paper is to discov-
er changes in the heart rate variability by means of HMMs 
and therefore to classify different types of time series con-
sisting of RR intervals. That are series of persons with nor-
mal sinus rhythm on the one hand and of participants of the 
CAST study on the other hand. 

HMMs were introduced in the late 60s by Baum and col-
leagues [1] and are well established as a solid tool in the 
field of automatic speech recognition as well as in bioin-
formatics. In the current paper HMMs are used to gain in-
formation about the cardiovascular system. Yet, only a few 
applications are published covering that particular subject.      

II. METHODS 

A. Data 

The RR series are taken from the PhysioNet database [2], 
namely from the Normal Sinus Rhythm RR Interval Data-
base and the Cast RR Interval Sub-study Database 
representing the above mentioned two groups of patients. 
The CAST study analyzed the function of three anti-
arrhythmic drugs in patients having survived myocardial 
infarction during two years before the start of the study. The  

participants also had to show 6 or more premature ventricu-
lar contractions during the pre-treatment phase of the trial. 
The training data of all HMMs consists of 10 preprocessed 
RR series of study participants (CAST) as well as 10 pre-
processed RR series of persons in normal sinus rhythm 
(NSR) during long- term ECG recording. 

B. Preprocessing 

The annotated RR intervals of the PhysioNet database are 
preprocessed before using them for training the HMMs. 
Intervals that have been calculated by beats annotated as 
certain non-beats are deleted from the data. The time series 
of the participants of the CAST study contain isolated QRS-
like artifacts as non-beats. The time series of the subjects in 
normal sinus rhythm mostly contain irregular beats due to 
changes in signal quality but also show some QRS-like 
artifacts. 

The updated time series are further prepared by means of 
symbolic dynamics. 

C. Symbolic Dynamics 

The method of Symbolic Dynamics is a nonlinear tech-
nique that can be used to simplify the dynamics of cardi-
ovascular processes. It has been successfully used to ana-
lyze heart rate variability.  

According to their length, the RR intervals are divided 
into four groups represented by the numbers 1 to 4, leading 
to a new time series of numbers S(n) with 

 
 1, 1 μ ∞2, μ 1 μ3,         1 μ μ  4,        0 1 μ  .                           1  

 
 
µ is the mean value of the RR series and a is a free parame-
ter that quantifies the standard deviation of the RR series.  

The generated series is now cut into words containing 
consecutive numbers. These words represent the symbols of 
the observation sequence of the HMM [3,4].  
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D. Hidden Markov Models 

A Hidden Markov Model is a two-stage stochastic model 
with an underlying Markov chain. There is a certain emis-
sion probability distribution in every state N of the model. 
The M possible emissions are represented by the words 
generated by symbolic dynamics. All HMMs that have been 
used throughout this paper have ergodic structure. The ini-
tial values of the three probability distributions π, A and B 
representing the initial state distribution, the transition and 
the emission probability distribution are chosen as follows: 
The elements of π and A are chosen uniformly whereas the 
elements of B are chosen randomly. The training of the 
model is done by the iterative Baum-Welch-Algorithm. The 
subsequent classification is done by calculating the  
probability P(O|λ) of an observation sequence O being 
produced by the given model λ. This probability is called 
likelihood, or log likelihood as it is often given as the loga-
rithmic value. 

III. RESULTS  

The first analyzed classification tests include HMMs 
with N=5 hidden states and a constant factor a = 0.1 
whereas the length of the RR series T and the number of 
symbols per word S are varied. The results are presented in 
Table 1 and Table 2. 

Table 1 N = 5, a = 0.1, S = 3 

 λ(NSR) λ(CAST) correct n. c. 

NSR 26 11 75,0% 7 

CAST 3 22 50,0% 19 

T = 500 (6min) 
 
 λ(NSR) λ(CAST) correct n. c. 

NSR 12 30 31,8% 2 

CAST 2 31 70,5% 11 

T = 1000 (12min) 
 
 λ(NSR) λ(CAST) correct n. c. 

NSR 18 22 50,0% 4 

CAST 1 38 86,4% 5 

T = 2000 (24min) 
 
 
 

 λ(NSR) λ(CAST) correct 

NSR 40 4 90,9% 

CAST 8 36 81,8% 

           T ≈100.000 (24h) 

Table 2 N = 5, a = 0.1, S = 2 

 λ(NSR) λ(CAST) correct 

NSR 26 18 59,1% 

CAST 11 33 75,0% 

           T = 500 (6min) 
 

 λ(NSR) λ(CAST) correct 

NSR 34 10 77,3% 

CAST 11 33 75,0% 

           T = 1000 (12min) 
 

 λ(NSR) λ(CAST) correct 

NSR 26 18 59,1% 

CAST 7 37 84,1% 

           T = 2000 (24min) 
 

 λ(NSR) λ(CAST) correct 

NSR 39 5 88,6% 

CAST 8 36 81,8% 

           T ≈100.000 (24h) 

 
The number of correct events is the number of CAST 

data correctly assigned, and the number of NSR data with 
no false assignments respectively. 

All observation sequences of shortened length that con-
sist of words that have been built of three consecutive sym-
bols lead to models with unclassified (n. c.) test data. 

One reason for that behaviour is the overfitting of the 
model. As one can see, the number of not classified test data 
decreases with an increasing number of RR intervals. 

Another reason is the relative short period of observation 
that is chosen for training and testing. The problems here 
are naturally occurring fluctuations in the heart rate coming 
from physiologic control mechanisms like RSA and Mayer 
waves, physical and mental activity, circadian rhythm and 
different sleep stages [5].   

As expected, the classification results get better with an 
increasing number of RR intervals with the exception of 
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HMMs with an interval length of T = 1000 as they don’t fit 
exactly in that row. Especially the assignment results of 
NSR data are affected by that behaviour. From the pre-
sented results it seems that words consisting of only 2 sym-
bols are better suited for classification tasks for models with 
shorter interval lengths, providing a sufficient amount of 
data in contrast to models with words of 3 symbols. 

In a next step the free parameter a is changed from 0.1 to 
0.2, again at different observation lengths T. The words are 
now built of 2 consecutive symbols. 

Table 3 N = 5, a = 0.2, S = 2 

 λ(NSR) λ(CAST) correct 

NSR 38 6 86,4% 

CAST 12 32 72,7% 

           T = 500 (6min) 
 

 λ(NSR) λ(CAST) correct 

NSR 38 6 86,4% 

CAST 11 33 75,0% 

           T = 1000 (12min) 
 

 λ(NSR) λ(CAST) correct 

NSR 20 24 45,5% 

CAST 5 39 88,6% 

           T = 2000 (24min) 
 

Comparing the results from Table 3 (a=0.2) and Table 2 
(a= 0.1), the classification is better at a = 0.2 at RR interval 
lengths T = 500 and T = 1000. At T = 2000 the model with 
a = 0.1 shows better classification results. The best model, 
showing a sensitivity of 75,0%  and a specificity of  86,4% 
is at T = 1000. 

At last the number of states of the HMM is varied to 10 
and 15. 

Table 4 T = 1000, a = 0.2, S = 2 

 λ(NSR) λ(CAST) correct 

NSR 38 6 86,4% 

CAST 11 33 75,0% 

           N = 5 
 

 λ(NSR) λ(CAST) correct 

NSR 37 7 84,1% 

CAST 14 30 68,2% 

           N = 10 
 

 λ(NSR) λ(CAST) correct 

NSR 29 15 65,9% 

CAST 9 35 79,5% 

           N = 15 
 

Table 4 shows that the number of false classified patients 
increases with an increasing number of states. These results 
indicate that as little as 5 hidden states are sufficient and 
even better suited for the classification of heart rate variabil-
ity in RR time series compared to 10 and 15 hidden states. 

IV.   CONCLUSION 

 
HMMs provide a well suited modelling technique for the 

classification of  heart rate variability in RR time series.  
The classification results get better with an increasing 

amount of data. 
Even at short RR series we found reasonable classifica-

tion results, as e.g. at an observation length of T = 1000 a 
sensitivity of 75,0% and a specificity of 86,4% was ob-
served.  

In order to further improve the classification results, fu-
ture work may require an even better approach to the proc-
ess of symbolic dynamics.   
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ABSTRACT 
Keywords: Mitral valve, computational fluid dynamics, lumped-parameter model, congestive heart failure, insufficiency 

INTRODUCTION 

Congestive heart failure (CHF) is a condition in which the heart cannot pump sufficient blood to the 
body. Approximately 23 million people are diagnosed worldwide with CHF, with about 2 million new 
cases each year. While mild to moderate CHF can be treated in most people, the majority of patients 
with advanced CHF die within one year. Consequently, one of the major goals in the fight against life 
threatening heart disease is early causal diagnosis of CHF. 

The causes leading to CHF are wide-ranging.  Recognition of pathologies that result in inadequate 
ventricular filling is important in the diagnosis and assessment of congestive heart failure. Computer 
modeling is a potentially powerful tool in aiding the early diagnosis of the cause of CHF.   This early 
diagnosis is critical in developing the optimal treatment plan, and in predicting the degree of functional 
impairment of the heart.  

A lumped-parameter mathematical model, implemented in Matlab and Simulink, has been developed at 
the Heart Surgery Laboratory at the University of Heidelberg.  For this model, values of input 
parameters were initially obtained experimentally from in-vivo porcine trials or from previously 
published values in the literature.  These porcine data were used initially to create and calibrate the 
model. The model was then validated through the collection of pressure, volume and flow data from 
additional porcine trials (Szabo et al., 2004). To advance our model toward efficacious clinical uses, the 
pig model has now been improved to use canine velocity waveforms as model inputs.   

METHODS 
The primary input to the model is the mean velocity waveform.  The mean velocity, in this context, is 
the velocity averaged across the cross-section of the mitral valve at each instant in time.  Initial 
conditions are the values of each given parameter at the instant of mitral valve opening.  Intrinsic 
characteristics include the natural frequency and the intrinsic damping ratio of the valve.  These values 
are estimated by the inverse problem method.  The extrinsic valve characteristics represent the 
sensitivity of the valve to static, dynamic and acceleration induced pressures.  These parameters were 
developed from porcine trials in our lab and are described in more detail in [ Szabo et al., 2004 and 
Waite & Fine, 2007] . 
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The model includes ten output parameters.  Four of the ten parameters are directly calculated outputs.  
Six other output parameters are calculated iteratively by matching the simulation output parameters to 
the experimentally measured waveforms.  The program gradually varies the six iterative parameters, and 
treats this as an inverse problem to find the outputs, by minimizing the least-squares differences between 
the measured and simulated output curves.  Although the relationships between the model parameters 
and the pressure and flow waveforms are not linear relationships, the problem is sufficiently well posed, 
so that the algorithm is stable within a range of parameter magnitudes. 
 
12 in-vivo canine trials are presented in this paper, in which left ventricular pressure (LVP), left aortic 
pressure (LAP), left ventricular volume and pulmonary venous flow were measured.  LAP and LVP 
waveforms were obtained from empirical data, which was collected over a ten second period.  Average 
LAP and LVP waveforms were calculated from the empirical data. 
 

RESULTS 
To compare the velocity driven model to the original model that was published by Szabo et al., the 
original model was run using four new porcine trials and twelve canine trials.   The velocity waveforms 
were derived from the original model to represent Doppler velocity waveforms that will be collected in 
future trials.  The velocity driven model was run using those velocity waveforms.   
 
Figure 1 below shows results from a typical canine trial. 

 
Figure 1: Results for the canine trial 11).  The upper left figure shows the simulated left atrial and ventricular 
pressures (dashed lines) and the experimentally measured left ventricular pressure (red Xs) and left atrial pressure 
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(blue circles).  The figure at the upper right shows the simulated pressure from the velocity driven model.  The bottom 
left diagram shows the simulated mitral valve area in the previous model and the figure at left shows the mitral valve 
area generated by the velocity driven model. 
 
Average values for atrial and ventricular stiffness, as estimated by the model, were αa = 0.2 cm-3 and αv 
0.07 cm-3 , respectively.  At a 5.2 mmHg pressure these alpha values correspond to atrial and ventricular 
compliances of 7 x 10-3 m5/N and 20 x 10-3 m5/N respectively. 

DISCUSSION 
It is important to distinguish between E-wave and A-wave filling.  This model only analyses E-wave 
filling and the model does not include any information about the active contraction of the atria or 
associated increase in atrial pressure due to that contraction.  As a result, the waveform that is modeled 
is only the E-wave filling and additional flow that occurs during atrial systole is not included. 
 

CONCLUSION 
Beginning from velocity waveforms generated by our earlier simulation of flow through the mitral valve 
[Szabo et al. 2004], the velocity driven model provides a replication of the pressure and flow waveforms 
as seen in figure 3.  The model has been calibrated as a predictor of pressure, flow and stroke volume in 
pigs and dogs, when given proper initial conditions and mitral valve velocity waveforms. This model 
shows promise and the long term goal is validation of the model in humans for use in the assessment of 
left ventricular filling. 

FUTURE WORK 
The next step in validating the velocity driven model will be the collection of Doppler velocity 
waveforms in porcine trials.  From those trials we will validate the velocity driven model by comparing 
simulated and measured stroke volumes as derived from the Doppler velocity waveforms. 
 
In May 2009 we plan to begin the collection of model input data from human subjects. The data will be 
obtained using established cardiovascular tools and procedures, including Doppler echocardiography. 
The human data will be collected, stored and analyzed in accordance with the procedure approved by the 
ethics committee at the University of Heidelberg. 
 
A final step in the project will be the development of a surgeon/model interface to allow easy and 
continuous use of the model by vascular surgeons to analyze collected data.  We anticipate that frequent 
data collection will quickly improve the efficiency of the model so that it can become an important tool 
for early assessment of CHF. 
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Abstract— Capacitive measurement is capable of detecting 
biopotentials, such as an electrocardiogram (ECG), through 
clothes. Capacitive measurement is based on capacitive coupl-
ing involving electrodes, an underwear, and a skin. Capacitive 
measurement is useful for a long-term monitoring as non-
intrusive and unrestrained facile measurement. However, 
capacitive measurement has a problem. Impedance of part of 
capacitive coupling is varied with cloth material, cloth thick-
ness and contact pressure. Then amplitude of the commercial 
AC power line noise is different. It is difficult to attenuate the 
unbalance noise with a differential amplifier. In this study, we 
propose a method for improving signal-to-noise ratio(SNR) by 
balancing the noise amplitude. Pilot device balances the noise 
by adjusting voltage amplification of non-inverting amplifier 
using computerized control. The commercial AC power line 
noise and its harmonics were reduced using the pilot device in 
capacitive ECG measurement. Proposed method is useful for 
improving SNR in capacitive measurement. 

Keywords— Capacitive ECG measurement, noise amplitude 
adjustment, commercial power line noise, SNR, 
home health care. 

I. INTRODUCTION  

In late years, it has been reported that recording of physi-
ological variables, such as ECG, during everyday life be-
came useful for management of individuals with chronic 
health disorders [1]. Since conventional systems for ECG 
monitoring are unsuitable for long-term studies, previous 
researchers have focused on developing dedicated systems 
for long-term monitoring in daily life [2]-[4]. Our research 
group also proposed a new approach of capacitive sensing 
capable of detecting alternating electrical potential such as 
ECG through an inserted thin cloth and has devoted to de-
velopment of ECG measuring devices [5]-[12]. However 
this approach renders the measuring device susceptible for 
power-line noise and its harmonics because higher input 
impedance is required for the device than that of skin-cloth-
electrode coupling. Furthermore, degree of interference 
contamination within two signals input to a differential 
amplifier, which is commonly used in bioinstrumentation 
system to reduce common mode noise, is prone to be unba-
lanced due to different coupling conditions. Since usage of 

household wall socket to feed the power to a measuring 
device is unavoidable for long-term home monitoring, it is 
necessary to innovate some new methods to reduce power 
line interferences on capacitively sensed signal.  

In this study, we proposed a method for improving SNR 
of capacitively sensed bioelectric signal by equilibrating 
amplitudes of power-line noise and harmonics prior to sig-
nal input to the instrumentation amplifier. A pilot ECG 
measuring device was fabricated based on the method and 
some feasibility tests were conducted. 

II. PRINCIPLE 

Fig. 1(a) shows an equivalent circuit of input stage of ca-
pacitive measurement in conventional our method, where 
each variable represents as follows: VS; voltage source such 
as cardiac action potential to be measured, VCM; common-
mode noise, Zcloth; impedance of skin-cloth-electrode coupl-
ing, Zin; input impedance of differential amplifier, VCM'; 
potential difference of common-mode voltage between two 
inputs to the differential amplifier. VCM' is expressed by 
following equation; 
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According to eq. (1), if Zcloth1 ≠ Zcloth2, VCM' ≠ 0. Thus, 
common mode noise remains in VCM' when both imped-
ances of the couplings are not identical.  

On the other hand, VCM' in the proposed method shown 
in Fig. 1(b) is given by 
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where Z’in is input impedance of buffers employed at front-
end of the measuring circuit, and A1 and A2 are amplifica-
tion factors of cascaded amplifiers with the buffers respec-
tively. In eq. (2), VCM’ can be zero by adjusting the values 
of A1 and A2. Hence, the proposed system can reduce the 
common mode noise close to zero by monitoring the noise 
in the output signal and by changing the values of A1 and A2 

adaptively in real time. 
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III. MATERIALS AND METHODS 

A. Amplitude adjustment method 

Fig. 2 shows a block diagram of ECG measuring device 
and of the amplitude adjustment system. ECG detecting 
circuit consists of two buffers, two non-inverting amplifier, 
differential separation filter (cutoff frequency, fc: 1 Hz), 
instrumentation amplifier, 2nd order high-pass filter (fc: 1 
Hz), 2nd order low-pass filter (fc: 40 Hz), and two-stage 
inverting amplifiers (amplification: 1000). Notch filter is 
not used. Each buffer functions as an impedance matching 
circuit to mediate high impedance of the capacitive coupling 
with low impedance required by subsequent circuitry. Ca-
pacitive measurement has high sensitivity to body motion 
such as breathing chest moving [7]. Therefore, ECG detect-
ing circuit is set narrow pass-band to 5-40 Hz. Non-
inverting amplifier makes common-mode noise equilibrium 
by noise amplitude adjustment system. Output signal was 
digitized at 1 kHz by analog-to-digital converter and was 
stored in a personal computer (PC) using a data acquisition 
system (Biopac Systems, MP-150 system).  

The pilot device of adjusting noise amplitude consists of 
2nd order anti-aliasing low-pass filter (fc =400 Hz), analog to 
digital converter (REX-5054B, RATOC), personal comput-
er, microcomputer (PIC16F877A, microchip), digital poten-
tiometer (MAX5401, MAXIM). The analog-to-digital (re-
solving power 10 bit, sampling frequency 1 kHz) converted 
waveform at buffer stage of each buffer. PC performs calcu-
lation of number of taps of digital potentiometer and a con-
version channel (Ch1, Ch2). PC sent a control signal to 
microcomputer. Digital potentiometer was used for feed-
back resister of non-inverting amplifier. Digital potentiome-
ter used resolving power 8 bit, the maximum resistance 
value of 100 kΩ. All devices supplied electricity from an 
outlet. The device is powered by isolation transformer (Ni-
hon Kohden, SM-202V) between outlet and pilot device to 
obviate possibility of an electric shock.  

B. Amplitude adjustment system and ECG measuring device 

Fig. 3 shows a flow chart of the software developed and 
implemented in PC for adjusting noise amplitude. The sys-
tem picks up a digitized value from a ring-buffer and calcu-
lates powers of power line noise (i.e. 50 Hz) and its har-
monics of 100 and 150 Hz, respectively. PC calculates the 
power using discrete Fourier transform in real time. Sum of 
power of each frequency is amount of noise in each channel 
(Ch1, Ch2). When amount of noise of two channels is non-
balance, amount of noise exceed threshold (3 %), system 
adjusts amplification of non-inverting amplifier to become 
equal in amount of noise. Adjusting amplification is per-
formed by switching tap of register of digital potentiometer 
that is feedback register of non-inverting amplifier. PC 
decides controlled channel and number of taps of digital 
potentiometer. PC sent information of controlled channel 
and tap of digital potentiometer to microcomputer. Micro-
computer control digital potentiometer. During a measure-
ment, system improves in SNR by repeating this movement. 
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Fig. 2 A block diagram of the amplitude adjusting system connected with 
ECG measuring device 
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(b) Proposed method 
Fig. 1 Equivalent circuits of input stage of capacitive measurement in (a) 

conventional our method and (b) proposed method. 
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C. Evaluation experiment using physical model 

We evaluate pilot device using experimental system us-
ing physical model of capacitive measurement shown in Fig. 
4. Experimental system is 10 cm2 of electrode area, 2000 Pa 
of pressure in capacitive coupling with ECG generator (Ni-
hon Kohden, AX-201D) as input signal. Minus input stage 
with one piece of cotton cloth (350 µm) inserted, plus input 
stage with two pieces of cotton cloth (350 µm) inserted. 
Plus and minus input stage is non-balance. We calculated 
power of noise at 50, 100, 150 and 200 Hz using fast Fouri-
er transform (FFT) analysis (window time 5 s) in ECG re-
cordings. Noise before device operating was compared with 
noise after it operating. 

D. Evaluation experiment in capacitive ECG measurement 

Subject participated to experiment that is capacitive ECG 
measurement using pilot device. As a signal for reference, a 

directly measured ECG (lead III) signal was wirelessly 
recorded using bioamplifier (TEAC Instruments, 
BA1104CC), a commercial telemeter unit (TEAC Instru-
ments, TU-4). Electrodes are embedded in a bed in a past 
study [2] are used. Subject wore commercial clothes (A T-
shirt of 550 µm, jeans of 980 µm + underwear of 280 µm). 
Subject became laying supine position on the bed covered 
with cotton bed sheet 450 µm thick. Pilot device starts dur-
ing ECG measurement and we recorded the waveform. We 
calculated power of noise at 50, 100, 150 and 200 Hz using 
FFT analysis in ECG recordings. Noise before device oper-
ating was compared with noise after it operating. 

IV. RESULTS AND DISCUSSION 

A. Result of evaluation experiment using physical model 

Fig.5 shows measured waveform using pilot device. Ta-
ble 1 shows attenuation rate of commercial power line noise 
and its harmonics. Noise was decreased by system. Wave-
form amplitude is 12.5 Vp-p before system operating, but 
waveform amplitude is 1.8 Vp-p during system operations. 
Noise occurs at time of change of resistance value. Attenua-
tion rate of sum of power of each frequency in total was 
86.8 %. On the other hand, attenuation rate of power of 
noise at 150 Hz is -87.2 %. Noise increases at 150 Hz. Be-
cause nonlinear nature between basic waveform and har-
monics. 
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Fig. 3 Flow chart of the implemented software for equilibrating noise 

amplitude 

 
Fig. 4 Experimental setup for measuring fundamental characteristic of the 

pilot device using a physical model of capacitive measurement 

 
Fig. 5 Performance of pilot device in ECG recordings using physical 

model 

Table 1 Attenuation rate at 50, 100, 150, 200Hz and total in ECG 
recordings using physical model 

Frequency [Hz] 
Power before 

performance [V] 
Power after 

performance [V] 
Attenuation rate 

[%] 

  50 0.8791 0.0464 94.7239 

100 0.4123 0.1112 73.0382 

150 0.0014 0.0026 -87.2340 

200 0.0211 0.0122 41.8527 

Total 1.3138 0.1724 86.8767 
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B. Result of evaluation experiment in capacitive ECG 
measurement 

Fig.6 shows recording ECG using pilot device. Table 2 
shows attenuation rate of commercial power supply noise 
and its harmonics. Measured waveform contained noise 
because of non-balance input stage in capacitive measure-
ment. Noise was decreased by operating system. Attenua-
tion rate of sum of power of each frequency in total was 
95.2 %, attenuation rate at each frequency decreased more 
than 90 %. When body position changes, capacitive area in 
coupling change, two input stages are non-balance. Pilot 
device could respond to changing body position in capaci-
tive measurement. However, noise remains in measured 
waveform. There is necessary to improve resolution of 
computerized non-inverting amplifier. 

V. CONCLUSIONS 

In this study, we propose system that adjusts common-
mode noise amplitude to make plus input stage and minus 
input stage equal using computerized amplifier of non-
inverting amplifier to improve SNR in capacitive ECG 
measurement. Pilot device has advantages that there is no 
need to notch filter. And it is useful method to decrease 
noise with commercial power supply in capacitive mea-

surement. This system can be measured in capacitive mea-
surement by an outlet. We will evaluate parameter of ECG 
that pilot device recorded, and will record other bio electric 
signal. 
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Fig. 6 Performance of pilot device on ECG recordings in capacitive mea-
surement 

Table 2 Attenuation rate at 50, 100, 150, 200Hz and total in ECG 
recordings in capacitive measurement 

Frequency [Hz] 
Power before 

performance [V] 
Power after per-

formance [V] 
Attenuation rate 

[%] 
  50 0.7166 0.0064 99.1042 
100 0.8836 0.0674 92.3672 
150 0.0141 0.0012 91.7080 
200 0.0416 0.0040 90.2885 

Total 1.6559 0.0791 95.2250 
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Abstract—Diabetes mellitus is a chronic metabolic disease 
that displays hyperglycaemia and that is strongly linked to 
micro and macro-vascular complications and neuropathic 
ones. The World Health Organization (WHO) states that there 
are around 171 million diabetic patients in the world, it's also 
estimated that this amount will double by 2030. 

We have performed a preliminary study including diabetic 
patients and controls whose results suggest that the skin 
conductance response (SCR) measured during the Valsalva 
Maneuver could be used as a diagnosis index of diabetic 
peripheric  neuropathy. 

Keywords—skin conductance, SCR, Diabetes mellitus, 
autonomic neuropathy. 

I. INTRODUCTION  

Diabetes mellitus is a high prevalence disease that, ac-
cording to the WHO, afflicts more than 171 million[1] peo-
ple around the world. It is estimated that at least one out of 
two diabetic persons have the disease without knowing it. 

Among the many complications of diabetes, the most 
important that can be found is severe damages to the nerv-
ous system. Some of this damages comes in the form of 
degeneration of nervous fibers, causing the body to lose its 
ability to react to certain stimuli [2], gradually loosing the 
response of the autonomic nervous system (ANS).  

Clinical evidence of autonomic neuropathy can be found 
even when the damage has not progressed beyond the 
body's ability to compensate it. The application of new 
techniques has enabled the analysis of the results of tests 
that evaluate the autonomic nervous system's various 
branches and to detect abnormalities in the early stage of the 
assessment of diabetes, before signs and obvious clinical 
symptoms appear.  

All this justifies the importance of developing risk in-
dexes associated with simple non-invasive clinical trials 
which could detect the typical disorders of diabetes and its 
precursor, metabolic syndrome, even before emerging. 

II. SKIN CONDUCTANCE RESPONSE 

A. Physiological Aspects 

It is known that the transient increases in the secretion of 
sweat glands, associated with bursts of sympathetic auto-
nomic activity, induce the increase of the conductance of 
the skin. It is also know that there are physiological maneu-
vers such as the single deep breath [3] [4] that evoke an 
electrodermal response. Changes in the electrical properties 
of the skin (potential and electric conductance) have a direct 
correlation with the activity of the eccrine sweat glands (su-
domotor function) controlled by the sympathetic branch of 
the autonomic nervous system [5].  

B. SCR, Skin Conductance Response 

The empirical study of electrical phenomena in human 
skin has been labeled in many ways such as Galvanic skin 
response (GSR), skin resistance response (SRR) and Skin 
Conductance Response (SCR). 

Today the term electrodermal activity (EDA) is used as a 
generic reference to the different techniques that measure 
electrical activity in the skin. Of all the different variants, 
and since its introduction in the'80s, the SSR has been the 
most popular in the electrophysiology field.  

In recent years several authors have criticized the ade-
quacy of the SSR as a tool to assess the sudomotor function. 
The major constraints that stand out are [6] [7] [8]:  

1. Lack of knowledge of the autonomic pathways in-
volved.  

2. Unpredictable absence of response in normal sub-
jects and neuropathic ones. 

3. In pathological conditions there is generally no rela-
tionship between SSR and other symptoms of dy-
sautonomy. 

4. Complexity of the signal, which shows peaks that 
are mono, bi and triphasic of unpredictable polarity. 
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This leads us to propose the SCR as an alternative for the 
evaluation of the peripheral autonomic function. Quantifica-
tion of changes in the conductance of the skin is done by 
SCR curves showing the variation in skin conductance be-
tween two electrodes [9] when a stimulus is applied to a 
patient. The main parameters that can be calculated from 
these records (Figure 1) are:  

 
• Base level: the level conductance from which meas-

urements are made. 
• Latency: time between the onset of stimulus and it's 

correspondent response. 
• Amplitude: maximum value of the response refer-

enced to the base level. 
• T50, T37: time it takes to reduce the amplitude of the 

response to 50% or 37% (e-1) the peak. 

 

Fig. 1 SCR of a healthy individual (taken from [10]) 

C. Valsalva Maneuver 

The Valsalva maneuver is one of the most common tests 
to assess autonomic function. Its use is recommended by the 
American Diabetes Association and the American Academy 
of Neurology and is included in the "Ewing's Battery”, a test 
suite that has, in practice, become the "Gold Standard" for 
the functional exploration of cardio-respiratory reflexes 
[11]. Is to perform a forced exhalation against a certain 
pressure. The exhalation in turn leads to an increase in intra-
thoracic pressure, which in turn implies decreased venous 
return. This stimulates pressure receptors that evoke a sym-
pathetic response [12]. 

All this together leads us to propose a measure of the 
SCR under the Valsalva maneuver as a test to verify the 
response of the sympathetic nervous system. Our hypothesis 
is that the indexes associated with the SCR will be different 
in control subjects and in patients suffering from diabetic 
peripheral autonomic neuropathy.  

III. METHODOLOGY 

Almost all published studies on SCR and SSR are based 
on measuring the response when applying an afferent stim-
uli (external to the subject) with the drawback that the char-
acteristics of the recorded waveform may reflect deficien-
cies in the autonomous efferent pathways and also sensory 
disturbance (sensory afferent fibers of the reflex arc). The 
Valsalva maneuver produces a physiological stress which 
acts as a stimulus for SNA and avoids these problems. A 
similar approach has been recently proposed using deep 
controlled breathing as a stimulus [13]. We have not found 
any reference in the literature on the use of the SCR signal 
induced by the Valsalva maneuver, to the analysis of the 
peripheral autonomic function in diabetic patients.  

A. Data Acquisition 

This preliminary study has been developed in collabora-
tion with the internal medicine service of the  “Hospital 
Clínico Universitario de Valladolid”. For its implementa-
tion,  12 diabetic patients (4 type 1 and 8 type 2) and 14 
control subjects were selected. The same experimental pro-
tocol was used to all of them. 

The protocol consisted in placing two electrodes to 
measure skin conductance in the distal phalanx of the index 
and middle fingers of the right hand of the subject and two 
additional electrodes to record simultaneously the DI of the 
electrocardiogram of the patient. 

Each subject was asked to blow through a tube connected 
to a pressure gauge and keep a pressure of 40 mmHg for 15 
seconds; after each maneuver a time of 90 second was left 
without stimulating before repeating the experience, 4 times 
per subject.  

B. Data Preprocessing 

Data were acquired with a Biopac100 ® system with an 
“ECG100C” electrocardiography module and a “GSR100C” 
Galvanic Skin Response module. The acquisition was per-
formed at a sampling frequency of 1kHz. These data were 
exported to Matlab ® R2007a. SCR signal was decimated to 
10Hz for faster processing (no real loss of resolution in the 
case of a low frequency signal), and conditioned for subse-
quent analysis in Ledalab ® . Ledalab is a Matlab-based 
application, developed in the Emotion Lab of Christian 
Albrecht University, Kiel (Germany), and intended to ana-
lyze the skin conductance data, facilitating its decomposi-
tion into phasic and tonic components.  

The tonic component refers to the base level of the signal 
and its variations (the part of the signal below approxi-
mately 0.025hz) and corresponds to the natural variations of 
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the conductance. Phasic component, in turn, corresponds to 
all those changes to conductance associated with a specific 
stimulus and tends to manifest as waves of frequencies 
higher than 0.025hz. 

C. Data Processing and Analysis 

We proceeded to identify the phasic components of the 
responses to each of the Valsalva maneuvers performed by 
each subject.  

The analysis of the ECG consisted in calculating the Val-
salva index as the ratio between the shortest RR interval 
during the maneuver and the longest interval up to 15 sec-
onds after finishing the maneuver. Promising results were 
observed when plotting both indexes one against the other.  

IV. RESULTS 

The first difference between the patterns of diabetic pa-
tients and control subjects was the absolute magnitude of 
SCR values generated under the Valsalva maneuver.  Table 
1 shows a summary of the results.  

Table 1 Phasic components 

Phasic 
component Healthy DM1 DM2 

Mean 
(10*microS) 0,147 0,021 0,031 

Std (10*microS) 0,093 0,012 0,04 

 
 

 

Fig. 2 SCR pattern of a healthy individual. One can see the responses to 
secondary stimuli and the additivity.  

The case of diabetics is quite different, because if you're 
not careful with the scale of the charts, an untrained eye 
might misinterpret their results. First, the magnitude of each 
response associated with Valsalva maneuvers (when there) 
did not exceed 0,4 microS (see Figure 3). This values are 
mainly due to a loss of functionality of the sympathetic  

innervation of the skin. It is important to clarify that the 
biggest response obtained in diabetic patients (with the ex-
ception of patient labeled LOT) was 0,4microS while the 
smallest observed in healthy subjects was 0,6microS. These 
values provide a perfect separation between both groups. 
Patient LOT, even being a diabetic, shows no clinical sign 
whatsoever of any neural degeneration, which could explain 
why his values classify him as a normal subject. 

 

Fig. 3 SCR of a patient with type 1 diabetes 20 years of evolution 

There was a clear tendency for diabetic patients to show 
phasic responses of very low magnitude (between 0 and 0.4 
micro-Siemens). It is also clear that all the control subjects 
have responses of magnitude greater than 0.6 micro-
Siemens.   This generates bandwidth of 0.2 micro-Siemens 
(0.4 - 0.6) in which there are no patients (note that the width 
of this band is half the width of the band in which are con-
fined all the diabetic patients, making it of significant mag-
nitude).  

The second parameter we studied was the Valsalva index. 
The obtained results can be observed in figure 4 plotted 
against the SCR values. 

 
 

Fig. 4 Phasic component Vs Valsalva index 
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In this figure it is really obvious how the diabetic patients 
tend to accumulate in the lower left corner (low Valsalva 
index – low phasic component). This suggests, not only a 
vagal degeneration (low Valsalva index), but also a notice-
able degeneration of the sympathetic peripheral nerves. 

V. CONCLUSIONS 

This work is framed in a project currently under devel-
opment and partially funded by MICINN. We believe that 
the results of this preliminary study are promising and sup-
port our hypothesis of the usefulness of the SCR elicited 
during the Valsalva manoeuvre as an indicator of peripheral 
autonomic function. The indexes used can discriminate be-
tween studied groups in a clear and unambiguous way. 
Nevertheless this research should broaden the study group, 
as the population used is very small (14 healthy subjects and 
12 diabetic patients) and includes only individuals who have 
been diagnosed with diabetes for over 5 years. 

Taking into account that these indexes are highly sensi-
tive to external conditions, it would be appropriate to study 
the influence of external factors on the conductance of the 
skin in order to control the experience even more rigidly 
and get more reliable results. 

Finally, it would be important to study the variation of 
these indexes in a population of diabetics with different 
evolution times. 
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Abstract—We propose bandwidth extension method for ca-
pacitive ECG sensing using a two-stage analog forward filter 
and a single-stage digital inverse filter. It is a method which 
prevents the saturation of measurement waveform in body 
motion by raising corner frequency with capacitive ECG sens-
ing circuit built into two-stage high-pass filter, and restores 
low frequency wave component with a digital inverse filter. As 
a result of capacitive measurement experiment by 22-year-old 
adult, saturation of measurement waveform by body motion 
was prevented, and bandwidth extension of electrocardiogram 
has been realized. 

Keywords—Bandwidth extension, capacitive electrocardio-
graph, non-obtrusive monitoring, noninvasive ECG measure-
ment, home health care. 

I. INTRODUCTION  

Recording of physiological variables, such as the electro-
cardiogram (ECG), during everyday life could be useful for 
management of individuals with chronic health disorders 
[1]. Since conventional systems for ECG monitoring are 
unsuitable for long-term studies, previous researchers have 
focused on developing dedicated systems for long-term 
monitoring in daily life [2]-[4]. Our research group also has 
proposed a new approach of capacitive ECG sensing which 
obtains electrocardiographic potential through thin cloth 
inserted between the measuring electrodes and the skin of a 
subject’s body surface [5]-[12]. In previous our studies 
[10]-[12], we narrowed frequency bandwidth of a band-pass 
filter in the developed device in order to improve tolerance 
for body motion. As a result, we succeeded in improving 
detection rate of R-wave. However potential value of the 
device has been impaired by the narrowing, because nar-
rowing of ECG frequency band eliminates T-wave compo-
nent, hence important information for early detection of 
illness. In this study, we propose a novel method for extend-
ing bandwidth of the ECG measuring system without de-
tracting the tolerance for body motion by synthesizing a 
two-stage analog forward filter with two different corner 
frequencies and a digital inverse filter having a corner fre-
quency identical with the higher one of the analog filter. 

II. BANDWIDTH EXTENSION METHOD 

Concept of the proposed method for extending band-
width is shown in Fig.1. As the first step, ECG signal is 
measured and filtered with a two-stage high-pass filter hav-
ing two corner frequencies (see Fig. 1(a)) to retain the toler-
ance for body motion. After the analog filtering, the signal 
is filtered with a digital inverse high-pass filter having a 
corner frequency identical with the higher one of the analog 
filter (see Fig. 1(b)). Since the digital filter partially restore 
the gain attenuated by an equivalent one-stage analog high-
pass filter having the higher corner frequency, the synthe-
sized high-pass filter show a frequency-gain characteristic 
having a corner frequency identical with the lower one of 
the analog filter (see Fig. 1(c)).Therefore the synthetic filter 
a potential to obtain T-wave information without losing the 
tolerance for body motion by choosing adequate two corner 
frequencies.  

III. MATERIALS AND METHOD  

A. Capacitive Sensing 

Capacitive sensing is based on the principle of the ca-
pacitive (or insulated) electrode. The capacitive electrode 
can carry an alternating bioelectric current through the  
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(a) Analog forward  (b) Digital inverse (c) The proposed  

 filter filter synthetic filter 

Fig. 1 Concept of the proposed method composed of (a) a two-stage 
analog forward filter, (b) a single-stage digital inverse filter, and (c) 
the proposed synthetic filter 
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capacitance of the capacitive coupling involving a conduc-
tive electrode, clothes (insulators), and the skin of the sub-
ject as shown in Fig.2. In our approach, commonly available 
clothes were substituted for the rigid insulator in order to 
relieve the irritation, allergy and discomfort experienced 
with conventional skin-to-electrode coupling. Also a sheet 
of conductive fabric was substituted for the conventional 
metal electrode so as to realize a deformable coupling corre-
sponding to the contour of the coupled region. 

B. Electrode 

The ECG signal is picked up by the electrode unit, as 
shown in Fig.3. The unit consists of two strips having 30 
mm wide and an inverted-V-shaped piece having 60 mm 
wide of carbon-coated conductive fabric with conductive 
adhesive (Kitagawa Industries, CSTK-300). The electrodes 
are stuck to a mattress. The unit is covered with a commer-
cial cotton bed-sheet. A subject wearing pajamas lies on the 
sheet. Skin-clothes-electrode coupling is held by the sub-
ject’s weight and by repulsive force from the mattress. A 
positive electrode and a reference electrode are placed under 
the upper and lower scapulae of the subject respectively, as 
shown in Fig. 3. Two long sideways electrodes are used so 
that the ECG signal can be detected even when the subject 
lies in lateral position. A top of the negative electrode is 
placed beneath the breech. The shape of the negative elec-
trode is designed to avoid the electrode being coupled ca-
pacitively with subject’s upper limb. 

C. ECG Sensing Circuit 

Fig.3 shows a block diagram the developed ECG sensing 
circuit. The circuit can output two analog signals having 
different frequency components. The device composed of a 
former intersection and latter two sections. The intersection 
consists of an instrumentation amplifier, a notch filter, a 
high-pass filter with a corner frequency of fC1, a 100-Hz  
 

low-pass filter. One of the latter sections consists of a 
buffer, a high-pass filter with a corner frequency of fC2, and 
an inverting amplifier. Combination of this section and the 
intersection provides a signal filtered with the two-stage 
analog high-pass filter (Date 1). The fC1 and fC2 were set to 
0.05 and 30 Hz respectively in this study. Another latter 
section consists of a buffer and an inverting amplifier. This 
section is added to obtain a reference signal for comparison.  
The first instrumentation amplifier is employed not only as 
a differential amplifier but also as an impedance transform-
ing circuit enabling the capacitive sensing. Nominal input 
resistance of the amplifier is 1000 TΩ. The notch filter is 
used to reduce 50 Hz interference. The total amplification 
factor is 1000.  

D. Digital Inverse Filter 

A digital inverse filter is designed so as to acquire the in-
verse frequency-gain characteristic of the corresponding 
analog forward filter. Transfer function of the digital filter 
(eq. (1)) was obtained using Z-transform to a transfer func-
tion of the single-stage analog high-pass filter having a 
corner frequency of fC2. Equation (3) is developed by substi-
tuting eq. (1) for eq. (2), which represents a relationship 
between the input X(z) and the output Y(z) of the digital 
filter in a discrete system. Sampling interval (T) was to 
0.001 s, and the damping time constant (τ) was selected to 
0.005 s so that the corresponding corner frequency becomes 
fC2 (i.e. 30 Hz). The digital inverse filter was written by 
Visual C++ language based on eq. (3). 
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Fig. 2 A model of capacitive electrode coupled onto the skin with 
cloth 
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Fig. 3 Configuration of the measuring electrodes and block diagram 
of the developed ECG sensing circuit 
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E. Measurement of Fundamental Characteristics 

Frequency response of developed ECG sensing circuit 
was measured. Sinusoidal waves from 0.005 to 400 Hz were 
input from an oscillator to a measuring electrode, and the 
output voltage at each frequency was measured using the 
developed device. The output voltage at each frequency was 
measured using a data acquisition system (Biopac Systems, 
MP-150 system). Additionally, frequency responses of the 
digital inverse filter was derived with substitution of ejωt for 
z in transfer function H(z). 

F. Simulated ECG Signals Recordings Processed 

The signal of commercial simulated ECG generator (Ni-
hon kohden, AX-201D) was measured using developed 
ECG sensing circuit. Bandwidth extension of measured 
ECG was using the inverse filter after measurement. 

G. ECG Recordings Processed 

One male volunteer aged 23 participated to the measure-
ment. Electrocardiographic potential was recorded using the 
developed device from the dorsum of the subject through 
the cotton clothes. The output signal from the system was 
digitized at 1000 Hz by an A/D converter and stored in the 
personal computer using a data acquisition system. The 
recording from developed device was subjected to a 20-
point moving average to eliminate power line noise. Band-
width extension of measured ECG was using the inverse 
filter after measurement. 

IV. RESULTS AND DISCUSSION 

A. Fundamental Characteristics of the Device 

The frequency response of developed ECG sensing cir-
cuit built-in two-stage high-pass forward filter and digital 
inverse filter are shown in Fig. 4. It is understood that both 
frequency responses are filtered in the specified bandwidth. 
Frequency responses of synthetic filter and developed ECG 
sensing circuit built-in single-stage high-pass filter are 
shown in Fig. 5. Fig. 5 shows that, two frequency responses 
were approximated. 

B. Simulated ECG Signals Recordings Processed 

Experimental result is shown in Fig. 6. Waveforms of the 
developed ECG sensing circuit built-in single-stage high-
pass filter and after digital inverse filter processing are simi-
lar. Coefficient of correlation of two waveforms is 0.9983. 
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Fig. 4 Frequency characteristics of the two-stage analog filter and the 
digital inverse filter 
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Fig. 5 Comparison of frequency characteristics between a synthetic 
filter combined using the proposed method and a single-stage analog 
filter having the same corner frequency 
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Fig. 6 Simulated ECG signals obtained from (a) single-stage analog 
filter, (b) two-stage analog filter, and (c) synthetic filter combined 
using the proposed method 
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C. ECG Recordings Processed 

Experimental result is shown in Fig. 7 and Fig. 8. If sub-
ject not perform motion, waveforms of the developed ECG 
sensing circuit built-in single-stage high-pass filter and after 
digital inverse filter processing are similar. When subject 
perform body motion, waveforms of circuit built-in single-
stage high-pass filter and digital inverse filter processing 
were compared. Waveform of developed ECG sensing cir-
cuit built-in single-stage high-pass filter was saturated and 
waveform after digital inverse filter processing was not 
saturated. 

V. CONCLUSION 

We proposed bandwidth extension method for capacitive 
ECG sensing using a two-stage analog forward filter and a 
single-stage digital inverse filter. One male volunteer aged 
23 participated to the measurement. When waveforms of 
developed ECG sensing circuit with a built-in single-stage 
high-pass filter and digital inverse filter processing were 
compared, waveform of developed ECG sensing circuit 
with a built-in single-stage high-pass filter was saturated 
and waveform after digital inverse filter processing was not 
saturated. 
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Fig. 7 ECG recordings processed with (a) single-stage analog filter, 
(b) two-stage analog filter, and (c) synthetic filter combined using the 
proposed method (during a resting state) 
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Fig. 8 ECG recordings processed with (a) single-stage analog filter, 
(b) two-stage analog filter, and (c) synthetic filter combined using the 
proposed method (immediately after a body motion) 
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Abstract— Atherosclerosis is a very common disease that af-

fects millions of people around the world. Currently most of

the studies conducted on this disease use Ultrasound Imaging

(IVUS) to observe plaque formation, but these images cannot

provide any detailed information of the specific morphological

features of the plaque. Microscopic imaging using a variety of

stains can provide much more information although, in order to

obtain proper results, millions of images must be analyzed. We

provide an automatic way to find the Region of Interest (ROI) of

these images, where the atherosclerotic plaque is formed. Once

the image is well-segmented the amount of fat and other mea-

surements of interest can also be determined automatically. A

proper study of these images provides valuable information that

can be key to understanding the evolution of atherosclerosis.

Keywords— automatic segmentation, ROI, statistical color

model, snakes, splines

I. INTRODUCTION

Coronary Heart Disease (CHD), also called Atheroscle-
rotic Heart Disease or Coronary Artery Disease (CAD) is
a serious disease caused by the formation of plaque in the
arteries. There are two common approaches for plaque de-
termination; (a) Invasive, in-vivo imaging techniques such
as Ultrasound Imaging (IVUS) [1], Optical Coherence To-
mography (OCT) [2] or Magnetic Resonance Imaging (MRI),
which suffer from noise induced by dynamic motions and low
resolution. (b) Microscopic histology imaging of samples ex-
vivo, which has a much higher resolution and allows for a de-
tailed study of the morphology of the plaques. All the above
techniques need an appropriate automatic segmentation tool
to analyze large image databases in order to improve the un-
derstanding of the disease. Currently, such images are usually
analyzed manually, e.g. using Photoshop R©, which is a time
consuming and error-prone process. The present study fo-
cuses on the automatic segmentation of stained microscopic
images to analyze coronary plaque characteristics. The con-
tributions can be summarized as follows:

1. An automatic inner and outer boundary detector is intro-
duced to capture the area of the artery within the image.

2. We propose to create a statistical color model derived
from training data and we compensate for color differ-
ences created during the staining process.

3. Our approach automatically detects starting points for
contour evolution.

4. We design a Graphical User Interface (GUI) that dramat-
ically reduces the workload of the user.

Figure 1 shows the basic parts of an artery, along with a
brief description of each. We are interested in capturing the

Fig. 1: 1.Lumen: opening inside the artery where the blood flows. 2.Intima:
first layer, made of a single layer of endothelial cells. This is where the
lipids are deposited to form an atherosclerotic plaque. 3.Media: second

layer, made of smooth muscle cells and elastic tissue. 4.Adventitia: third
and outermost layer, mainly composed of collagen which gives stability to
the blood vessel. 5.External Elastic Lamina (EEL): wall between the media

and the adventitia.

plaque as well as the area of the artery (intima and media).
As the atherosclerotic plaque is formed in the intima, the
target ROI can be found between the EEL (outer boundary
of the ROI) and the contour of the lumen (inner boundary of
the ROI).

The basic structure of our algorithm is shown in Figure 2.
In a timely fashion, we can divide the algorithm in:

• Creation of a color model from training data. This is com-
puted just once and is marked in blue.

• Finding the EEL using snakes with the information of the
likelihood image and the inner boundary.

• Feedback of the GUI which affects the inner boundary
determination and the cleaning of the likelihood image.
Marked in red.

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2000–2003, 2009. 
www.springerlink.com 



Fig. 2: Diagram of the algorithm

The remainder of the paper is organized as follows: Section 2
presents the database, basic pre-processing and inner bound-
ary segmentation. Section 3 presents the creation of the sta-
tistical color model and Section 4 the automatic detection of
the EEL. Finally, the results and conclusions are presented.

II. PREPARATION OF THE IMAGES

A. An overview of the database

For this study we use 42 histological images from 4
different coronary artery types: the Right Coronary Artery
(RCA), the Left Circumflex Artery (LCX), the Left Anterior
Descending Artery (LAD) and the Obtuse Marginal Artery
(OM) within a total of 33 arteries from 11 different pigs.

We focus on images created with the stains:

• Verhoeff: darkens the structural elements of the artery
(IEL, EEL). We use these images to find the initial ROI.

• Oil Red O: shows in bright red the fat in the artery. We
use these images to compute the total amount of plaque.

We then use color features as in [3, 4] to create a model
from the training data.

Our study faces 3 main problems with the images (see Fig-
ure 3). Each one will be dealt with a specific method:

1. Color differences due to the staining process.
2. External tissue or stain spots that result in undesired

white artifacts in the likelihood image.
3. Various shapes and sizes of the arteries.

B. Pre-processing

In order to compensate for color variability (problem 1),
we decided to use histogram equalization. The obvious ap-
proach of using three different color models (pink, brown and
purple) proved to give less consistent results in the end.

C. Inner boundary: region growing

To segment the inner boundary of the ROI, we use the re-
gion growing technique [5]. We choose the seed manually
and apply the algorithm on a grayscale image. It returns a
closed region with all the pixels with values ±T with respect
to our seed pixel intensity value, where T is typically 40.

III. STATISTICAL COLOR MODEL

The outer boundary of our ROI can be clearly identified by
a dark color produced by the Verhoeff stain. Therefore, we
model this color information and create a likelihood image
that indicates where in the image it is likely to have an EEL.

A. Model training and creation

To generate the statistical color model, we manually se-
lect Nt = 15 boundary points on all the training images. We
include in the model all the pixels in a window w of 11x11
centered in the selected boundary point.

A normalized histogram with M bins is created for each of
the color components R, G and B of the pixels.

B. Likelihood image

In order to convert the histogram information to the pix-
els in the image space, we create what we call the likelihood
image. As shown in Equation (1), we use a naive Bayes clas-
sifier to compute the probability of each pixel of the image.

P(x,y) = P(xR,yR|MR)∗P(xG,yG|MG)∗P(xB,yB|MB) (1)

According to the model, the likelihood image should be white
in the boundary pixels and black elsewhere.

In order to solve problem 2 (undesired white pixels in the
likelihood image), we clean the image using morphological
operators as in [6, 7, 8]. We apply image reconstruction [9]
as expressed in Equation (2), using an eroded version of our
image as the marker. One example is shown in Figure 4.

δ (...δ (δ (Y )∧X)...∧X) = (δ X
1 (Y ))∞ = δ X

∞ (Y ) (2)

Fig. 3: Problem 1,3: color and shape differences – Problem 2: marked in red
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We decide for a dynamic size of the structuring element
(Esize) for the erosion, as shown in Equation (3).

Esize = 50−5∗ i i = 0 . . .10 (3)

Fig. 4: Image reconstruction effect on likelihood image

IV. OUTER BOUNDARY: SNAKES AND SPLINES

In order to find the outer boundary of the arteries, we need
an adaptive contour that is able to ”ignore” the white arti-
facts that might still remain in some images but that is also
able to ”imagine” where the boundary is when the contour is
not closed. We use snakes or active contours expressed using
splines [10]. The snakes allow us to ”drive” our contour to
the highest energy point. We use splines to exploit the fact
that arteries have rounded shapes, so our contour must have a
polynomial behavior where no sharp edges are possible.

A. Automatic initialization

One of the most important steps to see our segmentation
algorithm succeed, is finding a good initialization for the
snake. The initialization depends on the shape and size of the
artery (problem 3), therefore we need to use known contour
information. Our approach is to use the inner boundary found
previously using region growing. As shown in Figure 5, we

Fig. 5: Finding the snake starting points

start from the inner boundary (green) and dilate (orange ar-
rows) the contour (C) until we find that it is outside the EEL
(red). More specifically, C is dilated until it satisfies:

• Condition 1: The value of the likelihood image at M
points equidistantly distributed along the spline must be
0. This ensures that C is located outside the artery.

• Condition 2: At least 50% of the white pixels of the like-
lihood image must be inside C. This ensures that C stops
outside the EEL.

B. Energies that drive the snake

A snake [10] is an energy-minimizing spline [11] guided
by constraint and image forces. If we represent the position of
a snake parametrically by v(s) = (x(s),y(s)) where s ∈ [0..1]
we can then write the energy functional as:

Esnake =
∫ 1

0
Etotal(v(s))ds (4)

=
∫ 1

0
0.8∗Es(v(s))+Ep(v(s))+Espl(v(s))ds

N break points (BPi) control the snake.
As we can see in Equation (4), the energy functional is

composed of three terms. A smoothness term (Es), equiva-
lent to the second derivative, prevents oscillations and sharp
edges. A probability term (Ep) which is the maximum inten-
sity value of the likelihood image found in a 5x5 window wi
centered in the point we are analyzing (BPi). A spline term
(Espl), found by sampling the segment from BPi to BPi−1 and
the one from BPi to BPi+1 and finding the average intensity
value of all these sample pixels.

The optimal weights have been found experimentally.

V. RESULTS

To analyze the performance of our automatic algorithm,
we consider the manual segmentation of the images as ground
truth. We measure the error based on areas as described in
Equation (5), where Na is the number of pixels of the area
found automatically and Nc the number of pixels of the man-
ually segmented area.

Error = |Na −Nc|/Nc ∗100 (5)

Using this error measure, we analyze the impact of the size of
the structuring element for erosion described in Equation(3).
As shown in Figure 6, if parameter i is chosen in such a way
that the number of white pixels left in the image is at least
PR =60% of the original white pixels, we have the best re-
sults (see Figure 7(a) for detailed results). Making the pa-
rameter variable improves by 10% the number of images cor-
rectly segmented, as opposed to using just a fixed erosion pa-
rameter of 50.
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Fig. 6: X axis - Percentage PR for erosion calculation. Y axis - Cross: Error
< 10%, Square: 10% < Error < 20%, Triangle: total error

We consider all the images with an error measure of 20%
or less to be correct, as this does not affect the calculation of
the fat in the artery, which is the ultimate objective.

A detailed analysis of the errors is shown in Figure 7(a).
Note that ”Error” just refers to the outer boundary, as in the
blue and green cases the inner boundary is correctly seg-
mented. Out of the 23.8% of images that had incorrect inner

(a) (b)

Fig. 7: (a) Detailed statistics of the error measures, (b) Final statistics of the
error measures

boundaries, 90% can be fixed by adding seeds and 10% can
be fixed by changing the threshold value. We take this into
account to design our GUI which allows the user to easily:

• Observe the original and likelihood images
• Change the threshold and erosion parameters
• Recalculate the segmentation or change it manually

Therefore, with small adjustments using our GUI, we have
100% of the inner boundaries well-segmented.

In Figure 7(b), the statistics of the error measures includ-
ing these small manual adjustments are presented. In con-
clusion, we obtain statistically 54.8% of automatically seg-
mented outer boundaries and 10% more with minimal user
interaction. From a user point of view, we can compute the
average number of ”mouse clicks” needed to segment an im-
age as a measure of the workload of the user. 54.8% of the
images are correctly analyzed with just one initial click (to
choose the seed for region growing). All the images can be

analyzed with an average of 4.81 clicks.

VI. SUMMARY

In this paper, we have focused on the problem of segment-
ing arteries in multi-stain histology images. We have pro-
posed an algorithm to automatically localize the artery and
plaque within the image. Our approach is based on the cre-
ation of a statistical color model from training data, which al-
lows us to obtain likelihood images. To find the outer bound-
ary of the ROI in the likelihood images, we use snakes or
active contours and minimize an error function which jointly
optimizes a likelihood term, a smoothness term and a spline
term. The initialization of the snakes is specially important
to overcome the arteries shape differences and our solution is
to use the inner boundary contour found by region growing.
The overall algorithm achieves positive results that specially
reduce the amount of time that the user spends analyzing the
images. We obtain 64.3% of automatically segmented arter-
ies. If we consider an average of 20 clicks to segment each
image manually and compare it with our algorithm that al-
lows the user to segment all images with an average of 4.81
clicks, we see that we reduce the user’s work by 76%.

In the future, we plan to exploit the difference in texture
between the media and the adventitia to make our algorithm
more robust.
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Abstract— We present an efficient pipeline for the segmen-

tation and tracking of the Epicardium (Epi) and Left Ventri-

cle (LV) from a set of 3D cardiac MRI sequences. The surface

structure is handled as an array of planar active contours, inter-

connected between adjacent slices and frames, providing spatial

and temporal consistency. In a given cardiac phase, the stacking

of slice contours constitute a 3D mesh with a cylindrical topol-

ogy. In a first stage the heart region is automatically localized by

making use of the time variance of the heart region. Extraction

of heart border is performed by means of energy minimization.

Finally, we construct a 3D tensor array from all time surfaces

in cylindrical coordinates and time and space consistency of the

segmentation is enforced by fitting an m-variate tensor smooth-

ing spline to the final 3D array.

Keywords— Cardiac Segmentation, Tracking, Active Contour

I. INTRODUCTION

The lack of a proper 3D visualization during the train-
ing, planning and guidance stages of cardiac surgery makes
segmentation of cardiac structures from magnetic resonance
(MRI) images an interesting and very important field of re-
search. In addition, early identification of myocardium dys-
function through quantitative analysis, permits a reliable and
fast diagnosis of heart diseases. The problem of automatic
cardiac segmentation has been extensively investigated. Nu-
merous methods in the literature rely on a previous learning
of the shape and appearance of cardiac structures from train-
ing examples [1, 2, 3, 4, 5]. These algorithms can encode a
higher level knowledge about the appearance and shape of
the heart and are hence more robust. The main concerns re-
lated to these models are data collection and manual segmen-
tation and registration of the training samples. Therefore this
training process is usually very time consuming. Non para-
metric evolving curves like levelsets [6] have also been used
for segmentation of cardiac volumes. However, levelset based
methods are computationally very expensive and the behav-
ior of the evolving interface is difficult to control without any
shape prior [7, 8]. Levelsets can naturally handle topological
changes but this feature is not needed for our application.

A. Our contribution

We propose an efficient pipeline for the automatic segmen-
tation and tracking of the Epicardium and left ventricle based
on active contours [9] that doesn’t require previous informa-
tion learned from a database. Compared to previous methods
that segment cardiac contours, our method offers the follow-
ing advantages: 1) The heart is quickly localized with the dis-
tinctive time variance of the heart region. In contrast to other
methods that detect the heart in single images [10, 11], our
method detects the whole heart volume giving spatial con-
sistency to the initialization. 2) Temporal and spatial consis-
tency is jointly enforced in the segmentation by fitting an
m-tensor smoothing spline to the radial basis functions of
the time-surfaces. 3) Our heart localization method can also
be easily integrated in Appearance and Shape Model based
approaches to initialize the position and orientation of the
learned model. Moreover, methods based on Active Contours
and Deformable Models can benefit from the Time-Space
consistency module. Our overall heart localization and seg-
mentation framework is outlined by the flow chart in Fig. 1.
In a first stage, we roughly localize the heart volume by find-

Fig. 1: The flow chart of our approach

ing the bounding ellipsoid that encloses the heart in all the
cardiac phases (section III. ). In a second stage, with this ini-
tial curve we find the border of the heart by means of energy
minimization (section IV. ). The resulting segmented cardiac
volume is propagated to the next frame and the algorithm
is iterated until the segmentations for all the cardiac phases
are obtained. In a final stage, time and space consistency is
enforced in the planar segmentations by fitting an m-tensor
smoothing spline to all time surfaces in a single optimization
step (section V. ).
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II. PRE-PROCESSING

MRI images are noisy and contain a lot of distractors like
little veins that appear in the cross sections as bright spots
around the contour. We want to clean the images but at the
same time preserve the heart shape and appearance. To this
end, we use morphological operators to erase the bright spots
from the image. First, we perform an opening using a disk
shaped structuring element of radius 2 pixels se[n] that is go-
ing to erase all the bright spots smaller than the disk.

γse(I[n]) = (I[n]� se[n])⊕ se[n] (1)

Where γse is the opening operator and �,⊕ the erosion and
dilation operators respectively. Second, we binarize the out-
put from the opening and use it as a mask B[n] to the original
images; the choice of the threshold is not important since the
resulting background pixels are close to zero.

The process is illustrated in Fig. 2. With this process we
eliminate the background noise and more important the little
veins surrounding the heart region are removed from the im-
ages while preserving the heart appearance as can be seen in
Fig. 3d.

(a) (b) (c) (d)

Fig. 2: (a) Example image, (b) Output of opening γse(I[n]), (c) Binary mask
from opening B[n]; (d) Final image, If[n]

III. INITIALIZATION

Pixels belonging to the heart will have in general a higher
variance than background pixels due to the wall motion dur-
ing contraction and due to the heavy blood flow inside the
heart [11]. By exploiting this distinctive feature and enforc-
ing spatial consistency across the slices we are able to localize
the heart volume. To this end, we compute the time variance
volume Vσ :

Vσ =
1
T

T

∑
t=1

(Vt −Vμ )2 where Vμ =
1
T

T

∑
t=1

Vt (2)

where Vμ is the mean time volume. We then binarize the vari-
ance volume Vσ and find the largest connected region. The
threshold is selected so that as many pixels as the heart vol-
ume are preserved. In order to initialize our active contour we

find the minimum enclosing ellipsoid by Principal Compo-
nent Analysis (PCA) Fig. 3. This provides an initial estimate
of the volume for the first frame. Although this method pro-
vides fairly well estimates for the mid-ventricular slices Fig.
3e, some problems appear in the apex cross-sections because
the variance is not discriminative enough. In our experiments
the apex cross-section initialization is manually corrected.

(a) (b) (c) (d) (e)

Fig. 3: Initialization steps: (a) Simple Background Subtraction; (b) Variance
volume cross-section; (c) Ellipsoid fit; (d) Example of cross-sections of the

Variance Volume and the Ellipsoid; (e) Initialization curve

IV. SEGMENTATION

A. Energy minimization

For each slice in the MRI volume we can use the cross-
sections of the ellipsoid 3e as the initial estimates for our ac-
tive contour. The segmented volume for the current frame is
used as the initialization for the next frame. The boundary of
the epicardium is found by moving every point in the curve
in the radial direction so that the energy functional in equa-
tion (3) is minimized. In order to avoid mesh resampling dur-
ing optimization we obtain a time invariant parameterization
by sampling the curve with respect to its centroid clockwise
at every 5 degrees starting from north obtaining a total of 72
particles. Then for each point in the curve, we choose the can-
didate that minimizes the cost function in (3). We use radial
windows of 11 pixels, centered at the corresponding curve
point. The energy function can be expressed as:

argmin
x∈Window

w1
d2y
dx2 −w2〈∇I(x),−→r (θi)〉 (3)

−w3y−w4|r(θi−1)− r(x,θi)|

where x = [x,y]T denotes the image locations in the search
window, y is the image intensity curve in the radial direction,
∇I(x) is the image gradient found using the sobel filters in
the horizontal and vertical directions, r(x,θi−1) is the radius
of the candidate with respect to the centroid and r(θi−1) is
the radius of the previous candidate minimizer in the curve.
Note that all the external forces of the functional in equation
(3) derive from image features computed in the radial direc-
tion. Therefore, the search space is constrained to elliptically
shaped objects.
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B. Curve parameterization

Even though smoothness is enforced in the energy func-
tional (3) the curve we obtain is not perfectly smooth yet.
Because of the elliptical shape of the heart cross-sections, El-
liptical Fourier Descriptors are well suited for reducing and
constraining the dimensionality of our problem. We assume a
smooth and continuous heart boundary, so we should be able
to encode the contour as a sum of a few Fourier Coefficients,
4 or 5 maximum. In order to project our curve into the Fourier
space we first find the polar coordinates (ri,θi) of the points
(xi,yi) obtaining a vector of 72 radius. Thereby, we find the
first Nc FFT coefficients of the curve radius:

Rk =
N−1

∑
n=0

rne−
2πi
N nk k = 0, . . . ,Nc−1 (4)

Given that rn are real we find the conjugate pairs by
RN−k = R∗

k , therefore we only need to compute the first Nc
Fourier Coefficients. So in total we have the DC component
plus 2 ∗ (Nc − 1) coefficients because we want amplitude
and phase. Once we have the first Nc harmonics we recover
the low-pass curve in polar coordinates (r,θ) via IFFT , and
finally we go back to (x,y). The whole filtering method to
smooth the contour is the following:

(x,y)
xy2polar
=⇒ (r,θ) FFT=⇒ (Rk)

IFFT=⇒ (r,θ))
polar2xy
=⇒ (x,y) (5)

With this procedure we find the first 5 FFT coefficients that
best fit the heart border.

V. TIME AND SPACE CONSISTENCY

For each frame we have obtained a set of planar con-
tours with cylindrical topology. The rendered surfaces are not
smooth and present jitter in time. In order to ensure time and
space consistency we constrain our segmentation by fitting an
m-tensor smoothing spline to all time surfaces in a single op-
timization step. Although global optimization methods like
truncated 3D Fourier descriptors are optimal in general, local
optimization methods like smoothing splines are best suited
for our problem because they lead to more satisfying recon-
structions. Therefore, we construct a tensor Θ of order N = 3
with the radius of the time-space curves. Columns of the ten-
sor are formed by the radial basis functions of the planar con-
tours in a given time and slice location. With this arrange-
ment the topology of the data is preserved, i.e. the physical
neighbors are also neighbors within the tensor. An m-tensor
product smoothing spline approximates the multivariate data
taking the geometric average of univariate smoothing splines.
Thereby, each element of the tensor Θ is approximated by:

R(θ ,z, t) = f (θ)g(z)h(t) (6)

where R(θ ,z, t) is an element of the tensor Θ and
f (θ),g(z),h(t) are 1-variate splines that enforce consistency
in each of the 3 dimensions involved: within the same con-
tour, across the slices and in time respectively. An intuition of
what we are doing is the following: For each of the 3 dimen-
sions we have a set of data points y = g(x)+ni that follow a
smooth function g(x) and are corrupted by some random un-
known noise product of our algorithm n. We are interested in
recovering g(x), so the data is projected to a subspace of poly-
nomial functions. The new basis will be able to represent g(x)
but won’t be able to follow the fast noise. We choose piece-

(a) (b)

Fig. 4: Cross-section of the 3D tensor Θ for a constant slice (a) Radius
before smoothing; (b) Radius after smoothing;

wise cubic polynomial functions with constraint equations to
approximate our points. Given a set of points (xi,g(xi)+ ni)
we construct the following function:

f (x) = Pi(x) xi ≤ x < xi+1 i ∈ 0, . . . ,n Pi ∈ P3 (7)

The function f (x) minimizes the following expression:

p
N

∑
j=1

w j|y( j)− f ( j)|2 +(1− p)
∫

| f ′′(x)|2 dx (8)

The first term of the cost function controls the accuracy of
f (x) i.e. how close to the points we are, and the second term
forces f (x) to be smooth. We have a trade off between ac-
curacy and smoothness. The choice of p depends on which
of this two conflict goals we accord the greater importance.
Besides this constraint we impose that f (x) is twice differen-
tiable, f (x)∈C2. This gives rise to three additional equations
for each data site:

P(n)
i−1(xi) = P(n)

i (xi) n ∈ 0,1,2 (9)

We can generate a linear system Ax = b from equations (8),(9)
and solve in a Least Squares fashion to find the unknown vec-
tor of polynomial coefficients. For further details on smooth-
ing splines we refer to [12]. The effect of the smoothing can
be seen in Fig. 4 where we show the radius of one contour
over time: the undesired jitter in time , Fig. 4a, is removed
after the smoothing process Fig. 4b.
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(a) (b) (c) (d)

Fig. 5: (a) Initial ellipsoid localization in yellow overlapped with the final
segmentation; (b) Epi volume with the LV inside; (c) Segmentation with the

long axis cross-section; (d) LV during end-systole and end-dyastole

Fig. 6: Epi and LV surfaces and contours-Result of the segmentation for
different slices 9 and 15 in the vertical direction. The cardiac phases
correspond to mid-systole, end-systole, mid-dyastole, end-dyastole

VI. RESULTS

We have conducted experiments on two 4D canine car-
diac datasets. Each dataset consists of 12 cardiac phases with
20 Short Axis (SA) cross-sections per phase. The resolution
of the images is 1mm×1mm and the separation between the
slices is 6 mm. To test the generality of our algorithm we used
it to also track the Left Ventricle and we obtained acceptable
results by just a small adaptation of the parameters. Quanti-
tative validation was performed by comparing the automatic
segmentation results with manual segmentation. As in [10],
we define the following error measures: true positive fraction
(TPF) as the fraction of tissue in the gold standard overlapped
with our segmentation; False Negative Fraction (FNF) as the
amount of tissue missed by our segmentation and False Pos-
itive Fraction (FPF) as the fraction of tissue falsely detected.
We obtained encouraging results on the validation datasets,
TPF, FNF and FPF are shown in table 1 as a percentage of
the total true amount of tissue. In addition, the resulting seg-
mented surfaces (Epi and LV) are smooth with no jitter in
time Fig. 6,5. In Fig. 3c we show how the (Epi) surface, in
red, and the (LV) surface in blue, perfectly fit the cardiac vol-
ume and we can see how the rendered surfaces can provide
a very useful 3-dimensional reference for computer assisted

cardiac surgery.

TPF FNF FPF

Before TSC 94% 6% 5.22%
After TSC 96.46% 3.54% 4.5%

Table 1: Quantitative results of our segmentation method before Time and
Space Consistency (TSC) and after

VII. CONCLUSION

We have presented a method for segmenting the epi-
cardium in 4D cardiac MRI datasets that exploits the spa-
tial and time dependencies of the heart and does not require
any previous knowledge learned from a database. Our method
can track the epicardium with an error of less than 2 mm
with automatic initialization. We have tested the generality
of our method by successfully segmenting the left ventri-
cle with only minor changes on the parameters. Future work
will be further validation of the method and extensions to
make it suitable for patient specific model creation for car-
diac surgery interventions.
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Abstract—The study investigates the phase-locking 
properties of EEG/MEG oscillations in photic driving 
experiments. A flicker stimulus in the form of repetitive light 
flashes is used to study the time-variant spectral and phase 
characteristics of EEG/MEG components during the 
entrainment of the alpha oscillation by individually adapted 
flicker frequencies. Two groups of healthy volunteers are 
investigated: volunteers with a high degree of entrainment 
effects (group #1) and those with a low degree of entrainment 
(group #2). By means of time-variant power spectrum and 
phase-locked power spectrum analysis as well as amplitude-
free phase-locking analysis (phase-locking index), the 
frequency ranges of phase-locked oscillations are identified 
and quantified. Gamma oscillations are phase-locked with the 
onset of the flicker stimulation (time-locked) and the entrained 
alpha oscillation shows a phase-locking approximately 200ms 
after flicker onset. This holds true for both groups. The results 
shed light on the coordination characteristics of the brain’s 
activities and provide the basis for a more detailed analysis of 
time-variant linear and non-linear interactions between the 
identified frequency ranges.  

Keywords—photic driving, time-variant phase-locking, 
alpha oscillation gamma oscillations, MEG, EEG. 

I. INTRODUCTION  

These investigations are the second part of an elaborate 
study using time-variant analysis of frequency- and phase-
properties of the EEG/MEG during photic driving. Different 
approaches [1, 2] were combined for the design of a photic 
driving experiment which was performed (i) with a high 
density of stimulation frequencies, (ii) closely 
approximating the individual alpha oscillation of each 
volunteer and (iii) while simultaneously recording MEG 
and EEG. Until now, entrainment characteristics werehave 
been analysed by means of time-invariant power spectral 
analysis [3]. Therefore, a consequent continuation of the 
analysis strategy consists in the identification of involved 
EEG/MEG oscillations and the time-variant quantification 
of their phase-locking properties. According to frequency 
modulation theory, each phase modulation results in a 
frequency modulation and vice versa. Therefore, the 
suggested processing scheme provides information on 
specific properties of the phase/frequency modulation of the 
oscillations. This approach was supported by findings with 

regard to phase-locking characteristics in EEG data during 
flicker stimulation. This approach was motivated by recent 
new findings on phase-locking characteristics in EEG 
during flicker stimulation. Chorlian et al.[4] detected a 
phase locking effect of gamma oscillations. Additionally, an 
amplitude modulation of gamma band oscillations 
correlating to the frequency of the flicker stimulus was 
observed, which lead to the hypothesis that an interaction 
(coordination) between the alpha and gamma generating 
systems exists. 

The outline is as follows: Section II provides a 
description of the data which were used and their 
acquisition. Section III describes the processing and its 
analysis methods. The results of these applications are 
shown in section IV. Finally, section V discusses promising 
aspects and motivating factors in future investigations. 

II. DATA ACQUISITION 

Our data are described in detail by Schwab et al.[3]. In 
this study EEG and MEG signals of 10 healthy volunteers 
were recorded simultaneously during a photic driving 
experiment. As the alpha frequency varies per volunteer, an 
initial resting condition of 60s was recorded to enable a 
relative adaption of the flicker stimulus to the basic alpha 
frequency. The individualized flicker stimulations were 
conducted for 15 fixed frequencies with an alpha ratio 
(flicker frequency / individual basic alpha) of 0.4 to 1.6 in 
each subject. The stimuli were delivered via optical fibers 
from two light-emitting diodes, 9cm away from the closed 
eyes of the participants. 

Resting periods (30-60s) were recorded between the 
stimulus blocks at different frequencies. Within one block, 
the stimulation frequency was presented in a sequence of 20 
trains. A single train contained 40 flashes and was separated 
again by a resting period of 4s. A schematic diagram of the 
complete experimental design is shown in Figure 1. 

Simultaneous recordings were analyzed using four EEG 
(P4, O1, Oz, O2) and four corresponding MEG (M16, M18, 
M1, M10) channels. To visualize the entrainment effect the 
ratio of flicker-to-alpha frequency at rest is plotted against 
flicker-to-response frequency (Fig. 2). The individual alpha 
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and the response frequencies were derived from power 
spectra. 

 

Fig. 1 Experimental design of the study [3] 

The abscissa represents the flicker-to-alpha frequency 
ratio and the ordinate the flicker-to-response frequency 
ratio. A strong entrainment is indicated by horizontal lines. 
Firstly, it can be demonstrated that the entrainment effect is 
increased if the flicker frequency is close to the individual 
alpha or its half. Secondly, the entrainment effect is stronger 
in the MEG signals compared to the EEG signals. 
Therefore, we focused our analysis on the MEG data of 
channel M18 and used flicker-to-alpha ratios from 0.95 to 
1.05, i.e. flicker frequencies closely approximating the 
individualized alpha oscillations, because the highest 
synchronization effect between the flicker stimulus and the 
alpha oscillation can be expected. 

 

Fig. 2 Entrainment effects of all volunteers in four MEG channels. The 
ratio of flicker to basic alpha at rest is plotted against the ‘flicker to 
response’ (maximum peak of spectra) ratio [3] 

III. METHODS 

A multi-trial signal xk(t) (k designates the trials of the 
measured signal) can be derived from our experimental 
setting 

 
We compute the analytic signal yk(f,t) (complex signal) 

for each frequency of each trial by Gabor analysis, which 
implies a convolution with the complex Gabor filter kernel 

 
with 

 
Now, the signal xk(t) can be represented by its 

instantaneous amplitude 

 
and its instantaneous phase 

 
Different information on the signal can be obtained by 

modifications of the averaging procedure, i.e. by different 
time-variant (tv) power spectra. First, the ordinary averaged 
tv power spectrum results by averaging the absolute values 
of the analytic signal  

 
Second, a separate averaging of Re{yk(f,t)} and Im{yk(f,t)} 

considers the phase information (phase-preserving 
averaging) which results in the phase-locked power 
spectrum 

 
The degree of phase locking can be measured by the 

phase locking index (PLI), defined by 

 
The PLI describes synchronized information relative to the 
beginning of the trial (‘time locked’). 
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IV. RESULTS 

By means of tv power spectrum analysis the most 
dominant oscillatory activities of the EEG and of the MEG 
signals were identified. For tv power spectral analysis, the 
spectra of each subject and the grand means for each group 
were used. For MEG the alpha and the gamma range (30-45 
Hz) show high power values after the flicker onset (Fig. 3 
for subject 5, group #1). 

 

Fig. 3 tv power spectral analysis of subject 5, with ordinary averaging over 
all trials. (flicker-to-alpha = 1.05) 

The phase-locked power components can be extracted by 
using phase-locked power spectra. In all subjects of group # 
1 the phase-locked gamma activity was obtained in a 
narrow-frequency band between 39 and 41Hz. For subject 5 
the phase-locked gamma activity is at 41Hz and lasts 600ms 
(Fig. 4). 

 

Fig. 4 tv phase-locked power spectrum of subject 5 

The onset of this phase-locked narrow band gamma 
oscillation is triggered by the onset of the flicker stimulus, 
i.e. a strong time-locking exists. This can be shown by an 
overlay of the trial-related band-pass filtered MEG signals 
(39-41Hz), whereas the oscillations of the single trial are 
consistent with the averaged oscillation (Fig. 5).  

 

Fig. 5 Band-pass filtered signals for 20 trials of subject 5 during the first 
100ms after stimulus onset. The average of all 20 trials is represented by 
the thick line 

This also holds true for the whole group and can be 
demonstrated by the grand mean analysis (Fig. 6). The 
phase-locked gamma oscillation can be obtained in the 
frequency range 39-42Hz and the duration is approximately 
600ms (according to the power values). For group #2 such 
phase-locked gamma oscillations can be observed in the 
frequency range 37-40Hz. The higher frequency ranges of 
group #1 (39-42Hz) and group #2 (37-40 Hz) cannot be 
contaminated by the third harmonics of the entrained alpha 
oscillations. These results can be confirmed by the 
amplitude-free PLI analysis. The phase-locked gamma 
activity (Fig. 7 for group #1, Fig. 8 for group #2)) can be 
found in the same frequency ranges as reported above. For 
group #2 a second phase-locked gamma oscillation can be 
obtained in the frequency range 32-35Hz (0-500ms). For 
group #1 this oscillation appears for a short time (100ms) 
after the stimulus onset. 

The entrained alpha oscillations show a phase-locking 
approximately 200msec after the stimulus onset. (Fig. 4 and 
Fig. 6). After the flicker onset (0-200ms) the phase-locked 
tv power shows a narrowing tendency towards the flicker 
frequency (transition of the alpha to entrained alpha 
oscillation). The PLI analysis reveals that the phase locking 
of the entrained alpha oscillations in group #1 is stronger 
(Fig. 7) than in group #2. 
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Fig. 6 Phase-locked tv power spectrum for group #1 with dominant gamma 
activity in the range of 39-42Hz 

 

Fig. 7 PLI average for group #1 

This finding can be expected because group #2 involves 
only subjects with low or moderate entrainment effects  
(Fig. 2). In group #2 the trace of the phase-locked alpha 
activity shows a high time-dependent variability of the 
power.  

V. DISCUSSION  

The time-variant analysis of simultaneous recordings of 
EEG and MEG data in photic driving situations provides 
new insight into entrainment and phase-locking 
characteristics of different oscillatory components. The 
results of our study confirm the results of Corlian et al. [4], 
with regard to phase-locking for MEG data as well. 
However, the identification and quantification of phase-
locking characteristics of oscillatory EEG/MEG 
components is an essential step for additional time-variant 
interaction analyses, as recently introduced by Witte et al. 
[5]. In this study amplitude-frequency dependencies in and 

between two EEG frequency components and all linear/ 
nonlinear phase locking and phase synchronization 
properties are explained by an auto-resonance model which 
is composed of two coupled Duffing oscillators. Our future 
methodological analysis strategies will be adapted to these 
concepts. Time-variant analysis of the n:m synchronization 
and of the quadratic phase couplings between alpha and 
gamma oscillations are planned. As photic driving is widely 
used as an activation method to examine epileptic disease 
[6], schizophrenia and depression [7], it can be expected 
that a more detailed knowledge on mutual interactions 
between oscillations in the brain can be utilized in the 
clinical setting.  

ACKNOWLEDGMENT 

This work was supported by DFG Wi 1166/9-1 
(Gamma). 

REFERENCES  

1. S. Kalitzin, J. Parra, D. N. Velis et al., “Enhancement of phase 
clustering in the EEG/MEG gamma frequency band anticipates 
transitions to paroxysmal epileptiform activity in epileptic patients 
with known visual sensitivity,” Ieee Transactions on Biomedical 
Engineering, vol. 49, no. 11, pp. 1279-1286, Nov, 2002. 

2. C. S. Herrmann, “Human EEG responses to 1-100 Hz flicker: 
resonance phenomena in visual cortex and their potential correlation 
to cognitive phenomena,” Experimental Brain Research, vol. 137, no. 
3-4, pp. 346-353, Apr, 2001. 

3. K. Schwab, C. Ligges, T. Jungmann et al., “Alpha entrainment in 
human electroencephalogram and magnetoencephalogram 
recordings,” Neuroreport, vol. 17, no. 17, pp. 1829-1833, Nov 27, 
2006. 

4. D. B. Chorlian, B. Porjesz, and H. Begleiter, “Amplitude modulation 
of gamma band oscillations at alpha frequency produced by photic 
driving,” International Journal of Psychophysiology, vol. 61, no. 2, 
pp. 262-278, Aug, 2006. 

5. H. Witte, P. Putsche, C. Hemmelmann et al., “Analysis and modeling 
of time-variant amplitude-frequency couplings of and between 
oscillations of EEG bursts,” Biol Cybern, vol. 99, no. 2, pp. 139-57, 
Aug, 2008. 

6. T. Takahashi, H. Matsuoka, and T. Okuma, “High Amplitude Photic 
Driving Evoked by Flickering-Pattern in Neuropsychiatric Patients - 
with Special Reference to Epileptics,” Folia Psychiatrica Et 
Neurologica Japonica, vol. 33, no. 3, pp. 305-306, 1979. 

7. Y. Jin, S. G. Potkin, C. A. Sandman et al., “Electroencephalographic 
photic driving in patients with schizophrenia and depression,” 
Biological Psychiatry, vol. 41, no. 4, pp. 496-499, Feb 15, 1997. 

 
• Author: Matthias Wacker 
• Institute: Institute of Medical Statistics, Computer Sciences 

and Documentation 
• Street: Bachstraße 18 
• City: 07740 Jena 
• Country: Germany 
• Email: Matthias.Wacker@mti.uni-jena.de 



O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2012–2015, 2009. 
www.springerlink.com 

The EEG Correlates of the Allocentric and the Egocentric Spatial Reference 
Frames Processing 

Michal Vavrečka and Lenka Lhotská  

Department of Cybernetics, FEL CVUT, Prague, BioDat research Group, Gerstner Laboratory 

Abstract—In the paper we describe current results of our 
ongoing research, concerning the navigation in the virtual tun-
nel task and its EEG correlates. We searched for the features 
in the EEG signal to discriminate the employment of the allo-
centric and the egocentric reference frames. These two refer-
ence frames differ in the center of deixis (the origin of the co-
ordinating system). Our sample comprised groups that tend to 
solve the task by adopting one of the mentioned reference 
frames. We decomposed the EEG signal to the basic features 
and used this data as the input for the neural networks. The 
classification task is to select the best features to discriminate 
between these reference frames. The result was congruent with 
the similar study (Gramann et al., 2006) in the Brodmann area 
7 differences, but we also detected other brain areas involved 
in this task.  

Keywords—spatial navigation, reference frames, EEG, feature 
selection, SOM. 

I. INTRODUCTION  

Our research is focused on the representation of space 
and the employment of the reference frames. In the area of 
spatial cognition the reference frame is considered as or-
thogonal system with the origin (the deixis center) in the 
retina, head, body or other points, objects, or array in space 
(Behrmann, 2000; Colby a Goldberg, 1999; McCloskey, 
2001).   

The research of neural correlates in the area of spatial 
cognition confirmed differences between utilization of ego-
centric (relative frame and the center of deixis is identical 
with observer) and allocentric (fixed absolute system) refer-
ence frame (Fink et al., 2003).  Experiment with monkeys 
proved the existence of representation based on center of 
deixis in observer or in the object (Breznen et al., 1999). 
Researchers focused on the human processing identified the 
brain areas involved in the processing of the egocentric ref-
erence frames. These are frontal parietal areas including the 
posterior parietal cortex and the premotor cortex in the right 
hemisphere. There is only part of these areas activated for 
the allocentric reference frame processing (Galati et al.,  
 

2000). The problem of these results is in the way of admin-
istrating the experiments. There were only static stimuli 
presented to the participants. It should decrease the ecologi-
cal validity of the results because people normally perceive 
the space in the dynamic 3D environment. There are some 
recent studies that improve this insufficiency by presenting 
virtual environment as stimuli (Gramann et al., 2005, 2006). 
They presented only the visual flow without any objects to 
the participants, because the objects in space should affect 
the way of representing the environment. We presented 
modified version of this scenario to our participants to iden-
tify differences in the allocentric and egocentric reference 
frame processing. 

II. METHOD 

The main goal of the study is to administrate version of 
the Gramann study, with the extension to the vertical direc-
tion. Gramann presented only the tunnels in the horizontal 
plane, so we extended the task with the upward and down-
ward turned tunnels, to measure the horizontal and vertical 
navigation. We wanted to identify the differences in the 
EEG signal. 

We adopted the psychological experiment as the research 
method. There were presented several traverses through the 
virtual tunnel to the subject and his/her answer after the 
traverse determines the reference frame. This is the input for 
the classification algorithms for the identification of the 
brain areas responsible for the processing of different refer-
ence frames. According to the hypothesis there is the differ-
ence in the EEG signal between the subjects adopting allo-
centric and egocentric reference frame.   

III. RESULTS 

A. Experiment 

The experiment design consists of 20 traverses through 
the virtual tunnel. Subject is informed that the experiment is  
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focused on spatial navigation. He or she has to decide after 
each traverse, which arrow (there are two arrows on the 
screen) is pointing to the origin of the tunnel (the place 
he/she started the journey). His/her choice is the answer to 
the question, what reference frame he/she adopted as the 
navigation system. The differences for the separate refer-
ence frames are explained in Fig. 1. 
 

  
Fig. 1 The difference between the egocentric and allocentric reference 
frame. The both frames are identical at the beginning of the tunnel. The 
egocentric frame at the end of the tunnel is turned the same angle as the 
head turns within the curved segment of the tunnel 

We recorded the EEG activity within traversing the tun-
nel by the 19 electrodes system (the international system 
10-20). The sampling rate is 250 Hz and the reference elec-
trode is Cz. There were totally 20 tunnels, specifically 5 
tunnels with the variable curvature for each of 4 directions 
(up, down, left right). The tunnels were presented randomly 
to the subject, and there were not 2 tunnels of the same di-
rection presented consequently. The subject traverse 26s 
through the virtual tunnel and at the end there are two ar-
rows. The subject has to decide, which one is pointing to the 
beginning of the tunnel.  

The answers are evaluated after the first part of the ex-
periment and we should decide what type of reference 
frame the subject prefers. The criterion was the percentage 
of answer consistent with one type of the reference frame. If 
the subjects chose the same frame at the level of 85 percent 
(17 of 20 answers) he or she was considered as the repre-
sentative user of the particular reference frame. 

B. EEG Processing 

At the first stage we process the raw signal by the adap-
tive segmentation method. This algorithm divides the signal 
to the segments of the variable length, but the same type of 
signal (Krajca, 1991). Then we process this data and de-
compose the segments from each electrode to the signal 
features. There are 103 features for every electrode and we 
did the calculation of the interhemispheric and intrahemis-
peric correlation and coherence of electrode pairs too. The 
result of this processing is the matrix of 1903 features and 
coherences (1s resolution) for the duration of the first part 
of experiment (800s). Then we analyzed this data to select 
the best features discriminating between the allocentric and 
egocentric reference frame.   

C. SOM 

The SOM architecture categorizes input data to selected 
number of clusters. The main advantage is the learning 
process that improves the categorization results comparing 
to the classical clustering. We adopted the classical dual 
layer SOM network for the purpose of the analysis. The 
input layer contains 6 to 26 neurons according to the length 
of the input segment (6 neurons for the turned segment, 10 
neurons for both straight segments and 26 neurons for the 
whole tunnel).  The output layer consists of two neurons 
representing separate reference frames. The network  
was trained for 500 epochs and the initial learning rate was 
set to1. 

The network processes every input (representing the fea-
tures time series of one traverse) and respond to them by 
assigning one neuron in the output layer.  Then the algo-
rithm compares the network output to the ideal values (pre-
ferred reference frame based on the answer after the tunnel 
traverse or the concrete answer to the separate tunnel) and 
calculates the percentage accuracy of every feature.  You 
can see the results of the analysis for the separate parts of 
the tunnel and the tunnel as a whole in the Tab.1-2.  

Table 1 SOM results. Comparison of the network outputs to the preferred 
frame 

Turn (6s) 1-ego 6-ego 7-ego 11-allo 13-allo Mean
F8-T4-coher.aplha 90 70 80 55 65 69,6
1st straight (10s) Mean

T6-02-corel. 30 85 85 90 60 63,8
2nd straight (10s) Mean
F8-T4-coher.apha 100 85 90 55 60 68,5

T3-rel-beta 85 55 95 95 60 67,7
T6-02-corel. 40 70 90 85 60 66,2
Tunel (26s) Mean

F3-mean 80 75 90 70 60 64,2
T6-wav.alpha 0 85 85 80 100 63,1  
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Table 2 SOM results. Comparison of the network outputs to the concrete 
answer to separate tunnel traverse 

Turn (6s) 1-ego 6-ego 7-ego 11-allo 13-allo Mean
T3-T4-coher.delta 90 55 70 95 55 65,8
1st straight (10s) Mean

T6-02-corel. 35 60 85 80 65 63,8
2nd straight (10s) Mean
F8-T4-coher.alpha 95 60 90 65 65 68,5

T6-02-corel. 35 65 90 75 65 66,2
Tunel (26s) Mean

F8-T4-coher.apha 95 65 95 75 75 73,5
O1-02-coher.beta 20 75 90 90 60 63,8

T6-wav.alpha 5 60 85 80 95 63,1  

The accuracy of classification for the best features was 
65 percent in average and the best features are similar for 
the analysis of ideal answers (network output to the pre-
ferred reference frame) and the concrete answers (network 
output to the concrete answer to the separate tunnel). The 
most frequent feature for all parts of the tunnel was the co-
herence between electrode F8 and T4 in the alpha band 
wave. This best feature for the turned passage and the tun-
nel as the whole is the F8-T4 coherence again. For the 1st 
straight segment the best discriminating feature is the corre-
lation between T6 and O2 electrode and for the 2nd straight 
segment the F8-T6 coherence again.  

To exclude the possibility the different EEG activity for 
the navigation in the horizontal and vertical direction we did 
the separate analysis just for the horizontal plane. We put 
into the analysis only the tunnels to the left and right direc-
tion and adopt the SOM maps as the clustering algorithm 
again. As you can see in the Tab. 3 the results were similar 
to the previous analysis, even thought there were some dif-
ferences for the specific segment of the tunnel. The most 
frequent feature for all parts of tunnel was the coherence 
between the F8 and T4 electrode in the alpha band wave 
again 

Table 3 SOM results. Comparison of the SOM outputs to the preferred 
reference frame for the horizontal plane 

Turn (6s) 1-ego 6-ego 7-ego 11-allo 13-allo Mean
F8-T4-coher.alpha 100 90 60 50 70 71,5

Cz -skewness 90 90 50 60 60 67,8
1st straight (10s) Mean

P4-skewness 70 100 60 70 60 67,8
F8-T4-coher.alpha 100 80 70 60 60 66,2

C3-mean 60 90 90 60 90 64,6
2nd straight (10s) Mean

Cz -skewness 90 60 60 50 80 66,2
F3-rel.delta 100 60 70 80 50 64,6
Tunel (26s) Mean

F8-T4-coher.apha 100 100 90 70 70 72,1
P4-skewness 80 100 70 80 70 72,1

P4-mean 70 80 100 60 90 66,2
F7-wavelet.beta 90 90 60 80 70 65,4  

IV. DISCUSSION 

When we compare our results to the similar study (Gra-
mann, 2006), there is only partial correspondence between 
them. Gramann (2006) identified the biggest difference be-
tween the activity of Broadmann areas 7 and 32. He em-
ployed the LORETA algorithm (Pasqual-Marqui and Bis-
cai-Kirio, 1993) to reconstruct the information about the 
mean activity of cortical and sub cortical areas from the 
EEG signal. The result is the 3D map of the brain areas ac-
tivation and the changes in this activity over time. There are 
some doubts about the possibility to reconstruct the sub 
cortical activity from the scalp measurement (Rieger et al., 
2006), so we adopted just the classical 2D scalp mapping 
for the results visualization. 

There are also some differences in the way of the activity 
decomposition. Gramann (2006) analyzed only the mean 
source activity, but we decomposed the signal from each 
electrode to 93 features, so there were mean values, devia-
tions, skewness of signal, spectral activity in all band waves 
(alpha, beta, gamma, delta), correlations, coherences etc. 
Although both studies differ in the method of signal analy-
sis, there should be similar results in the terms of the same 
brain areas involved in the processing of the egocentric and 
allocentric reference frame. The studies are graphically 
compared in Fig. 2. 

 

 
Fig. 2 The comparison of the presented study (left) to the similar (Gra-
mann, 2006) 
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Gramann (2006) presents the results as the areas with the 
highest activity for the specific reference frame. In our 
study the results are represented as the areas with the big-
gest difference between two frames. 

The curved segment of the tunnel is the most interesting 
part of the analysis, because the egocentric reference frame 
starts to rotate at this passage, but the allocentric frame does 
not change. Gramann concludes the highest activity of the 
left frontal anterior area for the allocentric frame and poste-
rior parietal areas for the egocentric frame. We attribute the 
difference to the front temporal areas of the right hemi-
sphere (alpha coherence between F8-T4 electrodes). The 
second most differentiating feature was the skewness at the 
Cz electrode, which is the place with increased activity for 
the egocentric frame in the Gramann’s study (2006). We 
should also add the results of the hierarchical and classical 
clustering for this part of tunnel. We identified the differ-
ences in the left posterior temporal lobe, specifically the 
coherence in the gamma band (higher cognitive functions) 
between T3-T5 electrode and the activity in the beta band 
(active cognition) for the F8 electrode. The SOM analysis 
already proves the difference in the alpha band wave in this 
region. We should conclude that the results of the compared 
studies differ in this part of the tunnel. The only similarity is 
in the activity at the medial temporal areas. 

The last part of analysis is focused on the tunnel as a 
whole. We processed 26 second of the tunnel traverse with-
out specifying particular segments. There is no detailed 
analysis of processing in Gramann study (2006). He identi-
fied two Brodmann areas with the highest activity for the 
specific reference frame. The egocentric reference frame is 
tied with the activity in the area 7 and the allocentric frame 
with the area 32. Our results identified the biggest differ-
ence within the coherence between F8-T4 electrodes in the 
alpha band wave. There were also differences in the mean 
activity and skewness in P4 electrode. This electrode is situ-
ated in the Broadmann area 7, so the results are congruent 
with the Gramann study. The last salient feature for the ref-
erence frame differentiation was at the beta band wave 
around the electrode F7.  Both areas (F7 and F8-T4) are 
situated in the frontal areas but they are situated more  
laterally than the Gramann specification of the Broadmann 
area 32. 

V. CONCLUSIONS  

We identify the differences in the processing of the allo-
centric and egocentric reference frame in the activity of the 

Broadmann area 7 in accordance to the similar study (Gra-
mann, 2006). The question is, whether we should attribute 
the differences in the processing of mentioned frames to the 
area 32 (Gramann, 2006). The processing in the area 7 is 
consistent with the neuroanatomic finding, because this area 
is considered as the centre for spatial navigation and repre-
sentation. For the specification of the results in the frontal 
areas we need to administrate this task for larger sample of 
participants.     
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Abstract— In this paper, three feed-forward neural networks  
including Multi-Layer Perceptron (MLP), Radial Basis Func-
tion network (RBFN) and Generalized Regression Neural 
Network (GRNN) are employed to estimate the release profile 
of betamethasone (BTM) and betamethasone acetate (BTMA). 
To accomplish this task, three features are extracted from each 
release profile using the nonlinear principal component analy-
sis (NLPCA) technique, constituting the outputs of the neural 
network. The drug loaded formulation parameters are the 
input vectors of the artificial neural networks (ANNs) which 
include drug concentration, gamma irradiation, additive sub-
stance and type of drug (BTMA or BTM). Regarding the drug 
loaded formulation parameters as the input vectors and the 
extracted features as the output vectors, leave-one-out cross 
validation (L.O.O.) approach are used to train each neural 
network. Several simulations are presented to compare the 
potential of each neural network. It is demonstrated that the 
MLP is more reliable and efficient tool and has better perfor-
mance in estimation of BTM and BTMA release profile than 
GRNN and RBF networks.

Keywords— Artificial neural networks, Betamethasone release 
profile, Biodegradable polymer. 

I. INTRODUCTION  

Recently there has been increased interest in applications 
of artificial neural networks (ANN) in biomedical research. 
ANNs are artificial intelligence systems mimicking the 
human brain by using nonlinear processing units to simulate 
the functions of biological neurons. ANNs are used in 
pharmaceutical and pharmacokinetic areas to model com-
plex relationships and predict the nonlinear relationship 
between causal factors and response variables. The distinct 
features of the ANN make this approach very useful in 
situations where the functional dependence between the 
inputs and outputs is not clear. 

A review of the basic concepts of the multi-objective si-
multaneous optimization technique of drug formulations, by 
utilizing ANN is provided in [1]. An ANN system was 
reported in [2] to predict peaks and troughs of gentamicin 
serum concentrations based on a set of empirical data, and 
the results were comparable with those using nonlinear 

mixed effect modeling. The authors of [3] focused on de-
veloping pharmacokinetic models to predict plasma drug 
concentration based on ANNs and calculate the estimated 
concentrations of heparin for patients undergoing hemodia-
lysis treatment. In the process of developing a new form of 
drug, selecting an appropriate formulation of various drug 
compositions and the associated process variables to meet 
the required release profile is a very time-consuming task. 
The common procedure is to carry out a series of physical 
tests, based on trial-and-error and experience of the drug 
formulators with different process variables in order to 
obtain a desired profile. The aim of this paper is to design 
an implant controlled-release system for corticosteroid drug 
delivery based on biodegradable polymer. To this end, we 
have performed some experiments and then investigated 
ANNs for modeling of the release data. Among the ANN 
classes, we have used the Multi-Layer Perceptron (MLP), 
Radial Basis Function (RBF) and Generalized Regression 
Neural Network (GRNN). The above mentioned ANNs are 
explored because of their potential for modeling and deter-
mining the relation among nonlinear data, approximating 
any arbitrary function between input and output vectors 
from training samples [4]. The outline of the paper is as 
follows. In Section 2, the materials, method of samples 
preparation and feature extraction method are described. 
Section 3 describes the structures of three types of neural 
networks. In Section 4, these networks are used to estimate 
the release profiles of new drug loaded formulations. Final-
ly, section 5 concludes the paper. 

II. MATERIAL AND METHODS 

A. Materials  

Poly (DL-lactide-co-glycolide) (PLGA, Resomer RG756, 
75:25, Mw=78,200, inherent viscosity = 0.8 dL/g in 0.1% 
chloroform at 25˚C) was purchased from Bohringer Ingel-
heim (Ingelheim, Germany). Betamethasone (BTM) and 
betamethasone acetate (BTMA) were obtained from Atra 
Co. (Tehran, Iran). N-methyl-2-pyrolidone (NMP), ethyl 
heptanoate (EH), acetonitrile (HPLC grade) were bought 
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from Merck (Germany). All chemicals were used as re-
ceived. 

B. Sample preparation  

The copolymer PLGA was dissolved in NMP at room 
temperature in 33% (w/w). BTM or BTMA with different 
ratios (5, 10 and 15% (w/w)) and ethyl heptanoate (5% 
(w/w)) were added separately to the solutions (Table 1). The 
samples were stored at the room temperature for 48h to 
achieve complete solutions. The solutions were put in the 
glass vials. The vials were labeled and irradiated using 
60Co. Following the USP recommendations, an effective 
sterilizing dose of 25 kGy (commonly known as the indus-
trial overkill) was used. At the end of this procedure, 22 
formulations were prepared for in vitro release study and 
ANN analysis. 

 
C. High-performance liquid chromatography (HPLC)  

The chromatographic system consists of HPLC pump 
(Pump System 52x) and UV/Vis detector (Model 535, Bio-
Tek, Kontron Instruments, ITALY). The chromatographic 
data were collected and processed using Kroma System 
Model 2000 software. The separation was performed by a 
Tracer EXEL 120 ODSA (TEKNOKROMA®) reverse 
phase analytical column of 250 × 4.6 mm ID and a particle 
size of 5 µm. The mobile phase was acetonitrile–water 
(38:62, (v/v)) for BTM and acetonitrile–water (40:60, (v/v)) 
for BTMA, which were filtered through a Millicup filter 
(0.45 µm) and degassed by ultrasonic bath for 20 min prior 
to use. The flow rate was 1.0 ml/min and the column tem-
perature was in an ambient condition. The injection volume 
was 20 µl and the elute was monitored at 242 nm. 

 
D. In vitro release study  

Release of BTM and BTMA from gamma irradiated and 
non-irradiated implants was evaluated. In vitro release pro-
files were obtained by injecting of the formulation into 20 
ml PBS (pH 7.4), as release media, contained in a vial (25 
ml capacity). The vials were incubated at 37 ˚C. At prede-
termined intervals, 2 ml of release media was taken to assay 
BTM or BTMA concentration, while fresh PBS was re-
placed by the volume. Collected samples were subjected to 
assay BTM or BTMA using a validated HPLC procedure. 

 
E. Feature Extraction Procedure  

The process of mapping original characteristics or fea-
tures into fewer, more effective features is known as feature 
extraction. In each of the existing feature extraction me-
thods, a mapping function, f, transforms a p-dimensional 
pattern vector X to a q-dimensional pattern vector Y (q<p), 

ie. Y=f(X), such that a criterion J is optimized. An example 
of such criteria is the mean square error (MSE), which is 
used in principal component analysis (PCA). As discussed 
in [5], PCA is widely used to extract the linear relations 
between variables in a dataset. To detect nonlinear relations, 
the nonlinear principal component analysis (NLPCA) using 
a 3-hidden layer auto-associative neural network was pro-
posed by Kramer [6], which has been utilized to analyze 
datasets from many fields. In the present study, three fea-
tures are extracted by using NLPCA from each release 
graphs. To do this, each release data is fed into the NLPCA 
network. By utilizing these three features, we have con-
verted and reduced the released graphs into three more 
effective numbers, which are used in the simulations later.  

Table 1 Formulations of prepared samples containing BTM and BTMA  

Sample BTMA (%) EH (%)  NMP (%) γ-irradiation

1 5 5 57 +

2 5 5 57 -

3 5 - 62 + 

4 10 5 52 +

5 10 5 52 -

6 10 - 57 +

7 10 - 57 - 

8 15 5 47 +

9 15 5 47 -

10 15 - 52 + 

11 15 - 52 - 

12 5 5 57 + 

13 5 5 57 - 

14 5 - 62 - 

15 10 5 52 + 

16 10 5 52 - 
17 10 - 57 + 

18 10 - 57 - 

19 15 5 47 + 

20 15 5 47 - 

21 15 - 52 + 

22 15 - 52 - 

III. NEURAL NETWORK MODELS 

In this section, the three types of neural networks which 
are used in this study are briefly explained.  

 
A. Multi-Layer Perceptron (MLP)  

MLP is used as a first structure for simulations. In the 
conventional structure of this ANN, a neuron receives its 
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input either from other neurons or from external inputs 
(input vector). A weighted sum of these inputs constitutes 
the argument of a nonlinear activation function. The result-
ing value of the activation function is the neural output. 

 
B. Radial Basis Function (RBF)  

Radial basis function neural networks are special classes 
of the feed-forward neural network models. RBF network 
has three layers, where each hidden unit implements a radial 
activation function (a nonlinear transfer function) and each 
output unit implements a weighted sum of hidden units’ 
outputs. The number of basis functions controls the com-
plexity and the generalization ability of the RBF network. 
RBF networks with too few basis functions cannot fit the 
training data adequately due to limited flexibility. 

 

C. Generalized Regression Neural Network (GRNN)  

GRNN belongs to the class of neural networks widely 
used for the continuous function mapping. The network 
computes the most probable value of an output, y, given 
only training vectors x. An important advantage of the 
GRNN is its very simple and fast training procedure. 
Another attractive feature is that, unlike back-propagating 
neural networks (BP-NN), a GRNN does not converge to 
local minima . Also, the training process with a GRNN-type 
algorithm is much more efficient than with the BP-NN 
algorithm [7].   

IV. SIMULATIONS AND RESULTS 

In the supervised learning paradigm, a set of experimen-
tal pairs of an input–output mapping is needed to train the 
neural network. In this work, we used 22 data samples to 
train each ANN. These 22 data were obtained from the drug 
release evaluations. As explained previously, three features 
are extracted from release profiles using NLPCA approach 
which was explained in Section 2.E.  

In order to train an ANN model, the most common ap-
proach is to divide the data samples collected from experi-
ments into two groups, the training and validation datasets. 
The training group is used to train the ANN model by ad-
justing the weight matrices of the network model. The vali-
dation group is used to ensure that the ANN has properly 
learned the relationship between inputs and outputs and has 
been able to generalize the results. This dataset should in-
clude samples which are not included in the training dataset. 
This method is suitable when there are enough data samples 
to train the neural network. Therefore due to lack of enough 
data samples, another training approach, i.e., a cross valida-
tion algorithm, was used. In this method, the data are di-
vided into k subsets. The ANN is trained where each time 

one of the k subsets is used as the validation set and the 
other (k − 1) subsets are put together to form a training set. 
The average error across all k trials is computed. The advan-
tage of this method is that every subset appears once in a 
validation set and (k − 1) times in a training set. This is 
known as k-fold cross-validation. The variance of the esti-
mated results decreases as k increases. Leave-one-out 
(L.O.O.) cross-validation is a k-fold cross validation where 
k is equal to the total number (n) of the data samples. This 
means that one data sample is used for validation and the 
remaining samples are used for training, and the process is 
repeated n separate times. As before, the average error is 
computed and used to evaluate the model.  

 In this study, each of the neural networks takes 4 input 
variables consisting of drug concentration, gamma irradia-
tion, additive substance, type of drug (BTMA and BTM), 
and provides three output variables, which are the extracted 
features by NLPCA. In order to train the MLP network, 
resilient back-propagation (RP) was utilized as a learning 
algorithm. The initial weight matrices are randomly selected 
and the learning process continues until a sufficiently low 
mean square error (MSE) (10−3) on validation data is 
achieved. A tanh function is used as the activation function 
in all of the neurons in hidden and output layers.  

Gaussian basis functions with constant smoothing para-
meters were used for the RBFN and GRNN in this study. 
After several trial-and-error simulations, to improve genera-
lization we selected δ= 0.2 for RBF network and θ= 1.05 for 
GRNN. It is noted that training processes in RBFN and 
GRNN use optimized number of hidden neurons that in turn 
allow for efficient approximation of the mapping function 
between the input and output spaces. In this technique, 
neurons are added to the network until the sum-squared 
error falls beneath an error goal or a maximum number of 
neurons have been reached. RBFN and GRNN require more 
neurons than MLP network, but they can be designed in a 
fraction of the time that it takes to train MLP network. Next, 
we used a L.O.O. cross-validation training algorithm with 
22 data samples. To evaluate the precision of estimations 
for each dataset, according to [8], we calculated the mean 
prediction error (MPE) as defined by: 

 nxxMPE ii∑ −= )ˆ( (1)

where x and x̂ are the target value and the estimated value 
of the variable, respectively and n is the number of data set. 

 
Table 2   MPEs of the each feature for each neural network  

 MPE of the
first feature

MPE of the  
second feature

MPE of the 
 third feature

Average
MPE

MLP 0.1109 0.2389 0.1334 0.1611
RBFN 0.1417 0.2045 0.2001 0.1821
GRNN 0.1438 0.2109 0.1792 0.1780
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The performance of the each neural network (MLP, 
RBFN and GRNN) in estimation of first, second and third 
extracted features are shown in Table 2. Considering Table 
2, the performance of the MLP network in estimation of 
release profile is much better than the RBFN and GRNN. 
To verify this conclusion, the estimated features are used as 
the input vectors for the next part of the NLPCA network.  
Fig. 1 shows the performance of the networks in estimation 
of BTM and BTMA release profiles for samples 6 and 13. 
Comparison of the release profiles calculated by the ANNs 
with the release profiles measured by HPLC, shows that 
MLP is more reliable and has better performance in estima-
tion of BTM and BTMA release profiles than GRNN and 
RBF networks.  

 

(a) 

(b) 

Fig. 1 Estimated release profiles and experimental release profiles of (a) 
BTM for Sample 6, (b) BTMA for Sample 13. 

V. CONCLUSIONS  

We presented an ANN approach to estimate the nonlinear 
correlation between the drug loaded formulations (input 

space) and the release profiles (output space). It was dem-
onstrated and compared the potential of three FFNNs, 
namely MLP, RBFN and GRNN to estimate the release 
profiles of two kinds of drugs, i.e. betamethasone and beta-
methasone acetate. The data samples used to train each 
network were collected from the in vitro experiments. 
NLPCA feature extraction technique was utilized to extract 
three features from each release graph, constituting the 
outputs of the neural network. By utilizing these three fea-
tures, we converted and reduced the released graphs into 
three more effective numbers. Training the networks was 
carried out using L.O.O. cross-validation approach. This 
approach allows the training algorithm to use almost the 
entire data set for training and at the same time to test the 
performance of the trained network on the new data which 
has not already seen by the network. Several simulations 
presented in this paper confirm that the MLP, as a data 
modeling tool, is more reliable and efficient than RBFN and 
GRNN, for estimating the release profile of drugs. The 
application of the ANN in pharmaceutical research will 
definitely increase in the near future. However, it is impor-
tant for a designer to recognize that there is no single soft-
ware or modeling algorithm that can solve all problems. 
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Abstract—This work addresses two different issues associ-
ated with the design voltage controlled current sources 
(VCSS): galvanic isolation between the load and the control 
voltage and loss of performance due to operational amplifier 
common mode rejection ratio (CMRR) degradation with  
frequency. 

Concerning isolation, we describe one solution, based on li-
near optocouplers, that provides isolation while preserving 
signal transmission down to DC. 

As to the error imparted to the output current by CMMR 
degradation, a Howland based design is analyzed, both, theo-
retically and by simulation, proving the possibility of compen-
sating this error.  

A modification of the basic circuit is proposed and studied, 
demonstrating its capability to dramatically reducing the effect 
of CMRR error and, ultimately, extending the useful fre-
quency range of the source. 

Keywords—Current source, common mode rejection ratio, 
optical isolation, bioimpedance. 

I. INTRODUCTION  

Voltage controlled current sources (VCCS) play a fun-
damental role in bioimpedance circuits. Its electronic im-
plementation raises recurring issues mainly the ones con-
cerning dependence on common mode rejection ratio 
(CMRR) degradation with frequency. On the other hand, 
galvanic isolation between the patient and earth ground is 
an important feature that can be added to the design [1] to 
improve patient isolation and safety [2] as well as to mini-
mize stray-capacitance errors above 200 kHz, especially in 
multi-source designs. 

Circuits with electromagnetic isolation of the source us-
ing transformers have been studied [3]. They bear an impor-
tant drawback of not being able to transmit DC signals.  

On the other hand, CMRR ratio degradation with fre-
quency is the single most important cause of the VCCS loss 
of performance. Solutions to this problem have been tried 
using amplifiers that, yet tailored for different applications, 
yield satisfactory results [4] even at the cost of eventually 
producing complex circuitry. 

 

II. THE BASIC CIRCUIT 

A VCCS capable of providing isolation down to DC 
must be based on linear optocouplers [5] used in such a way 
that the bidirectional nature of the control voltage is pre-
served at the output. 

Fig. 1 depicts the basic circuit of the optically isolated 
VCCS showing its implementation using the IL300 in an 
inverting configuration. V1 typically is a sine wave of vari-
able frequency, while VR is the DC offset voltage necessary 
to bias the light emitting diodes (LEDs) and the photodiodes 
correctly. In fact, for a bipolar V1, as the internal IL300 
(LED) is inherently unidirectional, a convenient offset must 
be imposed in order to transmit the entire sine wave. 

This offset is removed afterwards, at the summing node 
of the output photodiodes. The removal is based on the 
balance of the values of the photocurrents IP1and IP2 and 
does not require any trimming. 

VR is generated by a zener based circuit, not shown, and 
its value only has to be larger than the amplitude of the sine 
wave V1, to guarantee proper biasing of the IL300 internal 
light emitting diode (LED). 

Driving of the LEDs must be buffered by transistors T1 
and T2, 2N222A, since their currents will range from 10 to 
20 mA, exceeding operational amplifiers U1 and U2 
(LF356) output current capability. 

It should also be noted that the ±15 V dual supply of the 
circuit is duplicated, as required for isolation: index a de-
notes a supply with its ground common to V1, while index b 
refers the one grounded with the load. All supplies are pro-
vided by 2W isolated DC-DC converters (NMH0515SC, not 
shown). 

The output photodiodes are biased in such a way that 
their DC current components, IP1 and IP2, cancel each 
other at their summing point. The remaining AC component 
of IP1, which is proportional to V1, is fed to the Howland-
like circuit built around U3. 

In order to determine the values of R6, R7 and R8 in the 
Howland source, the two photodiodes equivalent resistance 
was experimentally determined to be RD = 1.2 MΩ.  For 
IP1 in the order of 10 to 20 μA, if a load current around 0.8 
mA is required, resistor values can be set to R6=10.7 kΩ, 
R7=30 kΩ and R8=428 kΩ. 
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Fig. 1 Circuit with optical isolation between load RL and control voltage V1 

III. COMMON MODE ERROR ANALYSIS 

In this section we deepen the study of the Howland cir-
cuit in order to draw conclusions on the possibility of cor-
recting the error associated to CMRR degradation with 
frequency.  

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Upon writing the circuit equations taking the CMRR 
equivalent voltage, vε, into consideration, Fig. 2,  and as-

suming the Howland condition, 
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We investigate now the consequences of terminating R2 
with voltage vk, instead of ground.  

Writing the new equations of the circuit and assuming 
that the Howland condition still verifies, the expression for 
IL now becomes 
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It is clear from this equation that the error component can 
be canceled if 
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Where  Lv  is the common mode voltage (voltage at the 
non-inverting input of U1).  
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            Fig. 2  The Howland current source 
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IV.   CMRR CORRECTION CIRCUIT 

Eq. (4) states that any circuit producing   at its output, 
the input being  , can be used to cancel the CMRR error 
in the (now modified)  Howland current source.  

To fulfill this purpose we suggest the circuit depicted in 
fig. 3 and develop the study of its effect on the original 
Howland source, through simulation. 

 

RG INA128

UK

 
 

Fig. 3 Correcting circuit 

If Lv   is collected at the non-inverting input of U1 in 
fig. 2, the inputs of the instrumentation amplifier 
(INA128) will be 

For these inputs, ⎟
⎠
⎞

⎜
⎝
⎛−=

CMRR
vGv L

k              (5) 

where the minus signal means phase inversion. 
If voltage follower UK, is the same type as U3, the value 

of CMRR in eq. (5) matches the one in eq. (4) and the error 
canceling condition is electronically satisfied.    

According to the values used in the circuit, G, the gain of 
INA128, must be set to 3.8 to meet these conditions. 

It should be noted that, since the INA128 itself features a 
very high CMRR,  will only be affected for frequencies 
well above the useful range of the correction. 

Fig. 4 shows the complete circuit of the VCCS with 
CMRR error compensation. 

Finding alternative circuits capable of generating a cor-
recting voltage as given by eq. (5) is a task but closed. For 
the moment, we evaluate the overall performance of the 
Howland source with CMRR correction, as depicted  
in fig.4. 
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Fig. 4 Complete circuit of the Howland current source with CMRR compensation 
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V. RESULTS 

Fig. 5 shows IL dependence on frequency, obtained with 
simulations using circuit of Fig. 4. The uncorrected curve 
(NC) is compared with others obtained with different gains, 
showing the correctness of the value predicted by eq. (4). 
Effect of overcompensation is also apparent in the dashed 
curves obtained at higher values of G. The CMRR compen-
sation effect is effective until gain-bandwidth product and 
slew rate limitations start predominating over the behavior 
of the operational amplifiers and all curves decline to zero. 

 
Fig.  5  IL vs frequency for various compensation regimes.  (Vertical scale 
in A, horizontal scale logarithmic, in kHz) 

 

Fig. 6 IL error relative to its low frequency value.  (Vertical scale %, 
horizontal scale logarithmic, in kHz) 

Fig. 6 plots IL decay relative to its low frequency (unaf-
fected by the CMRR error) value for both cases: no com-
pensation and G=3.8 compensation.  

It is quite clear that the useful frequency range of the 
original Howland circuit can be enhanced from 50 KHz to 
over 500 kHz, if a 1% IL variation can be tolerated. 

VI.   CONCLUSIONS 

An optically isolated VCCS was built and successfully 
operated.  

A new technique for canceling CMRR error in the How-
land circuit was developed and demonstrated at the simula-
tion level.  

The technique proves effective and capable of enhancing 
the maximum operating frequency of one order of magni-
tude. For the case study of this work, this enhancement 
occurs at a very critical frequency band, as far as bioim-
pedance measurements are concerned. 

There is still room for improvement, namely by operating 
the INA 128 at higher gains, where its CMRR performance 
is much better. 
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Abstract—The main goal of this study is to create a method-
ology for simulation of irregular solid breast lesions. Three-
dimensional models are generated with random walk methods 
and afterwards processed with different techniques to smooth 
their appearance. Improved models of irregular lesions have 
been evaluated in the particular application of mammography. 

Keywords—lesion modelling, mammography simulation, 
image processing techniques. 

I. INTRODUCTION  

It has been shown that the incidence of breast cancer has 
increased; whereas the mortality due to breast cancer has 
decreased there where screening programs for breast cancer 
have been taken in use. The early detection of breast cancers 
with Mammography is the main factor behind this outcome. 
[1-4].  

Measuring and educating cancer detection and recogni-
tion, as wells as developing computer-aided detection sys-
tems, rely on the availability of a large number of images 
with different lesion classes. This availability is extremely 
challenging to cover with collecting data from real breast 
cancer cases, due to the small percentage of cancer cases in 
the mammography screening population, the disconnected-
ness of the real case data that is available and the limited 
access to the data. Simulation techniques offer an excellent 
opportunity to create data for these needs. [5-6]. 

A methodology for three-dimensional breast software 
phantom for mammography simulation has been developed 
by Bliznakova et al. [7]. This methodology offers an oppor-
tunity to simulate the breast surface, the duct system and 
terminal ductal lobular units, background texture, the pecto-
ral muscle, Cooper's ligaments and abnormalities in three 
dimensions as well as to simulate radiographic imaging 
process for this composite model of the breast. Abnormali-
ties can be modelled as round or ovoid, elongated and ir-
regular shapes. The main goal of this study is to improve the 
method used for simulating irregular abnormalities, towards 
their realistic solid presentation. For this purpose, different 
approaches to simulate irregular lesions have been devel-
oped and compared. Improved models of irregular lesions 
have been evaluated in the particular application of Mam-
mography. 

II. MATERIALS AND METHODS 

A. Lesion Modelling 

Lesions were first generated with random walk methods 
and afterwards processed with different methods for 
smoothing the image.  

Generation of basic irregular models. In this study, the 
following methods to generate the irregular abnormality are 
chosen: (i) Brownian motion and (ii) Nearest neighbour 
random walks.  

(i) The Brownian motion random walk begins by assign-
ing the centre pixel of a 3D array, a value of 1, as a tumour 
pixel [7]. For each iteration (from 1 to n) a random step, 
length defined with Brownian motion equation, is taken to a 
new pixel from the pixel chosen on the last iteration. The 
new pixel is assigned a value of 1. The walk stops when the 
number of steps n or the border of the 3-D array (size 
b*b*b) is reached. This process is repeated, always starting 
from the centre pixel, until the number of the random walk 
runs R is reached. Values of n, b and R are set in advanced 
and can be changed for each simulation. Step length can 
also be changed. 

(ii) The nearest neighbour random walk algorithm is 
based on the model used for simulation a malignant mass 
with unsharp border Ruschin et. al [8]. This model has been 
further improved by offering flexibility to change more 
parameters and modify the structure of the mass. The ran-
dom walk begins by assigning a value of 1 (as a tumour 
pixel) to the centre pixel of the 3D array. For each iteration 
(from 1 to n) m of the nearest neighbours of the pixels cho-
sen on the last iteration, are randomly selected from a uni-
form distribution and subsequently a value of 1 is assigned 
to them as new tumour pixels. On each iteration the amount 
of the new tumour pixels to be chosen on next iteration is 
increased with mm with the probability of pr. In case the 
border of the 3D array (size b*b*b), the walk is stopped and 
the lesion simulation is completed. Values of b, n, m, mm 
and pr are set in advanced and can be changed for each 
simulation. 

Image processing for simulated mass. The following im-
age processing methods are exploited to smooth the 3D 
lesion models: (i) morphological image processing,  
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including repeated dilations, closing and morphological 
smoothing, (ii) averaging, and (iii) combination of these two 
approaches. 

Similarly to the study of Ruschin et al [8], enhancement 
of the simulated irregular lesions is obtained by implemen-
tation of dilation. In our study the tumour shape produced 
with the random walk algorithm is processed with repeated 
dilations. The dilution is performed using a cube as a struc-
turing element. During the repeating process, dilation with a 
larger cube is followed by dilation using a smaller cube. 
Other morphological image processing methods, closing 
and morphological smoothing (opening followed by clos-
ing), have also cube as a structuring element. Size of the 
cube can be changed. Closing and dilations were used also 
for binary image processing. 

Averaging is reached with uniform averaging filter 
(arithmetic mean). Averaging is combined with amplifica-
tion for to adjust intensity of the simulated mass on the 
desired level. 

 
B. Mammography Simulation 

Figure 1 shows the simulation of the acquisition geome-
try used for mammography. The x-ray source moves in an 

arc above the breast, while the breast phantom and the de-
tector remain stationary. SOD and SDD are the distances 
from the source to the object and to the detector planes, 
respectively. Monochromatic beams of 19keV emerge from 
a point source, at a distance SOD from the object plane, and 
penetrate the breast phantom. Photon transport is calculated 
as the transmitted intensity reaching the detector, based on 
exponential attenuation of monochromatic beams, through 
the breast matrix.   

III. RESULTS  

Various irregular masses were synthesized (two exam-
ples in 3D are given in Fig.2) and then were subjected to 
mammography simulation. 

 

Further on in order to evaluate the algorithms for breast 
tissue, they were inserted in simulated 3D breasts and sub-
jected to mammography evaluation.  

 
C. Simulating the Basic Irregular  Mass Shape 

Examples of projection images of irregular masses simu-
lated with Brownian motion based random walk can be seen 
in Figure 3. The number of steps n and their length (strength 
of noise in Brownian motion, described by variable s), 
number of runs R and size b*b*b of the 3D array for three 
cases are listed in table 1, while the corresponding projec-
tion images are shown in Figure 3.  

Table 1 

 n s R b 
A 1000 1.0 300 200 
B 500 1.0 500 100 
C 100 0.8 500 100 

 

 

Fig. 3 Irregular lesions simulated with Brownian motion based random 
walk (A-C) 

Examples of irregular masses simulated with nearest 
neighbour random walk are depicted in Figure 4. The vari-
ables (size b*b*b of the 3D array, number of steps n, 

Fig. 2 Examples of simulated 3D lesions 

Fig. 1 Graphical representation of simulated acquisition 
geometry for Mammography 
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amount of randomly chosen pixels at the beginning m, 
growth in the amount of chosen pixels for each iteration 
mm*pr) are specified in table 2.  

Table 2 

 b n m mm pr 
A 200 1000 4 4 0.4 
B 100 100 4 6 0.9 
C 100 300 4 6 0.6 

 

 

Fig. 4 Irregular lesions simulated with nearest neighbours based random 
walk (A-C) 

The variation of the variables in tables 1 and 2 affects the 
tumour structure, i.e. the local and global density and state 
of irregularity of the mass. 

D. Generation of Solid Irregular Masses 

The basic mass models were processed with four image 
processing algorithms: (i) averaging, (ii) repeated dilations, 
(iii) morphological closing and (iv) smoothing.  

The mass model shown in Fig. 3A (and in Fig. 5A) was 
processed with averaging and resulted in a solid mass, 
shown in Fig. 5B. This averaged image was processed with 
repeated dilations. The resulted mass is shown in Fig. 5C. 
Closing (Fig. 5D) and morphological smoothing (Fig. 5E) 
were realized to averaged image. 

The irregular mass shown in Fig. 4A was processed with 
averaging. Figure 6B-E depicts the solid masses after apply-
ing averaging (Fig. 6B), dilation (Fig. 6C), closing (Fig. 6D) 
and morphological smoothing (Fig 6E). 

 

 
Fig. 5 Processed irregular lesions simulated with Brownian motion based 
random walk (A-E) 

 

Fig. 6 Processed irregular lesions simulated with nearest neighbours based 
random walk (A-E) 

All methods were found to give denser image from tu-
mour than the original images generated with random 
walks. 

E. Simulated Irregular Lesions within a Composite Breast 
Model 

Simulated irregular lesions were added to the composite 
model of the breast and subjected to simulated mammogra-
phy. The projection image, shown in Fig. 7A depicts the 
basic irregular model introduced to a dense breast, while, 
Fig. 7B-C shows simulated mammograms of the same 
breast with solid irregular tumours processed with averag-
ing and dilution. The small differences observed in the sepa-
rated lesion projections in Figure 4 are not observed in the 
images obtained from the combined breast model in Fig. 7.  
Effect of smoothing is observed when the original images 
and the processed images are compared. 
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Fig. 7 Irregular lesions in the composite model (A-C) 

IV. DISCUSSION 

Variation of the parameters used in modelling the breast 
lesions affects the local and global density and state of ir-
regularity of the mass. More remarkable effect was ob-
served by changing the variables in the nearest neighbor 
random walk method than by changing them in the 
Brownian motion random walk method. The nearest 
neighbor random walk method offered also a possibility to 
produce more irregular and smoother images of the lesions 
already before image processing methods were applied. 

All image processing methods applied in gray scale were 
found to give more solid tumour shapes compared to the 
original ones generated with random walks. Repeated dila-
tions were found to change the structure of the lesion in an 
unrealistic way. The smoothest result was obtained by ap-
plying averaging followed by a morphological smoothing 
method. Repeated dilations and closing applied to the bi-
nary image convert the lesion model in a solid model, how-
ever at the expense of its appearance. This effect could be 
decreased by adapting the structuring element – lesion size 
relation. The later will result in a remarkably increase of the 
time needed for image processing. Averaging had strong 
effect on the image smoothing. The small differences be-
tween the 3D models obtained after averaging and those, 
obtained with averaging followed by morphological opera-
tors were lost when combined with the composite model of 
the breast. The difference between the appearance of the 
original images and smoothed images was clearly visible. 

V. CONCLUSIONS  

Different ways to simulate three-dimensional irregular 
breast lesions including image processing techniques were 

developed and evaluated in this study. Two types of random 
walk methods and various image smoothing operators were 
used to create the desired appearance of irregular lesion. 
The best results were demonstrated by the nearest neighbour 
random walk method and by using averaging, closing and 
morphological smoothing as image processing operators. 
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Abstract— Eigenvalue decomposition has found many prac-
tical applications in signal processing and analysis of EEG.
Among others, the eigenvalue spectrum can be used to detect
meaningful changes in cortical correlation patterns. In this pa-
per, time-varying multichannel correlation analysis was applied
to measurements obtained during propofol anesthesia. The time
evolution of the eigenspectrum was found to follow the progress
of sedation in a group of 10 anesthetized subjects.

I. INTRODUCTION

Anesthetic medications have substantial effects on neuro-
nal activity and this change appears to produce the characte-
ristic central nervous system (CNS) effects defined as anest-
hesia, i.e. alter brain’s ability to process information from the
environment affecting consciousness and memory. Because
it is believed that general anesthetics block consciousness
by depressing the CNS, and electrical activity of the ce-
rebral cortex can be measured with the electroencephalogram
(EEG) [1], it is expected that some component of the EEG
should relate to depth of anesthesia [2]. In fact, the use of
processed EEG as a supplement to other monitoring tech-
niques is based on the observation that anesthetics all alter
the synaptic function which produces the EEG.

Measuring brain electrical activity in an attempt to pre-
vent inadequate anesthesia states, such as responsiveness to
surgical stimuli and awareness, is still a difficult task. This is
evident when considering the wide variety of electrophysio-
logical variables described in the literature. Frequency and
time domain derivations of spontaneous EEG have been in-
volved in anesthesia research and monitoring [3], [4], [5],
[6]. Processed auditory evoked potentials (AEP) have been
proposed as a potential method for the detection of intra-
operative awareness [7]. Furthermore, it has been suggested
that the assessment of deep states of anesthesia may be im-
proved by the use of components of somatosensory evoked
potentials (SSEP), rather than just burst suppression patterns
of EEG [8].

It is well known that different cortical and subcortical
brain areas are affected by general anesthetics. It is also

*S.D. Georgiadis is with the Department of Physics, University of Kuo-
pio, P.O.Box 1627, FI-70211 Kuopio, Finland (stefanos.georgiadis@uku.fi).

believed that consciousness vanishes when anesthetics pro-
duce functional disconnection in some brain areas, and thus
block the brain’s ability to integrate information. Decrease in
high frequency EEG activity, observed for some anesthetics,
has been interpreted as a reduction in information processing
[2]. A gradual shift of synchronized activity to frontal areas
has been interpreted as a loss of functional organization and
may mean a loss of perceptual processing [2]. Furthermore,
complex thalamocortical interactions have been linked with
anesthesia effects [2].

In this paper, time-varying multichannel correlation ana-
lysis was applied to measurements obtained during low dose
propofol anesthesia. Information about the correlation struc-
ture of the CNS can be obtained through the estimation of
data correlation matrices. Eigenvalue decomposition can then
be used for the investigation of meaningful changes in cor-
tical correlations patterns [9]. Perhaps the most important as-
pect of this approach is that the eigenvalue spectrum provides
a compact representation of the dominant correlation struc-
ture of the system, and thus, enables a time-varying analy-
sis. Here, the time evolution of the eigenspectrum was found
to correlate with the progress of sedation in a group of 10
anesthetized subjects.

II. METHODS

The multivariate EEG signals at time instant t, t =
1, . . . , T , are here denoted with a column vector

xt = [xt,1, . . . , xt,m, . . . , xt,M ]T , (1)

where M is the total number of channels and T denotes
transposition.

A. Data correlation matrices

The correlation matrix of the random vector x t is defined
as

Rxt = E{xtx
T
t }. (2)

The correlation matrix is symmetric, i.e. Rxt = RT
xt

, positi-
ve semidefinite, and its eigenvalues are real and non-negative.

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2028–2031, 2009. 
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For the estimation of Rxt EEG epochs collected around
the time instant t can be used, and the data correlation matrix
at time t can be obtained as

Rt =
1

N + 1
XtX

T
t , (3)

where the matrix Xt contains all the measurement vectors
xn with n ∈ [t − N

2 , t + N
2 ] in its columns. The matrix Rt

contains information about the linear correlation structure of
the dataset.

The normalized data correlation matrix, or correlation
coefficient matrix, i.e. the matrix having elements the Pear-
son’s pair-wise correlation coefficients, can be similarly ob-
tained by first normalizing the elements of Xt row wise, as

zn,m =
xn,m − x̄t,m

st,m
, (4)

where x̄t,m is the sample average within [t − N
2 , t + N

2 ] at
channel m and st,m the sample standard deviation (unbia-
sed). In matrix notation equation (4) becomes

zn = S−1
t (xn − x̄t), (5)

where St is a diagonal matrix with elements st,m on the main
diagonal. Finally, the normalized data correlation matrix can
be obtained from

Ct =
1
N

ZtZ
T
t , (6)

where Zt contains the normalized measurements vectors.
Clearly, this is a data correlation matrix after translation and
scaling of the original signals. The normalization removes the
amplitude information of the data. Therefore, only the shape
but not the variance or the offset of the signals influence the
elements of this matrix. Due to (5), matrix Ct has the well
known additional properties

Ct(i, i) = 1 (7)

−1 ≤ Ct(i, j) ≤ 1 (8)

Here, every element Ct(i, j), t = 1, . . . , T , provides a mea-
sure of the strength of linear dependence between two EEG
channels as a function of time.

B. Eigenvalue decomposition

Unless the number of channels M is small, or the structu-
re is very simple, it will often be not very helpful to simply
look at the 1

2M(M − 1) correlations as a function of time.
An alternative approach is to search for a few derived va-
riables which preserve most of the information given by all
these correlations. A solution for this problem is given by
examining the eigenvalues of the correlation matrices (6).

The eigenvalue problem is to determine the nontrivial so-
lutions of the equation [10]

Ctvt = λtvt. (9)

The M values of λt that satisfy the equation are the eigenva-
lues, and the corresponding values of v t are the eigenvectors
of the matrix Ct. Then the following equations hold

V T
t CtVt = Λt (10)

Ct = VtΛtV
T
t , (11)

where Vt is an orthogonal matrix whose k column is the k-th
eigenvector and Λt is a diagonal matrix, whose k diagonal
element is λt,k, k = 1, . . . , M . For convenience the eigen-
values can be considered ordered, i.e. λt,1 ≥ λt,2 ≥ · · · ≥
λt,M ≥ 0 . The set of eigenvalues of a matrix is also called
its spectrum. Note also that the vector

yt = V T
t zt (12)

has uncorrelated components. Furthermore, for the norma-
lized data correlation matrix it holds for the sum of the ei-
genvalues

Trace[Ct] =
M∑

k=1

λt,k =
M∑
i=1

Ct(i, i) = M. (13)

However, its rank may have values smaller than M .

C. Interpretation of the eigenvalue spectrum

The interpretation of the eigenvalue spectrum of a norma-
lized data correlation matrix is not trivial. Some guidelines
are given in [9] and [10]. In the case that the signals x t are
perfectly uncorrelated, all the non diagonal elements of C t

will be equal to zero, and the eigenvalues will be equal to
one. If the signals are all identical, i.e. perfectly correlated,
then all the elements of Ct will be equal to one, and only
one eigenvalue will be non-zero, i.e. λ1 = M . These two
extreme cases cannot be observed given the finite length of
the sample and the existence of small random correlations
among EEG channels.

Furthermore, the correlation structure of the EEG is
strongly influenced by volume conduction effects [11], as
well as by the measurement montage and reference system
[9], [11]. The last argument suggests the existence of at least
three main clusters for the eigenvalue spectrum. One formed
by a few largest eigenvalues describing the CNS dominant
correlation patterns combined with volume conduction ef-
fects and other physical correlations. A second cluster desc-
ribing random correlations. Finally, a third cluster containing
the smallest eigenvalues related to the other clusters so that
equation (13) is satisfied. Additionally, for a relatively small
number of available measurement channels, and possibly a
larger number of brain related source signals the edges of
the above mentioned clusters will not always be detectable.

In conclusion, a change in the shape of the eigenvalue
spectrum may indicate a meaningful change in the correlation
patterns of the CNS. Changes are expected to be observed
in both sides of the eigenspectrum [9].

D. Visualization and a correlation index

For visualization of the time-varying eigenspectrum the
following transformation (normalization) was applied: (see
also [9])

lt,k =
λt,k − λ̄k

sk
, k = 1, . . . , M. (14)

Now λ̄k is the average and sk the standard deviation com-
puted over all time instances t = 1, . . . , T , for every ordered
eigenvalue λt,1 ≥ λt,2 ≥ · · · ≥ λt,M ≥ 0.
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Fig. 1. Semantic presentation of the study setup. Consciousness was tested
twice at each drug level and at 1 min intervals after the infusion was termi-
nated. The color of arrows on the bottom indicate the result of LOC-testing
(red=response, blue=no response).

In order to obtain a one dimensional index based on the
time-varying eigenspectrum we used a percentage of varia-
tion rule [10], and k largest eigenvalues have been used to
compute

τt(k) =

∑k
j=1 λt,k∑M
j=1 λt,k

=

∑k
j=1 λt,k

M
, t = 1, . . . , T, (15)

where k was selected such as
∑T

t=1 τt,k/T ≈ 0.9. That is,
on average k selected eigenvalues represent 90 percent of
the observed variability in the data set. Thus by fixing the
number of eigenvalues (k is subject specific) in the sum this
simple index provides information about overall changes in
the correlation structure of the data set.

III. RESULTS

Data from ten healthy male subjects (age 19-28 years)
undergoing propofol anesthesia were analyzed. Propofol
was administered intravenously using target control infusion
(TCI) aiming at pseudo steady-state plasma concentrations
at 10 min intervals starting from 1.0 μg/ml and followed by
0.25-0.5 μg/ml increases until loss of consciousness (LOC)
was reached. After LOC, propofol infusion was termina-
ted. At each concentration level and after terminating the
infusion, consciousness was assessed by asking the subject
to open his eyes. LOC was defined as no response to the
“open your eyes” request and ROC (return of consciousness)
as a meaningful response to the same request. A semantic
presentation of the study setup is given in Fig. 1. However,
subjects reached LOC at different concentration levels. Ad-
ditionally, the time interval needed for reaching ROC varied.
In the following, with PLOC we refer to the moment of the
last response prior to LOC (5 minutes before LOC).

EEG channels were recorded using a Galileo (Medtronic,
Italy) EEG acquisition system (reference: linked mastoids).
The sampling rate of the EEG signal was 256 Hz. The mea-
surements showed a consistent behavior for all the subjects
participating in the experiment, that is a gradual increase
in frontal activity towards LOC. For analysis, EEG measu-
rements were re-referenced to the global average over all
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Fig. 2. Subject 1: propofol concentration at LOC 1.75 µg/ml. Top: EEG
measurements (reference global average). Middle: Time-evolution of the
normalized eigenspectrum eq. (14) . Bottom: The index eq. (15) for k = 6
(thin gray) and the trend (bold blue). Vertical lines indicated PLOC, LOC
and ROC respectively. Horizontal lines indicate the start and end of drug
infusion.

M = 19 scalp electrodes aiming in obtaining comparable
results with other connectivity studies (e.g. [9]). Then the
signals were high pass filtered (Butterworth filter, order 6,
cutoff frequency 1 Hz), and the power line noise was remo-
ved. Finally, the signals were decimated at half the sampling
rate. Normalized data correlation matrices were estimated ba-
sed on samples covering 2 seconds of EEG measurements.
The epochs were selected with overlap of 1 second, thus
providing estimates for the correlation structure of the EEG
every 1 second.

Results obtained for two representative subjects are pre-
sented in Fig. 2 and Fig. 3. The subjects reached LOC at
different drug concentration levels (1.75 μg/ml and 3 μg/ml
respectively). In the middle plots, the time-evolution of the
normalized eigenspectrum (14) is presented. Prominent red
areas covering the smaller eigenvalues (and associated blue
areas for the bigger eigenvalues) indicate relative decrease in
correlation among EEG channels suggesting a reduction in
functional connectivity even in low concentration levels. In
contrast, blue areas for the small eigenvalues, covering time
intervals around LOC, indicate relative increase in overall
correlation suggesting the existence of synchronized brain
activity. In Fig. 2 and 3 (bottom) the index (15) is plotted
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Fig. 3. Subject 10: propofol concentration at LOC 3 µg/ml). Figure desc-
ription as in Fig. 2. Eq. (15) based on k = 5

as a function of time. A decrease or increase of this index
indicates a decrease or increase in overall correlation among
EEG channels respectively. In Fig. 4 there are presented re-
sults obtained from all the subjects in the study group. Va-
lues of equation (15) have been averaged (1 minute intervals
around the selected “states”, see the caption of Fig. 4) before
group averaging.

IV. CONCLUSIONS

In this paper, the applicability of time-varying multivaria-
te correlation analysis in terms of eigenvalue decomposition
has been examined for the problem of identifying anesthesia
induced sedation stages. The approach was applied to mea-
surements collected during low dose propofol medication.
The method was able to track the main correlation patterns
of the datasets and showed a consistent behavior for a group
of 10 anesthetized subjects. The eigenvalue spectrum gives a
compact representation of the dominant correlation structure
of the dynamical system and may provide a useful tool for
anesthesia research and monitoring.
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ti, A. Yli-Hankala, S. Hinkka-Salomäki, H. Scheinin, and
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Defined Mass Transport in Monolayer Cell Cultures of Hepatocytes  
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Abstract—Introduction: Monolayer culture systems are a 
frequently used form of cell culture for hepatocytes. In such a 
culture mass transport of gases and nutrients is driven only by 
diffusion. However, Fick's Law reveals that only for very low 
oxygen consumption rates sufficient oxygen reaches the cells. -
At higher rates the state of the hepatocytes is not defined and 
hypoxia may occur.   

Methods: Flow chambers were developed where the diffu-
sive mass transport is superimposed by convection. For 3 dif-
ferent rates of oxygen consumption the flow was simulated 
numerically. Results: The flow simulation shows an even flow 
distribution above the cells. The values of the partial pressure 
of oxygen (pO2) at the cells are even for high oxygen consump-
tion at least 8fold the critical pO2. The wall shear stresses are 2-
3 magnitudes lower than the physiological values.   

Discussion & Conclusion: Unlike the limited diffusive mass 
transport of conventional monolayer cultures, a sufficient 
oxygen distribution above the cells in the flow chamber was 
shown. Though the hepatocytes are exposed to a flow, the wall 
shear stresses are far below physiological values of the sinusoi-
dal capillaries. Loading the cells with a specific shear is also 
possible if desired. Hence the flow chamber permits control of 
physicochemical parameters in the cell culture.  

Keywords—hepatocyte, monolayer cell culture, diffusion, 
convection, computational fluid dynamics. 

I. INTRODUCTION  

Monolayer culture systems are a standard technique of 
cell culture for hepatocytes. These cell cultures typically 
consist of a thin layer of cells at the bottom of a culture 
flask or well plate and a layer of culture medium with a 
thickness of some Millimeters.  

Nutrients and oxygen are supplied by diffusion through 
the culture medium to the cells. Normally partial pressure of 
oxygen (pO2) above the culture medium is elevated in order 
to increase the diffusive mass transport of oxygen. The 
culture medium is replaced regularly according to the spe-
cific Standard Operating Procedure (SOP) of the cell cul-
ture. The mass transport of oxygen from the gas phase to the 
cells is schematically shown in Fig. 1.  

An analytical estimation of mass transport using Fick’s 
law (J = −D·∂c/∂x) reveals that oxygen supply to the cells 
may not suffice depending on diffusion distance Δx and 
oxygen consumption rate q. This relationship is  
 

demonstrated in Fig. 2 for a critical value of partial pressure 
of oxygen pO2.crit = 20 mmHg. The graph shows the maxi-
mum distance to be covered by oxygen diffusion i.e. the 
maximum allowable thickness of the culture medium, de-
pending on the oxygen consumption of the cells. A gassing 
above the medium with normal pressure but typically ele-
vated oxygen fraction (35.7%; pO2.g = 271 mmHg) was used 
for the calculation. 

Typical values of oxygen consumption of hepatocytes 
range between 24⋅10-18 and 900⋅10-18 mol/cell/s depending 
on the animal and the type of cell cultivation [1]. Hence a 
distance of some millimeters leads except for very small 
rates of oxygen consumption to an undefined state in oxy-
gen supply and hypoxia may occur. 

 
Fig. 1 Schematic drawing of the diffusive mass transport of oxygen from 
the gas phase to the cell (J = Diffusion rate, q = Oxygen consumption rate 
of the cells, pO2.c/g = Partial pressure of oxygen at cell/ in gas phase, Δx = 
Thickness of culture medium) 

 
Fig. 2 Maximum distance to be covered by oxygen diffusion i.e. the maxi-
mum allowable thickness of the culture medium, depending on the oxygen 
consumption of the cells for a critical partial pressure of oxygen of 
20 mmHg 
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II. METHODS 

To overcome the problem of the limited diffusive mass 
transport, the diffusion is superimposed by a convective 
transport. This principle can be observed in nature where 
e.g. the distance for pure diffusion in tissue rarely exceeds 
100 µm. Longer distances are covered by convection (blood 
flow).  

Flow chambers were developed that allow a defined con-
vection along the monolayer of cells. A constant chamber 
height and width as well as channel contractions at the cell 
chamber’s entry and exit shall ensure an even flow across 
the surface of the cells. The geometry of the cell chamber is 
shown in Fig. 3. 

 

Fig. 3 Sketch of the cell chamber’s geometry 

The flow was calculated numerically in order to verify a 
sufficient oxygen supply. The flow was simulated for three 
rates of oxygen consumption:  q50 = 50⋅10-18 mol/cell/s, 
q500 = 500⋅10-18 mol/cell/s and q900 = 900⋅10-18 mol/cell/s 
representing values at the lower end, middle, and upper end 
of the observed range for hepatocytes cultivated under dif-
ferent conditions [1]. The geometry was modeled with the 
3D CAD software SOLIDWORKSTM (SolidWorks Corp., 
USA) and the structured mesh consisting of 1.2 Mio cells 
was generated using GAMBITTM (Fluent, Inc., USA). The 
flow was simulated with the solver FLUENTTM (Fluent, Inc., 
USA).  

The flow simulation was based on the Navier-Stokes 
equations for steady laminar flow. A plug profile of con-
stant velocity at the inlet was defined. The inlet velocity 
was estimated assuming an acceptable oxygen consumption 
of 10 % along a distance of 10 mm. An even covering of 
one layer of cells at the vessel bottom was assumed. Each 
cell was assumed to be a volume of 25 µm width resp. 
length and 5 µm height.  The cells were modeled as an oxy-
gen sink with a constant mass flux according to the required 
consumption rate. The parameters of the culture medium 
(diffusion coefficient, viscosity, density and solubility of 
oxygen) were approximated by those of water at a tempera-
ture of 37°C. 

The perfusion system is based on the single-pass princi-
ple providing defined inlet conditions regarding nutrition 
and gas fractions.  

III. RESULTS  

The graph in Fig. 4 shows the profiles of pO2 above the 
cells in the plane of symmetry. Flow direction is from left to 
right. For each of the three consumption rates the pO2 profile 
at the cell chambers entry, in the middle and at the exit is 
shown.  

Even for the highest consumption rate q900 = 900⋅10-18 
mol/cell/s the pO2 at the cells does not fall below 
160 mmHg, being 8fold the critical value of 20 mmHg. The 
evenly distributed velocities in a plane parallel to the cells 
are exemplarily shown in Fig. 5. The wall shear stresses 
amount to [0.6-11.3]⋅10-3 Pa.  

IV. DISCUSSION AND CONCLUSIONS  

Unlike the limited diffusive mass transport of conven-
tional monolayer cultures, a sufficient oxygen supply to the 
cells in the flow chamber was shown. The flow is evenly 
distributed across the whole cell chamber.  

Though the hepatocytes are exposed to a flow, the wall 
shear stresses are far below the physiological values of 
around 3 Pa measured in human sinusoidal capillaries [2]. 
Loading the cells with a specific shear is also possible if 
desired.  

Hence the flow chamber permits control of physico-
chemical parameters in the cell culture 

 

Fig. 4 Profiles of the partial pressure of oxygen above the cells in the 
symmetry plane of the flow chamber. The graphs for three oxygen con-
sumption rates at three positions each are shown 
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Fig. 5 Top view of the cell chamber: The velocities in a plane parallel to 
the cells (distance 200 µm) are shown. The flow was calculated for q500. 
Note the higher velocities left and right caused by the channel contractions 
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Abstract—A smoothness priors approach for removing the 
baseline from near infrared (NIR) spectroscopy measurements 
is presented. Typically in NIR spectroscopy applications the 
baseline is removed by subtracting the mean or a linear trend 
from the data.  The smoothness priors method is basically a 
time-varying high-pass filter with adjustable cut-off frequency 
and it has been used in various applications where trend re-
moval is essential. The proposed method is applied to NIR 
spectroscopy measurements of 28 different concentrations of 
lactate (concentrations varied between 0-40 mmol) in 2% 
intralipid solution. The measurements are analyzed by using 
principal component regression (PCR) method. The effect of 
the baseline removal is evaluated by comparing the results 
obtained with the smoothness priors method to those obtained 
with traditional linear baseline removal. 

Keywords—Near infrared spectroscopy, lactate, baseline 
removal, smoothness priors. 

I. INTRODUCTION 

Near infrared (NIR) spectroscopy has been widely stu-
died for the estimation of analyte concentrations such as 
glucose, cholesterol and lactate from the human blood [1-3]. 
The concentrations of these analytes provide important 
information about different conditions of human body. For 
example, in exercise, increased blood lactate concentration 
indicates directly increased glycolytic activity which means 
anaerobic energy production [1]. Thus, by measuring lactate 
during exercise, aerobic and anaerobic zones can be defined 
individually.   

The traditional methods for measuring the concentrations 
of these analytes are invasive, i.e. they typically require a 
drop of blood to be taken e.g. from the finger tip [3]. Such 
methods are accurate, but they can be a bit painful and in 
specific applications, e.g. during exercise, also troublesome 
to make. Therefore, development of noninvasive and conti-
nuous methods for estimation of these analyte concentra-
tions is necessary. Recent studies have shown that NIR 
spectroscopy can provide a potential solution for noninva-
sive, fast and accurate method for estimating the concentra-
tions of these analytes [3]. 

In the analysis of measured NIR spectra, the two most 
commonly used methods are principal component  

regression (PCR) and partial least squares (PLS) [4]. In both 
methods, the basic procedure is that a training data set is 
first used to construct a calibrations model. This calibration 
model is then used in predicting the concentration of an 
unknown sample.  

It is well recognized that the baseline of NIR spectrosco-
py measurements can have significant changes in successive 
scans. However, the baseline corrections methods common-
ly applied, i.e. removal of the mean or linear trend, are per-
haps oversimplified [5].  Another commonly used approach 
to get rid of the baseline variation is to apply derivative 
operator to the data [6], which on the other hand can reduce 
the signal-to-noise ratio (SNR) by attenuating the spectral 
peaks induced by the analyte being measured. 

The aim of this paper is to test the hypothesis that by ap-
plying as optimal baseline removal as possible, the accuracy 
of the model estimating the concentration of a given analyte 
can be improved. As the “optimal” method, a smoothness 
priors approach, described in [7], is applied to NIR absor-
bance spectrum measurements performed for 28 different 
concentrations of lactate (concentrations between 0-40 
mmol) in 2% intralipid solution. For comparison, the base-
line is also removed by using a first order linear fit. Baseline 
removed measurements are then analyzed by using the PCR 
method and the results between the two baseline removal 
methods are compared. 

II. METHODS 

A. Smoothness Priors Approach 

Baseline correction of NIR spectrums is necessary when 
direct absorbance spectrums are used. Smoothness priors 
approach to baseline estimation is used here for each indi-
vidual spectrum. Secondly main points of smoothness priors 
approach are represented.  

In smoothness priors approach each absorbance spectrum 
can be considered to consist two components  

                                    (1) 
 



Baseline Removal from Near Infrared Spectroscopy Measurements for Lactate Concentration Estimation 2043
 

 

IFMBE Proceedings Vol. 25

 
  

 

where  is desired spectrum and is smooth base-
line component which only disturbs analysis. Baseline can 
be modeled with linear observation model as 
 

                     (2) 
 

where H is observation matrix,  are regression parameters 
and v is observation error. In smoothness priors approach 
parameters  are estimated using so called regularized least 
squares solution 
  arg min             3  

 
where λ is regularization parameter and is discrete ap-
proximation of d’th derivative operator. This is a modifica-
tion of ordinary least squares solution to the direction in 
which the side norm gets smaller and in this 
way prior information can be implemented to the base line 
estimation.  The solution of equation (3) can be written as 
 

                  (4) 
 ̂                                        (5) 
 
where ̂  is the estimated baseline. 

Selection of observation matrix can be done in many 
ways (e.g. sigmoid) but trivial choice of identity matrix 
(H=I) is used. The regularization part of eq. (3) can be un-
derstood to draw the solution towards the null space of the 
regularization matrix . Because null space of second order 
difference matrix contains all first order curves it is a good 
choice for estimating trend component. 

In these choices solution of baseline corrected spectrum 
component can be written as 
 

 ̂                     (6) 
 

B. Principal Component Regression 

Principal component regression (PCR) is used to analyze 
NIR spectrums. First data matrix (Z) is constructed as Z = 
[ … ] where z is individual spectrum which baseline has 
been removed. In PCR approach basis vectors are selected 
to be eigenvectors of data correlation matrix (R) which is 
defined as  
 

.   (7) 

 
 

Principal components (PCs) are then evaluated by fitting 
eigenvectors ( ) of correlation matrix into each individual 
spectrums. Because eigenvectors of data correlation matrix 
are orthonormal and therefore solution for PCs can be writ-
ten as 
 

 Z   (8) 
 
where … . First principal component (PC1) is 
then gained form parameter value of first eigenvector and 
PC2 from second eigenvector and so on. 

III. MATERIALS 

Used NIR-spectrums where measured in Measurement 
and sensor laboratory of Kajaani, Finland. Spectrums where 
collected using FT-NIR spectrophotometer (FTPA2000-
263, ABB Inc) equipped with InGaAs detector. Spectral 
range 1100-1850nm with a resolution of 4 cm  was 
scanned.  

2% intralipid was used as a skin phantom, since it has 
been shown to have similar optical properties as biological 
human skin on the used wavelength range [8]. Transmission 
spectra were collected from circulating intralipid using flow 
cell and laboratory pump. Used path length was 2 mm. 

Firstly background spectra of pure intralipid was meas-
ured and then synthesized sodium-lactate was added in a 
way that 28 different concentrations between 0-40 mmol/l 
were gained. 25 non-averaged spectra were collected from 
each concentration. Reference lactate concentrations were 
determined using enzymatic electro-chemical lactate ana-
lyzer (Ebioplus, Eppendorf). During the measurements 
temperature was kept steady (37.8 ± 0.2 ºC) using custom 
made heater. 

IV. RESULTS 

Lactate absorbance peaks are reported to be found 1650-
1750 nm and thus all analyses were made using this range 
of the spectrum [9]. 

Firstly, baseline was removed from absorbance spec-
trums using the smoothness priors approach, and for com-
parison normal linear baseline removing method was used. 
Regularization parameter λ was fixed at 1000 because using 
such a large parameter prevents the loss of data and the 
estimated baselines are not only straight lines as can be seen 
in Fig 1.  

Secondly, eigenvectors of the data correlation matrix was 
calculated using all the measured spectrums. Spectrums and 
three most significant eigenvectors can be seen in Fig. 2.  
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Fig. 1 In the upper axes there are three original absorbance spectrums and 
estimated baselines. In the left axes the baseline is estimated using the 
smoothness priors approach and in right axes baseline is removed using 
first order polynomial. In the lower axis spectrums which baseline is 
removed are shown 

 

Fig. 2 In upper axes there is baseline corrected spectrums. Spectrums of 
smallest lactate concentration are bottom of the image. In left smoothness 
priors and in right linear baseline correction has been used. In lower axis 
there are eigenvectors calculated by corresponding datasets 

Thirdly three most significant eigenvectors were fitted to 
the dataset. Parameters of the fit are shown in Fig. 3 with 
respect to lactate concentration. A correlation value between 
lactate and PCs was also calculated. In the smoothness 
priors approach there is high correlation between first and 
second PC and lactate concentration, although individual 
PC values differ greatly.  This was, however, expectable 
because spectrum’s signal to noise ratio is low. In third 
component (PC3) correlation is weak which indicates that 

first and second component were able to model almost all 
the changes which originated from lactate. 

In spectrums whose baselines were linearly removed, 
PC1 correlation to lactate concentration is weak; it is pre-
sumable that first component models baseline which cannot 
be removed using linear method, and thus PC1 not correlate 
with lactate concentration. Thus PC2 and PC3 models lac-
tate changes in spectrum which can be seen also by high 
correlation values. 

 

 

Fig. 3 Three most significant PC values as a function of lactate concentra-
tion. In left PCs are calculated from spectrums where baseline is removed 
by smoothness priors approach and in right using first order polynomial. 
Blue points are PC values of individual spectrums and red stars are corres-
ponding mean values. Red line is estimated calibration line 

Finally spectrums estimates where visualized by using of 
three most significant PCs and mean parameter values for 
each concentration. Spectrum estimates can be seen in Fig 
4. In left axis baseline is removed by using smoothness 
priors approach and almost all spectrums can be separated 
to each others. In right axis baseline is removed using first 
order polynomial and as can be seen spectrum estimates are 
not separated as clearly as smoothness priors approach. 
Especially in small lactate concentrations spectrums are 
upon each other’s and separating different concentrations is 
not as easy as in smoothness priors approach.  
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Fig. 4 Spectrum estimates calculated using three most significant eigenvectors and corresponding mean PCs for each lactate concentration. In left smooth-
ness priors approach and in right first order polynomial is used for trend estimation 

V. CONCLUSIONS 

The smoothness priors baseline estimation method has 
been represented. Proposed method was tested using intrali-
pid lactate solution in different lactate concentrations. 
Firstly baseline was removed from analyzed spectrums 
using smoothness priors approach and for comparison base-
line was estimated using first order polynomial. Secondly 
three most significant eigenvectors were evaluated and PCs 
of individual spectrums were gained.  

As can be seen in Fig. 3 in smoothness priors approach 
first and especially second PC’s correlation is high with 
lactate concentration and as early as third PC correlation is 
reduced. Spectrums where baseline was linearly removed 
PC1 has weak correlation with lactate concentration. Weak 
correlation indicates that some baseline has left and PC1 
models these changes. In Fig. 4 different spectrum estimates 
is compared and as can be noticed in small concentrations 
smoothness priors baseline estimation works better and 
estimated spectrums can be separated to each others.  

Some disadvantages of smoothness priors approach is 
difficulty of choosing a right value of regularization para-
meter λ. It depends highly on which kind of spectrum is 
analyzed. 

In this paper we have showed that using a right baseline 
removing method is very important because by using a 
correct baseline removing method differences produced by 
measured analyte can be emphasized. As can be seen Fig. 3 
it produces better correlation between PCs and concentra-
tion of given analyte and thus it should produce better esti-
mates also. 
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Research on Glioma’s MR Image Segmentation  
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Abstract—Based on the region and edge’s property of tissue 
in MRI, the traditional Level Set method was improved. The 
improved Level Set could segment specified object without 
edge leakage. The experiments with the Phantom images and 
the real Glioma disease patients’ MR images were conducted 
and the results demonstrated the validity and accuracy in 
Glioma tumor segmentation. This paper provides a valuable 
segmentation method for Glioma patients’ MR image tumor 
analysis. 

Keywords—MR, Glioma disease, Level Set, Medical Image 
Segmentation. 

I. INTRODUCTION  

A glioma is a type of cancer that starts in the brain or 
spine. It is called a glioma because it arises from glial cells. 
The most common site of gliomas is the brain [1]. Medical 
image processing is an important method for classification 
of glioma. Image segmentation is an important problem on 
image analysis. Because of the complexity of human brain, 
medical image segmentation problem hasn’t been solved. 
One of the popular approaches is active contour models or 
snakes, A snake is an energy-minimizing spline guided by 
external constraint forces and influenced by image forces 
that pull it toward features such as lines and edges. The 
main drawbacks of snakes are their sensitivity to initial 
conditions and the difficulties associated with topological 
transformations. In the 1980s, the American mathematicians 
Stanley Osher and James Sethian developed level set 
method. A major advantage of the level set approach is the 
ability to handle complex topological changes 
automatically. Based on the Mumford-Shah functional for 
segmentation, Chan and Vese proposed a new level set 
model for active contours to detect objects whose 
boundaries are not necessarily defined by a gradient[2]. In 
this paper, we apply this new method on Glioma tumor 
segmentation.  

II. METHODS 

A. Patients 

MR images of Glioma’s patients (39 cases) were pro-
vided by the Department of Radiology, XuanWu hospital, 

Capital Medical University. Local Ethical Committee ap-
proval and written informed consent from all the subjects 
were obtained before initiating this study. MR images of the 
patients and the 16 healthy subjects were acquired from a 
1.5-T MR scanner (sonata; Siemens, Erlangen, Germany) in 
the Department of Radiology, XuanWu Hospital of Capital 
University of Medical Sciences(Beijing) using a Turbo spin 
echo sequence [TR=5500 ms, TE=94 ms, number of excita-
tion(NEX)=3, echo train length=11, matrix=256*256, slice 
thickness=4mm and inter-slice gap=0.4mm]. 

B. Pretreatment 

Differences in intensity inhomogeneity between serial 
scans can make both manual and automated segmentation of 
Glioma less reliable. We developed a technique for  
the correction of this differential bias that makes no as-
sumptions about signal distribution, bias field or signal 
homogeneity. 

MR image signal density I(x) is described as following 
equation (omitting flow, diffusion etc) 

I(x)=K*S(x)*sin(α (B1+(x))) * R(T1(x), T2(x), f(B1+(x))) 
+ noise(x) 

K : constant 
S(x): Coil Reception Sensitivity Distribution 
Α: Spatially Varying Excitation Flip Angle 
For a long TR MR image, the B1+(x) of Relaxation term 

can be omitted. 
So signal bias field can be described as following  

equation: 
g(x)=K*S(x)* sin(α (B1+(x))) 
Assuming a noise-free situation, gives 
I(x) = g(x)*R(T12 (x)) 
The basic idea is to find C(x) = 1/(g(x)) for getting real 

image R(T12 (x)). C(x) is a smooth slowly varying, multipli-
cative field. Based on entropy functional, a method was 
proposed to find C(x).  

Shannon entropy is as follow: 
                 

H (x)=-Ex[log(p(x))]
log( ( )) ( )

i x

i i
x

p x x p x x
∈Ω

= − = =∑
  

The entropy of real image is lower than image with bias 
field. Our method includes two steps, (1) estimating bias 
field; (2) correcting bias field. In the first step, we use 
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Gaussian distribution F to estimate the smooth slowly vary-
ing, multiplicative bias field. F is only approximately Gaus-
sian. In the second step, we pick up a certain number pixels 
from F as the initial value. Modifying initial value, a new 
estimate of bias field can be acquired by fitting arithmetic. 
Then calculate the entropy of the new MR image. By itera-
tions, we can get the lower entropy MR image.  

The flowchart is as follow: 

 

Fig. 1 Bias field correction 

Due to bias field f, V(x) is an acquired image with bias 
field. The right part of Fig1. illustrate getting bias field C0  
and corrected imaged U0 by entropy minimization iterations. 

C. LEVEL SET METHOD 

The basic idea of Level set algorithm is that use a 
Closed-Loop to express 2D curved surface’s level set. We 
denote the distance function  ( , , )x y t dφ = ± , d is the short-
est distance to curve. The sign depends on the pixel posi-
tion, t is time. So the pixel on the curve can make distance 
function equal to 0. 

C0(p) is initial curved line, C（p,t）is a curve cluster to-
wards normal of C0(p). The speed F is the function of k. 

                                                                      
 

(1)   
 

During the evolution, the pixel on the curve satisfies the 
following equation.  

( x ,y , t ) = 0  φ                                                                 (2) 
Derivative in term of t: 

( C ( t ) , t ) = 0φ  

 = C
C t t
φ φ∂ ∂ ∂⋅ +

∂ ∂ ∂
                                                   (3) 

Substitution Normal vector N φ
φ

∇= −
∇

 to functional 

(3) 
φφ ∇= Ft                                                              (4) 

F=C(x,y)(F0+F(k))                                                         (5) 

1( , )
1 * ( , ) mC x y

G I x yσ
=

+ ∇
                        (6)  
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+
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                         (7) 
Speed F must include constant F0 and F(k), curves evolu-

tion towards the normal direction based on function F.  F0 is 
shrinkage speed. Gσ*I(x,y) is the convolution of image and 
Gaussian filter with variance σ. As C reaches image edge, 
Gσ*I(x,y) is increased and C(x,y) is getting to 0,  F is get-
ting to 0. Finally, C stop at the object edge. If gradient is not 
big enough to shop C, failure segmentation happen [3,4].  

Φ(x) is defined by the region Ω 。 

     

0
( )

0 \

i f x
x

i f x D
φ −

> ∈ Ω⎧⎪
⎨

< ∈ Ω⎪⎩  
Chan-Vese model is to minimize the following variation 

functional [5]. 

1 2

2 2
1 2 1 2\,

( , , ) min ( ( ) ( ) )
DC C

F C C f C dx f C dx dsμ−
Ω Ω ∂ΩΩ

Ω = − + − +∫ ∫ ∫  

μ is a positive constant. To solve this minimization prob-
lem, the level set method is used. The minimization  
functional can be reformulated in terms of the level set 
function Φ 

1 2

2 2
1 2 1 2, ,

( , , ) min( ( ) ( ) ( ) (1 ( )) ( ) )
D D DC C

F C C f C H dx f C H dx H dx
φ

φ φ φ μ φ= − + − − + ∇∫ ∫ ∫  
H(x) is heaviside functional 
Based on Euler-lagrange, minimization problem can be 

solved, and update Level set function Φ(x) by the gradient 
descent method. 

2 2
1 2( ) ( ( ) ( ) )t f C f C φφ δ φ μ

φ
∇= − − − − − ∇
∇

i
    

Compared to other initiative contour models, Level Set 
has a lot of advantages. But Level Set has two disadvan-
tages for Glioma patients MR image processing. First, if the 
edge of the tissues is not sharp enough, edge leakage is 
likely to happen. Second, Chan-Vese model can’t detect a 
specified object. Brain image is more complex than normal 
object image. So the grey information of the specified ob-
ject tissue needs to be considered. To make Level Set more 
applicable for MR image segmentation, improvement on 
Level Set should been done. 

D. Improvement 

The reason of the edge leakage is that the edge gradient 
is small. Increased edge contrast is necessary.  So, Unsharp 
Mask will be applied on the MR image prior to Level Set 
segmentation. 

( ) ( )
( ) ( )⎪⎩

⎪
⎨
⎧

=

=
∂
∂

pCpC
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t
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00,
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Because C-V can only pick up an object from back-
ground, namely positive level set is object, negative level 
set is background, Level Set searches the edge of object 
based on former iteration. It depends on local information 
heavily, omit the integer information. Improved Level Set 
has the integer information. It can find the specified object 
edges and realize specified object segmentation. 

C-V algorithm applies iterations to segment object and 
background. But it can’t segment specified object from 
many objects.  Based on histogram, we set specified object 
to C2.  Improved C-V model can realize specified object 
segmentation. 

Define h is the step length, is 
discrete value of  ),,( tyxφ .  Difference can be used, instead 
derivative in digital image. 

Input: MR image, initial contour, (define 
Level Set function signal as positive inside contour and 
negative outside contour). The times of iterations are N, Set 
C2 value. 

(1)Initialization 0
0φ φ= , 0n = ,

1 0 .5λ = ，
2 2λ = ，

0 . 0 0 5 * 2 5 5 * 2 5 5μ = , 0.2tΔ = , 1ξ = , 0υ = ,  
1h = ； 

(2) Caculate .^2) ^2)./(/()( φξπξφδ +=  
(3) Calculate average curvature ( )K φ  
(4) Update distant function φ  

2 2
1 1 2 2( )( * ( ) *( ( , ) ) ( ( , ) ) )k I x y C I x y Cφ φ δ φ μ φ υ λ λ= + − − − + ∗ −  

(5) n = n+1, if n<N , turn to (2) , otherwise output zero 
level set . 

E. Result and Analysis 

Improved algorithm was applied to Phantom MRI and 
real Glioma patients’ MR data. The experiments are de-
signed for evaluating credibility and accuracy. We used 
phantom and 39 Glioma patients’ MR image as samples to 
make comparisons on the tradition level set and improved 
level set. 

Phantom is the model that imitates real human brain. The 
bright shell is skull. In the shell, it shows white matter, grey 
matter and Cerebrospinal Fluid. The initial conditions are 
same.  Φ0 initial value is 15.  

Fig.2 and Fig.3 illustrate different parts of phantom can 
be segmented accurately. The left column is original image, 
the middle column is evolution process, and the right col-
umn is segmentation results.   

Phantom segmentation results showed that improved al-
gorithm realizes specified object segmentation.  In Fig.2, 
Cerebrospinal Fluid has two parts in Phantom. Initial curve  
 

 
Fig. 2 phantom Cerebrospinal Fluid segmentation  

  

Fig. 3 phantom specified part segmentation 

can change topological structure automatically, and locates 
the edge of Cerebrospinal Fluid accurately. Edge leakage 
didn’t happen.  In order to evaluate accuracy, Fig.3 experi-
ment was designed. Traditional Level Set can’t realize this 
small part segmentation, but improved Level Set can per-
form exactly.    

Fig.4 illustrates real Glioma patients’ MR image tumor 
segmentation. The initial condition and iterations’ times are 
same. The left column: the original images; the middle 
column: the traditional level set segmentation results; the 
right column: the improved level segmentation results.  

From the results we can see that improved level set can 
segment the dispersion tumors, the traditional level set can’t 
segment the dispersion tumors. Compared to traditional 
level set, improved level set can give smooth and clear 
tissue edge.  

The improved algorithm was compared with SPM5 on 39 
Glioma patients’ MR image segmentation. The results 

        
 

        
Fig. 4 Segmentation results 
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showed that the improved algorithm was characterized by 
robustness, accurateness and efficiency.  

III. CONCLUSIONS  

This article studied Glioma patients’ MR image segmen-
tation. Based on the region and edge’s property of tumor 
tissue in MRI, the traditional Level Set method was im-
proved with object grey information and Unsharp Mask. 
The improved Level Set realizes specified object segmenta-
tion without edge leakage. 

Via Phantom model and real Glioma patients’ MR image 
segmentation experiments, improved Level Set is character-
ized by robustness, accurateness. It provides future Glioma 
patients’ MR image analysis and tissues’ volume measure a 
useful method. 

Because the complexity of human brain MR image, this 
algorithm is not suitable to any object segmentation in MRI. 
It still needs to be developed in the future study.  
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Abstract—Purpose: Kilovoltage flat-panel imaging systems 
are used for cone-beam Computed Tomography (CBCT) and 
digital Tomosynthesis (DTS). Hereby, the presence of scatter 
and relatively large dose from imaging are challenging factors. 
In this project a phenomenological beam model was developed 
to characterize imager response to imaging beams with a bow 
tie filter (Varian OBI system). 

Materials and Method: The kilovoltage beam model is 
based on dose ratio formalism and thus is using standard con-
cepts of megavoltage dose calculation such as scatter factors, 
tissue maximum ratio and off-axis ratio. Primary and scatter 
(head and phantom scatter) are modeled with three Gaussian 
kernels. Parameters were derived with slabs of solid water and 
various jaw settings. 

Results: The beam model was used to evaluate contribu-
tions from primary, secondary and tertiary photons for differ-
ent geometrical objects such as cylinders and steps of solid 
water. Predictions of radiographs using the model for known 
objects are consistent with the measurements. 

Conclusion: Secondary and tertiary contributions were in-
terpreted as scatter and can be subtracted from CBCT projec-
tions. Therefore our model can provide a basis for improve-
ment of image quality (less artifacts due to scatter, better 
contrast and resolution) in CBCT reconstruction. 

Keywords—image guided radiotherapy, treatment verifica-
tion, Cone-beam CT, kilovoltage beam model, scatter  
correction. 

I. INTRODUCTION  

Cone-beam Computed Tomography (CBCT) is a promis-
ing technique in image-guided radiotherapy (IGRT) [1]. In 
every treatment fraction the patient's anatomy can be 
aligned with the treatment plan using CBCT [2]. However, 
photon beam energies for CBCT are typically in the range 
of of 80-125 kVp . In this energy range incoherent interac-
tions between photons and water degrade CBCT projections 
and therefore in reconstruction contrast is reduced, cupping 
and streak artifacts occur and there is a lack of CT number 
accuracy [3]. Due to larger field size in CBCT compared to 
conventional CT, where only a thin beam width is used, 
scatter effects are much larger. 

Mechanical solutions using anti scatter grid were investi-
gated [4]. Another suggestion was to perform an algo-
rithmic approach using scatter estimations by polynomial 

interpolation from collimation shadows. Hereby, CBCT 
reconstruction results could be improved significantly [5]. 
There were studies which show that fluence modulation 
introduced by a bow tie filter mounted in front of the kV 
source can improve image quality and reduce x-ray scatter 
[6]. 

In this project a phenomenological beam model was de-
veloped to characterize imager response to imaging beams 
with a bow tie filter (Varian OBI system). 

II. MATERIAL AND METHODS 

A. Imaging System and Data Acquisition 

The on-board imaging system of the Varian Novalis Tx 
(figure 1) was used to acquire kV projections of different 
depths of 30x30 cm solid water slabs for different field 
sizes. The source to axis distance (SAD) and the source to 
detector distance (SDD) were 100 cm and 150 cm, respec-
tively. Detector size was 1024x768 pixels corresponding to 
40x30 cm at a pixel size of 0.0039 cm. 

 

Fig. 1 Varian Novalis Tx with a kV on-board imager 

Solid water slabs were positioned perpendicularly to the 
beam. For each depth center of mass was aligned with the 
iso-center as depicted in figure 2. Tube voltage was kept 
constant at 125kV and mAs of the kV source was adjusted 
for each image to avoid detector saturation to occur. Ac-
cording to higher photon fluency for higher mAs the data 
was divided by mAs before processing. 
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Fig. 2 Schematic setup of the kV flat-panel imaging system 

B. Beam Model 

The detector response I(x, y, d, c) with variables x and y 
as detector coordinates, depends on depth d of solid water 
slabs and the symmetric field size c. The quantities x, y and 
c are expressed in cm in the iso-center plane. The following 
tautological formula was used to express detector response:  

 
 
whereas x=y=0 if they do not occur as arguments in I(...), 
dref = 0 cm and cref = 18 cm. All terms can be canceled out. 
However, each factor can be measured and models can be 
found for each of them as will be explained in the following 
subsections. 
 
C. Output Factor OF(c) and Total Scatter Factor Stot  

OF(c) is the output factor, responsible for the absolute 
signal of the detector including field size dependence. 
Therefore, a radiograph was acquired for dref and cref to 
determine I (dref, cref) = 160821 in the center of the image 
averaging over a 5x5 pixel field in order to minimize ran-
dom noise. 

The total scatter factor Stot was measured by acquisition 
of air images for different field sizes ranging from 2 to 28 
cm and a second order polynomial was fitted to the data 
points: 

  
with α0 = 0.90, α1 = 0.0082 and α2 = -0.00015. Figure 2 
shows data and fitted curve.  

 

Fig. 3 Total scatter factor Stot 

D. Tissue-to-Air Ratio TARc(d) 

Tissue-to-air ratio is measured taking radiographs for dif-
ferent depths at a constant field size. Again averaged inten-
sity values over a 5x5 pixel field in the image center are 
used as data points. They were normalized to the intensity 
for air and were fitted to an exponential function with at-
tenuation coefficient µc and beam hardening coefficient ηc, 
which are small positive constants for each field size [7]: 
 

 
 
As a reference field size cref=18cm was taken and TAR 
function was fitted to the corresponding data. In a second 
step, a two dimensional fit was done with TAR data for 
different field sizes (c = 2, 4, 10, 18, 28 cm) introducing a 
correction factor to the fit result for c=18 cm with fit pa-
rameters aµ and aη: µc = µref(1 + aµ Δc) and ηc = ηref(1 + aη 

Δc), whereas Δc = c– cref. This can be seen as a Taylor se-
ries expansion at c = cref. The fitting results were µref= 0.26, 
ηref= 0.0063 in the first fit for c= cref and aµ = -0.0014, aη= 
0.0048 in the second fit with the complete data. TAR is 
shown in a logarithmic plot in figure 3 for field sizes of 2 
cm and 18 cm. 
 

 

Fig. 4 Logarithm of TAR(d) for field sizes c=18cm (red) and c=2cm (blue) 



2052 M. Blessing et al.
 

  
 

IFMBE Proceedings Vol. 25

 

 

E. Off-Axis-Ratio OAR 

Since the bow-tie is constant in y-direction, the problem 
could be reduced to x-dimension. The idea for modeling 
OAR was to assume Gaussian functions: 

 
to represent the kV source. The source is convoluted with 
the opening of the jaws which are represented by the char-
acteristic function: 

 
in the one dimensional case whereas x1,2 are representing the 
right and left jaw position, respectively. Convolution of 
Gaussian G with characteristic function χ is a double sided 
error function 
 

 
 
Due to scatter (head, jaw, air and phantom scatter) the 
original Gaussian beam is modulated. Therefore, we worked 
with a sum of effective sources with individual weighting 
factor and width of the Gaussian. 

Attenuation introduced by the bow tie shape is expressed 
by a function 
 

 
 
whereas w0, wj, aj, bj and σj are linear functions in d. Nu-
merical parameters were found in a fitting procedure with 
real data for open jaw settings. BT is a multiplication factor 
in OAR: 
 

 
 

This is a more general function that allows arbitrary jaw 
settings x1 and x2, which are the left and right jaw position, 
respectively. Parameters wP,S,T and σP,S,T are linear or quad-
ratic functions in d and c and were found in a fitting proce-
dure with data for different symmetric field sizes and depths 
of solid water ranging from 2 cm to 30 cm and 0 cm to 20 
cm, respectively. 

Fitting results can be seen in figure 5. Primary, secondary 
and tertiary contributions are printed separately besides data 
and the model. 
 

 

Fig. 5 Off-axis-ratio for 20cm slab of solid water at a field size of 18cm 

III. RESULTS 

All factors in equation 1 were determined as described 
and radiographs for arbitrary jaw settings and depths of 
solid water can be predicted.  

A. Prediction of Radiographs with Beamlet Formulation 

In order to be able to model arbitrary geometries the 
beam was divided into N beamlets of the same size Δx. The 
center of beamlet k is then x0k = x1 + (k - 1 + 1/2)Δx and the 
corresponding depth is d(x0k). In equation 1 depth d is now a 
function of x0k and in OAR x1 and x2 are replaced by the 
edges of the current beamlet. Finally, the response of the 
detector can be modeled by summation over k. 

 

  
Fig. 6 Setup for different geometric shapes such as solid water steps or a 
cylinder 

Radiographs for different geometries were acquired as it 
is shown in figure 6 and their gray value profiles were com-
pared to predictions by the model. As a first example figure 
7 shows a profile for two steps of solid water: 15 cm on the 
left and 10 cm on the right side. The second example is a 
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solid water cylinder with a diameter of 25 cm and is printed 
in figure 8. 

 

Fig. 7 Prediction of a gray value profile for a setting with two steps of 
solid water: 15cm (left) and 10cm (right).  

 

Fig. 8 Prediction of a gray value profile for a solid water cylinder with a 
diameter of 25 cm 

IV. DISCUSSION 

Our kV beam model is capable to predict intensity distri-
butions of arbitrary known water equivalent objects. It can 
distinguish between primary and scatter contributions. 
However, the split-up is not unique but rather it is a conse-
quence of our fitting procedure and is a characteristic of this 
particular model. Other combinations of error functions and 
dependencies on depth and field size in equation 8 would be 
possible and were tested. Equation 8 was chosen since the 
best fits could be achieved with this function. 

The model parameters were derived for homogeneous 
solid water slabs only. In order to predict scatter behavior in 
other materials (e.g. bone, lungs) additional measurements 
similar to the one taken for sold water would have to be 
acquired. The model was derived using different field sizes 

defined by the collimation jaws. Thus scatter from edges of 
inhomogeneities inside the imaged objects are overesti-
mated in the current approach. In order to create a model of 
the primary contribution with smaller value of sigma, addi-
tional measurements with sharp-edged objects would have 
to be taken. 

In the presented results the object has to be known for 
scatter estimation. However, in order to apply the model for 
CBCT, prior knowledge from planning CT could be used. 
Further investigations using prior knowledge and inverse 
methods are in progress. 

V. CONCLUSION 

A kV beam model for flat panel imaging systems with 
bow tie was developed. First applications and tests are 
promising. The model provides the basis for scatter correc-
tion in CBCT improving image quality by reducing typical 
scatter artifacts and increasing contrast. 
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Abstract— Overnight pulse oximetry is used as a screening 

method for obstructive sleep apnea syndrome. However, sev-
eral studies have found that signal processing algorithms in 
different pulse oximeters alter the signals and affect the diag-
nostic outcome.  

In our study we analyzed the effect of pulse oximeter pre-
processing on the measured signals of apnea events. We de-
termined the oximeters' transfer functions and developed 
methods to infer the original (physiological) event from the 
measuring signal, thus making recordings from different pulse 
oximeters directly comparable. 

The approach is based on the inverse transfer function with 
modifications derived from the analysis of the system's pole-
zero plot. 

Keywords— obstructive sleep apnea, pulse oximetry, signal 
processing, Z-transform, inverse transfer function  

I. INTRODUCTION  

Sleep disorders and sleep-related disorders are common 
diseases of modern society. One of these disorders is ob-
structive sleep apnea syndrome (OSA), which causes re-
peated decreases of oxygen saturation initiated by a tempo-
rary reduction or total interruption of the respiratory flow. 
When overnight pulse oximetry is used for OSA screening, 
the main diagnostic criterion is the oxygen desaturation 
index (ODI) defined by the number of desaturation events 
per hour. Most sleep physicians use a minimum decline of 
4% in the oxygen saturation signal (SaO2) to identify an 
apnea event. However, several studies use a desaturation of 
2%, 3%, or 5% SaO2 as diagnostic threshold [1]. 

These differing thresholds are most likely due to the use 
of different pulse oximeters. As the unconditioned signal in 
pulse oximetry is rather unsteady, oximeters apply pre-
processing algorithms with generally low pass characteris-
tics [2]. 

Several studies have evaluated the influence of this pre-
processing on the SaO2 signal and the diagnostic outcome. 
It was found that desaturations measured with different 
devices vary significantly and affect the diagnostic outcome 
[3-6].  

Our earlier investigations showed that the parallel use of 
three different pulse oximeters results in different desatura-
tions as well as differences in temporal dynamics (Fig. 1). 
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Fig. 1  Time course of oxygen saturation for two consecutive apnea events. 
Parallel measurements with different devices. 

In order to quantify the effect of oximeters’ preprocess-
ing on the ODI we simulated the effect of a floating mean 
filter on the typical time course of a 10 second apnea event 
causing a 5% decrease in oxygen saturation. 
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Fig. 2  Simulated SaO2 signal of an apnea event: Time course as a func-
tion of averaging of 3, 4, 6, and 9 values. The dashed line shows the origi-
nal signal.  

Fig. 2 shows that averaging over 4 input values reduces 
the observed decline by 1% SaO2. Averaging over 9 input 
values, which is not uncommon in older pulse oximeters 
still in use in sleep clinics, diminishes the physiological 5% 
drop to an observed 2.4%, rounding to integer values may 
further influence the displayed SaO2 desaturation.  

This effect is less obvious with longer apnea events caus-
ing deeper declines in oxygen saturation. However, for 
patients with series of relatively short apnea events it can be 
relevant with respect to the ODI. 

This study suggests a method to make oximetry re-
cordings from different devices directly comparable through 
the application of a modified inverse transfer function. 

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2054–2057, 2009. 
www.springerlink.com 



II. METHODS 

 In this study we examined two typical up-to-date pulse 
oximeters commonly used for OSA screening. Table 1 
shows the technical parameters of the investigated pulse 
oximeters.  

Table 1  Technical parameters of investigated pulse oximeters  

 Minolta Pulsox-300i 

 
Nonin Medical 
WristOx 3100 

Accuracy 70 – 100% ± 2% 70 – 100% ± 2 digits 

Resolution 0,1% 1% 

Sampling frequency 1 Hz 1 Hz 

 
All test signals were generated using a Fluke Index 2 

Pulse Oximeter Simulator. 
The influence of signal preprocessing on a typical apnea 

signal was investigated by averaging over three, four, six 
and nine input values.  

The systems' transfer functions were estimated based on 
their respective step responses. Inverse transfer functions 
were used to recover the original (physiological) event. 
Finally, inverse transfer functions were modified in order to 
avoid unstable system response. 

These investigations are based on the assumption that the 
devices apply analog filtering before discretization to avoid 
aliasing effects. 

III. RESULTS 

In order to quantify the variation inherent to the method 
of pulse oximetry we observed the response to a 5% step 
function as generated by the simulator. Fig. 3 and 4 show 
the results of 5 measurements with identical input values. 
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Fig. 3  Reproducibility of a step response measured with oximeter 1. The 
dashed line shows the input signal.  
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Fig. 4  Reproducibility of a step response measured with oximeter 2. The 
dashed line shows the input signal.  

Again output signals vary within the limits quantified 
above. However, with oximeter 2 this effect can lead to a 
deviation of 2% SaO2 due to the relatively low resolution of 
the measurement device. This can be significant with re-
spect to the detection of apnea events. 

Investigations concerning the transmission behaviour of 
the devices revealed that the step response of pulse oximeter 
1 shows a linear course (a ramp). This can be described by 
equation (1) using a floating mean. 
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This leads to the following transfer function with an 

amplitude-frequency response shown in Fig. 5. 
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The investigation of the poles shows that the system is 
critically stable (Fig. 6 left). In case of direct recalculation 
smallest rounding errors lead to strong noise amplification. 
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Fig. 5  Amplitude-frequency response of pulse oximeter 1 
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Therefore filter coefficients were modified moving the 
poles into the unit circle (Fig. 6 right), thus ensuring the 
stability of the system (Fig. 7). Noise reduction can be 
achieved by cutting off or suppressing unwanted frequen-
cies.  

 
 
 
 
 
 
 
 
 
 
 
 

  
 
 
 
 
 
 
 

 
Fig. 7  Amplitude-frequency response of inverse transfer function of 
oximeter 1 

The resulting inverse transfer function is described by  
 

2,2
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and leads to a good reconstruction of the original signal as 
shown in Fig. 8. 
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Fig. 8  Step response of pulse oximeter 1 (blue) and recovered signal 
(green) 

 

The step response of pulse oximeter 2 shows an exponen-
tial time course and can be described using an adaptive 
mean filter:  
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This leads to the following transfer function: 
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where C was estimated as 0.36.  
 
Here, the inverse transfer function shows no unstable be-

havior (Fig. 9), therefore no modification is required. 

 
 
 
 
 
 
 
 
 
 
 
 
 

The recalculation shows an initial oscillation which is 
self-stabilizing (Fig. 10).  
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Fig. 10  Step response of pulse oximeter 2 (blue) with recovered signal 
(green) 
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Fig. 6  Pole-zero plot of the inverse transfer function before (left) and after
modification (right) 

Fig. 9  Amplitude-frequency response of inverse transfer function of 
oximeter 2 
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IV. DISCUSSION 

In order to stabilize the output signal pulse oximeters ap-
ply low pass preprocessing. With transient changes, as 
caused by an apnea event, this considerably affects the 
depth of the displayed drop in oxygen saturation. For in-
stance, a floating mean filter over 9 input values diminishes 
a 5% drop in SaO2 to about half.  

The observed number of desaturation events over a cer-
tain threshold obviously depends on the used oximeter. This 
may explain why different studies found thresholds of 2%, 
3%, 4%, or 5% SaO2 best suited for OSA diagnosis. 

In our study we estimated the transfer functions of two 
different pulse oximeters by analyzing their respective step 
responses as generated by an oximeter simulator. We ap-
plied the inverse transfer function in order to recover the 
original input signal. 

Generally the original signals could be restored. How-
ever, noise and rounding errors may be amplified and seri-
ously affect the outcome. This is due to the fact that the 
inverse transfer function can be critically stable. This effect 
can be diminished by a modification of the inverse transfer 
function. 

This study shows a way to normalize oximetry signals 
recorded with different pulse oximeters and to make them 
directly comparable. Further studies are necessary to in-
clude other oximeters currently used in sleep medicine. 

V. CONCLUSIONS 

Preprocessing in pulse oximeters reduces the displayed 
depth of transient desaturation events in sleep medicine. 

This effect can be compensated by applying the oximeter’s 
inverse transfer function. These normalized signals should 
be used as basis for diagnostic purposes of sleep related 
diseases. 
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Texture Research on MRI in Patients with Multiple Sclerosis Based on Synthesized 
Gray Level Co-occurrence Matrix 
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Abstract—Objective: To compare the differences of texture 
characteristic among macroscopic lesion white matter(LWM), 
normal appearing white matter(NAWM) in magnetic reso-
nance images (MRI) from patients with multiple sclerosis(MS) 
and normal white matter(NWM) from normal controls by 
synthesized gray level co-occurrence matrix.  Methods: T2-
weighted MRI of 26 MS patients and 26 healthy subjects were 
selected, and 26 regions of interests (ROI) were chosen from 
MS patient MRI and healthy subject MRI for LWM, NAWM 
and NWM respectively. All of the ROI were analyzed by syn-
thesized gray level co-occurrence matrix, and energy, inertia, 
inverse difference moment and entropy were extracted. Finally 
statistic significance was tested among three groups. Results: 
In LWM, NAWM and NWM groups, the increasing tendency 
was shown for energy (0.0032, 0.0048 and 0.0069) and inverse 
difference moment (0.2199, 0.3246 and 0.3706) , while decreas-
ing tendency for inertia (79.0494, 18.6403 and 9.8744) and 
entropy (2.7453,2.4571 and 2.3092) . Except inertia that the 
difference was not significant (P=0.251) between NAWM and 
NWM , the rests had significant differences (P<0.05)between 
LWM and NAWM (or NWM) or NAWM and NWM.   Con-
clusion:  Texture analysis can possible reveal the microscopic 
abnormality in patients with MS, and will be beneficial to the 
research of early diagnosis and treatment estimate of MS. 

Keywords—Multiple sclerosis, MRI, Gray level co-
occurrence matrix, Texture analysis. 

I. INTRODUCTION  

Multiple sclerosis (MS) is a chronic idiopathic disease 
resulted in multiple areas of inflammatory demylination in 
the central nervous system. Progressive MS lesion forma-
tion often leads to unpredictable cognitive decline and 
physical disability. Due to the sensitivity in detecting MS 
lesions, MRI has become an important tool for diagnosing 
MS and monitoring its progression [1, 2]. 

NAWM is the normal appearing white matter in general 
T1 and T2 weighted MRI of MS patient. Since the display 
of focal plaques gross is inconsistent with clinical symptom 
and disability status, research on NAWM gradually attracts 
more attention from clinical medicine. In 1991, autopsy 
report on MS patients proved microcosmic pathological 
changes existing in the NAWM of patients with MS [3]. 
Therefore, study on microcosmic variety of demylination by 

image analysis is beneficial for the early diagnosis of MS. 
Texture analysis which is used to quantify pathological 
changes that may be undetectable by conventional MRI 
techniques, has the potential to detect subtle changes in 
tissue and supports early diagnosis of MS. 

In this study, texture analysis was performed on brain 
MRI of MS patients and normal controls. Texture features 
from gray level co-occurrence matrix [4] were extracted, 
and statistical analysis method ANOVA was applied be-
tween LWM, NAWM and NWM. It was found that there 
was significant difference between NAWM and NWM. This 
research is helpful for early diagnosis of MS and monitoring 
its progression.  

II. MATERRIALS AND METHODS   

A. Materials 

In this paper, MS patients come from Capital Medical 
University Xuanwu Hospital. We recruited the 26 patients 
(9 males and 17 females) with MS diagnosed by rules of 
Lublin and Reingold for further study. The 26 patients' age 
ranged from 18 to 55 years old (mean age 32.0 years) with 
mean Expanded Disability Status Scale (EDSS) score of 2.9 
(range1.0 to 5.0) and mean disease duration of 5.1 
years(range 1.0 to 20.0 years). 26 healthy volunteers (9 
males and 17 females), aged from 19 to 58 years old (mean 
age 32.6 years old), were recruited in the normal control 
group. 

T2-weighted MRI of the 26 MS patients and the 26 
healthy subjects were acquired from a 1.5-T MR scan-
ner(Sonata; Siemens, Erlangen, Germany) in the Depart-
ment of Radiology, Xuanwu Hospital of Capital Medical 
University using a turbo spin echo sequence [TR=5500 ms, 
TE=94 ms, number of excitation (NEX)=3, echo train 
length=11, matrix=256×224, field of view (FOV)=240×220 
mm, slice thickness=4 mm and inter-slice gap=0.4 mm]. 26 
regions of interest (ROIs, size 32×32) were chosen from 
MRI of MS patients for LWM and NAWM, respectively, 
and 26 ROIs from MRI of normal controls were selected for 
NWM.  Fig.1 illustrates the ROI selection and placement of 
LWM, NAWM and NWM. 
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Fig. 1  ROI selection from MRI of MS patients and normal controls. 

Left: MRI from a MS patient; Right: MRI from a healthy subject. 
A: ROI of LWM ; B: ROI of NAWM; C: ROI of NWM 

B. Methods 

Gray level co-occurrence matrix approach is based on es-
timate for second conditional probability density function. 
Through calculating correlation between any two point gray 
intensity, reflect the integrative information of image gray 
intensity on direction, closer interval and amplitude variety. 
It is a effective approach for texture analysis. 

Suppose d is the distance between a pair of pixel, θ is the 
angle between them, gray level co-occurrence matrix de-
scribed   the occurred probability   of grey level i and grey 
level j between distant d and  θ direction. 

Suppose total number of pixels in horizontal direction X 
is Nx, then space horizontal field of pixel was described as 
Lx= {1,2,…, Nx} ; total number of pixels in vertical direc-
tion Y is Ny, then space horizontal field of pixel was de-
scribed as Ly=  {1,2, …, Ny} .  Suppose gray intensity quan-
titative superlative level is Ng, then gray intensity 
quantitative set of pixels is G= {0, 1, 2,…, Ng-1}. Therefore 
image function can be expressed as a Lx × Ly image pixel 
set, and one pixel of the set had a G value in the gray inten-
sity layer, expressed as f : Lx  ×Ly → G.  

When  θ=0o ,45o ,90o ,135o , Gray level co-occurrence 
matrix P(i, j,d, θ) of pixels pairs G(k,l) =i and G(m,n)= j 
was calculated as follows: 
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It  is observed that these matrix  is symmetrical, i.e. 

P(i,j,d,θ)=P(j,i,d, θ). 
14 texture features can be extracted by gray level co-

occurrence matrix in reference [4] written by Haralick. In 
this paper we extracted 4 texture features, including energy, 
inertia, inverse difference moment and entropy. Their 
mathematical expressions are as below: 
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Inverse Difference Moment:  
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In general, the final texture values were the average of 
four directions of 0°, 45°, 90° and 135°. But some texture 
feature was greatly different in four directions because of 
various reasons. Fig.2 showed inertia value of brain MRI 
with MS in four directions.   
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Fig. 2 Inertia values in four directions 

In order to describe texture characteristics of MRI with 
MS comprehensively and rationally, the synthesized gray  
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level co-occurrence matrix [5] was used in our study. The 
equation was as below: 
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The weighted coefficient a,b,c,d were calculated as  
below: 
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was  texture feature, for example inertia, in four direction  ,  
N  was the average  of  N1, N2 ,N3 ,N4 . 

All samples were mapped into gray level co-occurrence 
matrix of 256×256-pixels. Energy, inertia, inverse differ-
ence moment and entropy for three groups ( LWM , 
NAWM and NWM) were extracted  respectively in four 
directions of 0°, 45°, 90° and 135° with step of 1. The final 
values were obtained by equation (5). 

III. RESULTS  

Statistical results were showed in Table 1 and Table 2 
from statistical analysis methods ANOVA. Value F was 
18.529, 49.381, 72.314 and 102.109 respectively for energy, 
inertia, inverse difference moment and entropy, and corre-
sponding P was lower than 0.001.  

Table 1. Mean and standard deviation 

Feature LWM NAWM NWM 

Energy 0.0032  
±0.0028 

0.0048   
±0.0016 

0.0069   
±0.0021 

Inertia 79.0494 
±46.1367 

18.6403  
±10.0386 

9.8744 
±3.3617 

Inverse 
difference 
moment 

0.2199   
±0.0453 

0.3246   
±0.0502 

0.3706   
±0.0431 

Entropy 2.7453   
±0.0932 

2.4571   
±0.1278 

2.3092   
±0.1120 

Table 2 Results of  LSD t  test 

P 
Feature LWM VS 

NAWM 
LWM VS 
NAWM 

 NAWM 
VS NWM  

Energy =0.009 <0.001 =0.001 

 Inertia <0.001 <0.001 =0.251 

 Inverse 
difference 
moment 

<0.001 <0.001 =0.001 

Entropy <0.001 <0.001 <0.001 

Table 1 demonstrates that   energy, inertia, inverse dif-
ference moment and entropy had one-way changing ten-
dency for LWM, NAWM and NWM. The decreasing ten-
dency was presented for inertia (79.0494, 18.6403 and 
9.8744) and entropy (2.7453, 2.4571 and 2.3092), while 
increasing tendency for energy (0.0032, 0.0048 and 0.0069) 
and inverse difference moment (0.2199, 0.3246 and 
0.3706). Table 2 presents there were significant differences 
(P<0.05) between LWM and NAWM (or NWM) or NAWM 
and NWM except inertia that the difference was not signifi-
cant (P=0.251) between NAWM and NWM. 

IV. DISCUSSION  

In MS, pathological changes such as neuroinflammation 
and demylination often accumulate to a certain degree and 
become visible MS lesions that are revealed by MRI. How-
ever, in the early MS stages when only subtle pathological 
changes occur, it is very hard to detect MS damage in MRI 
by visual examination or conventional measures such as 
lesion volume and number [6]. Thus, tissue discrimination 
between LWM and NWM (or NAWM) is of critical impor-
tance to the early detection of MS. Texture analysis on 
MRI, in essence, is the analysis of gray level variations 
between image pixels in ROIs which captures the spatial 
and intensity information from the possible microscopic MS 
lesions. Texture features that are extracted by texture analy-
sis techniques quantify both macroscopic lesions and micro-
scopic abnormalities that may be undetectable to conven-
tional measures. In this study, texture analysis based on 
synthesized gray level co-occurrence matrix was performed 
and texture features, including energy, inertia, inverse dif-
ference moment and entropy, were extracted in order to 
explore new method of detecting microscopic abnormalities 
with MS. 
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The results of this study demonstrated that regardless of 
increasing or decreasing, four texture features for NAWM 
were between LWM and NWM, perfectly corresponding to 
pathological developing progress, i.e., NWM developed MS 
lesion over NAWM. The differences were significant 
(P<0.05) between LWM and NAWM or NWM, but it was 
not significant between NAWM and NWM for inertia. This 
is probably due to big difference in texture between the 
former categories and little difference between the latter. 
The results were consistent with common visual observa-
tions and supported by previous findings that differences in 
texture between MS patients and normal controls were sig-
nificant [6, 7]. 

Energy reflects the uniformity of images. The higher the 
value of energy is, the more uniformity the images are, and 
vice versa. Entropy represents the random extent of the area. 
The higher the entropy is, the more intense the variation of 
gray level is. Moreover inertia enhances the effect of high 
contrast, while inverse difference moment decreases this 
influence. Serial studies of lesion measures have yielded 
generally disappointing correlations with the development 
of clinical disability [8]. Demylination and axon injury lead 
to change in anatomical structure of white matter(WM), 
followed by the variation of microcosmic hydrogen ions 
distribution, demonstrating the change of gray level distri-
bution on MRI. Consequently, consistency and regularity of 
WM images was destroyed but their randomization en-
hanced, so that energy of images decreased while the en-
tropy increased. Gray level contrast reinforced, which 
meanwhile results in inertia increased and inverse difference 
moment decreased. 

In this paper the sample size was small (26 MS patients 
and 26 healthy subjects).  In an attempt to explain and 
analyze the microcosmic variety in brain white matter 
deeply, it will be necessary to enlarge samples for  further 
study. 

V. CONCLUSION  

In this study, texture analysis based on synthesized gray 
level co-occurrence matrix was performed on brain MRI of 
MS patients and normal controls. The results suggested that 
texture features of NAWM with MS patients were signifi-

cant difference from LWM and normal controls, which is 
valuable in supporting early diagnosis of MS and   probably 
revealing microscopic abnormalities with MS.  
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Abstract—The analysis of stimulus evoked potentials rec-

orded using high resolution chips are very useful in under-

standing brain activity with greater details. However, the 

stimulus induced signals are often contaminated with stimulus 

artifacts. The artifact removal technique here discussed re-

moves all such contaminations caused by the stimuli. The 

usage of peak-valley detection in estimating the artifact signa-

ture provides the benefit of removing these unwanted artifacts 

from the real neuronal recordings, diminishing the barrier of 

artifact shape and duration imposed by many existing tech-

niques. Also, this technique provides the flexibility of automat-

ic batch processing of neuronal signals. The artifact signature 

is estimated through the detection of peaks-and-valleys based 

on a threshold calculated using the signal’s standard deviation, 

thus overcoming the manual threshold selection. This tech-

nique provides the advantages of being simple, straight-

forward, and computationally efficient. The peak-valley detec-

tion approach has been demonstrated to be an efficient and 

accurate artifact and offset (baseline correction) removal me-

thod, as validated by analyzing high-resolution recordings 

from the rat somatosensory cortex (S1). 

Keywords— Stimulus artifact, artifact removal, peak-valley 

detection, somatosensory cortex, and brain-chip 

interface. 

I. INTRODUCTION  

Various ways of stimulating and recording from the 

brain have been adapted since researchers took their interest 

in understanding the brain signaling pathways and neuronal 

network activity. Studies on neural responses to stimulation 

are often contaminated by undesired contributions. These 

contaminants, or stimulus artifacts, often obscure part or the 

entire neural signal under investigation; particularly when 

investigating the brain mapping upon stimulating a particu-

lar area, like the air puff stimulation to the whiskers. Re-

moval of these stimulus artifacts is important for the reliable 

detection of electrically evoked neural signals to have a 

clear mapping of the brain region under study. Stimulus 

artifact poses a distinct problem in S1 evoked potential 

recordings in that it is coherent with the evoked response, 

and thus cannot be reduced by ensemble averaging [1]. The 

most common technique in removing stimulus artifact and 

its harmonics is by applying different filters. However, 

studies show that the frequency spectra of the neural signals 

and stimulus artifact often overlap [2] and filtering the fre-

quency components of the stimulus artifact can result in 

distortion of the neural signal. Researchers developed sev-

eral techniques to remove stimulus artifacts with minimal 

signal distortion. For example, artifact template subtraction 

[3, 4, 5, and 6], artifact blanking combined with artifact 

template subtraction [7], stimulus artifact identification and 

removal through local curve fitting algorithms [8]. 

With the growing amount of data made available by 

high-resolution recordings, their processing requires an 

automatic, computationally efficient yet simple and accurate 

method to remove contaminations. The existing techniques 

are either unable to adapt with overlapping of signal and 

artifact (i.e. filtering) or perform poorly with varied artifact 

waveforms (i.e. template subtraction) [9]. The sample-and-

interpolate method [9] works fine with high-rate stimulation 

artifacts (with stimulation cycle of 1000 pulses/s for single 

unit or multi-unit activity), but for slow signals like Local 

Field Potentials (LFPs) and for slow stimulus artifacts, there 

is no standard method. Here we present a technique that 

removes such slow artifact waves (Fig. 1) through detection 

of peaks-valleys of a control signal (without neuronal re-

sponse), thus generating an artifact signature corresponding 

to an evoked response (with artifact) with the flexibility of 

an automatic method useful for single and batch processing.  

 

Fig. 1 Signal trace (see Data collection section) showing the morphology 

of the stimulus artifact in a control signal (up), the real signal with evoked 

potential contaminated by artifact (middle), and an air puff stimulus on rat 

vibrissae (bottom). Part (a) is the stimulus response latency, (b) is the 

actual evoked response, (c) is the artifact waveform, and (d) is the steady-

state. 

(a) (b) 
(c) 

(d) 
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Offset removed artifact 

Start 

Input raw signal and artifact files 

Call Detect_Peak-Valley() for raw signal 

Perform point-by-point averaging of peaks and 

valleys to have an estimation of the raw signal. 

Find mean (µ) of the estimated signal, subtract 

µ from the raw signal to remove the offset. 

Perform extension of peaks and valleys  

Call Detect_Peak-Valley() for artifact 

Perform point-by-point averaging of peaks and 

valleys to have an estimation of the artifact. 

Find mean (µ) of the estimated artifact, subtract 

µ from the artifact to remove the offset. 

No 

 Was the artifact  

offset removed 

? 

Subtract the estimated artifact signature from 

the offset removed signal. 

Output results 

II. METHOD 

This artifact removal using peak-valley detection tech-

nique is straight-forward, computationally efficient, and 

simple to implement. Fig. 2 shows the flowchart of the 

artifact removal process. The process is implemented in 

MATLAB (Mathworks) platform. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2 The flowchart of evoked potential artifact removal using peak-valley 

detection technique. 

As seen in the flowchart (Fig. 2), this technique expects 

two input files: 1) the signal (SOrig) consisting of neuronal 

evoked potentials and stimulus artifact, and 2) the control 

signal (AOrig) containing only the stimulus artifact (termed 

as ‘signal’ and ‘artifact’, respectively, in the subsequent 

text). At first, the offset of the signals has to be removed 

using the peak-valley detection algorithm (see below for the 

algorithm). The selection of threshold is a critical parameter 

in detecting the peaks-and-valleys. To make the detection 

process automatic, the standard deviation of the signal is 

taken as threshold, thus providing the algorithm with the 

flexibility of being automatic and suitable for batch 

processing. Detection of peaks-and-valleys and then point-

by-point averaging provides an estimate of the core signal 

(see also Fig. 4). After this first step, leading to a reduced 

number of data points in the artifact waveform, the mean of 

the estimated signal (µEstimatedS) becomes similar to the mean 

at the steady state. Thus, mean subtraction from the signal 

resets the offset to nearly zero (SOffRem = SOrig - µEstimatedS). 

The same technique is applied to the artifact to reset the 

offset to zero (AOffRem = AOrig - µEstimatedA). 

 Then, artifact removal from the signal is operated (see 

also section IV. ARTIFACT REMOVAL): the peak-valley algo-

rithm is applied again to the offset removed artifact provid-

ing an estimated artifact (AOffRemEstimated). Finally, this can be 

simply subtracted from the signal (SClean = SOffRem - AOffRe-

mEstimated). The following algorithm demonstrates the peak-

valley detection process. 

 

Function: Detect_Peak-Valley() 

Input: Signal file, whose peaks and valleys are to be found. 

Output: Peaks-and-valleys of the input signal. 

Method: 

1.  Initialize, S:=signal; and Threshold:=Standard-

deviation(S); 

2. Set, Peak:=infinity; Valley=-infinity; and Flag:=True; 

3.  Current:=Current element of S; 

4. if (Current > Peak), Reset, Peak:= Current; end; 

5.  if (Current < Valley), Reset, Valley:= Current; end; 

6. if (Flag is True) 

  if (Current <(Peak -Threshold)) 

   Add Current to Peaks; and 

   Reset, Flag:=False; 

  end; 

  if (Current >(Valley +Threshold)) 

   Add Current to Valleys; and 

   Reset, Flag:=True; 

  end; 

 end; 

7. Repeat step 3 to 6 for every element of the signal. 

8. Return Peaks and Valleys 
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III. DATA COLLECTION 

In this work, high resolution chips [10] are used in ac-

quiring signals to perform electrical imaging of brain re-

gions. The chips are based on two linear arrays of metal-

free field-effect-transistors, each consisting of 31 insulated 

Electrolyte Oxide Semiconductor Field Effect Transistors 

(EOSFETs), spaced about 30 to 40µm, and 32 Electrolyte 

Oxide Semiconductor Capacitor (EOSC) integrated in be-

tween two adjacent transistors. The dimension of each 

EOSFET ranges from 7µm to 9µm [10, 11]. This setup can 

perform simultaneous recording from 16 independent FETs. 

Here, the evoked potentials are recorded from the S1 cortex 

by stimulating the whiskers of an anesthetized rat. Air puff 

stimulations of 40 psi with duration of 50 ms are provided 

to the selective whiskers to evoke a neuronal response of the 

S1 somatosensory cortex. The recording setup and animal 

placed on the recording socket holding the chips can be seen 

in Fig. 3 (a), and (b) respectively. 

 

 

Fig. 3 Images of (a) the recording setup pointing out its major components. 

(b) The living rat placed on the socket holding the recording chip. 

IV. ARTIFACT REMOVAL 

The Fig. 4 shows the estimation of the artifact calculated 

by the Detect_Peak-Valley() algorithm. The offset of this 

signal is cancelled using the mean of such estimation with 

the raw artifact, as described in section II.  

 

 

Fig. 4 Artifact and its estimation through peak-valley detection using the 

signal’s standard deviation as threshold. 

Fig. 5 shows the traces before and after stimulus artifact 

removal. The first trace from the top is the artifact. The 

second trace shows the artifact contaminated signal, and the 

third trace the signal after artifact removal. At the bottom 

the air puff stimulation duration is shown. 

 

 

Fig. 5 Traces of artifact (grey), evoked potential with artifact (red), artifact 

removed evoked potential (green), and the stimulus. 

This method is also applied to perform batch processing 

of signals to remove stimulus artifacts. The Fig. 6 (a) shows 

the signals recorded from 13 FETs (each FET’s signal is 

digitized and stored in a separate file) with the stimulus 

artifact (the two arrows point the artifact region) on which 

the stimulus artifact removal technique is applied. The Fig. 

6 (b) shows the signals without stimulus artifacts. 

(b) 
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Fig. 6 Signals before and after stimulus artifact removal. The color-bars 

show the amplitude intensity of the signals. (a) Raw signals recorded from 

13 FETs. The two arrows show the stimulus artifact region. (b) Signals 

without stimulus artifact as a result of batch processing of the stimulus 

artifact removal method proposed in this work. 

V. CONCLUSION 

To be able to use the neurological evoked potentials in 

understanding the brain signaling pathways or to map the 

brain region in response to stimuli, they must be free of any 

kind of artifacts. Artifact shapes and frequency overlapping 

are the main barriers in efficient artifact removal. Also, 

there are no standard methods for removing the slow stimu-

lus artifacts, caused, for example, by air puff stimuli. The 

method proposed in this work is an automatic, flexible, very 

simple to implement, and computationally efficient way to 

perform this task. The automatic selection of the threshold 

in detection of peaks-and-valleys extends its usage also in 

offset correction and batch processing of neuronal evoked 

potentials. 
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Abstract—3D or multi-dimensional medical image recon-
struction is attracting more and more attention in modern era. 
Rapid volumetric image reconstruction is of paramount im-
portance to clinicians for prompt diagnosis and analysis of 
complex tissue alternations. However, due to a high demand on 
computation for either the analytical or iterative image recon-
struction algorithms, it is almost impossible to meet the re-
quirement of real-time reconstruction. On the other hand, with 
high computing capability and broad banding characteristic, 
recently multi-core processors provide a new possibility and 
hopeful start for some of the most computation-demanding 
applications, such as medical imaging, digital media and enter-
tainment equipment. This study aims to parallelize an analyti-
cal 3D CT image reconstruction algorithm, the so-called FDK 
method, and to implement it on an existing multi-core plat-
form system, towards a real-time 3D medical image recon-
struction. In this paper, the parallelization of the 3D image 
reconstruction algorithm, the coding optimizations and a com-
parative result of run time savings are described. 

Keywords— Program parallelism, Computer Tomography 
(CT), Cone-beam, Feldkamp algorithm, Multi-
core 

I. INTRODUCTION  

By gathering the X-ray projections received around the 

examinee, Computed Tomography (CT) provides an evolu-

tional way to get complete cutting-plane images of human 

body noninvasively. The back-projection method is the first 

widespread algorithm used for such a 2-D image reconstruc-

tion problem from a number of 1-D projections. In early 

years, CT is also known to be able to reconstruct some spe-

cific 3-D region simply by stacking the 2-D images one by 

one. Although the back-projection method reconstructs a 

slice through a number of 1-D projected images from dif-

ferent angles by accumulating the pixels of projections 

backward along the incident light, such a 1-D projection-

based technique is inefficient, either in time or power, and 

also results in more potential harm of radiations.  

To meet the requirement of high quality, safety, and time 

efficiency, modern CT technique take advantage of cone-

beam X-ray which produces 2-D projections required for 

directly reconstructing a 3-D volume. The application of 

cone-beam X-ray CT includes not only medical applications, 

but non-destructive inspection systems and explosive detec-

tion systems in airports. But the difficulty of 3-D recon-

struction still stands in front of us. The volume reconstruc-

tion from projections is done using special algorithms with 

high operational complexity O (N4), where N is the number 

of detector pixels in one detector row. In general, the cone-

beam X-ray CT device needs special accelerating hardware 

for the 3-D image reconstruction. According to [1], when 

using a detector with 1,0242 pixels, the projection data oc-

cupies approximately 1.6 GB and the reconstruction of a 

1,0243-voxel volume takes 90 minutes on a common single-

core PC. It is obvious that the tremendous demand for com-

puting is the true barrier to CT applications. 

With the continuous innovations on semiconductor and 

computer structure, the multi-core processor architecture 

emerges. It has not only brought times of high performance 

computation but also altered the programming scheme from 

sequential to parallel manners. On the market, nowadays 

dual-core CPUs have already become standard equipment in 

a desktop PC, and quad-core CPUs have been supplied for 

high-end users. The Multi-core technology has become 

much adopted and much mature in these few years. With 

these powerful dual-core, quad-core, or even eight-core 

processors, we may find some brand-new solutions to deal 

with the massive computational tasks which is too tough to 

be normally applied. But, parallel programming scheme is 

very different from sequential one. The program can only be 

parallelized by programmer manually. The in-core instruc-

tion parallelism and cache behavior are also important fac-

tor for further optimization. In this paper, we introduce an 

efficient implementation for 3-D image reconstruction on 

the latest Intel®  Multi-core CPU. 

II. MATERIALS AND METHODS 

The Multi-core Nehalem Architecture 
The Nehalem microarchitecture, also known as Core i7, 

is the latest successor to Intel®  X86-64 architecture family. 

Designed to take full advantage of 45nm Hi-k metal-gate 

process technology [2], Nehalem combine the advanced 

homogeneous multi-core structure and hyper fast share 

memory interconnected bus. There are large on-chip caches 

with full automatic cache-coherent mechanism and three-
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level inheritance policy [3], which include: 32Kb data and 

32Kb instruction L1 caches, 256Kb L2 caches for each core, 

and an 8Mb share cache for all core. The Nehalem core 

supports a new high-speed point-point and simultaneous 

Intel®  QuickPath [4], which interconnects for outer com-

munication between CPUs, chipsets, and IO hubs, and an 

integrated enhance memory controller supporting high-

frequency three-channel DDR3 memory. Other beneficial 

features including: new extension instructions called SEE 

4.1 and SEE 4.2, dynamical management both in clock, 

power, and cores, and a re-implemented Hyper-threading 

technology which enables running two simultaneous threads 

per core. 

 

Fig. 1 The Nehalem microarchitecture 

 In comparison to heterogeneous multi-core architecture, 

homogeneous share memory architecture costs more circuit 

area but has much simpler usage and batter competitive. In 

homogeneous multi-core architecture, each core is totally 

equal, seeing the entire memory field, that is to say, all 

program threads can access all public globe variables direct-

ly without any other operation. In the environment with 

Operation System (OS), the OS scheduler can quickly load 

threads into these equivalent cores, sharing the same data, 

kernel module, and dynamic libraries. As a result, the multi-

tasking performance is greatly gained. However, for the cost 

of these convinces, share memory architecture requires 

large extra hardware to support frequent data transportation 

between cores, caches, and outer memory, data coherence, 

and bus interconnection. On the other hand, in heterogene-

ous multi-core architecture, data coherence is not always 

necessary. The communication between cores are usually 

done by additional commends or specific memory regions. 

Hence, OS cannot load the general threads into these hete-

rogeneous processing cores and treat these cores as special 

accelerators for some optimized applications.  

 

The Feldkamp Algorithm 
Based on the back-projection theory, the Feldkamp algo-

rithm is specifically developed for cone-beam CT recon-

struction. It takes the directions and the contributing degree 

of each ray into consideration, conducting some simple 

transformation and three main processes very similar to the 

original filtered back-projection algorithm. The three steps 

are showing as below. 

 

Step 1: Weight the projection data P (u, v, β). 

Step 2: Filter the weighted projection image row by row. 

Step 3: Accumulate the bake-projected pixels into the 

      corresponding voxel I(x, y, z). 

 

Where P (u, v) represent the projection image pixel in-

dexed by (u, v), and β is the incident angle of X-ray. 

   

Fig. 2 The coordinate in projection image 

 

Fig. 3 The coordinate in reconstruction voxel 

First, the projection data P (u, v, β) is weighted with a 

weighting function w representing the variation in intensity 

of each light due to the shape of cone-beam X-ray. Then, 

like the original filtered back-projection reconstruction, the 

projection image has to be filtered with high-pass filter to 

reduce the average smooth effect caused by the accumulat-

ing process as following. Finally, the desired value of the 

output individual voxels I(x, y, z) is the sum over all projec-
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tion angles β of the corresponding projection pixels P*(u, v, 

β), and relationship between (x, y, z) and (u, v, β) is con-

nected by two coordinate transformations which first rotate 

from (x , y, β) to (s , t ) and then calculate (s, t , z) into (u, v). 

It should be noted that in this algorithm computing the (x, y, 

z) to (u, v, β) transformation and then putting the proper 

pixel data into the corresponding reconstruction voxels is 

the most important operation. The whole Feldkamp algo-

rithm [5] is expressed as follows: 

 

Step1: weighting 

 

𝑃′ 𝑢 𝜈 𝛽 𝑤 𝑃 𝑢 𝜈 𝛽 ……  

𝑤
𝐷𝑠𝑜

 𝐷𝑠𝑖 𝑢 𝑣
……  

 

Step2: filtering 

 

𝑃∗ 𝑢 𝜈 𝛽 𝑃′ 𝑢 𝜈 𝛽 ⊙ ℎ 𝑢 ……  

 

Step3: back-projection 

 

𝐼 𝑥 𝑦 𝑧  𝑃∗ 𝑢 𝑥 𝑦 𝛽 𝜈 𝑥 𝑦 𝛽 𝛽 
𝛽

𝑊 𝑥 𝑦 𝛽 ……  

 

Coordinate transformations: 

 

 
𝑠 𝑥 𝛽 𝑦 𝛽
𝑡 −𝑥 𝛽 𝑦 𝛽

 ……  

𝑊  
𝐷𝑠𝑜

𝐷𝑠𝑜 − 𝑠
 ……  

𝑢
𝑡 𝐷𝑠𝑖

𝐷𝑠𝑜 − 𝑠
……  

𝑣
𝑧 𝐷𝑠𝑖

𝐷𝑠𝑜 − 𝑠
……  

  

Where D is the distance between X-ray source and the 

orbit at rotation center. 

 

 The workloads in a standard Feldkamp-type algorithm 

quite concentrate on the last bake-project process. For re-

constructing a N3 volume from M projections, it requires 

MN2 weighting operations, 2MN2 + 10M2 log2 2N filtration 

operations, and 17MN3 back-projection operations [6]. 

Especially, most operations in back-projection are non-

continuous memory access in high latency. More than 98% 

of the total reconstruction time is devoted to back-projection 

operations. 

 

 

Implementations 
In actual practice, weighting and filtering can be simply 

realized by sequential multiplex and calling existing opti-

mized FFT library. The only crucial part of the entire algo-

rithm is to implement a well parallelized back-projection 

process. In fact, there are a number of different parallelism 

strategies for the back-projection loops, such as angle dis-

tribution, functional pipe line, and small portion parallelism. 

The parallelism strategy adopted here is simply by increas-

ing the (x, y, z) coordinate value associated with each iso-

tropic voxel. Such an output oriented strategy can complete-

ly prevent write-in data collision and minimize the idle-rate 

of each core. 

In order to off-load tasks into each available core, addi-

tional threads have to be created in one process. OS schedu-

ler will automatically load these threads into real CPU re-

sources. On Linux platform, the Pthread library is very 

useful to create threads within a program. Like dividing a 

stream, the newborn thread is a branch of the original main 

thread, concurrently running with its own parent or brothers. 

In the back-projection process, there are four-level loop 

each iterated by x, y, z, and β. Following the voxel paral-

lelism strategy, we chose z loops to divide voxel region into 

parts for each thread.  

Beside parallelism on threads level, modifications to fit 

the processor features are also essential for further optimiza-

tions. The Nehalem processor provides abundant extension 

instruction sets, such as SEE first version to latest 4.2 ver-

sion. The extension instructions can be used directly in 

assembly form. However, it is extremely difficult to code 

extensively by assembly. We can take advantage of some 

tools developed by Intel®  including Intel®  C++ compiler, 

Math Kernel Library, and Integrated Performance Primi-

tives Library (IPP). Arranging these highly-optimized li-

brary functions into our program helps us to reduce more 

computation time, especially by using the Vector operation 

functions which perform large calculations between consec-

utive data. The functions in Vector operation group are 

implemented to support the SIMD instruction sets. For 

single precision floating point operations, the SIMD instruc-

tion can process four data at once by loading these data into 

special 128-bits register. Since continuous data computation 

is very common in programs, the Vector operation functions 

can be applied almost everywhere. 

III. NUMERICAL EXPERIMENTAL RESULTS 

We tested our program on a PC equipped with Intel 

Core®  i7 940 (Nehalem 4-core 8-threads CPU, 2.93 GHz), 

and 6 GB DDR3 memory on three-channel. The testing 

operation frequency is 2.4 GHz, and the system is Fedora 10 
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Linux. Our program was compiled by gcc 4.2 and linked to 

Pthread and Intel®  IPP Signal-processing libraries. The 

"Take" program [7] by Jens Muiller-Merbach is used to 

produce input data carrying 128 projection images from 

different angles, each with 256 x 256 pixels. 

Figure 4 shows the comparisons of execution times in the 

back-projection step for different number of processing 

threads with those presented by IBM Research Laboratory 

on a heterogeneous multi-core CPU, CELL [8,9]. The ex-

ecution time decreases in proportion to the number of thread, 

but stop decreasing at four threads because our CPU has 

only four real cores. In comparisons to CELL, the execution 

time on CELL is fewer than time on Core i7 for single 

thread processing, however it decreases more quickly on i7 

because threads can share the same input data in L3 shared 

cache. 

 

Fig. 4  Comparison of execution times for different number of processing 

threads 

IV. CONCLUSIONS  

In this paper, a cone-beam CT reconstruction program is 

completely implemented with the Feldkamp algorithm. It is 

revealed from our numerical results that great improve-

ments in performance are gained from partitioning and 

distributing the tasks into a number of different processor 

cores. Following the voxel parallelism policy, each voxel 

can be accumulated to its final value without any interfe-

rence. Involving Vector operations also shows significant 

contribution to reducing the execution time. It is very con-

venient and effective to parallelize an algorithm on a share 

memory architecture processor. Although non share memo-

ry design costs less hardware circuit, it lacks efficiency in 

tiny memory operation. As semiconductor technology still 

progress, new processors with more and more cores will 

continuously speed up the parallelized applications.  
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Abstract—Detection of metastatic brain tumors on MR 
images is important for the treatment of choice in patients with 
cancer. Contrast-enhanced 3D MR imaging is widely used for 
screening of brain metastasis. However, it is time consuming 
and sometimes difficult for radiologists to find small lesions 
because of large amounts of image data. Therefore, we 
developed a computerized method for detection of metastatic 
brain tumors on MR images by using a 3D selective 
enhancement filter. 

Our image database included 34 cases with 365 metastatic 
brain tumors (mean diameter: 7.2mm, range: 2.6 – 49.4mm). 
The contrast-enhanced 3D image data used in this study were 
acquired by use of a 3T MR scanner. In our computerized 
method, we applied a 3D selective enhancement filter which can 
simultaneously enhance sphere-like tumors and suppress other 
shapes such as line-like blood vessels in order to enhance only 
brain tumors on MR images. Then, initial candidates of brain 
tumors were identified by a thresholding technique for sphere 
enhanced images. Finally, brain tumors were distinguished 
from false positives by using a linear discriminant analysis with 
image features which were determined from candidate regions 
segmented by a region growing technique.  

We applied the computerized detection method for 34 cases 
included in our image database. Our results indicated that the 
sensitivity of detection of metastatic brain tumors was 76.4% 
with 9.4 average number of  false positives of per case. 

Our computerized detection method provided a relatively 
high performance for metastatic brain tumors. Therefore, this 
method would be a feasible technique to detect metastatic brain 
tumors on contrast-enhanced 3D MR images.  

Keywords—Computer-aided Diagnosis, Brain Metastasis 
Tumor,  MR images,  Image Processing. 

I. INTRODUCTION 

Detection of metastatic brain tumors on magnetic 
resonance (MR) images is important for the treatment of 
choice in patients with cancer[1]. Contrast-enhanced 
three-dimensional (3D) MR imaging is widely used for 
screening of brain metastasis. However, it is time consuming 
and sometimes difficult for radiologists to find small lesions  
 

because of large amounts of imaging data. Therefore, we 
developed an automated method for detection of metastatic 
brain tumors on MR images by using a selective 
enhancement filter.  

II. MATERIALS AND METHODS  

A. Image Databases 

Our image database included 34 cases with 365 metastatic 
brain tumors (mean diameter: 7.2mm, range: 2.6 -49.4mm). 
The distribution of tumors included in our database is shown 
in Fig.1. The contrast-enhanced 3D image data used in this 
study were acquired at the Kumamoto University Hospital, 
Japan, during January and March, 2007 by use of a 3T MR 
scanner (Siemens TrioTim and Philips Achieva3.0T). In the 
contrast-enhanced 3D MR images with isotropic resolution 
of 0.9mm, the magnetization-prepared rapid gradient-echo 
(MP-RAGE) sequence[2] and T1 weighted-3D-turbo field 
echo (T1W-3D-TFE) was employed. The centers of tumor 
regions were specified manually by neuroradiologists and 
used for evaluation of detection performance of the 
automated method developed in this study.  
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Fig. 1 Distribution of the diameter of tumors included in our database 
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Fig. 2 Overall scheme of computerized detection of metastatic brain tumors 

B. Methods 

The overall scheme of computerized detection of 
metastatic brain tumors is shown in Fig.2. First, we applied a 
3D selective enhancement filter[3] which can simultaneously 
enhance sphere-like tumors and suppress other shapes such 
as line-like blood vessels in order to enhance only brain 
tumors on MR images. The sphere-, line- and 
plane-enhanced images are demonstrated in Fig.3,4 and 5, 
respectively.  Then, initial candidates of brain tumors were 
identified by a thresholding technique for sphere enhanced 
images. Finally, brain tumors were distinguished from false 
positives by using a linear discriminant analysis with image 
features which were determined from candidate regions 
segmented by a region growing technique[4,5,6,7].  The 
detection performance of the automated method was 
evaluated by using a sensitivity and an average number of  
false-positives per case.  

 

Fig. 3 Sphere-enhanced image: Metastatic brain tumors are indicated by 
white arrows 

 

Fig. 4 Line-enhanced image 

 

Fig. 5 Plane-enhanced image 

III. RESULT 

We applied the computerized detection method for 34 
cases included in our image database. Our final results 
indicated that the sensitivity of detection of metastatic brain 
tumors was 76.4% with 9.4 average number of  
false-positives per case as shown in Fig.6. Two example of 
detection of metastatic brain tumors are demonstrated in 
Fig.7 and Fig.8.  
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Fig. 6 FROC Curve for detection of metastatic brain tumors 

 

Fig. 7 The left image is an original image. Three metastatic brain tumor 
indicated by a white arrow. The right image indicates computer output.  All 
tumors are accurately detected without false positives 

 

Fig. 8  The left image is an original image. There is only one extremely 
small tumor indicated by a white arrow. The right image indicates computer 
output. The tumor is accurately detected, but there is one false positive 

IV. CONCLUSION 

Our computerized detection method provided a relatively 
high performance for metastatic brain tumors. Therefore, this 
method would be a feasible technique to detect metastatic 
brain tumors on contrast-enhanced 3D MR images.  
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Abstract— Accurate determination of vessel parameters is a 

prerequisite for automated visualization and quantification of 
healthy and diseased blood vessels. This requires an exhaustive 
evaluation of different segmentation techniques as a previous 
step to be used in clinical environment. Normally a large num-
ber of test images and manual segmentations used as “gold 
standard” are required, a synthetic data with segmentation 
and geometry known would be useful for testing purpose. This 
work describes a design and implementation of a parametric 
system that generates synthetic data corresponding to diseased 
vessel structures as taken from CT-Angiography (CTA). The 
data consists on a 3D volume made by a set of 2D images (CT 
slices).  The model is based on the properties and physic fea-
tures of vessels structures (healthy and non healthy) such as 
cylindrical shape on 3D with elliptical or circular cross-
sections on 2D, blood vessel and soft tissue density, center of 
the blood vessel and radio. The generated synthetic data in-
clude two different models of diseased blood vessels visually 
similar to CTA slices from peripheral arteries. 
 
Keywords— Computed Tomography, modeling diseased blood 

vessel structure, simulating. 

I. INTRODUCTION  

The Computed Tomography (CT) is an X-rays based 
cross-sectional imaging technique, which provides trans-
verse tomographic images through the body of a patient. 
The intravenous injection of radiographic contrast medium 
improves the X-rays attenuation differences between differ-
ent tissue and blood vessel, this modality is called CT An-
giography (CTA). CT-Angiography (CTA) is a routinely 
applicable non-invasive vascular imaging technique for 
many vascular territories. Accurate identification of the 
vessel centerline in CTA data sets is highly desirable, be-
cause of its crucial role in vessel visualization (e.g., through 
curved planar reformations [1]) and automated vessel analy-
sis and quantification. This is not a trivial task, particularly 
in the presence of atherosclerotic diseases. Healthy arteries 
are characterized by a fairly homogeneous CT density of the 
vessel lumen due to the contrast-medium enhanced blood 
[2]. Blood is higher in X-ray attenuation than the surround-
ing soft tissues (muscles, fat), and which is generally lower 
in attenuation than neighboring bony tissue [2]. Diseased 

arterial segments, however, may have very different X-ray 
attenuation. Non-calcified atherosclerotic plaque is isodense 
with soft tissues, and calcified plaque has a CT density 
similar to bone [2]. Resulting a challenge the testing of any 
segmentation technique that overcome to all these features,  
additional to wide range of diameters observed for individu-
al branches of the arterial tree, as well as by the presence of 
image noise, scanning artifacts, limited scanner resolution 
with partial volume averaging, and inter-individual and 
within-patient variability of arterial opacity. 
 Clinical validation of blood vessel segmentation tech-
niques on CTA or in general, any other image modality 
often are made by processing manually the segmentation on 
several cases, by several experts. Manual segmentation 
needs to be done by radiologist experts, and more than one 
segmentation on the same data is required. Normally, this is 
done with a window time between segmentations in order to 
avoid bias. A synthetic data from CTA that allows the mod-
eling of vascular diseases would be useful. Generally, a 
phantom is created with similar characteristic compared 
with the geometry and dimensions of the object/organ of 
interest. The problem is that you only can evaluate the me-
thod efficiency or precision according to the geometry com-
plexity without considering inherent problems to the acqui-
sition or even the difficulties presented on diseased cases. 
The availability of the above mentioned model would allow 
saving time and doing a more precise evaluation of the 
efficiency of segmentation methods, taking into account a 
set of possible different cases that are usually seen in clini-
cal environment. 

 The main purpose of this work is present a tool de-
signed for generating synthetic data of diseased blood ves-
sels with different level of occlusion or complications that 
can be used for testing different vessel segmentation me-
thods from different anatomic areas and imaging modalities.  

II. RELATED WORK  

Researchers have studied the statistical changes to simu-
lated shape and appearance variability in order to create 
simulated 3D CT images of different organs for testing 
segmentation methods. Chen et. al [3], use the Monte Carlo 
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method to create a simulated CT data of a kidney with the 
purpose of validate the precision of a kidney segmentation 
method, and because of different shapes a kidney can take a 
long the CT slices. A synthetic data simulating lower densi-
ty value on occluded areas in small vessels due to the spread 
point function from the CT scanner were used for the evalu-
ation of different vessel centerline segmentation [5], in this 
case calcified vessel where not used and many of the me-
thods did not work on partial calcified vessels when they 
were applied on real patient data. However, this work al-
lows the researchers to evaluate the precision of different 
vessel centerline segmentation methods because the center 
and radio were known, so this were used to evaluate with 
precision the error distance of the different centerline seg-
mentation techniques used. 
 A CT simulator has been designed for simulates the 
process of transmitting X-rays through phantom objects  
and reconstructs the original phantom image from the pro-
jections so it can be compared with the original phantom 
object [4], this work were intended to be used for educa-
tional purpose. 
 

 

Fig. 1.  DiVesselSim Application, initial prototype. 

III. DIVESSELSIM DESCRIPTION  

DiVesselSim is intended for researchers in medicine, 
bioengineering and image processing. This tool offers a 
friendly graphic user interface (GUI).  DiVesselSim allows 
the generation of synthetic CTA data, corresponding to 
peripheral vessel structures; this could be healthy or non- 
healthy, depends on the parameters introduced previously. 
DiVesselSim was developed based on classes and objects, 
so new features can be easily added as plugging.  

DiVesselSim presents an interface quite simple and al-
lows the visualization of cross-sections as those from CTA 
slices. It is based on a library designed to generate 3D ves-

sel structure models with a circular or elliptical geometry 
[2]. A friendly GUI has been designed to introduce the 
parameters necessary to build the model like: vessel diame-
ter, occlusion percentage, number of slices, and density 
value for blood vessels and soft tissue (see Fig. 1). 

IV. MATERIAL AND METHODS 

 The application was developed using C++ as a pro-
gramming language and Qt by Trolltech (educational ver-
sion) as a tool for the GUI development.    

The GUI was developed with the Qt Designer Module. 
The interface was thought to allow the user to select the 
vessel diameter, number of images that represent the model 
and the occlusion percentage. Occluded vessel models were 
made from a model base which represents a healthy vessel 
model (see Fig 2(left)). The brighter pixel intensity 
represents the inside of blood vessel and darker pixel inten-
sity the soft tissue surrounding the blood vessel, according 
to X-ray attenuation on CTA data. 

 

 

Fig. 2.  Cross-section of a healthy blood vessel model (left) and a fully 
calcified blood vessel model, brighter than the healthy vessel structure 

model (right). 

A full calcified blood vessel model is generated with 
brighter pixel intensity inside of the blood vessel (see Fig. 
2(right)). Usually the calcification can be modeled with 
brighter pixel intensity, sometimes similar to bone struc-
tures, in order to get this effect in the synthetic data, it was 
generated a model with a higher intensity value. Vessel 
diameter can be modified for the user through the interface. 

Previous to the calcification effect on healthy vessel im-
age it was defined a table (see Table 1) which contains pixel 
position according to calcification percentage. This position 
will determine the healthy and calcification area of the ves-
sel. Then according to the radius, model type and calcifica-
tion percentage are selected the corresponding values from 
the table and the new image it is generated. In Figure 3, it is 
illustrated the calcified area for the model corresponding to 
one side of calcification and the equations (1), (2) and (3) 
reflect the criteria for each calcification type model. 
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Fig. 3.  Diseased model area calculation.  

A representation of the sequence of the generation of an 
image of non healthy vessel structure it is shown in Fig. 4.  

 

 
Fig. 4. Sequence of non healthy image generation. From left to right 

the images with healthy area, half calcified area and with 40% of calcified 
area. 

 
In Figure 5, it is illustrated the distance used to set the 

division point between healthy and calcified area, this dis-
tance it is managed in distance between pixels. The calcifi-
cation percentage is incremented by 10% step, to make 
smaller steps it would be necessary a better resolution. In 
Table 1 it is shown part of the values that determine the 
pixels position of this division point according the calcified 
degree. 

 

  
Fig. 5.  Distance between centers of healthy and calcified vessels. 

 
 

Table 1. Distance between the two centers from healthy vessel and cal-
cified vessel (point D in Fig. 5) 

  % Calcification/ 
10% 30% 50% 70% 

Radio 

7mm. (83 pixels) 134 97 67 39 

8mm. (95 pixels) 153 111 77 45 

9mm. (108 pixels) 174 126 87 51 
10mm. (125 pixels) 201 146 101 59 

V. RESULTS 

A set of images are displayed after the user fulfill initial 
parameters corresponding to a project name, diameter, calci-
fication percentage, and number of slices (images). The 
generated images were simulated initially assuming circular 
cross sections, but elliptical cross section can be simulated 
too. In Figure 6 an example of a generated image of a non-
healthy vessel structure is shown, before and after filter 
application. 

 

 
Fig. 6.  Image of cross section of non-healthy vessel structure generated 

with the model application.8 mm. diameter and 40% of calcification, 
without apply the smoother filter (left) and after apply the smoother filter. 

After the images are generated, they are filtered. It was 
used an average filter, which estimate a pixel density value 
averaging the surrounding pixel density values.  
 In Figure 7, four examples with different diameters and 
occlusion percentages of synthetic data filtered are shown 
representing non-healthy (calcified) vessel structures, which 
can be compared with some examples from real patient data 
(see Fig. 8). In general, for large diameter best edges defini-
tion it is accomplished.  

VI. DISCUSSION AND CONCLUSIONS 

 The results presented before shown images that could 
be useful for testing different center lines segmentation 
methods of blood vessel. The designed application in prin-
ciple is made of objects with defined cross sections (circular 

A 

B 

C 

Seg_AC 

T_ABC 

S_ABC 

D 
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or elliptical). The major difficulty was modeling blood 
vessel with smaller diameters. Because of the calculation of 
the different area corresponding to small vessels covering 
less than one pixel allow the reconstruction of non realistic 
images, looking like noisy data or in worst case with arti-
facts. 
 

 

Fig.  7.  Set of cross section images of filtered images representing dis-
eased blood vessels. (a) 6mm. diameter  and 30% calcified.  (b) 9mm. 
diameter and 60% calcified. (c) 10mm diameter and 80% calcified. (d) 

8mm. diameter and 20% calcified. 

 
Fig. 8.  Cross section images of non-healthy vessel from a real CTA data 
(from the iliac artery with a diameter of 10 to 12mm approximately), 
corresponding according the experts with a full calcified blood vessel (a), a 
partial calcified blood vessel (b) and a partial occluded blood vessel (c). 

 
The acquisition and image processing is one of the major 

studies fields in biomedical engineering. The patient exami-
nations based on medical imaging have been for many years 
a tool for diagnosis, localizing and treatment for diseases. 
Through this work has been designed an application that 
could generate 3D models from healthy and non- healthy 
vessel structures that can be visualized as volumetric data 
from CTA. The user can select a vessel configuration to 
generate the set of images; they are; the vessel diameter, 

calcification percentage and the number of slices contained 
by the volumetric data. The features determined are: 

 
 The 3D vascular peripheral structures model (cylindric-

al) can generate two calcified types, according to the 
appearance of the calcified area, one or two sides. 

 Both calcified area representation (one side or two) are 
valid for vascular structures with diameters of 6mm or 
more. Models with smaller diameter are not possible to 
define them. 

 This model could be used to evaluate center line detec-
tion methods of vascular structures. 

 This work could be complemented using some mathe-
matical modeling of less rigid peripheral vascular struc-
tures and allow generating different models of curva-
tures and bifurcations. 
 

 The presented work is a proposal model to study the 
CTA images features of non-healthy peripheral vessel struc-
tures; it can be improve it achieving realistic models, consi-
dering this as a base. 
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Abstract— Small tissue samples of the heart such as the Pap-

illary muscles in the ventricles or Pectinate muscles in the atria

are widely used in experimental studies. Unlike with larger tis-

sue samples or whole organ preparations, where perfusion is the

method of choice to supply the tissue with oxygen, for practi-

cal reasons superfusion is considered to be a more appropri-

ate method for small tissue samples. In this case, oxygen dif-

fuses into the superficial tissue layers, but supply with oxygen

decreases with depth leaving the core of a preparation without

adequate oxygenation. It is unclear as to which degree patho-

logical conditions in deeper tissue layers affect extracellular sig-

nals recorded close to the intact and viable surface of a prepa-

ration. To assess the contribution of sources within the depth

of myocardial tissue sample and the impact of the absence of

these sources under pathological conditions, computer simula-

tions were conducted. A 3D-computer model of a cylindrically

shaped tissue sample, immersed in an infinite volume conduc-

tor, was established. The contribution of deeper layers was eval-

uated by removing the current sources of co-axial cylindrical

cores of variable radius. Results suggest that the pattern of ac-

tivation remained essentially unchanged, although subtle effects

on the extracellular potentials were detectable. The superficial

viable tissue layers clearly dominate the potential distribution

near the tissue surface during depolarization.

Keywords— Cardiac electrophysiology; Superfusion; Extra-

cellular potentials; Computer simulations.

I. INTRODUCTION

The propagating wave of depolarization in cardiac tissue
is associated with a bipolar extracellular signal that can be
recorded in the volume conductor in which the tissue is im-
mersed. With appropriate multielectrode recording systems
the epicardial or endocardial activation sequence can be mea-
sured and analyzed. In cable-like preparations, such as Pap-
illary or Trabecular muscles, conduction parameters have
been studied extensively in early experimental and theoret-
ical work [1, 2, 3]. Extracellular potentials, Φe, at the surface
of tissue reflect the spatial distribution of the current sources

weighted with the inverse of their distance to the recording
site [4]. Although the preparations mentioned above come
close to 1D-models, in detail they represent 3D preparations
of cylindrical shape. Two questions arise from this: first, to
which extend myocytes or fibers located in the uppermost
layers of the preparation are contributing to the signal Φe;
and second, how large is the impact of ‘core fibers’ in the
depth on conduction parameters derived from the potential
distribution at the surface. This is of significance for exper-
imental studies, where the tissue is not perfused but super-
fused with oxygenated Tyrode solution, because superficial
layers of myocytes will be well supplied with oxygen due to
diffusion whereas in deeper layers oxygen supply will reduce
with depth. Therefore, myocytes located in deeper layers may
loose their viability during the experiment as a function of
depth and thus their contribution as current sources during
depolarization will be attenuated or even disappear [5];

As a first approach, a 3D-computer model of a cylindri-
cally shaped piece of tissue placed in an infinite volume con-
ductor was established. A co-axial cylindrical core of variable
radius can be set to non-conductive medium and allows us to
estimate the impact of the core activity to Φe and to its corre-
sponding conduction parameters.

II. METHODS

In order to simulate the conduction in cable-like prepara-
tions, a cylindrical finite element mesh with dimensions of
5 mm length and 0.50 mm radius was generated (referred in
this work as the ‘full-fledged model’). Details about the mesh
generation technique can be found in [6]. To study the con-
tribution of deeper layers to Φe, two residual models of ex-
citable tissue were derived from the original one by replac-
ing myocytes located in the inner core with a non-conductor
medium. In the non-conductive core model 1 (NCC model
1) the radius was set to 0.125 mm and in the NCC model
2 to 0.250 mm. The simulations of the electrical activity in
the three models were performed with the Cardiac Arrhyth-
mia Research Package (CARP) [7] using the monodomain
equations [3]. The methods underlying the implementation of
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CARP have been described in detail elsewhere [8, 9, 10]. The
transmembrane ionic currents expressed in the sarcolemma
of ventricular myocytes (Rabbit) are modeled by a set of non-
linear equations described in [11]. Although the monodomain
equations describe only excitation in the intracellular medium
of the cardiac tissue, the extracellular potentials can recov-
ered based on the transmembrane currents:

Φe(xF , t) =
1

4πσe

∫ Im(xT , t)
|DT F | dΓT , (1)

where xF is the point of observation, xT the source point,
|DT F | the distance between xF and xT , σe the conductivity
of the homogeneous volume conductor (mS/cm), and ΓT is
the surface area of the tissue. See [4] for further details.

The signals at the central point (CP) - located in the middle
of the cylinder length and 60 μm above the surface - were cal-
culated and used for post-processing analysis. The distance
of 60 μm to the surface was chosen because it reflects the
recording position of cardiac near-field sensors used in our
laboratory experiments [12]. The conduction velocity (CV)
along the cable-like specimen was obtained by dividing the
half of the cable length by the delay of activation between
two nodes located at the first and third quarters of the cable.
The activation times were determined by taking the instant of
the positive peak of dVm/dt, the so called ‘upstroke-velocity’,
which was derived from the transmembrane potential Vm dur-
ing depolarization. Other conduction parameters based on
Φe, such as the magnitude Φepp of the biphasic signal Φe
calculated as the difference between its positive and negative
peaks, the time difference between these two peaks TPP, the
negative peak of the time derivative (dΦe/dt)peak, the local
activation time LAT given as the instant of (dΦe/dt)peak and
the magnitude ‖�E‖peak of the cardiac near-field �E (the com-
ponents of the gradient of Φe parallel to the surface) were
evaluated. In all three models, the fibers were considered to
be aligned in the longitudinal direction. The temporal dis-
cretization during the numerical integration step was set to
1 μs. The spatial discretization (average length of the finite
element edges) was 31 μm. All simulations were carried out
for 8 ms, i.e. showing only the depolarization phase, after a
current stimulus was applied in the cross-section at the be-
ginning of the specimen.

III. RESULTS

In Figure 1, propagation of the simulated action potentials
in the full-fledged model (A) as well as in the NCC model
2 (B) are shown. Color coding relates to the transmembrane
potentials Vm 1.2 ms after the stimulus onset.

Fig. 1: Spatial distribution of Vm in the full-fledged model (A) and in the
NCC model 2 (B) 1.2 ms after the stimulus onset. The cable-like

preparation has dimensions of 5 mm length and 0.50 mm radius (r0). The
NCC model 2 has a co-axial core of cylindrical shape (0.250 mm radius - ri)

of excitable myocytes replaced with an isolator.

Figure 2 depicts the computed extracellular potentials Φe
(A) and their time derivatives dΦe/dt (B) in simulations with
all three models. The results are related to CP. Stimulus ar-
tifacts can be noticed during the first millisecond in Figure
2 B. The CV calculated from the Vm in all three cases was
0.597 m/s, other conduction parameters are summarized in
Table 1.

Fig. 2: Recovered extracellular potentials Φe (A) and their derivatives
(dΦe/dt)peak (B) at CP.

In comparison to the full-fledged model, we found a de-
crease of about 4% and 19% in Φepp when the volume of
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Table 1: Simulation Results

Simulation Φepp Tpp (dΦe/dt)peak ‖�E‖peak

(Type) (mV) (ms) (V/s) (mV)

Full-fledged model 2.75 1.12 -5.09 0.0084

NCC model 1 2.63 1.10 -4.95 0.0082

NCC model 2 2.23 1.04 -4.41 0.0073

excitable myocytes was reduced by 6.25% (NCC model 1)
and by 25.5% (NCC model 2). The shortening in Tpp caused
by non-conductive cores was substantially smaller (1.8% and
7%, respectively). Similar to the change of (dΦe/dt)peak,
which was reduced by 2.75% and 13.36%, respectively,
‖�E‖peak was decreased by 2.78% and 13.5%. The effects on
the LAT remained negligible (less than 1.2%).

IV. DISCUSSION

Cable-like preparations such as Papillary and Trabecular
muscles have been widely employed in experimental stud-
ies [1, 2]. These preparations resemble 1D models, but they
are in reality 3D preparations of cylindrical shape, which in
most cases, are not perfused but superfused with oxygenated
Tyrode solution. Therefore, it is expected that superficial lay-
ers of myocytes would be better supplied with oxygen than
deeper layers. Indeed, studies with rat cardiac tissue have
demonstrated that oxygen concentration decreases linearly
whereas the live cell density decreases exponentially with
the distance from the surface [5]. Thus, oxygen supply criti-
cally determines the viability and function of heart cells and
may have influences upon all clinically and experimentally
observable quantities like the Φe signal and CV.

In this work, we used a 3D-computer model of a cylindri-
cally shaped piece of tissue with the purpose of assessing the
contribution of deeper layers to the Φe and to its correspond-
ing conduction parameters. To do so, two residual models de-
rived from the original one by replacing myocytes located
in the inner core with a non-conductive medium were estab-
lished. We found that in the two residual models (NCC model
1 and NCC model 2) reductions in Φepp were detectable even
though not substantial. It happens because the inner parts of
the tissue do not contribute anymore to the Φe. Changes of
conduction parameters like Tpp, (dΦe/dt)peak and ‖�E‖peak
as well as in the wave forms were negligible in both NCC
model 1 and NCC model 2. From this we can conclude that
parameters describing the very local conduction processes
near the surface of the preparation (like cardiac near-field and

the derivative dΦe/dt) would be affected very little by acti-
vation processes in deeper layers of the tissue. In contrast,
Φe is much more sensitive to the loss of distant sources. It
should be noticed that the pattern of activation and CV re-
mained essentially unchanged by removing the core current
sources. The most superficial layers of tissue, therefore, can
be seen as dominant factors in function and structure to de-
termine potential distribution near the tissue surface during
depolarization. Since in preparations superfused the upper-
most 250 μm of myocytes seem to remain viable during the
experiment [5] and most of our preparations do not exceed di-
ameter of 1 mm, the simulations done in this work correspond
well to the experimental situation.

The goal of this work was to use a roughly approxima-
tion of the core contribution to Φe by removing the current
sources of this area. A detailed model of superfusion would
require to account for ischemic effects at the cellular level
(ionic model), and to include oxygen diffusion from the sur-
face to the core into the model formulation. Finally, a more
detailed tissue model based on the bidomain equations [13]
should be employed, which describes current flow in both
intra- and extracellular domains coupled through the mem-
brane behavior, however, this was beyond the scope of this
work.
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Abstract— In this work we discuss the development of a

computational model for the electromechanical behavior of the

heart, including biophysical details of the cells and the large de-

formation kinematics of the cardiac tissue. We present a numer-

ical scheme for the mathematical model. The electrical activ-

ity of the cardiac tissue is modeled with the monodomain for-

mulation, whereas the nonlinear mechanics is characterized by

the incompressible hyperelastic Mooney-Rivlin constitutive ma-

terial law. Finally, we present preliminary results of numerical

experiments in a two dimensional tissue.

Keywords— Electromechanics, cardiac electrophysiology,

nonlinear mechanics, biomechanics

I. INTRODUCTION

The aim of the present work is to present a computa-
tional scheme for the modelling of the electromechanical be-
havior of cardiac tissue. The electrical activity in the heart
can be described mathematically by the Bidomain model
which consists of a system of partial differential equations
(PDEs) coupled to a system of ordinary differential equations
(ODEs) that describe the cell membrane kinetics. The Bido-
main model considers two different spaces to represent the
electrical activity of cardiac tissue: the intracellular and the
extracellular domain. In the case of equal anisotropy ratios of
the electrical conductivities of the domains the equations can
be simplified to the so called Monodomain formulation [1].
In this work, we use the Monodomain model to describe the
electrical activity of the heart.

In the context of the mechanical contraction of the cardiac
muscle, due to the magnitude of its deformation, the study
of the mechanical movements of cardiac tissue requires the
use of the finite elasticity analysis to account for the large
displacements and large deformation. In order to completely
determine the behavior of a body, a constitutive equation that
describes the stress-strain relationship must be given. Usu-
ally, in the finite deformation analysis, hyperelastic materials
are considered where the stress is a function of a given strain
energy function.

In this work, we study the numerical coupling of the elec-

trical activity with the mechanical contraction in a two di-
mensional plane stress situation for a hyperelastic material
characterized by the Mooney-Rivlin material. For the cel-
lular model we coupled the ionic model developed by [2]
to the myofilament model developed by [3], that generates
the active force used to load the mechanics. Finally, we
present some preliminary results of the electromechanical
simulations using the monodomain model and the coupled
ten Tusscher-Rice cellular model.

II. METHODS

A. Modelling the electrical activity of cardiac tissue

The electrical activity in cardiac tissue can be described by
the monodomain model which is a system of reaction diffu-
sion equations that consist of a parabolic PDE coupled to a
nonlinear system of ODEs, that control kinematics of the cell
membrane. The model is given by

Cm
∂Vm

∂ t
= ∇ · (D∇Vm)− Iion(Vm,si) (1)

∂ si

∂ t
= φ(Vm,si) (2)

where Vm is the transmembrane voltage, Cm is the membrane
capacitance, D is a tensor of conductivities, Iion is the sum of
ionic transmembrane currents, and si are variables that con-
tribute to the modelling of the ionic current Iion. This model
describes the changes in the transmembrane potential Vm on
the cell membrane, where the first term on the right hand side
is due to diffusion from adjacent cells, whereas the second
term Iion describes the inward and outward of ionic currents
in the membrane. Depending on the ionic model used, the
ionic current will be a sum of different currents, for instance,
Iion = INa + IK + ICa. Each of these currents depends on other
variables si that, for instance, may control the activation and
inactivation of the specific current.

In this work we develop a new model that describes the
cardiac myocyte electromechanics. This model was created
coupling the ten Tusscher cell electrophysiology model [2]
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with the Rice myofilament model [3]. We used the CellML-
based Web Tools described in [4] to create this new model
based in the two previous models. In this tool we incorpo-
rated into the ten Tusscher model all the state variables from
the Rice myofilament model, and the models were effectively
coupled through the ODE that describes calcium concentra-
tion. We added into the ODE for calcium concentration of the
ten Tusscher model the effect of calcium biding into troponin
from the Rice myofilament model, and this yields

dCai

dt
= Caibu f c((Ileak − Iup)

Vsr

Vc
+ Ix f er) (3)

− Cm
(IbCa + IpCa −2INaCa)

2VcF
− dTropTot

1000
(4)

where Caibu f c is the total cytoplasmic buffer concentration,
Ileak is sarcoplasmatic reticulum Ca2+ leak current, Iup is
sarcoplasmatic reticulum Ca2+ pump current, Vsr is the sar-
coplasmic reticulum volume, Vc is the cytoplasmic volume,
Ix f er is the diffusive Ca2+ between diadic Ca2+ subspace and
bulk cytoplasm, Cm is the cell capacitance per unit surface
area, IbCa is the background Ca2+ current, IpCa is the plateau
Ca2+ current, INaCa is Na+/Ca2+ exchanger current, F is the
Faraday constant and dTropTot is the term added to represent
the concentration of Ca2+ bound into Troponin.

The final model can be formulated as systems of
differential-algebraic equations (DAEs) of the form

dy
dt

= g(y,z), (5)

h(y,z) = 0. (6)

This model provides the active force that is calculated by:

FXB ≈ kxb ∑
i

< Xi >< xXi > (7)

where FXB is the approximate active force per area, < Xi >
is the occupancy of state Xi, < xXi > is the mean distortion of
state Xi, and the summation is over all strongly-bound states.
More details can be found in [3].

B. Modelling the deformation of cardiac tissue

During contraction the cardiac muscle change its shape
significantly, therefore in order to model such type of de-
formation the finite deformation theory should be applied to
describe the kinematics, the equilibrium and also the consti-
tutive law. These equations arise from the conservation of
the linear momentum and they can be given in terms the
Cauchy’s stress tensor as

div σ + f = 0 (8)

where σ is the stress tensor and f are body forces.
To complete the description of the mechanical properties

for a specific material we must state the constitutive equa-
tions. The stress in a hyperelastic material depends on a strain
energy function W and is given by

S =
∂W
∂C

(9)

where S is the second Piola-Kirchhoff stress tensor and C is
the right Cauchy-Green deformation tensor, which is a func-
tion of deformation gradient F, i.e., C = FT F. Furthermore,
it is important to notice that the tensors σ and S are related
by the followings formulas

σ = J−1FSFT (10)

S = JF−1σF−T (11)

where J denotes the determinant of F.
To find a solution of the mechanical problem using the

finite element method it is necessary to write a variational
formulation of the differential equation. In solid mechanics
this is done using the principle of virtual work, which with
respect to the deformed configuration is given by

∫
v
σ : δddv−

∫
∂v

t ·δvds−
∫

v
f ·δvdv = 0 (12)

where δv is a virtual velocity, δd is the symmetric part of the
tensor gradient of virtual velocity.

The variational form can now be discretized using the
Galerkin approximations. Hence, the increment of displace-
ment u and the virtual velocity δv can be approximated on
the local element level using shape functions Ni, which gives
the discrete form of the principle of virtual work [5] as

δW (e)(φ ,Naδva) = δva · (T(e)
a −F

(e)
a ) (13)

T
(e)
a =

∫
v(e)

σ∇Na dv (14)

F
(e)
a =

∫
v(e)

Na fdv+
∫

∂v(e)
Na tds (15)

where T and F represent the internal and external nodal forces
vectors on the domain of the element (e).

C. Coupled electromechanics

The electromechanical coupling is achieved by adding the
new ten Tusscher-Rice cellular model to the monodomain
model in order to describe the active stress. Therefore, the
total state of stress is defined as

σ = σp +σa (16)
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where σp is the passive stress, that is, the elastic stress in the
tissue due to deformation, and σa is the active stress gener-
ated by the electrical activity as described by 7. The passive
stress is given by (10). More precisely, for a Mooney-Rivlin
material we have the following strain energy function

W (I1, I2) = c1(I1 −3)+ c2(I2 −3) (17)

where c1 and c2 are material constants and I1 and I2 are the
invariants of the tensor C.

In order to consider the effects of deformation into the
electrical problem, the diffusion term of (1), i.e., the first term
of the right hand side, is evaluated using a curvilinear coordi-
nate system (as described in [6]):

∇ · (D(C)∇Vm) =
1√
C

∂
∂XM

(√
CDM

N CNL ∂Vm

∂XL

)
(18)

where C = det(C) and DM
N and CNL are components of the

conductivity tensor and of the right Cauchy-Green tensor, re-
spectively. Therefore, it is possible to numerically solve the
monodomain problem using always the same mesh, since the
deformation is embedded in the expression (18).

D. Numerical methods

In order to obtain a numerical solution for the mon-
odomain equations and the finite elasticity problem, electri-
cal problem (EP) and the mechanical problem (MP), respec-
tively, we employed a numerical scheme that uses the finite
difference method (FDM) for the spatial discretization of the
EP and the finite element method (FEM) for the MP. The cou-
pled problem is solved using different meshes for each prob-
lem, where a finer mesh was used for the EP and a coarser
mesh was used for the MP.

For the EP an operator splitting [7, 8] was applied. Thus,
one step of the problem consists of advancing the parabolic
PDE and the second step advances the nonlinear system of
ODEs in time. We used the Crank-Nicholson for the integra-
tion of the parabolic part and the explicit Euler method for
the ODE part. The solution of the electrical problem was ob-
tained using the Cardiac Simulator [9] developed in C and
using the PETSc library.

We integrate the EP for Nmec time steps and at the end of
these steps the nodal value of σa will be used as input for the
MP. Due to the different meshes, only those values of σa de-
fined on equivalent nodes of the electrical mesh and mechan-
ical mesh are used as input for the MP. Thus, these values of
the active stress defined on the nodes of the mechanical ele-
ments must be interpolated to the integration points, since in
the solution of the MP the integrals for the element matrices
are obtained by numerical integration.

The active stress loads the tissue with a state of stress that
will cause its deformation. This stress state can be seen as an
initial stress for the mechanical problem. This state of stress
can be introduced as

T−F−Fi = 0 (19)

where T and F define the internal and external nodal forces,
respectively. The initial stress σ i is incorporated to the vector
of nodal forces as

Fi
a =

∫
v
σ i∇Na dv (20)

which is analogous to (14) that defines the computation of the
equivalent nodal forces.

An incremental-iterative procedure is used for the MP in
combination with the Newton-Raphson method to solve the
equilibrium equation of mechanics. The nodal forces Fi are
applied in a series of increments. In each step the Newton-
Raphson method is used to determine the equilibrium config-
uration. Every time the MP must be solved we use the unde-
formed configuration of the original problem to obtain the de-
formation corresponding to the actual state of stress. For the
numerical solution of the mechanical problem we extended
the FLagSHyP (Finite element LArGe Strain HYperelastic-
ity Program) [5] to support the Mooney-Rivlin material.

At the end of the process, when the mechanical equilib-
rium is reached, we have as a result a state of deformation
that can be represented by the strain tensor C. This tensor
is used to update the conductivity properties of the electrical
problem using 18. With the new electrical conductivities the
EP is iterated. After Nmec time steps, the new active stress is
provided to the MP and process continues.

III. RESULTS

Figure 1 presents the results for the transmembrane poten-
tial, calcium concentration and sarcomere length of the new
cellular model ten Tusscher-Rice.

In order to check the viability of the presented numeri-
cal scheme, we simulated a simple experiment with a cen-
tral stimulus in a square mesh, with fixed boundaries, and
observed the resulting propagation and deformation of the
mesh. For this simulation we used a mesh containing 61 x
61 electrical nodes and 10 x 10 mechanical elements, which
corresponds to a tissue of dimensions 6cm X 6cm. We simu-
late 120ms of activity with a time step of 1μs. The parameters
Cm, c1 and c2 were set to 1, 2 and 6, respectively. In Fig. 2 we
present different time instants (as shown in the bottom left, in
milliseconds) of the transmembrane potential (shown in red
for Vm > 0) and the mechanical contraction of the tissue.
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Fig. 1: Transmembrane potential, calcium concentration and sarcomere
length for the RiceTenTusscher model

IV. DISCUSSION

We have presented a coupled two dimensional electrome-
chanical model for the cardiac tissue. We have considered
the monodomain model, the finite elasticity problem and how
to couple both problems in order to obtain a formulation
that describes the electromechanical behavior of the cardiac
tissue. We developed a new cellular model with the aid of
CellML Web Tools that couples the ten Tusscher model and
the Rice myofilament model. This new model provides the
active stress that is used to load the mechanics of the tissue.
Finally, with a preliminary experiment we have shown the vi-
ability of the model. Further research is necessary to develop
a three dimensional and more accurate model of the heart.
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    Abstract- Analysis of the forces and stresses 
developed in the wall of the LV (mechanics and 
performance of the myocardium) provide the 
clinician with more advanced diagnostic 
techniques. The aim of this study was assessing the 
discriminatory Power of noninvasive quantification 
of myocardial end-diastolic wall stress. 
Fifty-nine CAD patients (29 with significant and 30 
with moderate LAD stenosis in proximal part) and 
35 healthy subjects evaluated in this study. The 
average end-diastolic wall stress (σ ) calculated at 
LV anterior and interventricular septum wall 
segments using the formula proposed by Deanda et 
al [15] with taking into account regional wall 
thickness (h), meridional (

φR ) and circumferential 

(
θR ) regional radii of curvature at the equator of 

each segment and noninvasive LVEDP. In this 
study; regional wall thickness and radii of curvature 
measured from the echocardiographic 2D apical 
four and two-chamber views and noninvasive 
LVEDP estimated with lateral early-diastolic color-
TDI annular velocity, combined with mitral early 
velocity by pulsed Doppler echocardiography 
(lateral E/Ea ratio) by averaging three consecutive 
heart beats. Receiver operating characteristic 
(ROC) curve and the area under the ROC curve 
used as an effective method of evaluating the 
performance of diagnostic tests and measure of the 
discriminatory power of a diagnostic test, 
respectively. Comparison of the calculated end-
diastolic myocardial wall stress (kdyn/cm2) 
between patients with significant and moderate 
coronary stenosis and healthy subjects showed that 
there are statistically significant differences in all 
anterior and septum wall segments. The apex 
segments of anterior and septum walls were the 
most accurate indexes of induced ischemia 
(discriminatory power 0.81 and 0.78, respectively) 
compared to mid (discriminatory power 0.78 and 
0.74, respectively) and base segments 
(discriminatory power 0.73 and 0.69, respectively). 
Our results bring up noninvasive end-diastolic 
myocardial wall stress in CAD patients as an 
important index in evaluating myocardial 
performance. 
Keywords- Myocardial Wall Stress, Noninvasive, 
End-Diastole, Coronary Artery Disease 
 
                          

                       I. INTRODUCTION 
Coronary artery disease (CAD) is the number one 
killer in the world. For example, each year 650,000 
previously asymptomatic patients present in the 
United States with an acute coronary event as the 
initial presentation of coronary artery disease [1]. 
Approximately one-third of individuals dying 
annually from sudden cardiac death posses no 
identifiable Framingham risk indices that would 
predict a future hard cardiac event [2]. Therefore, 
the detection of coronary heart disease early in its 
course is of great potential importance. 
In order to provide the clinician with more 
advanced diagnostic techniques, one must gain a 
better understanding of the mechanics and 
performance of the myocardium. This requires 
analysis of the forces and stresses developed in the 
wall of the LV. The importance of the assessment 
of the properties of the left ventricle (LV) and their 
quantification has been evaluated in terms of LV 
myocardial wall stress [3]. Wall stress may be 
calculated at diastolic phase of the cardiac cycle; 
however, this calculation requires measurements of 
LV blood pressure. In our previous study [4], we 
demonstrated the role of Color-TDI in estimation of 
left ventricular end-diastolic pressure (LVEDP) in 
patients with CAD. We concluded from our 
experience that, noninvasively obtained Doppler 
E/Ea ratio as an interesting application of TDI, 
provides an index of LVEDP. Therefore, the aim of 
this study was assessing the discriminatory Power 
of noninvasive quantification of myocardial end-
diastolic wall stress to differentiate CAD patients as 
one of the attractive clinical usefulness, using 
coronary angiography as the standard of reference.  
 
               II. MATERIAL and METHOD 
- Study Population: Fifty-nine CAD patients with 
sinus rhythm (29 with significant and 30 with 
moderate left anterior descending coronary artery 
(LAD) stenosis in proximal part aged 53±5 and 
52±5 years old, respectively) and 35 healthy 
subjects aged 51±8 were enrolled in the study. 
Significant and moderate stenosis were defined as 
>70% and 50-70% stenosis by coronary angiogram 
respectively and exclusion criteria were history of 
cardiovascular surgery, LV hypertrophy, pacemaker 
rhythm, severe valvular disease and diabetes. All of 
healthy subjects had a normal physical 
examination, ECG, normal echocardiography, and 
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no history of cardiovascular disease, angina, 
hypertension or diabetes and medication. All 
persons gave their informed consent prior to their 
inclusion in the study. The study protocol has been 
approved by the ethics committee of Tarbiat 
Modares University and Shaheed Rajaie Heart 
Center. 
-Angiography: was performed by expert 
cardiologists, through the femoral approach, using 
standard Judkin's technique with 6F catheters. 
Invasive coronary angiography and selective 
injection of coronary arteries was performed in 
multiple orthogonal views. The percent luminal 
diameter stenosis was derived using the caliper 
technique, by comparing the diameter of the 
stenosis with that of the most normal appearing 
region proximal to the stenosis. 
- Echocardiographic Studies: All of 
echocardiography studies were done with a Vivid7 
digital ultrasound scanner (GE, Milwaukee, WI, 
USA) equipped with an M3S transthoracic sector 
transducer with harmonic capability. Tissue 
Doppler imaging (TDI) was performed using 
standard transthoracic apical two and four-chamber 
views according to guide lines of the American 
Society of Echocardiography (ASE) [5]. Sample 
volume of the pulsed wave Doppler was placed 
between the tips of the mitral leaflets with 
ultrasonic beam alignment to flow in the apical 
four-chamber view and early transmitral flow 
velocity was obtained. Color Doppler myocardial 
imaging (CDMI) was performed with adjusting the 
signal filters until they reached a Nyquist limit of 
16 cm/s. CDMI raw data recorded at depth of 16 
cm, frequency of 2.4 MHz and frame rates high 
than 150 frames per second throughout the three 
cardiac cycles and stored digitally as cine-loop 
format on the memory of the scanner. Off-line 
analysis was performed by the quantitative analysis 
software equipped to obtain regional myocardial 
velocity. Digital 5 mm sample volumes was placed 
within the lateral mitral annulus [4, 6-7] and tissue 
velocity curves acquired. All Doppler data were 
measured in end-expiration and average of three 
cardiac cycles was taken into account for analysis 
in this study. 
- Regional Wall Stress Calculation: The force per 
unit area of myocardium, or wall stress is directly 
dependent on intracavity pressure and radius of 
curvature and inversely dependent on wall 
thickness [8]. In this study, the radii and thickness 
of the left ventricular segments measured from the 
apical four and two-chamber echocardiograms by 
freezing the 2D image at end-diastole. In these 
echocardiograms, septal and anterior wall radii and 
thickness quantities were measured at base, mid and 
apical segments respectively using a program 
written in Matlab version 7.0.1 (Math Software Co., 
Matwork, USA). We designed it for use on a 

personal computer. Meridional and circumferential 
radii (principal endocardial radii) were determined 
for each wall segments by considering each region 
to be locally ellipsoidal that have been described in 
detail elsewhere [4]. The average end-diastolic wall 
stress (σ ) calculated using the formula proposed 
by Deanda et al. [9, 10] with taking into account 
regional wall thickness (h), midwall meridional 
(

φR ) and circumferential (
θR ) regional radii of 

curvature at the equator of each segment and 
LVEDP: 
 

)443(332.1 φθθσ hRRhRLVEDP −××=        (1) 

 
Where σ and h are the average wall stresses and 
regional wall thickness respectively. Which, 

2

2
hrR

hrR

+=

+=

φφ

θθ              (2) 

Where 
θr  and φr  are endocardial circumferential 

and meridional radii respectively. In this study; 
noninvasive LVEDP estimated with lateral early-
diastolic color-TDI annular velocity, combined with 
mitral early velocity by pulsed Doppler 
echocardiography (lateral E/Ea ratio) as follow [4] 
by averaging three consecutive heart beats: 

)](36.1[44.0 EaElateralLVEDP ×+=       (3) 

 
Since have been shown that the correlation 
coefficient between LVEDP and lateral E/Ea is 
higher and its LOA is fewer than that other mitral 
segments [4, 6-7]; therefore, in this study we 
applied only lateral E/Ea ratio to estimation of 
LVEDP and quantification of myocardial wall 
stress. 
- Statistical Analysis: One-way analysis of variance 
(ANOVA) was used to test the hypothesis that the 
means of the three study groups were equal and 
Post Hoc least significant differences (LSD) test 
was used for multiple comparisons. Results were 
considered significant when the p-value was <0.05. 
The receiver operating characteristic (ROC) curve, 
which is defined as a plot of test sensitivity versus 
its 1-specificity, used to evaluate the quality or 
performance of the diagnostic modality, to obtain 
the accuracy and to establish the optimal cut points 
[11]. 
 
                             III. RESULTS 
The groups were comparable in regards to age, sex, 
heart rate and body mass index (BMI) (p=NS) but 
there were significant LVEF, percent of LAD 
coronary stenosis, radial systolic and diastolic 
blood pressure differences between the study 
groups (p<0.05).  
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- Wall Stress and Receiver operating characteristic 
(ROC): Comparison of the calculated wall stress 
between patients with significant and moderate 
stenosis and healthy subjects showed that there are 
statistically significant differences in all anterior 
and septum wall segments (p<0.05). Statistical 
PostHoc multiple comparisons analysis showed that 
there was not significant wall stress difference 
between healthy and patients with moderate 
coronary stenosis (p=NS) but due to high wall 
stress of patients with significant coronary stenosis, 
overall ANOVA was significantly different 
(p<0.05). There were significant differences 
between healthy and patients with significant 
coronary stenosis also between patients with 
moderate and significant coronary stenosis 
(p<0.05). 
 
Receiver operating characteristic (ROC): The ROC 
curves constructed noninvasive wall stress not only 
between healthy group and group with significant 
coronary stenosis, but also between groups with 
moderate and significant coronary stenosis for base, 
mid and apex segments of septum and anterior 
walls respectively. Anterior apex wall stress has the 
highest discriminatory power for predicting CAD 
with 0.71-0.92 area under the curve as compared 
with 0.66-0.89 in anterior mid and 0.60-0.85 in 
anterior base wall stress. Similarly, septum apex 
wall stress has the highest discriminatory power for 
predicting CAD with 0.66-0.89 area under the 
curve as compared with 0.56-0.83 in septum mid 
and 0.61-0.87 in septum base wall stress. 
The ROC curves between healthy group and group 
with significant coronary stenosis, the area under 
ROC curve varied from 0.73 and 0.69 in anterior 
and septum base segments to 0.81 and 0.78 in apex 
segments, respectively. The lowest best wall stress 
cutoff values were in apex segments (21.5 and 19.3 
kdyne/cm2 at anterior and septum walls 
respectively) and the highest were in apex segments 
(26.1 and 25.1 kdyne/cm2 at anterior and septum 
walls respectively). Sensitivity and specificity with 
minimal difference between them ranged from 64 
and 61% to 68 and 75% and from 60 and 66% to 69 
and 69% for anterior and septum walls, 
respectively. Also, the ROC curves between 
moderate and significant coronary stenosis, the area 
under ROC curve varied from 0.74 and 0.69 in 
anterior and septum base segments to 0.74 and 0.72 
in apex segments, respectively. The lowest best 
wall stress cutoff value were in apex segments 
(20.3 and 20.8 kdyne/cm2 at anterior and septum 
walls respectively) and the highest were in base 
segments (26.1 and 25.5 kdyne/cm2 at anterior and 
septum walls respectively). Sensitivity and 
specificity with minimal difference between them 
ranged from 64 and 71% to 68 and 75% and from 

63 and 63% to 67 and 70% for anterior and septum 
walls, respectively. 
The receiver operating characteristic curves did not 
constructed for wall stress between healthy and 
moderate coronary stenosis groups because the 
results showed no significant differences between 
these groups statistically. 
 
      IV. DISCUSSION and CONCLUSION 
Coronary artery disease (CAD) or atherosclerotic 
heart disease is the end result of the accumulation 
of atheromatous plaques within the walls of the 
coronary arteries that supply the myocardium with 
oxygen and nutrients [12, 13]. The importance of 
the assessment of the properties of the left ventricle 
(LV) and ventricular muscle and their 
quantification has been evaluated in terms of 
myocardial wall stress and these calculations have 
been used in the investigation of various heart 
diseases [14-16]. Wall stress may be calculated at 
diastolic phase of the cardiac cycle; however, this 
calculation requires invasive measurements of LV 
blood pressure in the cardiac catheterization 
laboratory during retrograde left heart 
catheterization [17]. In our previous study, we 
concluded from our experience that, noninvasively 
obtained Doppler E/Ea ratio as an interesting 
application of TDI provides an index of LVEDP, 
which can be measured using color Doppler 
myocardial imaging. In that study, based on initial 
very encouraging results (LVEDP related strongly 
to lateral E/Ea, r=0.85; p<0.001 [3]), we applied 
lateral E/Ea for the purpose of noninvasive 
estimation of LVEDP and thereafter noninvasive 
quantification of myocardial diastolic wall stress; 
offered as one of the attractive clinical usefulness.  
The average end-diastolic wall stress calculated at 
LV anterior and interventricular septum wall 
segments using the formula proposed by Deanda et 
al. with taking into account LV pressure, regional 
wall thickness, and meridional and circumferential 
regional radii of curvature. The stress calculated by 
this formula represent the mean value of the 
average stress across the thickness of the LV wall, 
with local maximal stress occurring on the 
endocardial and local minimal stress on the 
epicardial surface. The assumptions used in this 
analysis were 1) the myocardium was isotropic, 
linearly elastic, and homogeneous; 2) ignoring 
bending moments; 3) the meridional and 
circumferential midwall radii of curvatures could be 
derived as the endocardial radius of curvature plus 
one-half of the wall thickness; 4) the midwall LV 
wall stress is an average of the epicardial and 
endocardial stresses; and 5) the only load on the 
ventricle was an internal pressure [9]. 
In this study, we determined the cutoff, diagnostic 
accuracy, sensitivity and specificity of myocardial 
wall stress to differentiate significant CAD patients 

IFMBE Proceedings Vol. 25

Assessing the Discriminatory Power of Noninvasive Quantification of Myocardial End-Diastolic Wall Stress 2087



using coronary angiography as the standard of 
reference. More recently, progress has been made 
in making use of the great sensitivity of strain 
properties of tissues to their pathological condition; 
so-called ultrasonic strain rate imaging. The 
relation between forces acting upon an object and 
the resulting deformation is described by Hooke’s 
law, which states that forces and deformation are 
linked by the elasticity. This relation remains valid 
when applied to myocardium, but, in order to 
describe the total deformation of the myocardium, 
all forces acting on it have to be taken into account 
[18]. 
Our results bring up end-diastolic myocardial wall 
stress in these patients as an important index in 
evaluating myocardial performance non-invasively. 
Regional stress assessment might give additional 
information, since combined with strain 
measurements, regional mechanical work can be 
estimated. In this study, tissue Doppler recordings 
were obtained only from the lateral mitral annulus. 
We chose the lateral aspects of the mitral annulus, 
because this site is easy to obtain from the apical 
window and, in contrast to the parasternal window, 
the velocities should not be influenced by 
anteroposterior translation [19]. In this study, 
noninvasive indices of regional wall stress were 
calculated from noninvasive estimation of LVEDP 
and echocardiographic segmental LV diameter and 
wall thickness in LAD at risk regions and further 
studies are required to calculate wall stress for other 
coronary arteries at risk regions.      
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Abstract— Understanding transport and deposition of in-

haled particles in the human airways plays a crucial role in the

targeted therapy of pulmonary diseases, and the administration

of inhaled medicines. Numerous researchers have studied the

inhalation of particles using experiments or computer models.

Even though experiments have shown that the airflow in the tra-

chea and the upper branches of the lung is turbulent, the flow is

taken to be laminar in most computer models. Only few recently

published papers have looked at the turbulent transport of air

in the human airways. Even fewer results have been published

on the effect of the upper airway structures on the turbulent

airflow in the lungs or on the effect of the turbulence on parti-

cle deposition. The previously published turbulent models have

also mainly used RANS methods to predict the flow. To study

the unsteady flow and particle deposition in a human lung, an

LES model with a dynamic Smagorinsky sub-grid scale model

was used. The model equations were solved to study steady in-

spirational flow at different flow rates for different particle sizes.

Results indicate that the upper airway geometry produces tur-

bulence in the flow and the deposition of particles is mainly af-

fected by the particle size and Stokes number.

Keywords— Large Eddy Simulations, Turbulence, Particle De-

position, Human Airways.

I. INTRODUCTION

We are constantly inhaling solid particles like pollen and
dust, and liquid particles like fuel droplets, and depositing
them in our lungs. Also, corticosteroids and other drugs used
for treating pulmonary diseases are often administered as in-
haled particles. Only ten to twenty percent of the inhaled
drugs reach their intended location [1]. Experiments [2] have
also shown a high correlation between bronchial carcinoma
origin sites and regions with high particle deposition. Re-
searchers have strived to understand the factors that affect
flow and particle deposition in the lungs using both experi-
ments and computer models.

Cheng et al. [3] used casts of human airways to study flow
and particle deposition. Caro et al. [4] constructed ideal mod-
els of the human lungs instead for their experiments. In both

cases, experiments revealed that the airflow in the trachea and
upper bronchi is turbulent. Most computer models of airflow
in the lungs have so far assumed the airflow to be laminar. To
justify this assumption, the analysis of the airflow is restricted
to the lower branches below the third generation where the
flow is laminar because of their small diameters [5, 6]. Only
a few recent papers have looked at turbulent transport of air
and particles in the human airways.

There are three techniques for solving turbulent flow equa-
tions using a computer: Reynolds averaged Navier-Stokes
(RANS), direct numerical simulations (DNS), and large eddy
simulations (LES). Turbulent flows can be broken down into
different scales of turbulence. RANS solvers model all scales
of turbulence in the flow; they provide an overall picture
of the turbulence characteristics but cannot provide a lot of
information about the secondary flows. DNS solvers solve
all scales of turbulence; they provide the most accurate pic-
ture but are numerically very expensive to implement. LES
solvers solve the large scales and model the small scales of
turbulence using a sub-grid scale model; the results are not as
accurate as DNS but provide more information than RANS,
and are cheaper to implement than DNS.

Researchers [7, for example] have mainly used the k-ω
Reynolds averaged Navier-Stokes (RANS) model to study
turbulent airflow and particle deposition in the airways. Lin et
al. [8] have recently used direct numerical simulations (DNS)
to study steady inspirational flow in the airways but they did
not consider particle deposition in the airways. Large-eddy
simulations (LES) has been used by a few researchers [9, 10]
to study turbulent flow and particle deposition in the lungs,
but they did not consider the effect of the upper airway struc-
tures. In this work, LES is used to develop a parallel finite-
volume method-based solver to study turbulent flow and par-
ticle deposition in the upper airways and lungs.

II. METHOD

A. Lung Model

The geometry of the airways was modeled using two
sources. The cross-sectional areas measured from a cast of
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the human thorax [3] were recast as diameters which were
used to model the geometry of the oral cavity and the upper
airway up to the trachea as a pipe with circular cross-sections
of varying diameter. Weibel’s [11] Model A was used to
model the trachea and three generations of branches with a
branching angle of 60◦ between the daughter branches. The
plane of the daughter branches was rotated from the plane
of the previous branch by 90◦ to generate an out-of-plane
symmetric lung model. The last level of branches were ter-
minated in a common reservoir that is used to represent the
lower bronchi, alveoli, and other structures in the lung not
considered in the model. The solutions of the flow model in
this reservoir are ignored. The lung geometry was meshed
using approximately three million control volumes. To test
the resolution of the mesh, the LES solutions were compared
with DNS solutions computed on the same mesh. The maxi-
mum difference in the turbulent kinetic energy estimates was
less than seven percent which indicates that the mesh was fine
enough for well-resolved LES.

B. Flow Solver Details

The flow of air in the lungs is described by the Navier-
Stokes equation and the mass continuity equation:

∂v

∂ t
+v ·∇v = − 1

ρ
∇p+g+ν∇ · (∇v+∇vT ) (1)

∇ ·v = 0 (2)

where v is the air velocity, p is the local pressure, ρ is the
density of air, taken to be 1.2 kg/m3, and ν is the kinematic
viscosity of air taken to be 1.5×10−5 m2/s. A finite-volume
solver using LES and a dynamic Smagorinsky sub-grid scale
(SGS) model is built to study steady inspirational flow at flow
rates of 30 l/min and 60 l/min. The dynamic Smagorinsky
SGS model was chosen because it does not produce spurious
results even when the flow becomes transitional or laminar.
This is very critical in the study of flow in the lungs where
the flow transitions from laminar to turbulent not only in time
with inhalation and exhalation but also in space as the bronchi
become smaller at the lower levels.

C. Particle Transport Model Details

The particles in the lung are assumed to be point particles,
i.e. they have zero radii. One-way coupling between the flow
and the particles, i.e. the particles are aware of the flow and
the particle properties are affected by the fluid properties but
the fluid properties are not affected by particle properties, is
also assumed. The density of the particles was taken to be
1× 103 kg/m3. The particle diameters studied are 1 μm, 5
μm, and 10 μm.

D. Boundary Conditions

At the mouth, a uniform velocity profile was used as the
inlet boundary condition. A penalty boundary condition is
applied at the outlet of the reservoir to ensure that the net
mass within the geometry is conserved. The incompressibil-
ity condition is enforced using a pressure-Poisson equation.
The time integration is done using a constant time-step size
of 10−5 seconds. Ten particles are introduced at the mouth
with zero velocity at every time-step which results in a mil-
lion particles per second. The solutions of the LES model for
the volumetric flow rate of 60 l/min and 1 μm, 5 μm, and 10
μm diameter particles are reported below.

III. RESULTS AND DISCUSSION

A. Flow Characterstics

Solutions from the LES solver show that the constrictions,
expansions, and other structures in the upper airway produce
turbulence in the airflow in the trachea and primary bronchi.
The turbulent eddies produced in the upper airway are car-
ried into the lower branches of the lungs where the eddies are
viscously dissipated.

The mean kinetic energy (MKE) of the flow is defined as√
ū2 + v̄2 + w̄2 where ū, v̄, and w̄ are the time-averaged x-,

y-, and z-directional velocity components. The MKE of the
flow in the upper airway is plotted in Fig. 1a. Regions with
high MKE in Fig. 1a are the regions with the fastest flow,
in this case, the epiglottis and larynx, the first and second
constrictions in the figure. Regions with low MKE close to
the bronchi walls near the bifurcation point indicate that the
flow is separating from the walls there. A stagnation point is
also visible at the ridge of the bifurcation point, as indicated
by the low MKE there.

The turbulent kinetic energy (TKE) of the flow is defined
as

√
u′2 + v′2 +w′2 where u′, v′, and w′ are the root mean

square of the velocity components along the three cartesian
directions. Fig. 1b plots the turbulent kinetic energy of the
flow. Regions with high TKE are regions where the velocity
is fluctuating rapidly, and the turbulence is the highest. The
regions with the highest TKE are the regions immediately
downstream of the epiglottis and the larynx. The contours
for the kinetic energy in Fig. 1 indicate the presence of a jet
that starts from the epiglottis and then strikes the dorsal wall
of the glottis, the area between the epiglottis and the larynx.
This epiglottal jet was also seen in previously reported exper-
imental results [12]. The jet is more evident when particles
are present, as in Figs. 2b and 2c.
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B. Particle Deposition

The distribution of 1 μm, 5 μm, and 10 μm diameter par-
ticles in the mouth and throat are shown in Fig. 2. The 1 μm
particles which have the least inertia are sensitive to even the
smallest scales of turbulence and are distributed almost uni-
formly, as seen in Fig. 2a. The 10 μm particles have the most
inertia and tend to follow the mean flow, as seen in Fig. 2c.
The 10 μm particles are seen to be concentrated close to the
dorsal wall of the glottis because of the epiglottal jet. The 5
μm particles in Fig. 2b are dispersed more evenly than the 10
μm particles but not as evenly as the 1 μm particles.

Figure 3 shows the deposition pattern of the 1 μm, 5 μm,
and 10 μm diameter particles at the first three bifurcation lev-
els. Because most deposition occurs by inertial impaction,
the particles are concentrated near the bifurcations. Larger
quantities of the bigger particles are deposited compared to
the smaller particles, which is also observed in experimen-
tal and other numerical results. Most of the smaller particles
are swept in to the lower levels of the lungs where they get
deposited. A small number of particles get trapped in the re-
circulation immediately downstream of the larynx, and de-
posited on the tracheal wall close to the larynx. As seen in
Fig. 3, more 1 μm particles are deposited relative to 5 μm
and 10 μm particles because the smaller particles are the most
sensitive to the secondary flows.

IV. CONCLUSIONS AND FUTURE WORK

A. Conclusions

A finite volume solver using an LES model with dynamic
Smagorinksy SGS was used to study turbulent airflow and
particle deposition in the human lungs. Results show that
structures in the upper airway geometry trigger turbulence in
the flow, and this turbulence affects the particle distribution
and deposition. The distribution and deposition patterns are
strongly dependent on the particle size and Stokes number.

B. Future Work

The present work was restricted to steady inspirational
flow, and its effects on particle deposition. It is currently be-
ing expanded to study the differences between flow and de-
position in adult and juvenile airways, and airwways of non-
smokers and smokers.

In the future, the effect of cyclical flow, i.e. inhalation and
exhalation, on particle deposition and flow will be investi-

gated. Different lung geometry models, including asymmet-
rically branching models and those derived from CT scans,
will also be used in the future.
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(a) Mean kinetic energy distribution (b) Turbulent kinetic energy distribution

Fig. 1: Distribution of kinetic energy in the upper parts of the human airways.

(a) 1 μm particles (b) 5 μm particles (c) 10 μm particles

Fig. 2: Distribution of particles in the mouth and throat.

(a) 1 μm particles (b) 5 μm particles (c) 10 μm particles

Fig. 3: Distribution of deposited particles in the branches of the lung.
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Abstract—The X-ray diffraction method can be used to 
measure the lattice strain of crystalline materials. In this study, 
possibility of strain measurements of implant materials placed 
in the body was investigated by using the skin and subcutane-
ous tissue covered Ti materials. Using the characteristic X-rays 
Mo-K , diffracted X-rays from -Ti could be detected trans-
mit through the skin tissue of 1 mm thickness. Although the X-
ray diffraction profile from Ti was detected, this profile in-
cluded scattered X-rays generated from the skin tissue. The 
strains of (110) lattice plane of -Ti specimen under bending 
deformation was obtained using parallel beam method. The 
value of strain was almost same between Ti and skin tissue 
covered Ti. 

Keywords—Strain measurement, X-ray diffraction, Implant, 
Titanium, Subcutaneous tissue. 

I. INTRODUCTION  

Many kinds of implants made of metal materials have 
been used as alternate structures in the human body. High 
degree of rigidity of the implant materials often causes 
unnatural stress distributions such as stress concentrations 
and stress shielding. To measure stress and strain applied to 
several parts of implants and bone tissues in human body 
are important for fracture predictions or evaluations of the 
implants adaptation. Authors have proposed stress meas-
urement methods of bone tissue focused on hydroxyapatite 
crystals by using the X-ray diffraction technique with char-
acteristic X-rays [1][2]. The X-ray diffraction methods 
could be used non-destructive stress measurements of Ti
materials [3][4]. To investigate the implants placed in hu-
man body, diffracted X-rays should be detected transmitted 
through the skin and subcutaneous tissues. In this study, the 
X-ray diffraction measurements were conducted to skin and 
subcutaneous tissue covered Ti specimens. When the Ti 
specimen deformed under bending deformation, the strain 
of Ti was measured by parallel beam method using a usual 
X-ray diffractometer.  

II.  METHOD 

Pure titanium ( -Ti) crystals have hexagonal close-
packed (hcp) structure. When the characteristic X-rays with 
unique wave length  transmitted through the skin and sub-

cutaneous tissue arrived at the surface of Ti, diffracted X-
rays, diffracted angle 2  of which is determined by interpla-
nar spacing d of the crystal lattice, are generated from the 
X-ray irradiation area. This phenomenon is according to 
Bragg’s law; 2d sin  = n . When the crystal lattices are 
straining with , the angle 0 is to be 1 according to inter-
planar spacing change. The  was obtained from these an-
gles as Eq. (1). 

1

10

sin
sinsin   (1) 

When the characteristic X-rays of intensity Iin irradiate to 
a material, the intensity of transmitted X-rays I decreases
in an exponential manner with penetration depth x, ex-
pressed in I = Iinexp [- x]. The value of  is determined by 
the X-ray absorption ability of the material. The intensity 
of diffracted X-rays It transmitted through the tissue of 
thickness t for the out of skin tissue is less than intensity of 
X-rays on the same path without skin tissue In. This inten-
sity change is represented in Eq. (2), 

sin
2exp tII nt

  (2) 

The X-ray absorption by the skin tissue is to be large un-
der the diffracted X-rays detected in low angles because the 
length of penetration path depends on the inclined angle 
equal to Bragg angle , explained in Eq. (2).  
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Fig. 1 Incident X-rays and diffracted X-rays from Ti transmitted through 

the skin and subcutaneous tissue. 

III. EXPERIMENTAL PROCEDURE 

A plate shaped -Ti specimen of 30×10×2 mm was used 
in this experiment. As covered materials, skin and subcuta-
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neous tissues (ST) of 1 mm thickness were extracted from 
the back of a rabbit. The moisture of the tissue was kept up 
in wet state by supplying physiological saline during X-ray 
measurements. The characteristic X-rays of Mo-K  gener-
ated under tube voltage of 40 kV, tube current of 40 mA 
was used to measure the Ti material implanted in the skin 
tissue. X-ray diffraction measurements were performed in a 
commercial X-ray diffractometer (Rigaku Co.: Ultima 4). 
Diffracted X-rays were detected by scintillation counter. X-
ray strain measurements were conducted under the speci-
men applied bending load. Figure 2 shows the experimental 
setup with a bending device. The lattice strain of perpen-
dicular to surface was obtained in this X-ray diffraction 
measurement. 

IV. RESULT 

The scattered X-rays from skin tissue were detected as 
back ground in the X-ray intensity profile. To cut off the 
scatter X-rays, a parallel slit was used at the detection side. 
Figure 3 shows the X-ray diffraction patterns measured on 
specimens of Ti and Ti + ST with the slit. The peak position 
of (110) lattice plane could be clearly recognized in both 
profiles. The lattice strains of (110) were obtained from 
each location at tensile and compressive region of bending 
specimen (Fig. 2(b)). When the lattice strain difference was 
883 ± 23 micro strain (mean ± S.D. (n=5)) measured on the 
surface of Ti specimen, the measured strain of tissue cov-
ered condition was 840 ± 53 micro strain. Although the S.D. 
value was to be worse, the mean strains were almost same 
value even tissue covered condition. 

V. DISCUSSION 

The X-rays of Mo-K  have higher penetration ability. 
However, diffracted angles of lattice plane of Ti obtained in 
this condition appeared in lower angle regions. Although 
the thickness of the skin tissue used here was 1 mm, the 
actual length of incident and diffracted X-rays are 8.6 mm 
at 2  = 27 deg, calculated by term of 2t/sin  in Eq. (2). If 
diffracted X-ray peaks can be detected in higher angle re-
gion, the X-ray intensity decreasing is to be small.  

Recently, strong X-rays are used to measure the hy-
droxyapatite crystals of bone tissue [5]. These methods are 
difficult to apply the investigation of living human bone 
because of high energy X-ray radiation exposures. This 
study provided a possibility of strain measurement for Ti 
implants located in biological tissue using weak X-rays 
generated in usual diffractometers. The long exposure pe-
riod up to several minutes for scanning must be improved to 
apply this X-ray method to clinical fields. 
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Fig. 2 X-ray measurement system and three points bending device. 

Fig. 3 X-ray diffraction profiles of Ti and skin tissue covered Ti specimens  
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Abstract— Blood flow in arterioles is dominated by the be-

haviour of red blood cells (RBCs) carried by plasma through 

repeatedly bifurcating networks. A cell depletion model is 

presented that closely couples the distribution of haematocrit, 

shear rate and non-Newtonian viscosity to account for the 

migration and aggregation of RBCs. A transport equation is 

solved for the haematocrit, and the Quemada model is used to 

evaluate the viscosity, such that the viscosity tends to the plas-

ma viscosity as the haematocrit tends to zero. This model is 

applied to a set of single arteriole bifurcations, and the distri-

bution of haematocrit, H, and the associated cell depletion 

layer thickness, δ , are determined for a range of side branch 

diameters and angles. Variation in the diameter is found to 

have a very significant effect on H and δ , whilst the angle has 

a negligible effect. As the side branch diameter varies between 

100 and 20% of the main branch diameter, the cell depletion 

layer thickness at the outlet increases from approximately 

25% to almost 100% of the vessel radius. Effectively, at small 

side branch diameters, relatively few RBCs are drawn into the 

side branch. In the main branch, the haematocrit distribution 

maintains a very blunt profile with a relatively thin cell deple-

tion layer that varies little with changes to the geometry of the 

side branch.  

 

Keywords— Arteriole, cell depletion, red blood cells, non-

Newtonian. 

I. INTRODUCTION  

The flow of blood in arterioles is largely influenced by 

the formation of aggregates of red blood cells and the mi-

gration of RBCs away from vessel walls.  These effects lead 

to increased viscosity in the centre due to increased particle 

size and decreased viscosity near the wall due to reduced 

haematocrit [1]. Effectively, blood flows as a two-layer 

fluid with non-Newtonian behaviour in the core of the flow, 

surrounded by a Newtonian, cell depleted plasma. Simula-

tion of the behaviour of individual RBCs [2], commonly 

undertaken in Lattice-Boltzman methods, is computational-

ly expensive. Thus, although impressive results have been 

obtained in relatively simple geometries, alternative ap-

proaches are likely to be needed to simulate blood flow in 

arteriole networks. For example, the method presented here 

directly treats blood as a two-layer fluid in which the vis-

cosity is modelled by the Quemada model in the non-

Newtonian fluid core, but then reduces to the plasma viscos-

ity at low values of the haematocrit. 

Although the ultimate aim is to develop this model for 

application to arteriole networks [3], the current article 

assesses its performance when applied to a single arteriole 

bifurcation. 

 

II. MATERIALS AND METHODS 

A. Governing equations 

The governing equations for mass, momentum and haema-

tocrit conservation are given by 

0V. =∇   (1) 

τρ .V.V
t

V ∇+−∇=⎟
⎠
⎞

⎜
⎝
⎛ ∇+

∂
∂

p   (2) 

( ) ( ) 0. =∇Γ∇−∇ HHVRρ   (3) 

where V, p, , , VR, H and  denote the velocity, pressure, 

deviatoric stress tensor, density, RBC velocity field, haema-

tocrit and the diffusion coefficient, respectively. The stress 
tensor is related to the viscosity, μ , and the shear rate tensor, 

D, according to the relation 

D)(
•

= γμτ   (4) 

The viscosity is a function of the shear rate 
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where k0 and ∞k , respectively, denote the intrinsic viscosi-

ties at zero and infinity shear rates of the flow particles 

which predominate at the respective shear rates. cγ  signi-

fies the critical shear rate, which can be considered to be the 

inverse of the relaxation time for the dominant structural 

unit causing the suspension to be non-Newtonian. Here, k0, 

∞k  and cγ  are all functions of H. [4].  

 In essence, blood is assumed to be a structured fluid, 

such that the state of RBC aggregation is described by the 

structural parameter characterizing the average number of 

RBCs in an aggregate.  In the Quemada model, the viscosity 

is expressed in terms of the structural parameter and the 

local haematocrit, H, according to 

( )2
5.01

1

kH
p

−
= μμ   (7) 

As a result, a two layer model is defined whereby, in the 

core of the fluid, the viscosity is a function of k, H and the 

plasma viscosity, μp,  but reduces to μp when the haemato-

crit tends to zero. Computationally, for each control volume 

(CV), the viscosity is evaluated from Eq. (7) using the CV 

value of H, obtained from solving the governing transport 

equation (Eq. (3)), and from the CV value of k, calculated 

from the local shear rate. 

 When solving Eq. (3), it is necessary to first calculate 

the RBC velocity and the diffusion coefficient. The RBC 

velocity is given by [5] 

( ) σ
ρ
ρρ

.
)(

55.61 ∇
−

−−=
K

HV RBC
R  (8) 

where the drag force between RBCs is accounted for by the 

coefficient 

( )( )22

9

a
K

μ=   (9) 

for a RBC of radius a assumed to be 3.5 m. The stress 

tensor is given by 

τσ .. ∇+−∇=∇ p   (10) 

and RBCρ  denotes the density of a red blood cell. 

The haematocrit diffusion coefficient, , can be calcu-

lated by adding a fluctuating term (arising from collisions 

with solvent molecules and with other particles) to the Eins-

tein-Stokes diffusion constant, 0 [6]. Hence, 

( )Ha ε10 1−Γ=Γ   (11) 

where a1=3.77 denotes an experimentally determined con-

stant [6], and ε  signifies an effective Peclet number. 

Finally, the Einstein-Stokes diffusion constant is given 

by 

a

Tk

p

B

πμ6
0 =Γ   (12) 

where kB and T denote the Boltzmann constant and tempera-

ture, respectively. A more detailed description of the algo-

rithm is available in [3]. 

 

B. Geometry model 

 The single bifurcation geometries are based on experi-

mental data for lengths and diameters in [5] and [6].  A 

computer code has been written (and is used here) that is 

capable of generating multiple bifurcating networks, with 

successive bifurcations defined by appropriate sectional 

shapes that can be imported to CATIA (Dassault Systemes) 

for volume construction. STL format surface definitions are 

then exported to the mesh generation package, Harpoon 

(Sharc Ltd), from which meshes are exported to Fluent 

(ANSYS, Inc.). A mesh dependency employing cell sizes in 

the range of 1-4 m supports the use of a base cell size of 1 

m. The inlet diameter of the main branch is 100 m. 

 

C. Flow solver 

 The depletion layer model is coded as a set of user 

defined functions in Fluent. In each iteration, the continuity 

and momentum equations are solved using the implicit 

pressure based solver with second order velocity and pres-

sure interpolation, and the Green-Gauss cell based method 

for gradients. The scalar conservation equation for H is then 

solved using the diffusion coefficient and the RBC velocity 

calculated as described above. Finally, the viscosity is eva-

luated from k and H, first by calculating k from Eq. 6. 

 

D. Boundary conditions 

 Pressure boundary conditions are used for the flow such 

that a pressure difference of 80 Pa is applied between the 

outlets and the inlet. For the haematocrit, H=0.4 is set at the 

inlet and a zero gradient is assumed at the outlets. 

 

III. RESULTS 

Whilst the mathematical model described herein has been 

developed for application to multiple bifurcating networks, 

results are presented for the single bifurcation described 

above.  First the angle of the side branch is varied between 

20 and 90 degrees for a fixed side branch to main branch 

outlet radius ratio, 6.0=β . Then the outlet radius ratio is 

varied between 0.2 and 1.0 for a fixed side branch angle of 

60 degrees. 

IFMBE Proceedings Vol. 25

2096 N.W. Bressloff, M.H. Mansour, and C.P. Shearman



The cell depletion layer thickness, δ , is defined as the 

proportion of the radius in which the haematocrit is below 

99% of the peak value in the core of the flow, averaged 

circumferentially. 

The effect of varying the angle of the side branch is de-

picted in Fig. 1, together with error bars showing the range 

of variation of δ at different sections across the side branch 

outlet. Since there is so little variation in the average of 

δ for changes in the side branch angle, attention now focus-

es on the effect of variation in the outlet radius. 

 

Fig. 1 Variation of cell depletion layer thickness with side branch angle. 

A. Variation of side branch radius 

 In contrast to Fig. 1, the variation of side branch radius 

produces significant differences in cell depletion layer 

thickness. This is depicted in Fig. 2. When the side branch 

outlet radius is the same as the main vessel outlet radius 

( 0.1=β ), the cell depletion layer is at its lowest value. As 

the outlet radius ratio decreases, the cell depletion layer 

increases to a peak value when 3.0≈β , before decreasing 

at lower radius. 

 

 

Fig. 2 Variation of cell depletion layer thickness with side branch radius. 

 

Fig. 3 Haematocrit at side branch outlet ( 0.1=β ) 

 

Fig. 4 Haematocrit at side branch outlet ( 6.0=β ) 

 

Fig. 5 Haematocrit at side branch outlet ( 2.0=β ) 

It is also evident in Fig. 2 that the variability of the cell 

depletion layer thickness decreases with increasing outlet 

radius ratio. This relationship is demonstrated in Figs. 3-5 

for the haematocrit distributions at the side branch outlet for 

three values of 2.0,6.0,0.1=β , respectively. For  0.1=β  

the core region is very wide and almost circular, whereas, 

for 6.0=β  the core region is significantly diminished (cor-
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responding to a wider depletion layer) and it is less circular. 

Then, at 2.0=β , the large, variable depletion layer is effec-

tively associated with the relatively low level of haematocrit 

at this radius ratio. 

 

 

Fig. 6 Haematocrit on symmetry plane ( 0.1=β ) 

 

Fig. 7 Haematocrit on symmetry plane ( 6.0=β ) 

 

Fig. 8 Haematocrit on symmetry plane ( 2.0=β ) 

In Figs. 6-8, the distributions of haematocrit are shown 

for planar cuts through each geometry. It is clear that as the 

side branch radius decreases, lower levels of haematocrit 

pass through the side branch. It is also interesting to note 

that, regardless of the variation in haematocrit distribution 

in the side branch, the haematorcrit distributions in the main 

branch all have average depletion layer thicknesses’ of 

approximately 0.2, with wide, blunt core regions. 

IV. CONCLUSIONS  

This article has presented a cell depletion model capable 

of predicting the distribution of haematocrit in representa-

tive arteriole bifurcations. Through close coupling of the 

haematocrit, non-Newtonian viscosity and a structural pa-

rameter related to the agglomeration of RBCs, the model 

yields 

1. an approximately constant average cell depletion layer 

thickness for changes in side branch angle; 

2. a largely inverse relationship between cell depletion 

layer thickness and changes in side branch outlet radius; 

3. an increasing variability in cell depletion layer thick-

ness as the side branch outlet radius decreases; and 

4. a relatively uniform distribution of haematocrit in the 

main branch independent of side branch angle or radius. 

 

Work is now underway to extend this model to simulate the 

interaction between red blood cells and larger individual 

cells (including leukocytes and cancer cells). 
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Abstract— Electrostimulation is indicated for fracture heal-

ing and the treatment of avascular necrosis of the femoral head.

In the present work a new concept was developed to implement

the option of electrostimulation in the reconstruction of acetab-

ular bone defects in case of revision of the total hip replacement

providing improved implant fixation at the surrounding bone

stock. In specific revision situations enhanced primary fixation

stability of the acetabular cup is achieved by additional polyax-

ial and angular stable fixation pegs and a modular adaptable

lateral flap. An external oscillating magnetic field, generated by

a primary coil placed around the patient’s hip, is used to trans-

fer inductively energy into the revision cup. Secondary coils, in-

tegrated into stimulation elements within the implant, are the

source for the generation of the electric field in the surrounding

bone stock. In the present study we conducted preclinical nu-

merical simulations of the acetabular cup revision system with

regard to the electric field distribution and field homogeneity.

Considering optimal position of the stimulation elements im-

proved periprosthetic bone regeneration should be realized to

provide secondary fixation stability of the revision implant.

Keywords— electrostimulation, total hip arthroplasty, revision,

numerical field simulation

I. INTRODUCTION

The amount of total hip arthroplastiy (THA) revisions dou-
bled in the United States between 1990 and 2002 [1]. Asep-
tic implant loosening is still the main reason for revision [2].
The revision of (THA) poses a challenge to the orthopaedic
surgeon due to bone defects of various. This requires state-of-
the-art surgery techniques and specific shaped implants [3].

The regenerative effect on bone tissue by magnetically
induced electrostimulation using electromagnetic alternating
fields has been evidently proven in clinical studies e.g. in the
treatment of non-union of bone fractures [4, 5] and avascular
necrosis of the femoral head [6].

Two recently presented studies addressed the implemen-
tation of electrostimulative techniques [7, 8] based on the
method of Kraus and Lechner [9] into an acetabular cup revi-
sion system [10]. The most efficent stimulation was assumed
to be a homogenous field distribution, causing an even dis-
tributed electrostimulation of the surrounding bone stock and

thereby the formation of the bone support on all sides of the
implant. The purpose of this study was to investigate amount
and positions of the stimulations elements generating such
a homogenous stimulation using numerical field simulation
and mathematical optimisation techniques.

II. METHODS

A. Simulation & Optimisation

The field distributions related to electrode arrangements
were computed with an implementation of the Finite-
Integration-Theory [11](CST Sudio�, CST GmbH). The
used simulation model was comprised of a layered bone
structure and the embedded acetabular revision implant.
The bone’s structure was extracted from computer tomog-
raphy scans and further modified by 3D-CAD software
(Pro/Engineer�, Parametric Technology Corporation) to cre-
ate a layered structure with distinct electric properties. The
implant model is based on CAD data for manufacturing. We
added several stimulation electrodes, which are mounted onto
the implant surface facing the acetabular bone.

(a) Simulation model (b) Acetabular
revision system with
anchorage cone and
mounted stimulation

electrodes

Fig. 1: Simulation models
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Fig. 2: Generic three layer model

We optimised the positions with respect to the stimulative
effectiveness and the homogeneity of the field by an evolu-
tionary algorithm with an optimality relation applicable to
multi-objective problems. One major issue arises from the
inherent variability in the electric bone properties of differ-
ent patients. An optimisation can be performed for distinct
material properties, but the generality of the solution is not
guaranteed. For our optimisation we used the material prop-
erties described in literature [12] and our own measurements
on resected femoral heads from primary THA [13]. Due to
the complexity of the involved optimisation process, we ad-
ditionally performed an analysis of a more generic problem:
The field distribution of a stimulation electrode in a layered
domain (three seperate layers with the conductivities κ1, κ2
and κ3). This model is sufficiently similar to the real prob-
lem and allows also for the variation of different geometric
parameters.

A suitable quantity for describing the stimulation elec-
trode’s field distribution can be derived from the mean value
E and standard deviation σE of the generated electric field:

s :=
σE

E
. (1)

This derived quantifier measures the grade of uniformity of
the field distribution generated by a stimulation electrode.
Low values indicate a high uniformity while higher values in-
dicate a decreased uniformity. For the analysis of the generic
model, we assume a symmetric field distribution with respect
to the electrode’s axis. Therefore, the amplitude of the electric
field was evaluated along a curve in close proximity to metal-
lic surface. Figure 2 shows the model of the three layered do-
main with the evaluation curve. The electric field is generated
by the potential difference ϕ1−ϕ0. The mean value and stan-
dard deviation were calculated for each geometric setting.

III. RESULTS

Figure 3 show a projection of the electric field distribu-
tions 2 mm above the implant’s surface and the classifica-
tion according to the optimal stimulation interval for different
conductivity combinations of cortical and cancellous bone.
Figures 3-a and 3-d show the electric field distribution and
a classification for a five electrodes arrangement optimised
for conductivities of 0.04 S/m and 0.01 S/m of the cancel-
lous and cortical bone respectively. Figures 3-b, 3-c, 3-e and
3-f display the distributions and classifications of the same
arrangement for different conductivity combinations.

For increased conductivity of the cancellous bone
and decreased conductivity for cortical bone (0.08 S/m,
0.005 S/m), the area within stimulation field strength is in-
creased, whereas for cancellous bone with decreased conduc-
tivity and increased conductivity for cortical bone (0.02 S/m,
0.02 S/m), the stimulation area decreases.

We studied this effect in more detail with the generic three
layer model. Figure 4 shows the field profiles of the gener-
ated electric field along the evaluation curve. Obviously there
is not only quantitative change for different conductivity and
distance combinations but also a qualitative change in topol-
ogy for certain combinations.

Figure 4 displays the ratio from Eq. (1) as function of the
conductivity ratio κ2/κ1 and the distance of the second layer
d from the ground plate. The effect observed during the op-
timisation of the electrostimulative system is also present in
the three layer model. The influence of the second layer de-
creases with a growing distance between to the electrode. If
the layer is in the vicinity of the electrode, the ration between
the conductivities of layer one and two determines the profile
of the field distribution and therefore the homogeneity of the
entire field for multiple electrodes.

This also applies to the real optimisation problem. The lay-
ers one and two are formed by the cancellous and cortical
bone respectively. Layer three represents the additional tis-
sue in which the acetabular bone is embedded.

IV. CONCLUSION

We optimised a system of stimulation electrodes mounted
to an acetabular cup revision prosthesis in a highly inhomoge-
neous domain by taking electrical material parameters taken
from literature and own measurements. Due to inherent vari-
ations between different patients and implant parameter we
decided to perform an analysis of the conductivity’s influ-
ence for different combinations of the field distributions. The
analysis showed, that the combinations of conductivities and
the distance of the second layer have a major influence on
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(a) Reference field of five electrodes;
Optimised for conductivities of 0.04 S/m and

0.01 S/m for cancellous and cortical bone
respectively

(b) Field distribution for the same arrangement
and conductivities of 0.08 S/m and 0.005 S/m
for cancellous and cortical bone respectively

(c) Field distribution for the same arrangement
and conductivities of 0.02 S/m and 0.002 S/m
for cancellous and cortical bone respectively

(d) Classification of the field distribution of
figure 3-a; Blue areas indicate a field strength

below the minimal amplitude needed for
stimulation (5 V/m), red areas indicate a field
strength above the optimal stimulation interval

(100 V/m)

(e) Classification of the distribution from
figure b according to the stimulation interval

(f) Classification of the distribution from figure
c according to the stimulation interval

Fig. 3: Plot of the amplitude of the generated electric field distributions and the classification to the optimal stimulation interval

the resulting field distribution and therefore on the stimula-
tion effectiveness. The homogeneity of the generated field
is strongly depended upon the ratio between the conductiv-
ities of the cortical and cancellous bone. It increases with
a conductivity for the cancellous bone that is significantly
larger than the conductivity of the cortical bone. The numer-
ical analysis underlines the importance of the cortical bone
for the propagation of low frequency electromagnetic fields
in bone structures. To achieve consistency between numeri-
cal simulations and real situation, the cortical structures with
their reduced conductivity have to be included in the simula-
tion models, otherwise the computed electric fields are highly
inaccurate.

ACKNOWLEDGEMENTS

This study was funded by the Deutsche Forschungsge-
meinschaft (DFG).

IFMBE Proceedings Vol. 25

Electrostimulation of Bone Defects in Total Hip Revision in Triple Layered Domains 2101



Fig. 4: Profiles of the stimulation electrode’s electric field distribution for
different combinations of conductivities and distances of the second layer to

the metallic plate

Fig. 5: Deviation from a uniform distribution as function of the conductivity
ratio and the distance of the second layer from the metallic ground
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Head Motion Therapy after Subarachnoid Hemorrhage: Preliminary Results of an 
in Vitro Study in a Basal Cistern Model 
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1 Biofluid Mechanics Laboratory, Charité - Universitätsmedizin Berlin, Berlin, Germany 
2 Neurosurgery, Helios Hospital Berlin-Buch, Berlin, Germany 

Abstract—Subarachnoid hemorrhage (SAH) is a serious 
threat for patients with ruptured cerebral aneurysms or head 
injury. Especially a cerebral arterial vasospasm after SAH is a 
complication with a high morbidity and mortality rate. An 
external supported washout of the blood clot from the basal 
cistern may reduce this rate considerably. This washout proc-
ess can be supported by shaking the patient. The effect of 
different shaking strategies (low and high shaking frequencies, 
low and high shaking amplitude) was investigated by dye 
washout method in a model of a basal cistern. In this paper the 
experimental setup and the washout results for two shaking 
experiments are presented. 

Keywords—subarachnoid hemorrhage, basal cistern, clot 
clearance, washout method, shaking strategy. 

I. INTRODUCTION  

Subarachnoid hemorrhage (SAH) occurs after a rupture 
of cerebral aneurysms or as a consequence of a head trauma. 
One of the major complications is a cerebral arterial vaso-
spasm which is caused by metabolites of the blood in the 
subarachnoid space. It is associated with high morbidity and 
mortality rates even after the aneurysm was treated neuro-
surgically [1, 2, 3, 4]. Predictors of cerebral vasospasm are 
the clot volume in the subarachnoid space and the clot 
clearance rate [5]. 

A possibility to prevent cerebral vasospasm after SAH is 
to increase the cerebrospinal fluid (CSF) flow by an addi-
tional external perfusion of the subarachnoid space in com-
bination with head motion. Two different head motion 
methods have been introduced to increase the clot clearance 
rate. One method is a translational movement [6, 7,8], the 
other is a bidirectional rotation [9, 10]. 

Aim of our study is the optimization of the rotational 
head-shaking in terms of shaking frequency and shaking 
amplitude. The investigations are performed in a model of 
the basal cistern, one of the largest volumes in the su-
barachnoid space. In this paper first results of the shaking 
experiments are presented. 

II. MATERIALS AND METHODS 

A.   Phantom Model of a Subarachnoid Basal Cistern 

The model geometry was provided by Hänggi et al. [11, 
12]: Magnetic resonance imaging (MRI) raw data were 
acquired in a healthy volunteer with a slice thickness of 
1 mm in the Department of Neurosurgery (Heinrich-Heine-
University, Düsseldorf, Germany). Three-dimensional seg-
mentation of the basal cistern was done with the Mimics® 
(Materialise™, Leuven, Belgium) software in the group of 
Prof. D. Liepsch (Munich University of Applied Sciences, 
Munich, Germany). Finally, the reconstructed geometry was 
converted into a stereolithography file format (STL). This 
reconstructed geometry can be seen in fig. 1a and 1b. 
 

 

  

   
Fig. 1 a and b: Surface of the reconstructed basal cistern. c: Photo of the 
basal cistern wax model. d: Photo of the silicone model with inflow and 
outflow positions 
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Based on this geometry a 3D wax cast was fabricated 
with a rapid prototyping Thermojet® printer (PORTEC, 
Zella-Mehlis, Germany), see fig. 1c. The fabrication accu-
racy was 0.1 mm. The wax cast together with ducts were 
embedded in silicone (Elastosil® RT 601 A/B from 
Wacker™, Munich, Germany) and melted out in a furnace. 
The ducts represent the cerebrospinal fluid inflow and out-
flow and an access for the bleeding. The result is a transpar-
ent block cast of the basal cistern with dimensions of 
85x80x40 mm³, see fig. 1d. The volume of the 1:1 scaled 
cistern model is 20 ml. 

B.   Experimental Setup 

The study of the cerebrospinal fluid hemodynamics after 
subarachnoid hemorrhage in the reconstructed basal cistern 
model was performed in a specially designed experimental 
setup (see fig. 2). The experimental setup allows flow visu-
alization and simultaneously simulation of head shaking: 
light source, phantom model and camera were fixed to-
gether and can be rotated. Axis of rotation, which is parallel 
to x-axis, and the center of the basal cistern model were 
mounted with a distance of 200 mm which corresponds to 
the distance between a patient head and the axis of rotation 
in a bed allowing such rotation. The drive mechanism was 
realized with a Heidolph 58120 stirrer and 25:1 Heidolph 
50201 gear box (Heidolph Instruments, Schwabach, Ger-
many). Utilizing this setup in combination with exchange-
able suspension links permitted different speed levels of 7, 
10 and 20 rpm and maximal rotation angles of φ = ±24° and 
±50°. 

 

Fig. 2 Schematic drawing of the experimental setup for dye washout 
visualization 

The CSF model was a mixture of distilled water and 
glycerin with 62 % of glycerin by mass, whereas the blood 
model was a mixture of distilled water and glycerin with 

81 % of glycerin by mass. Utilizing this mixture had three 
major advantages: First, the CSF/blood model had the same 
density ratio of ρCSF/ρblood=0.95 as known from literature 
(ρCSF=1000 g/l [13] and ρblood=1048 g/l [14, 15] each at 
body temperature of 37°C). Second, utilizing this wa-
ter/glycerin mixture adapted the refractive index of the fluid 
to the silicone (n=1.4). Third, one hour of clearance during 
experiments represented 4 hours in vivo time with un-
changed flow characteristics. This in vitro time scaling was 
achieved by increasing viscosities and flow rate according 
to the dimensionless Reynolds number and Strouhal number 

Re=U*L/ν and St=L/U*T,                         (1) 

where U is a characteristic (mean) velocity (m/s), L is a 
characteristic length of the flow model (m), ν is the kine-
matic viscosity of the test fluid (m2/s) and T is the character-
istic time (s). One can see that fulfilling the Reynolds num-
ber similarity with quadrupled flow rate (proportional to U) 
and quadrupled viscosity means a quartered time in the 
experiment. A similar scale applies for the frequency, e.g. a 
shaking frequency of 20 per minute in the experiment is 
equal to 5 per minute in vivo. 

The in vivo kinematic viscosities vary dependent on dif-
ferent parameters and were assumed to be 1 mm2/s for CSF 
[16] and 3.5 mm2/s for blood. Kinematic fluid model (CSF 
and blood) viscosities were 4.04 mm2/s and 14.29 mm2/s 
respectively at 47.1°C, which was the fluid temperature 
measured during experiments. Keeping the temperature of 
the silicone model above 45°C with infrared radiation of 
two filament bulbs during the experiments enhanced the 
optical quality of the silicone. 

C.   Quantitative Dye Washout 

At the beginning of each experiment the basal cistern 
model was filled with CSF model. An amount of 10 ml 
blood model was then injected with a canula into the cistern 
through an integrated bleeding channel at the bottom side of 
the silicone model. The blood model was dyed with the 
food coloring dye Patent Blue V (Schumann & Sohn, 
Karlsruhe, Germany) with a dye concentration of 0.5 g/kg. 
A syringe pump R100EC (Razel Scientific, St. Albans VT, 
USA) generated the flow of the CSF model with a rate of 
80 ml/h which is the quadrupled value of the normal CSF 
flow rate of 500 ml/day [17]. After the start of the shaking 
and the washout, a 3CCD color video camera NV-GS75 
(Panasonic, Osaka, Japan) recorded the process which was 
illuminated from the backside with diffuse light of a fila-
ment bulb. Down sampling to 1 fps and compressing of the 
acquired images were carried out with Adobe® Premiere 
Pro software (Adobe Systems, San Jose CA, USA). Finally, 

g 
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image analysis with MATLAB® (The MathWorks, Natick, 
MA, USA) consisted of automatic detection of the region of 
interest (ROI), adjusting the variation of the illuminating, 
averaging the grayscale value in the ROI for each image, 
normalizing the values and smoothing the results with a 
running mean in time (1 min). The resulting curves repre-
sent the mixing of CSF and blood and the blood washout 
process [18]. 

III. RESULTS 

In fig. 3 the development of the normalized light inten-
sity over time is presented, where zero stands for minimal 
light intensity in the experiment and one represents a com-
plete washout. Three cases are shown: one reference with-
out rotational motion ("standstill") and two shaking experi-
ments performed with different amplitudes and a shaking 
frequency of 10 rpm in vitro and 2.5 rpm in vivo,  
respectively. 
 

 

Fig. 3 Graph of normalized light intensity over in vivo time for different 
motion regimes. The shaking frequency was 2.5 rpm (in vivo) and the 
amplitudes ±24° and ±50° 

In the standstill reference case the light intensity de-
creases monotonic until the experiment ends after 4 hours of 
in vivo time. This characteristic is a representation of the 
normal mixing process between blood and CSF. Within this 
time there is no washout. Applying a 2.5 rpm (in vivo) rota-
tional head motion with amplitude of ±24° leads to an ac-
celerated mixing process. Within two hours the mixing 
process is completed and the slight increase of the light 
intensity (2.4% after 4 hours) indicates a washout of the 
blood. In contrast stands the case with the same frequency 
but amplitude of ±50°. Here, the mixing process finishes 
already after two minutes and a considerable washout  

follows. After 4 hours the normalized light intensity reaches 
a value of 26.4%. 

Fig. 4 illustrates the complete process of the latter case 
with snapshots taken during the experiment. Initially, the 
blood accumulates in the cavities at the bottom of the basal 
cistern because of the higher density resulting in two layers 
with the CSF on top. Starting the motion with amplitude of 
±50° results in a blood mobilization and mixing of blood 
and CSF (fig. 4a) which is negligible in the according ±24° 
case. At the time points 1.3 and 2.6 hours in vivo which are 
shown in figure 4b and 4c, respectively, the images brighten 
up gradually because the blood/CSF mixture is displaced by 
CSF. Finally, figure 4d shows the washout situation after 4 
hours in vivo time. 

  

 
Fig. 4 Snapshots of the experiment with shaking frequency of 2.5 rpm (in 
vivo) and amplitude of ±50°. a: Initial time after beginning of shaking. b 
and c: After 1/3 and 2/3 of measurement time, respectively. d: Final situa-
tion after 4 hours of in vivo time 

IV. CONCLUSIONS  

A method to optimize the shaking process in patients 
with SAH is presented. The method allows evaluating the 
washout process in a model of the basal cistern with differ-
ent shaking strategies. This is shown for two shaking strate-
gies. In the future this will be done for further strategies, i.e. 
different shaking amplitudes and shaking frequencies. 
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Abstract—in recent years, it is known that children’s behav-
ioral disorders are concerned with sleep disorders. Thus it is 
important to screen children's sleep disorders in the early 
stages and treat them. For evaluating a sleep, polysomnogram 
(PSG) is general inspection method. To adopt PSG for chil-
dren, there are some problem points.  

First, polysomnogram (PSG) needs great investment in fa-
cility and high personnel cost. Next, PSG require the attach-
ment of electrical contacts, so children feel heavy constraint. 
And there are accidents involving the wires of sensors depend 
on patient's developments. To address these problems, it is 
strongly desirable to measure sleep in a non-restrictive and 
non-contact way. We pay attention to the relationship between 
sleep and body movement during sleep, developed a non-
restrictive body movement measurement method during sleep 
for children using difference images that is completely sepa-
rated from sensors. 

Keywords—Body Movement, Sleep, Non-restrictive Meas-
urement, Image Processing. 

I. INTRODUCTION  

These recent years, as the lack of sleep for children, it 
has become known that behavioral disorders such as inat-
tentiveness during waking hours and hyperactivity. Also, 
children suffering from a decrease in sleep coupled with 
apnea syndrome also face an increase in behavioral distur-
bances, which can be alleviated with proper treatment.  
Thus it is critical to screen pediatric sleep disorders at the 
early stage and treat them. 

In evaluating a child’s sleep, there are three problem 
points. First, a Polysomnogram (PSG) is generally used for 
a clinical evaluation of sleep [1], but because it requires 
heavy investment in facility and high personnel cost, there 
are few pediatric sleep evaluation laboratories. Next, be-
cause PSG requires the attachment of numerous electrical 
contacts, and because novel experiences can easily produce 
panic for a child, PSG examination, which creates a great 
sense of being constrained, leads to heavy stress. Also, 
considering a child’s hypersensitivity and accidents caused 
by the wires of sensors, it is necessary to have a system of 
measuring sleep that is non-contact in addition to being 

non-restrictive. To address these problems, it is strongly 
desirable to develop a method of evaluation with such char-
acteristics in place of PSG. In recent years; the actigraph 
has been used as a low-restriction method for measuring 
sleep conditions to evaluate the sleep-wake cycle [2-6]. The 
actigraph is wristwatch-like equipment with an accelerome-
ter inserted. For adults, it is a sufficiently low-restriction 
method, but for children, it is difficult to use because of the 
problems mentioned above.  

Also, systems developed in recent years that are useful 
for managing physiological conditions by measuring the 
breathing rate and heartbeat rate of sleeping patients using 
highly-sensitive pressure sensors placed on the bed [7-10]. 
Furthermore simple method had been developed. The me-
thod is that body temperature monitor to evaluate body 
movement during sleep [11-12]. These technologies are 
extremely useful as monitoring systems because they do not 
restrict the patient movement during sleep. However, the 
problems involved due to sensors and wires being attached 
to the bed are not resolved. In an actual bedside, depending 
on a patient’s age and medical condition, accidents may 
occur due to sensors and wires being attached to the bed. 
Furthermore, due to patients’ vomiting or incontinence in 
bed, cleanliness is becoming increasing important for a 
monitoring system. A method called videosomnography can 
be used as a non-contact, non-restrictive means of measur-
ing sleep conditions [13]. For this method, the analyst visu-
ally examines and notes the appearance of body movements 
from the recorded video of the patient’s sleep. This method 
evaluates an entire night’s sleep. However, because one data 
set extends up to 10 hours, it has the problem of requiring a 
lot of time for processing.  

Thus in this research, we investigated a non-restrictive, 
non-invasive means of evaluating sleep for children. Taking 
the above problems into account, we used difference proc-
essing of video [14], which is non-restrictive, non-invasive, 
and completely separated from sensors, to measure the body 
movements of pediatric patients. We looked for a relation-
ship between body movements and sleep conditions, and 
examined this technique for evaluating sleep. 
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II. IMAGE PROCESSING 

A. Summary of Difference Image  Processing 

Difference processing of images was carried out using 
difference processing. The video images were transformed 
to still images, the movements of the subject were captured 
continuously, and an application to detect changes in 
movements was created. The development environment of 
the application was Windows XP for the operating system 
and Microsoft Visual C++ Version 6.0 for the creation of 
the application.  

Video output from the video camera was converted to 
BMP-format still images and analyzed. At this stage, the 
video frame rate of 30fps was re-sampled to 1fps. The size 
of the converted still images was 320 pixels (width) x 240 
pixels (height). Next, the BMP-format still images were 
read successively, and the region of interest (ROI) was 
specified for high-speed processing. The ROI carves out the 
necessary region from the overall image for processing. By 
eliminating excess noise and decreasing the image size, ROI 
processing makes high-speed processing possible. After 
ROI processing, the image was converted to grayscale, and 
changes in gray values between frames were detected using 
image difference processing. From these values, the coordi-
nate position of the subject in the image and substantial 
amounts of movement were estimated. 

B. Detection of Changes in Concentration Values 

The concentration value of each point in a moving image 
changes along with the movement of the subject. The 
change in concentration value is detected by the difference 
in two successive frames. Ordinary difference image me-
thod was adopted [15-16]. For one frame of still image, the 
temporal differentiation of concentration values of all pixels 
is calculated, and the change in concentration value of each 
pixel is detected. The size of a static image was N(1,…,n) 
pixels along the x-axis, and M(1,...,m) pixels along the y-
axis, for a total of N×M pixels. The size of still images 
used in this paper was 320 pixels (width) × 240 pixels 
(height), so N＝320 and M = 240. 

The matrix of the concentration values in a frame at time 
t is represented as D (t). It can be expressed expression (1). 
Matrix D (t) and the temporal differentiation matrix D

．
 (t) 

can be expressed expression (2). 
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Next, using temporal differentiation of concentration 

value for each point and the constant ε, the following three 
expressions can be obtained.  

 
i) Increase in concentration value  

and    
 
ii) Decrease in concentration value 

and     
 
iii) No change in concentration value 
  
 
 
 
The change in concentration value of a pixel at coordi-

nate (x,y) can be expressed as dxy(t). Based on the condition 
of dxy(t) below, the following three states can be obtained. 
The constant ε used in the conditions represents the thresh-
old of error. Figure 1 shows this processing example. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 1 Example of difference images processing 

( )xyd t > ε ( ) 0xyd t <

( )xyd t > ε ( ) 0xyd t >

( )xyd t ≤ ε

 Test Images 

D(t) D(t+1) D(t+2) D(t+3) 

Difference Images 
D
．
(t) D

．
(t+1) D

．
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i) Zone increased 

 

ii) Zone decreased 
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C. Coordinate Processing 

We describe here the method of estimating, from the 
changes in concentration values, the center coordinate of the 
subject as he or she is moving. In difference images, when 
an object moves, the coordinate before the movement has a 
decrease in concentration value and an increase after the 
movement. Thus, first we calculate the average coordinate 
position (px,py) of all pixels that had a increase in concen-
tration value (i) as shown in Section B above, and also the 
average coordinate position (nx,ny) of all pixels that had a 
decrease in concentration value (ii). Next, taking (px,py) as 
the center coordinate of the aggregate of pixels that had an 
increase in concentration value, and (nx,ny) as the center 
coordinate of the aggregate of pixels that had a decrease in 
concentration value, the center coordinate of the moving 
subject can be expressed by calculating the center coordi-
nate of (px,py) and (nx,ny). Each axis value of the center 
location (x,y) of the moving subject is calculated as follows: 

 
    (3) 

      
    (4) 

 

D. Estimation of Substantial Amount of Movement 

In this section we describe the method of estimating the 
substantial amount of movement. We calculate the substan-
tial movement amount L (t) as the value corresponding to 
the distance of movement within the image from the change 
in the center coordinate (x,y) of the moving subject at time 
t. Please note that the image used for processing is ex-
pressed in two dimensions, so distortions occur for distance, 
speed, and amount of movement, which are values of the 
subject’s movement in three-dimensional space. Therefore 
in this paper, the subject’s amount of movement is called 
the “substantial amount of movement.  

 
      (5) 

III. METHDS 

We performed polysomnogram (PSG) readings and took 
video images on pediatric patients who visited Osaka Uni-
versity Hospital from April to September in 2007 with the 
main complaint of sleep disorder. We confirmed the relation 
between the substantial movement amounts calculated from 
video image by difference image processing and sleep stage 
determined by PSG. We removed subjects those who slept 
together with parents. We ended up with eleven subjects. 

Subject’s age and physicality are shown in Table1.  
For measuring body movement using difference images 

in a clinical site, sufficient ethical consideration is required. 
The clinical testing here was performed after receiving 
approval from Osaka University Hospital’s ethics commit-
tee and permission from each patient with written informed 
consent Institutional Review Board. 

Table 1 subject’s age and physicality 

Subject Age [year] Sex Disorders 
A 6 F OSAS Befor OPE 
B 5 M OSAS 
C 7 M OSAS 
D 4 M OSAS After OPE 
E 7 M OSAS After OPE 
F 3 F RLS 
G 3 M OSAS After OPE 
H 7 M RLS 
I 2 M Yonaki 
J 7 M OSAS After OPE 
K 6 F OSAS After OPE 

IV. RESULTS 

The sleep stage determined by PSG and the substantial 
movement amount from difference images of one subject is 
shown in Figure2. From the result, it could be seen the ten-
dency that the transition to different sleep stage was accom-
panied by changes in substantial movement amounts as 
calculated from difference images. Especially, it was ob-
served the inhabitance of body movement in the stage of 
SWS. Increases and decreases of the substantial movement 
amounts were shown to be tied to the sleep-wake cycle. All 
subjects’ results got the similar tendency.  

Next, body movement rate for total sleep time according 
to image differences for each stage of sleep (Wake, REM, 
Stage 1, Stage 2, Stage 3, Stage 4) is shown in Figure 3. As 
shown in Figure 3, the proportion of body movement for 
each stage of sleep was as follows: Wake > Stage2>REM > 
Stage 1 > Stage 3>Stage4. However, significant differences 
could not be seen between REM and Stage 2. Clear differ-
ences could be seen between REM stage and Stage 3and 
Stage4. 

V. DISCUSSION 

From the results shown in Figure 2, it could be seen that 
the transition to different stages of sleep was accompanied 
by changes in substantial movement amounts as calculated 
from difference images. It could be confirmed increases and 
decreases of substantial movement amounts tied being to 
the sleep-wake cycle. An intimate relationship between 

px+nxx=
2

ny+nyy=
2

( ) { } { }2 2(x( 1) x( ) (y( 1) y( ) )L t t t t t= + − + + −



2110 S. Okada et al.
 

  
 

IFMBE Proceedings Vol. 25

 

 

movement and the sleep-wake rhythm is known [17]. 
Therefore it can be said the substantial movement amounts 
change along with the transition of sleep stages. As shown 
in Figure 3, the proportion of body movement for each stage 
of sleep was as follows: Wake > Stage2>REM > Stage 1 > 
Stage 3>Stage4. According to Oswald et al [18], after the 
Wake stage, the amount of body movement is the greatest in 
REM sleep stage, followed by Stage 3+4. In other words, 
body movements are greatly reduced in SWS. Similar find-
ings were also reported. Our results conformed to these 
findings, and showed that detection of body movements 
during sleep using difference processing was effective.  

Also, from the results shown in Table 2, it could be seen 
that the body movements in the Wake stage were large, 
followed by the REM stage. In the Wake stage, the con-
sciousness level is naturally high, and large body move-
ments occur. In the REM stage, large tosses and turns occur 
as a person shifts to the sleep stages. Therefore, it is fruitful 
to evaluate not just the number of body movements using 
difference processing, but also their sizes. 

 

Fig. 2 This figure shows sleep stages determined by PSG and the substan-
tial movement amount from difference images of subject A 

 
Fig. 3 The body movement rate according to image differences for each 
stage of sleep (Wake, REM, Stage 1, Stage 2, Stage 3, Stage 4) about all 
subjects 
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Abstract— Closed cell polymer foams are often used as bone

material substitutes in biomechanical experiments, due to better

reproducibility and availability compared to human bone spec-

imens. However, the numerical simulation of such materials is

difficult, when high deformations are necessary, e.g. in simula-

tions of press-fit implants.

The present study analysed the usability of the crushable

foam plasticity model for the numerical simulation of poly-

methacrylimide (PMI) foam, as used in a current study [1] con-

cerning primary stability of total hip cups.

The material properties which are necessary for the numeri-

cal simulation of primary stability test of press-fit cups are pro-

vided by this method.

Keywords— acetabular pressfit cups, primary stability, finite-

element-analysis, material modelling

I. INTRODUCTION

The numerical simulation, especially the finite element
analysis (FEA), has been established as a tool for preclini-
cal testing during the last years, but still needs experimen-
tal validation. Due to the need for reproducibility and practi-
cability such experiments often use artificial bone materials,
instead of bone specimens, mainly based on polymer foams
(e.g. polyurethane, polyethylene and polyvinylchloride). Al-
though those materials are easier to handle experimentally, it
is still challenging for accompanying FE simulations.

The deformation behaviour of such materials can be di-
vided into three stages: an elastic stage based on the elastic
properties of the base material, followed by a plateau region
when only the gas in the closed cells of the foam is com-
pressed and cell walls start to buckle and to break and finally
the lock up phase when the wall material dominates the ma-
terial properties of the foam [2].

While the elastic and plateau stages could be mimicked
using elastic-plastic material descriptions, a modelling of all
three phases necessitates a more sophisticated material de-
scription. The presented work used mechanical material tests
in conjunction with numerical simulations to indentify the pa-
rameters needed for the use of crushable foam plasticity as
introduced by Deshpande and Fleck [3].

II. METHODS

A current study investigating the influence of various
press-fit parameters on primary stability of acetabular cups
[1] used closed cell rigid foam Polymethacrylimid (PMI)
(ROHACELL c© IG-110, Gaugler & Lutz, Aalen, Germany) as
cancellous bone substitute, as proposed by Klanke et al. [4],
due to its comparable elastic modulus and homogeneity [5].

The material behaviour of the polymer foam was inves-
tigated with uniaxial compression tests of material sam-
ples sized 20 x 20 x 20 mm using a static testing machine
(Zwick/Roell Z050, Zwick, Ulm, Germany).

A 3D Finite Element (FE) mesh based on 1.5 mm edge
length hexahedrons, equally sized to the material test sam-
ples, was generated using ABAQUS/CAE (v6.7, Dassault
Systèmes, Simulia, Providence, RI, USA) as displayed in
Figure 1, to simulate the mechanical behaviour of the test ma-
terial.

Fig. 1: Undeformed FE mesh of the PMI specimens, with couplings,
boundary conditions and load

Material properties were modelled using crushable foam
plasticity as described by Deshpande and Fleck [3] and im-
plemented into ABAQUS, while boundary conditions were
applied according to the test setup. The system of equations
was solved using the FEA software ABAQUS/STANDARD in
nonlinear stabilized static steps.

The variation between experimentally and numerically de-
termined load-displacement relations was minimised by ma-
terial parameter variation in order to obtain a stable numeri-
cal solution as accurate as possible. A convergence study of
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two subsequent levels of refinement was conducted using the
identified parameters.

III. RESULTS

All bone substitute material samples showed similar load-
displacement plots experimentally and numerically, with only
small variation due to material orientation effects during me-
chanical testing.

(a) First element
layer collapsed

(b) Propagating
collapse of layers

(c) Lockup of all
element layers

Fig. 2: Numerically determined deformation of the material sample, at
selected deformation stages

After an initial elastic deformation phase, when all ele-
ments deformed equally, each element layer started to col-
lapse separately. When the layer is fully compressed, accord-
ing to the material definition, the next element layer starts to
collapse. This propagating wave front of collapsing element
layers is is shown in Figure 2 and corresponds to the observed
material failure during experimental testing and to reports on
crushable foams [6].

Using the crushable foam plasticity it was possible to
model the three-staged material behaviour of the synthetic
foam PMI accurately. Figure 3 depicts a comparison be-
tween the numerically and the experimentally determined
load-displacement relations and shows errors of less than
10% for the majority of the plot. Load-displacement relations
were equal for the mesh refinements, showing only smaller
steps in the plateau region of the plot, corresponding with the
thinner element layers.

IV. DISCUSSION

Material parameters were identified using experiments in
conjunction with finite element simulations, providing a ma-
terial definition capable to model the typical deformation
stages of closed cell polymer foam.

The material behaviour of closed cell foam under com-
pression loading can be divided into three stages. Starting
with an elastic stage, followed by a plateau region, when
cell walls buckle and break, and finally a densification phase,
when all cells are crushed and the material properties of the

Fig. 3: Comparison of numerically and experimentally acquired
load-displacement graphs for the PMI material

cell wall material dominate the reaction forces- deformation
relation.

While the elastic and plateau regions are reproducible us-
ing elastic, ideal plastic material properties, instead of us-
ing crushable foam plasticity, the increasing loads after com-
paction of all cells are difficult or impossible to reflect.

Locally, the impaction of acetabular shells provides com-
pression and plastic deformation of the foam material (PMI)
beyond the plateau phase. Therefore, for an accurate numer-
ical simulation of the primary stability of acetabular press-
fit total hip cups, it is necessary to implement a material be-
haviour for bone (substitutes) capable to simulate the full de-
formation range.
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Illustration of Vascular Structures for Augmented Reality in Liver Surgery 
C. Hansen, F. Ritter, J. Wieferich, H. Hahn, and H.-O. Peitgen 

Fraunhofer MEVIS, Institute for Medical Image Computing, Bremen, Germany 

Abstract—We present methods for intraoperative visualiza-
tion of vascular structures in liver surgery. The underlying 
concept combines conventional augmented reality approaches 
with illustrative rendering techniques. Our methods reduce the 
visual complexity of vascular structures, and accentuate spa-
tial relations. The proposed visualization techniques are em-
bedded in a clinical prototype application that has already 
been used in the operating room for preliminary evaluations. 
To verify the expressiveness of our illustration methods, we 
performed a user study with controlled lab conditions. The 
study revealed a clear advantage in distance assessment for the 
proposed illustrative approach in comparison to conventional 
rendering techniques. 

Keywords—Intraoperative Visualization, Augmented  
Reality, Image-guided Surgery, Liver Surgery, Illustrative 
Rendering. 

I. INTRODUCTION  

Recent planning software for liver interventions enables 
physicians to inspect 3D models of patient's anatomical 
structures and provides valuable risk analyses and resection 
plans [1]. This information allows preoperative assessment 
of surgical risks and can support the navigation of surgical 
instruments intraoperatively. Although navigation systems 
with integrated registration procedures are utilized in clini-
cal practice, the visualization of 3D planning models in the 
operating room is often inadequate with respect to surgical 
user requirements. 

In open liver surgery, the planning models are often pre-
sented on a display in front of the surgeon. During laparo-
scopic interventions, two separate presentations are pro-
vided in conventional systems, i.e. a live camera stream and 
a presentation of the planning models. Based on our obser-
vations during such interventions and many discussions 
with surgeons, we conclude that a mental fusion of planning 
models with the current surgical view is error-prone and 
results in frequent, distracting comparisons during the inter-
vention that consume more time than acceptable in clinical 
routine. However, most augmented reality applications use 
conventional rendering methods for overlaying 3D planning 
information. The use of transparency to display multiple 
superimposed planning models such as vascular structures, 
organ surface and tumors complicates the task to perceive 
relative depth, particularly if the rotation of the model  

(motion parallax) is not possible. To improve the under-
standing of spatial relations and depth, we introduce an 
illustrative visualization approach for planning models in an 
augmented reality framework. 

II. MATERIALS AND METHODS 

Our illustration techniques are implemented on top of the 
Open Inventor graphics library by writing nodes encapsulat-
ing OpenGL vertex and fragment shaders and the OpenGL 
framebuffer object extension. An Open Inventor scene 
graph has been constructed using the research prototyping 
platform MeVisLab [2]. Vertex and fragment shaders have 
been realized using the OpenGL shading language utilizing 
multiple render targets to reduce the number of render 
passes. 

A. Distance-Encoded Silhouettes 

Silhouettes play an important role in figure-to-ground 
distinction and can be applied to reduce the visual complex-
ity of geometric models. Attenuation of visual complexity is 
a basic requirement of our visualization approach, however, 
the reduction of a classical (e.g. Gouraud or Phong) shaded 
object to its silhouette results in the loss of shading informa-
tion and consequently in a reduction of depth cues. There-
fore, we enhanced conventional silhouette algorithms by 
two optional rendering settings [3]: 

Our first extension allows for varying the stroke thick-
ness of silhouettes continuously having the distance to rele-
vant objects (organ surface, adjacent risk structures or sur-
gical tracked instruments) as input (Fig. 1). The distance-
dependent scaling of silhouttes is similar to the concept 
described in Isenberg et al. [4], but we control the stroke 
thickness on the GPU using two framebuffer objetcs. The 
algorithm is based on a translation of each vertex of the 3D 
planning model (i.e. vascular tree) in direction of its normal 
within a vertex shader. Utilizing multiple render targets we 
calculate the silhouette by subtracting the original planning 
model from the scaled model inside a fragment program. 
We vary the length of the applied vertex translation by 
computing a distance value, e.g. the distance between a 
vertex to a relevant point (e.g. the tip of a tracked surgical 
instrument) via built-in shader functions, or rather by ex-
ploiting a precomputed 3D distance map via texture lookup.  
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Our algorithm controls stroke thickness within a user-
defined interval (minimum and maximum stroke thickness) 
while irrelevant parts of the model can be suppressed.  

Our second extension uses different stroke styles (solid, 
dashed, dotted) to accentuate view-dependent spatial rela-
tions (in front, within, behind) of interweaving objects (Fig. 
1). The developed rendering styles are particularly impor-
tant for vessels that intersect other planning models such as 
resection volumes, territories at risk or lesions (which is 
often the case). The stroke styles are varied by means of a 
sawtooth function inside a fragment program. Occluded 
objects are identified using the depth buffer, while overlap-
ping objects are identified by a texture look-up in the under-
lying 3D segmentation masks of planning models. 

 

Fig. 1 Focusing a tumor using classical rendering techniques (left) and 
with distance-encoded silhouettes (right) 

B. Distance-Encoded Shadow 

Shadow has long been recognized as a valuable cue to es-
timate spatial distances. To be valuable in perceiving spatial 
depth in the depiction of vascular structures, small depth 
differences must be brought to attention in a way that en-
ables the observer to reliably compare depth distances. At 
the intersection of vascular structures, occlusion indicates 
order, however, the distance of the segments remains un-
known. The sole integration of accurately simulated shadow 
does not improve this situation. Shadows cast onto vascular 
segments by structures closer to a camera-attached point 
light source will change in size depending on the distance. 
However, to be clearly distinguishable and to allow for 
precise depth judgments, the indication must provide more 
fine grain control. 

Based on the visual metaphor of a shadow we incorpo-
rate hatched depth indicators that are more sensitive to 
small depth differences and call them distance-encoded 
shadows (Fig. 2). Size and texture of the shadow can be 
modified allowing a double encoding of depth. Detailed 
information about the shadow algorithm can be found in [5].  

   
Fig. 2 Classical rendering (left) and illustrative rendering using distance-
encoded shadows (right). The size of the drawn shadow at an intersection 
corresponds directly to the depth distance between the two overlapping 
vascular segments 

C. Distance-Encoded Surface 

While distance-encoded shadows indicate depth between 
vascular segments at intersections, the distance to unoc-
cluded vessels is difficult to judge. The observer is required 
to track the vascular structures along and to mentally build a 
3D model from shading (hatching) information. To facilitate 
depth perception of those vascular segments, we developed 
a technique termed distance-encoded surface, which en-
codes relative depth distances using hatching strokes. This 
technique takes advantage of depth perceived from a texture 
gradient. Stroke attributes are adapted using the procedural 
stroke texture. 

We used distance-encoded surfaces to encode the dis-
tance between observer and vascular structures (Fig. 3). 
Therefore, we construct a plane perpendicular to the line of 
sight that is located at the intersection of the vascular 
model’s bounding sphere with the line of sight. During the 
rendering process, the Euclidian distance between each 
vertex and the plane is calculated in a vertex shader. Hence, 
the distance indicated by the stroke texture does not depend 
on the absolute distance to the observer but on the relative 
distance. 

 

Fig. 3 Encoding the distance of vascular structures to the observer by 
varying the stroke-width of a procedural stroke texture. Thicker black 
strokes indicate a shorter distance to the observer 
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Instead of applying procedural hatching texture to the 
whole vessel system, we exploit a distance-based transfer 
function to limit the use of texture to a specific scope (Fig. 
4). Thus, all described techniques can be combined. Spe-
cific vessels, for example vessels at risk, can be accentuated 
using distance-encoded surfaces while their spatial relations 
to other objects (organ surface, vascular territories, tracked 
surgical instruments)  are encoded by distance-encoded 
silhouettes and shadow. 
 

 

  
 
Fig. 4 Classical rendering (left) and illustrative rendering using a distance-
encoded silhouette (right). The distance of vascular structures to the tumor 
is visualized by a distance-encoded surface: Thicker black strokes indicate 
a shorter distance to the tumor 

III. EVALUATION AND RESULTS 

To evaluate the effect of distance-encoded surface and 
shadow on the perception of depth, we conducted a large 
quantitative study with 160 subjects [5].  The study showed 
highly significant benefits from the explicit distance encod-
ing. Subjects were also significantly faster in judging depth. 
A perception study about the effect of distance-encoded 
silhouettes is currently in progress. 

Moreover, we evaluated our methods in the operating 
room, capturing the video stream from a camera focusing 
the patient’s situs during an open liver intervention (Fig. 5). 
We performed a manual rigid registration while the liver 
was immobilized and superimposed the associated planning 
models using the proposed visualization techniques. Subse-
quent discussions with surgeons indicate that these prelimi-
nary results are promising and a clear improvement of exist-
ing intraoperative visualization methods. However, further 
evaluations within the operating room have to be performed 
to allow reliable statements about clinical acceptance.  

The first version of our prototype offers full control con-
cerning the adjustment of the used algorithms. Due to the 
fact that we built our application upon the resulting data 
structure of the preoperative planning assistant MeVis Liv-
erAnalyzer [1] we were able to evaluate our visualization 
approach on multiple datasets with associated video images 
during the stage of development. Thereby, we were able to 
gain insights towards automatic parameterization. 

 

Fig. 5 Augmenting video image in open liver surgery: Distance-encoded 
silhouettes accentuate the distance between vessels and liver surface. A 
distance-encoded surface accentuates vessels which are located close to 
lesions 

IV. DISCUSSION 

The clinical relevance of our visualization approach and 
its limitations have to be discussed: It is not necessary to 
augment the surgical view during the whole time of an in-
tervention. In fact, the precise placement of initial cuts is 
crucial for the success of an intervention. Therefore, a 
meaningful application is the augmentation of initial cuts 
onto the organs surface shortly before a resection. A clinical 
workflow analysis as described in [6] could reveal further 
areas of applications. 

Due to the fact that our visualization approach utilizes 
visual encoding, the usability of the visualization correlates 
with the surgeon’s familiarity. It is reasonable to integrate 
the illustrative techniques in software assistants for surgical 
training or preoperative planning to offer basic training 
possibilities beyond the intraoperative stage. 

In the near future, we will investigate the use of real-time 
image processing. An analysis of the video frames could 
deliver preliminary feature extraction. The superimposition 
(or projection) could be limited to the organ in order to 
exclude non-organ structures like the surgeon hands or 
surgical instruments from the augmentation. 
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Abstract— The advanced surgical navigation and computer-
based anatomical education systems require the detection of
gaze point of a user to detect the intention of the user. When
much information is presented using AR annotation, a user may
not obtain the information efficiently. The displaying of selected
annotations increases the visibility of the annotations by reduc-
ing the amount of information. However, when viewing a large
area, the depth error of the gaze point estimation becomes much
larger than the horizontal and vertical errors. In this study, a
method that estimates the gaze point by calibrating the depth
with the distance of the Purkinje images was proposed. The re-
sult of the experiments showed a significant decrease in estima-
tion error and suggested the possibility of improving visibility
with the proposed estimation method in comparison to the tra-
ditional one.

Keywords— Gaze estimation, Eye tracking, Biomedical engi-
neering, Augmented reality

I. INTRODUCTION

The annotation system using the Augmented Reality (AR)
technique has been intensively studied for supporting surgi-
cal navigation, medical education, office work, and entertain-
ment. However, the displaying of excessive annotations and
the overlapping of annotation labels reduce the information
obtained by users. To solve the problem, the relocation of la-
bels (View Management) and the selection of annotation la-
bels have been proposed [1, 2, 3]. However, the relocation
causes long distances between objects and annotations, and
the excess of the annotation itself is not solved. The display-
ing of selected annotations around the gaze point enables the
natural and effective reference of annotations. For measuring
the gaze point and direction, contact and noncontact types of
methods have been developed [4, 5, 6, 7]. For the progress
of computer systems, the combination of optical measure-
ment and image processing have gained more acceptance
than the ones with contact-type measurement. The corneal
reflex method is used as one of the optical measurements for
gaze point estimation. Traditionally, the 3D gaze point is esti-
mated as the intersected point of the measured gaze direction
of both eyes. However, small errors in the gaze direction or
micro-fluctuations result in a large error of the depth of the

estimated gaze point in the far area. This means the estima-
tion error has anisotropy in 3D-space.

In this study, the gaze point estimation method is pro-
posed, and its effectiveness is compared with the traditional
method. In addition, the visibility of annotations with the pro-
posed method is evaluated.

II. ESTIMATION METHOD OF THE 3D GAZE

POINT

As we view something near us, our pupils become close to
each other. Conversely, as we gaze far away, our pupils be-
come more distant. Thus, the distance of the Purkinje images
of both eyes and the depth of the 3D positions of the anno-
tated objects are calibrated. Fig.1 illustrates the gazing point
P and the positions of the Purkinje images of the left and right
eyes: xl ,xr, respectively. The fitting function is described as
Eq.(1),

z =
1

A(xl − xr)+B
(1)

where z is the depth of the gaze point from a user. Con-
stants A,B are derived by the least-square method. The func-
tion is asymptotic when a depth becomes large. On the other
hand, the horizontal gaze direction of the left and right eyes:
θl ,θr are described as Eq.(2),

θ{l,r} = sin−1 x{l,r} −C{l,r}
D{l,r}

(2)

where Cl ,Cr,Dl ,Dr are constants for calibration. The sine
of the angle of the gaze directions θl ,θr is proportional to
the Purkinje image xl ,xr. The vertical gaze directions φl ,φr is
calculated as well. The horizontal gaze direction θM from the
midpoint of the eyes is calculated as follows,

tanθM =
tanθl + tanθr

2
(3)

The vertical gaze direction tanφM is calculated as well.
The 3D gaze point is calculated as the intersected point be-
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Fig. 1: Estimation of gaze point using proposed model

tween a line of the gaze direction from the midpoint of the
eyes and a plane of depth z.

Steps for estimating the gaze point are as follows:

Step 1). The markers for calibration are gazed on by sub-
jects, and Purkinje images are obtained by a camera,
where the positions of the markers are known. The con-
stants in Eq.(1) and (2) are calculated.

Step 2). The Purkinje images of both eyes are measured, and
the depth of the gaze point is calculated by Eq.(1). The
gaze direction of each eye θl ,θr,φl ,φr is calculated, and
the gaze direction from the midpoint of the eyes θM,φM

is calculated. Finally, the 3D position of the gaze point is
calculated.

Fig.2 illustrates the potential error of gaze point estima-
tion by using the traditional and the proposed methods. By
using the traditional method, fundamentally, the error of the
estimated gaze point Δz increases suddenly when the error of
the measurement of the gaze direction Δθ increases. On the
other hand, by using the proposed method, the error of the
measured gaze direction is not affected.

III. EXPERIMENTS

The measurement system consisted of infrared LEDs
(810nm wavelength), infrared cameras (320x240 pixel),
HMD (DataGlass2 by Shimadzu, Co.), and PC (Intel CPU
1.7GHz, 1.5GB memory).

The first experiment was conducted to calculate the error
of the estimated gaze point both in the proposed and tradi-
tional methods. 7 subjects, who did not wear glasses, par-
ticipated in the experiment. 26 markers for the calibrations
were allocated both in near and far positions. In this paper,
the markers in the near position are called marker A and the
ones in far positions are called marker B. Subjects gazed on
26 markers for calibration, while the error was calculated us-

Δz

Δθ

Δz

Δθ

(a) (b)

Fig. 2: Error of estimated gaze point by (a)the traditional method (b)the
proposed method

ing two markers A and B separately. In the case of the pro-
posed method, the distance of the Purkinje images of both
eyes and the depth of the gaze point were fitted by Eq.(1). In
the case of the traditional method, the Purkinje images and
the gaze direction were fitted by Eq.(2), and the intersection
of the gaze direction of both eyes was calculated. Fig.3 shows
the error of the estimated gaze point. At a depth of 2m, the
errors using the proposed and the traditional methods did not
differ. However, at depths of 4m and 6m, significant differ-
ences were found.

Fig. 3: Result: Estimation Error of gaze point by the proposed and the
traditional methods at different depth

The second experiment was carried out for evaluating the
visibility of annotations that were limited with the proposed
method. 4 subjects participated in the experiment. The task
was to identify three randomized alphabets embedded in a
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designated marker as soon as possible. The number of The
marker to be searched was designated by a monitor located
in front of the subjects. When the subjects gazed at the mark-
ers with HMD, annotations were displayed on the markers
with two conditions. Fig.4 shows the two conditions: (1) all
annotations in gazing direction were shown (Fig.4(b)), and
(2) annotations within the depth of the estimated gaze point
are shown (Fig.4(c)). Answering time was measured. Sub-
jects performed The task 15 times in each condition. The an-
swering time is considered to be affected by the visibility of
the annotations.

ABC

XYY
PPW

QWS

MOR

NHJ BIB ABC

XYY

(a) (b) (c)

Fig. 4: Annotation. (a)No gazing (b)All annotations in gazing direction are
shown (c)annotations within depth of estimated gaze point are shown

Fig.5 shows the results of the answering time. The graph
shows the tendency of decreasing the time by limiting anno-
tations with the proposed method. A decrease in answering
time would be derived from an improvement in the visibility
of the text annotations.

 0
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Fig. 5: Result: answering time in the experiment for visibility test

IV. CONCLUSION

For the better visibility of the annotations, a method that
estimates the gaze point by calibrating the depth with the dis-
tance of the Purkinje images was proposed. The result of the
experiments showed a significant decrease of error and a ten-
dency towards improved visibility with the proposed estima-
tion method in comparison to the traditional one.
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Abstract— A major problem of total knee endoprostheses is

the instability of the artificial joint. Contributing factors are, for

example, insufficient ligament structure, inappropriate implant

design or implant malposition. Despite increasing clinical expe-

riences the reoperation rate caused by knee instability has not

reduced significantly during the last years. There are still nu-

merous open questions about influence parameters on postop-

erative instability of total knee endoprostheses. Because in vivo

measurements of the joint stability behaviour are not possible, a

novel mechatronical hard-ware-in-the-loop (HiL) simulator for

joint endoprostheses is presented.

HiL simulations allow the analysis of physical system com-

ponents in a virtual environment simulated by a computer. By

means of the HiL joint simulator the kinematic and dynamic

behaviour of the total knee endoprosthesis is simulated in or-

der to evaluate experimentally the influencing parameters. The

femoral and tibial knee implant components which represent

the physical component of the HiL simulator are fixed to artifi-

cial bone. The femoral component is moved and loaded by an in-

dustrial robot capable to apply physiological forces and torques.

The dynamics of the physiological movements including the pre-

load of the ligaments as well as soft tissue and muscular forces

are simulated by a biomechanical multibody model. The biome-

chanical model and the robot with the implants mutually inter-

act and represent a closed-loop control system. The new concept

of the HiL joint simulator provides a comparative investigation

of actual total knee implants under exactly reproducible condi-

tions. It is the basis for optimising influence parameters consid-

ering the individual implant design and positioning as well as

bone and ligament conditions of the patients.

Keywords— Knee endoprosthesis, Testing device, Hardware-in-

the-Loop, Robotics

I. INTRODUCTION

Implantation of total knee prostheses is a commonly used
therapy in orthopedic surgery. Current total knee prosthesis
designs have a reasonable survival rate of more than 90%
after 10 years. Increasing life expectancy and a rising num-
ber of total knee arthroplasties in younger patients requires
higher survival rates.

Failure of total knee replacements (TKR) is often caused
by aseptic implant loosening due to wear, inappropriate de-

sign, infection or implant material allergy [1]. Serious com-
plications are component malposition and instability of the
knee endo-prosthesis [1, 2, 3, 4]. In some cases the contact
between the femoral and tibial articulating surfaces is partly
lost during motion due to insufficient cruciate or collateral
ligaments. The reduced contact area results in local excessive
loads on the polyethylene (PE) inlay with increased wear.

Instability in flexion and extension can result in a dislo-
cation of the femoral component over the ventral or dorsal
rim of the inlay or the dislocation of the mobile platform [5].
Contributing factors are implant design, contractures of the
knee flexor, loss of the patella and insufficient ligaments. Ac-
cording to studies the reoperation rates in knee arthroplasty
due to instability is up to 30% [2, 3, 6]. It is assumed that in-
stability is both cause and result of other complications like
implant malpositioning or aseptic loosening that can lead to
a reoperation or revision of the TKR.

During the last years the reoperation rate in knee arthro-
plasty could be reduced, but there are still many open ques-
tions about influencing parameters on postoperative instabil-
ity of knee endoprostheses. Therefore it is desirable to inves-
tigate and compare current and new endoprosthetic designs
with respect to their stability. Due to the fact that in vivo mea-
surements are not possible, the anatomical environment of the
prosthesis has to be transferred into a numerical simulation.
For this purpose a novel mechatronic Hardware-in-the-Loop
(HiL) joint simulator is proposed in this paper and prelimi-
nary results are presented.

II. CONCEPT OF THE
HARDWARE-IN-THE-LOOP-SIMULATOR

In a HiL simulator individual physical components of a
complex system are tested with a numerical simulation of
their environment running on a computer in real time [7]. The
real component and the numerical simulation process form a
closed control loop. To include a real mechanical component
into a HiL control loop sensors and actuators are necessary
for the interaction between the mechanical component and
the simulation computer leading to a mechatronic HiL simu-
lator (Fig. 1).

The actuator generates the motions and forces obtained
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Fig. 1: Mechatronic HiL simulator

from the simulation model of the environment and applies
them on the mechanical component. Sensors detect the mo-
tions and loads resulting from the behaviour of the mechan-
ical component and return them back into the simulation
model.

The proposed experimental setup for the HiL joint simu-
lator is shown schematically in Fig. 2. The system consists
of a simulation computer running a biomechanical multibody
simulation of the anatomic environment of the knee joint, and
an industrial robot as actuator, which moves and loads the
knee endoprosthesis. Thus the endoprosthesis is the mechani-
cal component of the HiL simulation. For this purpose the tib-
ial component of the prosthesis is attached to the end-effector
while the femoral component is fixed. The actual forces and
torques acting on the endoprosthesis are measured by a six-
axis force/torque sensor (FTS) that is commercially available.

F

biomechanical model

FTS

robot with knee endoprosthesis

a

F

k

F

x

compliant
support

x

x

F

Fig. 2: Functional principle of the HiL joint simulator

The functional principle of the HiL joint simulator is based
on the influence of a joint in a multibody system. A joint con-
strains the relative motion of the adjacent bodies, described
by the relative position vector x. A joint with f degrees of
freedom (DOF) defines f free (unconstrained) spatial direc-
tions and 6− f constrained spatial directions for the relative
motion.

The biomechanical multibody model calculates the actual

relative position of the bodies x (both translational and ro-
tational) under consideration of the actual contact force F

between the femoral and tibial components of the knee en-
doprosthesis and applied forces Fa included in the numerical
model like muscle, ligament, soft tissue and inertial forces.
The increments of the calculated relative position are applied
by the robot. The actual contact force F is measured by means
of the FTS and fed back into the simulation model.

In the HiL scheme of Fig. 2 the robot is position-
controlled. The contact force is realized by a compliant sup-
port (stiffness constant k) of the tibial implant component. If
the elastic deflection of the support is measured, the actual
relative position x calculated by the simulation model can be
applied by the robot. Therefore the stiffness constant k must
not directly correspond to a physical stiffness of the prosthe-
sis.

An alternative concept which is not described in this pa-
per uses hybrid position-/force control of the robot to con-
trol displacements in the unconstrained directions and con-
tact forces in the constrained directions of the joint. Here the
support of the tibial implant component is stiff.

Altogether the simulation model and the robot interact
continuously. The interactive data, which have to be ex-
changed, are displacements and forces in the complementary
spatial directions of the joint. By this the robot is only guided
through the multibody simulation, by moving the endopros-
thesis in the predefined displacement envelope.

The biomechanical multibody model consists of specific
biomechanical model elements, in particular for the mod-
elling of muscles, ligaments, and soft tissue. Muscle forces
depend significantly on muscle length and elongation veloc-
ity. Furthermore, a dynamic transmission behaviour between
neural muscle activation and muscle force exists. Because of
the redundant muscle actuators on the hip joint the problem
is not bijective and mathematical optimisation procedures are
needed to provide a solution.

Instability will occur if the endoprosthesis is incapable to
withstand the reaction forces applied by the robot. In this
case, the femoral component will move tangentially to the
contact surface leading to relative malposition of the im-
plants. To evaluate the complex instability mechanisms of a
knee joint, several influencing parameters will be considered.
In addition to the design and position of the implants, the
concept of HiL simulation offers the possibility to verify the
cause of damage of implants observed in reality, such as de-
formation (e.g. creep) or wear (e.g. delamination or cracking)
of PE inlays due to malposition or overload situations.
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III. PRELIMINARY SETUP OF A HIL JOINT
SIMULATOR

The concept of the HiL joint simulator is demonstrated by
means of the simple test system shown in Fig. 3. It consists
of a single point mass m that is suspended vertically by a
spring/damper element (constants c, d) and is supported by a
contact spring (constant k).

x

g

m

k

c d
numerically simulated 
subsystem

real mechanical 
component 

contact 
spring

Fig. 3: Test system for HiL simulation

In the HiL testing the upper part of the system is numer-
ically simulated. The contact spring is the real mechanical
component that is moved by an industrial robot with force-
torque sensor (FTS) as shown in Fig. 4. With regard to the
simulation of an endoprosthesis, the spring/damper element
corresponds to muscle and ligament forces to be numerically
simulated. The contact spring force corresponds to the nor-
mal force between the contact surfaces of the endoprosthesis.

contact

spring

FTS

Fig. 4: Robot with spring for HiL testing

The HiL configuration for the test system is shown in
Fig. 5. The simulation model is represented by the differential
equation of motion given in Fig. 5. The model contains the
mass and the upper spring/damper element as well as the ac-
tual contact force measured by the FTS. The numerical time
integration of the equation of motion yields values of the ac-
tual position x and velocity ẋ that are used as reference values
for the position control of the robot. The actuator moves the
real contact spring according to the calculated motion x(t),

whereby the contact force F is continuously measured by the
FTS and fed back to the numerical simulation model. By this
arrangement the original test system according to Fig. 3 is
correctly simulated, if the time delays robot and the force
sensors as well as the effects of the finite sampling time are
neglected.

FTS

k

x

F

x

F k q=

Equation of motion

mx dx cx mg F+ + = −�� �

gm

x

c d

F

environmental modelrobot with physical spring

Fig. 5: HiL simulation of the test system

Results for the HiL simulation are shown in Fig. 6. The
damping coefficient d is chosen to achieve a weakly damped
vibration. The displacement x(t) and the spring force F(t)
show a weakly damped natural vibration of the system into
a steady-state position, whereby the results of the HiL simu-
lation are compared with the analytical solution that is avail-
able for this simple system. The HiL simulation tends to be
less damped and phase-delayed because of parasitic time con-
stants in the transfer functions between hardware and simula-
tion model. If the behaviour of the mechanical component is
independent from the velocity it is therefore recommendable
to introduce a scale factor between real time and simulation
time

IV. DISCUSSION

The presented concept of a HiL simulator for total knee en-
doprostheses decouples the physical implant from a numeri-
cal simulation of its anatomical environment. By including
the physical implant into the simulation the specific contact
behaviour like contact area under loading, friction properties
or ranges of motion is immediately included into the sim-
ulation without the need to formulate and validate a com-
plex mathematical contact model. Off-the-shelf commercial
implants can be directly compared with respect to their dy-
namic behaviour under exactly reproducible conditions. Even
if the biomechanical model of the anatomical environment
cannot be exactly validated due to uncertain parameters of
the muscular, ligament and soft tissue structures the relative
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comparison of implants under physiological load conditions
represents a fundamental leap beyond existing testing meth-
ods for total knee endoprostheses. The use of an industrial
robot leads to a highly flexible system for testing knee endo-
prostheses under various dynamic load situations.

First investigations prove the basic concept of the HiL sim-
ulation. For HiL simulations of endoprostheses the biome-
chanical model is implemented using the object oriented
C++ multibody library M � �

� �

BILE [8]. The endoprostheses are
moved and loaded by an industrial robot STÄUBLI TX 200
with a dynamic payload of about 130 kg (the static payload
is by a factor 1.5 higher). Its open control architecture allows
an effective coupling with the external simulation computer
whereby delay times are minimized. HiL simulation will be
performed both for knee and hip endoprostheses. A hip endo-
prosthesis test with this robot is shown in Fig. 7.
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Mehrkörpersystemen mit Hilfe von Übertragungselementen. Fortschritt-
Berichte VDI, Reihe 20, Nr. 88. VDI Verlag, Düsseldorf 1993.

Author: Robert Souffrant
Institute: Department of Orthopaedics, University of Rostock
Street: Doberaner Strasse 142
City: Rostock
Country: Germany
Email: robert.souffrant@med.uni-rostock.de

IFMBE Proceedings Vol. 25

Hardware-in-the-Loop-Simulator for Testing of Knee Endoprostheses 2123



Clinically Oriented Translational Cancer Multilevel Modeling: The 
ContraCancrum project  

K.Marias
1
, V. Sakkalis

1
, A. Roniotis

1
, C. Farmaki

1
, G. Stamatakos

2
, D. Dionysiou

2
, S.Giatili

2
, N. 

Uzunoglou
2
, N. Graf 

3
, R. Bohle

3
, E. Messe

3
, P. V. Coveney

4
, S. Manos

4
, S. Wan

4
, A. Folarin

5
, S. 

Nagl
5
, P. Büchler

6
, T. Bardyn

6
, M. Reyes

6
, G. Clapworthy

7
, N. Mcfarlane

7
, E. Liu

7
, T. Bily

8
, M. Balek

8
, 

M. Karasek
8
, V. Bednar

8
, J. Sabczynski

9
, R. Opfer

9
, S. Renisch

9
, and I. C. Carlsen

9
 

1 Institute of Computer Science, Foundation for Research and Technology, Heraklion, Greece, 2 Institute of Communication and Computer 

Systems, National Technical University of Athens, Athens, Greece, 3 Departments of Paediatric Oncology and Haematology, Pathology, 

Genetics, University of the Saarland,, Homburg, Germany, 4 Centre for Computational Science, Department of Chemistry, University 

College London, London, UK, 5 Cancer Research Institute, University College London, London, UK, 6 Institute for Surgical Technology 

and Biomechanics, UBERN, Bern, Switzerland, 7 Department of Computing and Information Systems, University of Bedfordshire, Luton, 

UK, 8 Faculty of Mathematics and Physics, Department of Applied Mathematics, Charles University in Prague, Prague, Czech Republic, 
9Philips Research Europe, Hamburg, Germany 

Abstract— The ContraCancrum project aims at developing 
a composite multilevel platform for simulating malignant 
tumor development and tumor and normal tissue response to 
therapeutic modalities and treatment schedules. The project 
aims at having an impact primarily in (a) the better under-
standing of the natural phenomenon of cancer at different 
levels of biocomplexity and most importantly (b) the disease 
treatment optimization procedure in the patient's individua-
lized context by simulating the response to various therapeutic 
regimens. Fundamental biological mechanisms involved in 
tumor development and tumor and normal tissue treatment 
response such as metabolism, cell cycle, tissue mechanics, cell 
survival following treatment etc. are modeled also addressing 
stem cells in the context of both tumor and normal tissue be-
havior. The simulators exploit several discrete and continuous 
mathematics methods such as cellular automata, the generic 
Monte Carlo technique, finite elements, differential equations, 
novel dedicated algorithms etc. The predictions of the simula-
tors rely on the imaging, histopathological, molecular and 
clinical data of the patient. ContraCancrum deploys two im-
portant clinical studies for validating the models, one on lung 
cancer and one on gliomas. The crucial validation work is 
based on comparing the multi-level therapy simulation predic-
tions with multi-level patient data, acquired before and after 
therapy. ContraCancrum aims to pave the way for translating 
clinically validated multilevel cancer models into clinical prac-
tice. 

Keywords— Cancer modeling, In Silico Oncology, multi-level 
models, VPH 

I. INTRODUCTION  

Considerable progress in understanding cancer on the 

molecular level of biological complexity has undoubtedly 

provided new powerful weapons for fighting the disease. 

Nevertheless, a parallel need for satisfactorily understand-

ing and describing cancer on the cellular and higher levels 

of complexity is of crucial importance since it is on these 

levels that a tumor can be localized, imaged in three dimen-

tions, geometrically and mechanically related to its neigh-

boring anatomical structures, spatially segmented (based on 

its neovasculature and subsequent metabolic activity), struc-

turally analyzed and used as the main treatment reference by 

the clinician. This is a critical time in science for advancing 

research on the Virtual Physiological Human (VPH), since 

the challenge of modeling cancer is gradually becoming an 

enormous opportunity for improving our ability to reduce 

mortality from cancer, improve therapies and meet the de-

manding individualization of care needs. This is the central 

motivation behind the ContraCancrum project which in 

Latin literally means “Against Cancer” [1].  

The ultimate objective of cancer modeling that is shared 

in this proposed project is to contribute to the optimization 

of cancer treatment by fully exploiting the individual data of 

the patient. By utilizing a simulator, the clinician is able to 

perform in silico (on the computer) experiments corres-

ponding to different candidate therapeutic scenarios (differ-

ing radiation fractionations, differing drug administration 

schedules, etc.) for any cancer patient in order to facilitate 

and better substantiate treatment decisions . The simulator 

will in essence be a composite multilevel simulation model 

of malignant tumor growth as well as tumor and normal 

tissue response to therapeutic modalities, designed to sup-

port the disease treatment optimization procedure in a pa-

tient-specific context.  

The clinical validation of the models will be achieved by 

exploiting the outcome of pertinent clinical trials and de-

signing and carrying out new dedicated clinicogenomic 

studies in (a) gliomas (b) lung cancer. The mid and long 

term target is to translate clinically validated multilevel 

cancer models into clinical practice. This will be achieved 
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by bringing closer “virtual experiments” to “clinical reality” 

as is depicted in Figure 1. 

 

 

Fig. 1 ContraCancrum aims to bring in silico simulation experiments as 

close as possible to clinical reality through dedicated validation studies on 

gliomas and lung cancer, using the actual therapy outcome as „gold truth‟  

In a feedback, learning loop by comparing the prediction 

with the actual tumor response the ContraCancrum platform 

will be optimized. This nine-step scenario [2], could be 

generalized to any cancer type, as shown in Table 1: 

Table 1 Generalized clinical scenario for optimizing in Silico studies 

Step Action 
1 Obtain patient‟s specific data 

2 Preprocess patient‟s data 

3 
Describe a number of candidate therapeutic schemes and/or 

schedules 

4 
Run the simulations either sequentially or in parallel (e.g. on a 

grid platform) 

5 Visualize and report the predictions 

6 
Evaluate the predictions and decide on the optimal scheme to 
be applied 

7 Apply the optimal therapeutic scheme to individual patients 

8 
Compare the prediction of the simulation with the achieved 

result in the individual patients 

9 
Further optimize the ContraCancrum integrated simulator by 
tuning the model with the post-treatment patient data 

II. IMPLEMENTATION APPROACH 

A. The cellular and higher biocomplexity level simulator 

Both discrete and continuous simulation models of tumor 

growth out of a single tumor cell as well as tumor response 

to radiotherapy and chemotherapy are exploited in Contra-

Cancrum.  

Microscopic tumor growth module: Microscopic tumor 

growth module will be used for simulation of basic mechan-

isms of microscopic tumor growth and response to treat-

ment such as. avascular tumor growth, non-imageable tu-

mor response to treatment (chemotherapy /radiotherapy), 

angiogenesis (endothelial cell migration depending on che-

motaxis (TAF (tumor angiogenic factor)/VEGF (vascular 

endothelian growth factor), haptotoaxis (fibronectin) and 

random motility), invasion, and metastasis. To achieve this 

a unified hybrid (discretized continuous based on reaction-

diffusion equations and adaptive discrete) agent-based ap-

proach is taken. Interactive part of module provides func-

tionality to create virtual experiments and to monitor these 

experiments during various processes depending on chang-

ing conditions. This allows to design experiments which are 

heavy feasible in vivo and in vitro or possibly explore dif-

ferences between the results of experiments in vivo and in 

vitro (e.g. find an agent who is not represented in the in 

vitro experiments). 

Main purpose of the development of these microscopic 

models within the ContraCancrum framework is to enhance 

our understanding of the tumor dynamics related phenome-

na on the microscopic level so that refinement of the image-

able tumor models can be achieved. 

Macroscopic tumor growth module: The tumor is compu-

tationally placed inside a discrediting mesh, each geome-

trical cell of which is assumed to occupy 1 mm
3
 of volume 

and can therefore contain a specific number of biological 

cells (e.g. 10
6
). Time is considered to be of discrete nature 

and the time unit adopted is 1h. The concept of cellular 

automata is exploited in order to model the cell cycle and 

the possible transitions to and from any cytokinetic state. 

The major cytokinetic classes considered are the following 

three: the class of proliferating cells (including the cell 

cycle phases G1, S, G2, M as in Figure 2), the class of dor-

mant cells (G0 phase of the cell cycle) and the class of dead 

cells (accounting for the space that is occupied by the cell 

death products). The time a cell spends in the proliferating 

class before it is reproduced is assumed to be the cell cycle 

duration of which estimates can be found in literature. Each 

one of the newly formed cells is assumed to re-enter the 

proliferating class by entering G1 if there are adequate oxy-

gen and nutrient supplies, otherwise it enters the dormant 

(quiescent) G0 class and remains there until oxygen and 

nutrient supplies eventually become adequate. Should a 

predefined period of time elapse before this happens, the 

cell dies via necrosis. Furthermore, each hour a very small 

percentage of cells in any class die randomly via spontane-

ous apoptosis thus limiting the mitotic potential of tumor 

cells. It is worth noting that by assigning different mitotic 

potentials to different tumor cell groups the effect of tumor 

stem cells can also be taken into account in a quite detailed 

way. Apoptotic cell death differs considerably from necrotic 

death. The main difference from the simulation point of 
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view lies at the time during which death products remain 

within the body and therefore occupy space. Due to the fact 

that apoptosis is the main form of programmed cell death, 

the immune system is notified so that the phagocytes can 

locate and eliminate death products. In that sense apoptotic 

cell death products are removed from the body much faster 

than the necrotic ones. The time elapsed before death prod-

ucts are eliminated is equal to the time that the cell spends 

in the dead cell class before disappearing. The above men-

tioned assumptions are summarized in cellular automata 

diagrams in which the cytostatic / cytotoxic effect of the 

various drugs is also integrated. The percentage of the cells 

that are fatally hit by the drug is determined with the aid of 

the corresponding pharmacokinetics - pharmacodynamics 

analysis [3].  

Cell disappearance

Tumor shrinkage

N

SG1 G2 MSG1 G2 M G0

ATumor

expansion

 

Fig. 2 Oversimplified cytokinetic model of a tumor cell  

Simple toxicological models providing estimates of the 

adverse candidate treatment scheme effects on normal tis-

sues for the cases of gliomas and lung cancer are currently 

being developed for ContraCancrum based on experimental-

ly and clinically defined toxicological limits for the drugs to 

be considered and cellular automata descriptions of the 

homeostatic divisions of normal stem and transit cells.  

B. The molecular simulator  

Biochemical modeling : The tumor-growth inhibitors 

(proteins or small molecules) binding to ligands/receptors 

are identical to small molecule-protein or protein-protein 

interactions. Molecular dynamics (MD) techniques can be 

used to study the interactions between inhibitors and recep-

tors in atomistic detail, and to predict the effect of different 

receptors/mutations on inhibitor binding affinities using free 

energy calculations. MD simulations using high perfor-

mance grid computing afford us an unprecedented opportu-

nity to predict inhibitors both de novo (without knowledge 

of existing binding data) and in silico (entirely computa-

tionally, without the need for expensive experimentation). A 

rapid turn around time - over clinically relevant time-scales 

(~1 week) - can be achieved by the combined usage of `pe-

tascale' compute resources and an automated simulation 

workflow we have developed. The binding affinity compo-

nent should prove an invaluable aid in optimising patient-

specific therapy. 

Molecular determinants of response to therapy: The mo-

lecular state of the tumor is a key factor in the therapeutic 

outcome. With recent developments in the field of high 

throughput molecular profiling it is now practical to con-

sider the contribution of an individual patient‟s molecular 

profile to their therapeutic outcome. Using the large data-

bases of clinical profiles (The Cancer Genome Atlas 

(TCGA) and REpository for Molecular BRAin Neoplasia 

DaTa (REMBRANDT)) a statistical model fitted is to sur-

vival time and response to therapy) based on the status of 

key predictors, formulated from prognostic metagenes and 

serum surrogate markers. This statistical model forms the 

basis through which an input patient profile is used to per-

turb or modify the cell-kill probabilities about their popula-

tion means in (B) The cellular and higher biocomplexity 

level simulator. 

C. The biomechanical simulator  

The objective of the macroscopic biomechanical simula-

tor is to allow incorporation of the biomechanical environ-

ment of the tumor in the model as well as the impact of 

tumor expansion on the surrounding tissues. Vital informa-

tion about tumor growth is obtained from the molecular and 

cellular levels developed in the project. The different image 

modalities (CT, MRI, DTI) acquired on each patient are 

segmented. The most important features of the tissue will be 

included in the segmentation (tumor, skull, white matter, 

grey matter, ventricles etc.). The first challenge is to devel-

op a (semi-)automatic meshing algorithm for the different 

tissues considered. Based on this mesh, a continuum finite 

element model is proposed to simulate the tumor, its growth 

and the mechanical perturbations induced on the surround-

ing healthy tissues. The model should account for sources 

and sinks of matter linked to the tumor growth. Input on 

local tumor growth and change in volume are obtained by 

coupling the biomechanical model to the cellular simula-

tor.During the development of the simulator, the compati-

bility between the discretization meshes used for biome-

chanical analysis and the meshes used to simulate cell 

cycling or response to treatments has to be guaranteed. This 

way the combined approach will predict both biology dy-

namics and macroscopic mechano-topological behaviors 

optimally. 
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D. Image analysis for ContraCancrum  

In the complex multi-level processing chain of Contra-

Cancrum image processing (registration as well as segmen-

tation) is a key step. Image processing is necessary to adapt 

the general tumor model of ContraCancrum to an individual 

patient with an individual tumor. Image processing provides 

the one hand the input necessary for a spatially resolved and 

patient specific simulation, on the other hand it is needed to 

qualitatively and quantitatively compare simulation results 

with real patient data. Therefore, specialized methods for 

both clinical applications, lung cancer as well as glioma, 

must be developed. Especially registration of morphological 

images (CT/MRI) with functional images (PET) of the tu-

mor as well as registration of a time series of multimodal 

images before, during, and after therapy must be supported. 

Furthermore, the morphological as well as functional infor-

mation must be used to segment tumors into regions with 

different metabolic properties as required by the multilevel 

model. 

E. The technological environment  

To successfully integrate the modeling scenario within 

clinical settings, access to patient data as well as the soft-

ware itself and the computational resources to run patient-

specific simulations on need to be provided to clinicians and 

researchers in a clinically relevant, tightly integrated fa-

shion. At the core of the technological environment lies the 

central data repository, which contains pseudo-anonymised 

patient data, DICOM repositories, genomic data, histopa-

thological data, etc., The data is made available via a web 

interface for day-to-day clinical examination and reporting 

purposes, as well as other interfaces for information retriev-

al to remote applications. Wherever possible, well-known 

protocols are used to ensure compatibility within the project 

and beyond the lifetime of the project. Access to applica-

tions themselves, as well as the computational grid re-

sources those applications run on (such as the EGEE (EU), 

NGS (UK), DEISA (EU) and the TeraGrid (US)) is orches-

trated via the Application Hosting Environment (AHE). In 

patient-specific simulation scenarios, the turn-around time 

for simulation is absolutely key, particularly where life or 

death decisions need to be made. From within the AHE, 

HARC (Highly-Available Resource Co-allocator) is used to 

make advance reservations on remote resources (both small 

scale single CPU machines and large petascale HPC clus-

ters) within which simulations can be run. Legacy image 

processing tools and other small-scale software components 

are made available by exposing them as web-services. The 

AHE can then orchestrate the migration of data, running of 

simulations and post-processing of data into tightly inte-

grated clinical workflows; a prime example of this is the 

molecular dynamics modeling of protein function inhibition 

by drugs at a patient-specific level. The simulation results 

are also stored within the central data repository, placing 

patient-specific simulation data side-by-side with traditional 

patient data records.  

III. CONCLUSIONS  

ContraCancrum is developing a platform focusing on 

„modeling aided‟ optimal treatment design for cancer pa-

tients that will positively influence the treatment outcome. 

Potential therapeutic schemes will be tested in silico in 

order to avoid over treatment, which decreases 

cost/effectiveness and poses a risk of severe complications, 

and under treatment with its deleterious consequences for 

patient survival. Individualization of cancer treatment is the 

design target of the ContraCancrum platform, where pa-

tient-specific image data, histopathologic data, molecular 

and clinical data will be used by the simulation environ-

ment. This will lead to predictions of the outcome of several 

candidate treatment schemes and/or schedules. The tumor 

types (and several subtypes) of gliomas and lung cancer will 

serve as concrete research subjects. They will also serve as 

paradigms for the development of analogous simulation 

environments for other malignancies. 
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Abstract— The estimation of respiratory lung motion is a ba-

sic precondition for the analysis of breathing dynamics and its

impact on radiotherapeutic treatment of lung tumors. For this

purpose, a common approach is to perform a non-linear regis-

tration of the time frames of 4D image data.

In this work, we present an evaluation study of different distance

measures and force terms respectively that are used for the reg-

istration of thoracic CT images. Hereby, we focus on comparing

force terms related to Thirion’s demons registration with forces

derived from the Sum of Squared Differences (SSD).

We show that Thirion-based forces generally outperform the

SSD term with respect to target registration error (TRE). For

the majority of the tested image data, active demon forces pro-

vide the best results for the registration of thoracic CT images.

Keywords— motion estimation, non-linear registration, demon

registration, SSD, lung

I. INTRODUCTION

Respiratory motion and the resulting uncertainty about ac-
tual tumor localization are main problems in radiation ther-
apy (RT) of lung cancer. For this reason, during the past years
several approaches have been developed that aim to explicitly
account for tumor motion, like gated RT or real-time tumor
tracking systems.

A key problem in this field is the analysis and quantifi-
cation of respiratory motion, which is most commonly done
on the base of 4D (=3D+t) image data. For this purpose, a
standard approach is to perform a non-linear registration of
the timeframes of 4D data, each representing the patient’s
anatomy at a certain breathing phase. However, due to the
wide variety of available registration approaches, various au-
thors emphasize the need for a solid analysis and evaluation
of the different registration methods [1, 2].

A few existing studies are already dedicated to this topic.
In [2], [3] and [4] conceptionally different methods for mo-
tion estimation are compared to each other (biomechanical
modeling, surface models, landmark-based registration, para-
metric registration). In [5], [6] and [7] the authors focus on
non-linear registration approaches and evaluate several mod-
ifications of the regularization and force calculation as well
as a diffeomorphic registration.

In this paper we aim to complement these studies by inves-
tigating the appropriate choice of the force term. Hereby, we
concentrate on two different approaches that are commonly
used for monomodal registration of CT data. On the one hand,
we apply a force term derived from the Sum of Squared Dif-
ferences (SSD) which is used for example in [2, 3]. On the
other hand, we compare several alternatives for the calcula-
tion of Thirion’s demons registration [8].

II. MATERIALS AND METHODS

In the following, we give a brief introduction to non-linear
registration and the different force terms that are commonly
used to register monomodal CT images. Afterwards, an out-
line of the study design is given.

A. Variational non-linear image registration

The goal of image registration is to find a transforma-
tion ϕ(x ) := x +u(x ) that minimizes the distance D be-
tween a reference image R(x ) and a transformed target im-
age T ◦ϕ(x ) with respect to an intended smoothness S of
the transformation:

J [ϕ] := D [R,T ;ϕ] + S [ϕ] = min! (1)

A common choice for the distance measure is the Sum
of Squared Differences (SSD) between reference image and
transformed target image:

D [R,T ;ϕ] :=
∫

Ω
(R(x )−T ◦ϕ(x ))2 dx .

In this paper, we use a diffusive regularization [9]

S [ϕ] :=
∫

Ω

d

∑
l=1

‖∇ul(x )‖2 dx ,

where ul denotes the lth component of u . Providing results
similar to those of the elastic regularizer, this term is much
more efficient with respect to computation time [7]. More-
over, it is closely related to the commonly used Gaussian
smoothing [9].
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The minimization of the energy functional (1) is done by
solving the associated Euler-Lagrange equation [9]. We end
up with the following semi-implicit iterative update scheme
for the optimization of the displacement field u :

u (k+1) = (I − τA)−1
(
u (k) + τf (u (k))

)
, (2)

where τ is the stepwidth and A := Δ is derived from the dif-
fusive regularizer. From the SSD distance measure we get the
force term

f SSD(u) := (R−T ◦ϕ)∇T ◦ϕ .

The matrix inversion in eq. (2) can be solved efficiently
using Additive Operator Splitting (AOS) [9].

B. Thirion’s demon-based registration

In [8] Thirion introduced the demon-based registration
with some alternative force formulations that play the same
role as f SSD in eq. (2).

In contrary to the SSD-based force,

f Act(u) :=
R−T ◦ϕ

‖∇T ◦ϕ‖2 +α · (R−T ◦ϕ)2 ∇T ◦ϕ

induces stronger forces in regions with low image contrast
by utilizing the normalized gradient. An α �= 0 is used in or-
der to prevent instability in regions with a contrast close to
zero. Analogous to many implementations, in this work we
use α = 1/δ 2

x with δ 2
x denoting the mean squared spacing of

the image.
While f Act causes an active force “pushing” the target im-

age to fit the reference image, the term

f Pas(u) :=
R−T ◦ϕ

‖∇R‖2 +α · (R−T ◦ϕ)2 ∇R

acts as a passive force “pulling” the target image. This term
provides computational advantages because gradients don’t
have to be calculated in each iteration.

R

T

R

T

Fig. 1: Comparison of active (left) and passive forces (right).

As a combination of these two terms,

f A+P(u) :=
(R−T ◦ϕ) · (∇R+∇T ◦ϕ)

‖∇R+∇T ◦ϕ‖2 +α · (R−T ◦ϕ)2

was proposed.
N.B.: Both f Act and f Pas are closely related to the second

order approximation of the SSD gradient. Still, for the best
of our knowledge, the exact energy corresponding to these
terms is not known for the particular choice of α (cf. [10]).

C. Study design

The evaluation of the different force terms is based on 12
4D-CT data sets of lung cancer patients acquired during free
breathing. Data sets are reconstructed using an optical flow
based method to reduce motion artifacts induced by the imag-
ing protocol [11]. Spatial resolution is 0.98×0.98×1.5 mm.
Each data set consists of 3D-CT images at 10 to 14 differ-
ent breathing phases of which we chose end-inspiration (EI)
as reference and end-expiration (EE) as target image for the
registration.

In addition, we consider the freely available data from the
Point-validated Pixel-based Breathing Thorax Model (POPI)
for further evaluation [12]. This data set has a spatial resolu-
tion of 0.98×0.98×2 mm. As before, we use for EI and EE
for the motion estimation.

Registration is performed using the iterative update
scheme (2) to optimize u , whereat we apply each of the force
terms f SSD, f Act , f Pas and f A+P for comparison. In order to
improve quality and computational efficiency, we employ a
multi-resolution strategy (with 5 levels in our experiments).
Moreover, we use binary segmentations for restricting force
calculation to the inside of the lung in order to account for
the characteristics of respiration physiology (where visceral
and parietal pleurae slip along each other causing discontinu-
ities in the motion field). This procedure has been shown to
improve registration results significantly [7].

For a quantitative analysis of the results, a medical expert
identified 80 inner lung landmarks (prominent bifurcations of
the bronchial tree and the vessel tree) in the CT data at EI and
EE (these are already given for the POPI data). A prediction
of landmark positions at EI is done by applying the trans-
formation ϕ on EE landmarks. The target registration error
(TRE) is defined as the mean distance between predicted and
observed landmark locations at EI.

III. RESULTS

In Fig. 2 the results of a registration with f SSD, f Act and
f Pas are shown, colored by the magnitudes of the estimated
motion field.
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Fig. 2: Motion magnitudes estimated by a registration with SSD (left), Thirion with active forces (center) and Thirion with passive forces (right).

Table 1: Target registration errors and variations for registrations with different force terms (in mm). Best results for each data set are printed bold.

Target Registration Errors (TRE) in mm.
Pat.

w/o Reg. f SSD f Act f Pas f A+P Landmark positions

01 4.25±6.54 1.41±1.38 1.07±0.59 1.10±0.64 1.09±0.54
02 6.27±22.77 2.05±3.42 1.25±0.50 1.27±0.56 1.26±0.47
03 5.45±7.46 1.93±2.54 1.58±2.04 1.47±1.14 1.59±1.84
04 6.21±4.64 1.76±1.70 1.42±0.74 1.52±1.05 1.56±1.10
05 6.79±2.13 1.91±2.13 1.50±1.34 1.56±1.40 1.59±1.49
06 6.44±9.54 1.77±1.74 1.37±0.63 1.39±0.77 1.75±1.58
07 4.31±9.82 1.53±0.81 1.36±0.69 1.37±0.73 1.44±1.05
08 10.76±60.83 3.15±11.27 1.30±0.72 1.52±2.50 1.42±1.23
09 6.40±46.02 2.34±8.17 2.34±7.75 2.46±8.66 2.99±13.66
10 6.06±25.42 1.65±3.63 1.10±0.44 1.14±0.65 1.12±0.41
11 7.98±28.00 2.15±4.92 1.58±1.98 1.66±2.74 1.99±4.73
12 8.31±40.91 2.84±8.15 1.67±2.67 1.62±2.45 1.67±2.39

POPI 6.29±9.81 1.13±0.36 1.10±0.29 1.09±0.28 1.10±0.31

The SSD term principally produces forces close to the di-
aphragm where large image gradients occur. Motion in the
inside of the lung is mainly caused by a propagation of these
forces due to regularization and the multi-resolution strategy.

Using Thirion-based terms, larger forces arise in regions
with low image contrast (comp. section II.B). Thus, the mo-
tion fields occur less smooth but feature a better registration
of inner lung structures like the vessel tree. However, visual
differences between f Act and f Pas are relatively small and re-
quire a more detailed evaluation.

For a quantitative evaluation, we examine the TRE for
each force term and patient. The results are given in Table
1. For all patients, demon forces outperform the SSD-based
term. Especially for patients with a large motion amplitude
(e.g. patients 08, 11 and 12), inner-lung motion is estimated
inaccurately by SSD.

Comparing f Act , f Pas and f A+P to each other, we find that

the active forces provide best results for 10 out of 13 regarded
data sets. However, differences between Thirion-based forces
are relatively small.

IV. DISCUSSION AND CONCLUSION

In this work, we presented an evaluation study of differ-
ent force terms for the registration of thoracic CT images. In
our experiments, demon forces generally outperform forces
derived from the SSD distance measure with respect to target
registration error. An explanation is, that the normalization
of image gradients results in a more precise registration of
regions with low contrast, for example inner lung structures
like the vessel tree.

For 10 out of 13 data sets, active demon forces f Act pro-
vide the best results and appear to be the appropriate choice
for this specific task.
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Abstract— This contribution describes the FIVIS project. The

project’s goal is the development of an immersive bicycle simu-

lation platform for several applications in the areas of biome-

chanics, sports, traffic education, road safety and entertain-

ment. To take physical, optical and acoustical characteristics of

cycling into account, FIVIS uses a special immersive visualiza-

tion system, a motion platform and a standard bicycle with sen-

sors and actuators, as well as a surround sound system. First

experimental results have shown that the FIVIS simulator pro-

vides a realistic training and exercising environment for traffic

education and stress research.

Keywords— simulation, immersion, bicycle, biomechanics

I. INTRODUCTION

For almost all modern means of transportation (cars,
trains, airplanes etc.) there is a simulator to provide realistic
traffic situations under defined laboratory conditions. These
simulators serve as training environments, as well as tools
for research on these means of transportation. Unfortunately,
there is no such advanced system for bicycling.

To provide such a system, the FIVIS project aims at cre-
ating an extensible bicycle simulator that should be able to
support a wide range of different applications. The key objec-
tives are developing an intuitive interface (as close as possible
to real bicycle riding) and an immersive real-time visualiza-
tion, as well as achieving realistic physical behavior of the
simulated world.

The following applications are considered within the
FIVIS project (more details are provided in chapter III.):

Traffic training simulator Providing local 3D content, ele-
mentary school children can practice correct behavior in
urban traffic situations within a safe environment.

Stress generation Bicycle riding in a virtual environment
qualifies for physical and psychological stress factors in-
teresting to investigate, like in work safety research.

Advanced bicycle ergometer Using immersive visualiza-
tion, the rider can be motivated for physical exercise.

II. HARDWARE COMPONENTS

The FIVIS system consists of three main hardware com-
ponents: a three-wall visualization system (described in sec-
tion B. and [1]), a bicycle equipped with several sensors and
actuators (see section C. ), and a hydraulic motion platform
(described in section A.).

A. Motion platform

An off-the-shelf bicycle is rigidly mounted to a motion
platform. This platform performs all the movement of the bi-
cycle. The chosen design of a hexapod offers robustness and
six degrees of freedom. Using the platform, the system is able
to simulate a wide range of physical effects which occur dur-
ing a bicycle ride. The user has to react to these like on a real
bicycle (see [2] for more information).

B. Visualization system

The visualization system used in FIVIS is based on the
“Immersion Square” technology (see [3]). The system uses

Fig. 1: The FIVIS system consists of a three wall visualization
environment, a bicycle equipped with sensors and actuators, and a hydraulic

motion platform.
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a high-end consumer PC equipped with Matrox Triple-
Head2Go technology. This device allows connecting up to
three displays/projectors to a single DVI output and treat-
ing them like one single screen with a resolution of up to
3840×1024 pixels, although 3072×768 pixels resolution is
applied in FIVIS so far (see Fig. 2). Guaranteeing an accept-
able frame rate at this resolution requires powerful graphics
hardware. For this purpose, a NVIDIA Dual-GPU Quadro
card was chosen, which is actually targeted for visualizing
highly complex CAD models.

Using a specially designed projection screen setup consist-
ing of three seamlessly joined screens, the users field of view
is completely covered by a gapless projection environment.
The images are projected from the back side, using mirrors
to make the whole system more compact. When riding the
bicycle simulator, major parts of the rider’s field of view are
covered by the projection screens, which are angled at 120◦.

Fig. 2: For each screen, a separate view is rendered to the virtual screen,
which is then split up onto the three projectors.

C. Sensors and actuators

In order to deliver the user input to the simulation system,
the bicycle is equipped with a potentiometer-based sensor for
measuring the steering angle and an electro-optical sensor
that counts the revolutions of the back wheel, which allows
for calculating the forward velocity.

Currently, a eddy current brake is being integrated at the
back wheel. It will allow the simulation to control the ped-
aling resistance, and the user will have to pedal harder when
riding uphill. Since the eddy current brake can also actively
accelerate the wheel, downhill rides could be simulated more
realistically as well.

The exchange of data between the sensors (velocity and
steering), the visual simulation software and the actuators
(motor brake and motion platform) is essential for a homo-
geneous interaction and sine qua non for a realistic handling
sensation of the bike. To make the communication as simple

and fast as possible, a UDP protocol is used. For that, the
system delays have to be kept as short as possible.

D. Biomechanical testing system

The bicycle simulator has been used for biomechanical
testing using the CUELA system (computer-supported long-
time analysis of strains of the musculoskeletal system; see
[4]). This is a sensor suit worn by the bicycle rider. The sen-
sors record various physiological and physical parameters,
including heart rate, skin conductance and physical activity.
The recorded data can be analyzed later (Fig. 3).

Fig. 3: A special application named WIDAAN provides sensor data and
skeleton visualization for simulations of combined stress scenarios.

First tests using the CUELA system have been performed,
which showed that the FIVIS bicycle simulation is capable
of generating scalable physical and psychological stress. For
these tests, a special simulation scenario has been designed
(see III.).

III. SOFTWARE COMPONENTS

To keep the software system of FIVIS extensible and the
entire simulator open to new applications, the software has
been designed as a collection of several independent compo-
nents. In the next sections, the core virtual environment, a
special scenario and a traffic simulator extension are intro-
duced.

A. Virtual environment

Objects in the virtual environment, like the bicycle, cars
and buildings, are simulated using a layered simulation
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model, which separates the objects’ behavior from their ac-
tual visual, acoustical and physical representation. The bi-
cycle is modeled virtually, and the input received from the
sensors is projected onto that virtual model, which can then
interact consistently with the environment.

The 3D graphics engine Ogre3D [5] is applied and respon-
sible for the visualization. The simulator’s visualization sys-
tem correctly takes into account the three screens’ geometry
by rendering three individually adapted views of the same
scene. If the virtual camera in known and position matches
the user’s head position, no distortions or discontinuities are
visible at the screens’ edges.

Since the physical principles play an important role in bi-
cycle riding and, in general, in the simulation of vehicles, all
physics are simulated using PhysX [6], a professional physics
engine developed by NVIDIA.

On top of the simulation, a Python scripting interface has
been developed. It allows for introducing new objects and
scenarios on a high and convenient level of programming.

Within the context of the project, a decent part of the
city of Siegburg has been modeled using Google SketchUp.
Photographs of hundreds of buildings have been taken, post-
processed and used as textures. In order to manage the huge
amount of data, the textures are stored compressed in the
graphics card’s memory. The Siegburg model serves as the
standard 3D environment for the different application scenar-
ios (Fig. 4).

B. Stress scenario

A special stress scenario has been designed which is sup-
posed to combine psychological/cognitive stress factors and
physical ones. In our realization the user has to evade cars and
to reach control points within a certain amount of time. Ad-
ditionally, obstacles randomly appear in front of the bicycle,
which require instantaneous reaction/evasion.

The obstacle and car frequencies as well as the time pres-
sure can be altered interactively to increase the psychological
stress. The physical stress is scaled by changing the relation
between the real and the virtual pedaling speed.

More details about this application can be found in [4, 7].

C. Traffic simulation

In addition to the simulation of a static virtual environ-
ment, a traffic simulation for urban environments is provided.
Not just cars, but all kinds of traffic participants (pedestri-
ans, motorcycles, trucks, etc.) are simulated using a system
of software agents. The agents react in a rational way to ac-
tions of each other as well as to actions of the user. They re-
gard traffic rules up to a certain extent, and the effect of their
actions are calculated by the physics engine.

Taking advantage of the personality and the density of
agents in the simulated environment, it is possible to raise
or lower the cognitive and psychological stress factor of the
user in addition to the scalable physical stress level.

The traffic simulation is useful for road safety education,
as it allows simulating situations that would be dangerous in
reality. A more detailed description of the traffic simulator is
given in [8, 9, 10].

IV. FUTURE WORK

As far as the hardware components are concerned, the de-
scribed system is almost complete, however the software de-
velopment is still in progress. Nevertheless, there are plans
to integrate additional hardware to overcome limitations dis-
covered during the development process.

A. Weight sensor

The physical model of cycling is quite complex. The rider
does not only use the handle bar to steer the bicycle, but
weight shifting has a strong impact, as well. Therefore, to
simulate it completely, more sensors are needed. In a next
step, a weight sensor will be installed to detect the user’s
weight shifting. So the system will be able to take not just
the active steering and accelerating into account for physical
calculations, but also the center of mass.

B. Optical tracking

For road safety education of children, it is planned to add
one or more cameras and use computer vision techniques to
automatically detect if correct hand signs are given. A very
cost-effective and simple solution might be to attach infrared
LEDs to the user’s arms and use the Nintendo Wii Remote
for the recognition, since it has a built-in infrared camera that
can track up to four points in hardware simultaneously. The
same optical tracking technology can also be used to con-
stantly update the camera position to match the rider’s head
position. This would, for example, allow the rider to look be-
hind a corner.

C. Professional cycling

One further application of the FIVIS system is in pro-
fessional bicycling. Another software application will be de-
signed, providing a highly configurable training environment.
In addition to several virtual environments (e.g. cross courses,
indoor tracks, mountains) the application will offer individual
behaving team members and competitors. To give the user as
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Fig. 4: Sample 3D scenario of the virtual environment showing a sample view of the Siegburg model for traffic education purposes.

much motivation as possible, the behavior of these simulated
cyclists will be readjusted automatically.

V. CONCLUSION

The FIVIS bicycle simulation system contains a highly ex-
tensible software solution and a reliable and simple hardware
basis. The immersive effect that is generated by the visu-
alization system, combined with the surrounding projection
screens and the movements of the motion platform, provides
a realistic training and exercising environment. The simulator
provides a flexible framework that is suitable for analyzing
various aspects of bicycle riding under controlled conditions.

First experimental results have shown that the simulation
system is well suited use for stress research and traffic educa-
tion for children. Cooperation with elementary schools will
be continued to further investigate the role simulators such as
FIVIS might play in future education applications.

Additional scenarios will extend the system to make it
suitable for even more fields of applications, and additional
hardware improvements like a eddy current brake will be in-
tegrated in order to further improve the overall bicycle riding
experience.
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Abstract—The Spectral F-Test (SFT) is a statistical test for 
assessing whether two sample spectra are from populations 
with statistically identical spectra. In this work SFT-based 
detectors are proposed for investigating spectral changes in the 
electroencephalogram (EEG) that may be either time- or 
phase-locked to an external stimulation.  The sampling distri-
butions of the detectors were obtained analytically, which 
allowed thresholds for the detection to be found.  The tech-
nique was evaluated through simulations and an illustration is 
given with EEG acquired during stroboscopic stimulation.  

Keywords—EEG, time-locked spectral changes, phase-
locked spectral changes, statistical test. 

I. INTRODUCTION  

It is well known that an external stimulation may change 
the spectrum of the electroencephalogram (EEG) [1].  These 
changes may be either time- or phase-locked to the stimula-
tion.  An example of this latter occurs in the Evoked Poten-
tial exam, where intermittent, periodic stimulation is used in 
order to elicit a cortical response.  Since the responses are 
small in comparison with the ongoing EEG, averaging tech-
niques are often required in order to reveal them.  Thus the 
stimuli are repeated and the corresponding epochs are aver-
aged in order to enhance the EEG component that is ac-
counted for by the stimulation [2].   

Spectral changes in EEG that are not phase synchronized 
with the stimuli, but lead to time-locked changes in power-
spectra, cannot be obtained through the averaging tech-
niques used for estimating the evoked potential.  Those 
changes occur during the time the subject undergoes exter-
nal stimulation or is asked to carry out a certain task [1].  
They are commonly referred as Event-Related Synchroniza-
tion and Desynchronization (ERS/ERD), depending on 
whether there is an increase or decrease in a given fre-
quency band.   

The Spectral F-Test (SFT) is a statistical test for assess-
ing whether two sample spectra are from populations with 
identical theoretical spectra. It is based on the ratio between 
spectral estimates and can be applied either to investigate 
two different estimates over the same frequency band or to  
 

test samples from the same spectral density over two differ-
ent frequency bands [3].  Thus, depending on the  
combination numerator-denominator, it may be used for 
assessing either time- or phase-locked changes in the EEG 
spectrum.  

In this work a methodology for quantifying time- and 
phase locked spectral changes in the EEG during sensory 
stimulation is proposed based on the SFT. The sampling 
distribution of the detectors are derived for both the null 
hypothesis of no spectral changes and for the alternative 
hypothesis, which allows critical values (thresholds) to be 
obtained together with evaluating the power of those detec-
tors.  The technique developed is evaluated with simulated 
data and next applied to the EEG during photic stimulation.  

II. METHODS 

A. Spectral F Test for Phase-Locked Changes 

Consider the linear model with additive noise (Fig. 1) for 
the evoked responses. For assessing synchronized spectral 
changes in the EEG signal (y[k]) during rhythmic stimula-
tion at a given frequency (fo), the SFT may be defined as the 
ratio between the power in such frequency and the average 
power in L neighbouring frequencies, i.e. 
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where “^” superscript denotes estimates, Y(fo) is the Fourier 
Transform of signal y[k] evaluated at frequency fo. Y(fi), i≠o 
are the Fourier Transform values at the L closest neighbour-
ing frequencies to fo.  It is assumed in (1) that L is even.  
An odd number could be used and would result in a differ-
ent number of frequencies smaller and greater than fo. This 
statistic is proposed for assessing if the spectrum at fre-
quency fo is statistically different from its neighbours,  
assuming that the spectrum is flat (white) in this  
neighbourhood.  
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Fig. 1 Model for the EEG during stimulation. x[k] is the stimulation signal 
(consisting of impulses at each stimulus) which is filtered through H(f) to 
result in the evoked response r[k].  The EEG signal y[k] is composed of this 
evoked signal added to the uncorrelated background EEG activity n[k], 
which is assumed to be zero-mean, white, and Gaussian distributed 

 

The null hypothesis (H0) of lack of evoked responses is 
achieved by setting H(f) to zero in the model of Fig. 1.  This 
leads y[k] to be zero-mean Gaussian distributed (y[k]=n[k]) 
and hence )(ˆ

oy fφ  to be distributed as [4]: 

L
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φ  (2) 

where “~” means “is distributed as” and F2,2L is the F distri-
bution with 2 and 2L degrees of freedom. The sampling 
distribution in (2) is easily obtained since each magnitude-
squared Fourier Transform in (1) is proportional to an inde-
pendent chi-squared distribution with two degrees of free-
dom and with same variance. 

For the alternative hypothesis (H1) that y[k] contains an 
evoked response (r[k]) at frequency fo embedded in the 
background, i.e. y[k] = r[k] + n[k], )(ˆ

oy fφ  is given as: 
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Without loss of generality, the Fourier Transform of r[k], 
R(f), may be considered real-only, and expanding the nu-
merator in (3) leads to:  
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where NR(fo) and NI(fo) are the real and imaginary parts of 
N(fo). The denominator in (4) is related to a 2

2Lχ distribu-
tion, since: 
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where 2
fσ  is the variance of both real and imaginary parts of 

)( ifN . The numerator in (4) is related to the noncentral chi-
squared distribution (sum of squared, independent, Gaussian 
variables with nonzero mean and unit variance), since: 
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where 2
ziμ  is the mean-squared value of the Gaussian 

variable zi with σ2 variance and )(2 λχν′  is the noncentral 
chi-squared distribution with ν degrees of freedom and non-
centrality parameter λ [5, ch. 29]. Thus, the following rela-
tionship holds for the numerator in (4):  
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Since the non-centrality parameter λ in (7) is related to 
the signal-to-noise ratio (SNR) according to [6]: 

SNRfR
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and the numerator and denominator in (4) are independent, 
it follows that [dividing (7) by (5)]: 
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H
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where )2(2,2 SNRF L ⋅′  is the noncentral F distribution with 2 
and 2L degrees of freedom and non-centrality parameter 
λ=2 SNR [5, ch. 30]. 

B. Spectral F test for Time-Locked Changes 

For assessing spectral changes that are not additive and 
phase-locked with the stimuli but that lead to spectral 
changes during the period of time in stimulation, the spec-
tral F-test (SFT) must involve two EEG stretches. The first 
one from the EEG signal just before stimulation (y1[k]) and 
the other from the EEG during stimulation (y2[k]).  Thus the 
SFT is defined as: 
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where f is the frequency index, and Y1i(f) and Y2i(f), are, 
respectively, the i-th windowed Fourier Transform of signals 
y1[k] and y2[k], segmented into M disjoint segments for 
carrying out the spectral estimation.  In fact, the number of 
data segments need not be the same in both signals and 
hence a more general expression for )(ˆ

12 fyyφ  may be 
found. However, the special case of (9) leads to a more 
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readily derived sampling distribution.  Thus, the numerator 
and denominator in (9) are related to a chi-squared distribu-
tion according to: 
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where 2
1σ  and 2

2σ   are, respectively, the variance of the real 

and imaginary parts of 2
1 )( fY i and 2

2 )( fY i . This leads to 

the following relationship involving )(ˆ
12 fyyφ  [3]: 
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where MMF 2,2 is the F distribution with 2M and 2M degrees 
of freedom. The null hypothesis that y1[k] and y2[k] pertain 
to populations with same theoretical spectra (hypothesis 
H0), is easily assessed by setting 2

2
2
1 σσ =  in (11), which 

leads to:  
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The estimate )(ˆ
12 fyyφ  may be also used for detecting 

phase-locked spectral changes (evoked responses).  In this 
case, stationarity is assumed for the background activities of 
the two EEG stretches y1[k] and y2[k], i.e. 2

2
2
1 σσ = , leading  

)(ˆ
12 fyyφ  to be distributed as [7]: 

)2(~)(ˆ
2,212

1
SNRMFf MM

H
yy ⋅=′ λφ  (13) 

The null hypothesis of lack of evoked responses is easily 
assessed by setting the SNR to zero, which results in (12). 

C. Simulations 

In order to evaluate )(ˆ
oy fφ  and )(ˆ

12 fyyφ  for the detec-
tion of phase locked changes, the model of Fig. 1 has been 
simulated with x[k] being an impulse train with frequency 
fo.  The noise term n[k] has been generated as a zero-mean, 
Gaussian noise with unit variance. H(f) was set equal to one 
in all frequencies, leading to y[k] = x[k] + n[k]. Thus, the 
amplitude of x[k] was adjusted for leading to de desired 
SNR-value, which was accomplished according to the fol-
lowing relationship [8]: 
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where fs is the sampling frequency and L is the number of 
points in each window segment. The detection rate was then 
calculated by counting the cases when the estimates fell 
above the critical values obtained from (2) and (12). Such 
values where compared with the probability of detection 
(PD), which was obtained through the evaluation of inte-
grals under the non-central F distributions in (9) and (13). 

D. EEG Data Acquisition and Processing 

The EEG of 10 young subjects was recorded (O1 with 
reference in A1) using the Nihon Kohden polygraph (EEG-
4418) for about 30 s at rest and during flash stimulation at 
6 Hz. The local ethics committee approved this study. 

The EEG signals were digitized at 256 Hz. SFT was cal-
culated using both (1) and (9).  In the first case, only the 
EEG stretch during stimulation was used (L=32) and in the 
second y1[k] and y2[k] were, respectively, the signals before 
and during stimulation (M=10 epochs of 2 s each). 

III. RESULTS 

Concerning SFT for assessing phase-locked changes 
(Fig. 2), increasing either the number of neighbouring fre-
quencies (L) in )(ˆ

oy fφ  or the number of data segments (M) 

in )(ˆ
12 fyyφ  leads to improvement in the probability of de-

tection (PD) for a fixed SNR. However, this improvement 
seems to be more pronounced in )(ˆ

12 fyyφ , since the PD-
curves tend to become closer as L is increased (Fig. 2a). 
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Fig. 2 Probability of detection (PD) as a function of the signal-to-noise 

ratio (SNR) with )(ˆ
oy fφ  for different number neighbouring frequencies (a) 

and with )(ˆ
12 fyyφ  for distinct number of segments (b) 
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The application to EEG signals is shown in Fig. 3, where 
both SFT-based detectors are plotted for all subjects at the 
stimulating frequency together with the 95% confidence 
limits. The critical values (significance level α=5%) are 
indicated in horizontal lines and constitute a threshold 
above which responses may be accepted to have occurred. 
Whilst )(ˆ

oy fφ  with L=32 neighbouring frequencies was 

capable of detecting the response in all subjects, )(ˆ
12 fyyφ  

estimated with M=10 segments led to detection in 80% of 
the subjects (Fig. 3b).  However this miss in the detection 
(subjects # 4 and #7) occurred due to estimates very close to 
the critical values and could have been probably overcome 
if little longer stretches of signals were available, i.e. if 
slightly higher values of M had been used. 
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Fig. 3 SFT-values (with the 95% confidence limits) applied to the EEG of 
10 young subjects with photic stimulation at 6 Hz. )(ˆ

12 fyyφ  (a) and 

)(ˆ
oy fφ  (b) calculated at the first harmonic of the stimulating frequency. 

Confidence limits calculated based on expressions (9) and (13) and critical 
values obtained using (2) and (12) (in horizontal dashed lines) 

IV. DISCUSSION AND CONCLUSION 

It should be pointed out that the SFT depends strongly on 
the number of samples used in the Discrete Fourier Trans-
form (DFT) – as higher spectral resolution leads to narrower 
frequency bins with higher SNRs. SFTs from different length 
DFTs should therefore not be compared with each other. 

This fact clearly seems to have affected the performance 
of )(ˆ

12 fyyφ  in the application to EEG signals. This oc-
curred because the number of data segments chosen (M=10) 
led to segments with 512 points each. On the other hand 

)(ˆ
oy fφ  was obtained through the DFT of 5120 points, i.e. 

the whole EEG epoch during stimulation. Additionally, 
)(ˆ

12 fyyφ  implicitly assumes the background EEG to remain 
stationary before and during stimulation, which cannot be 
guaranteed. )(ˆ

oy fφ  uses only the EEG during stimulation 
and will not be affected by non-stationary effects. It cannot 
be used however to infer about time-locked changes as 

)(ˆ
12 fyyφ .  

The confidence limits for estimates obtained in the hu-
man subjects show that the large inter-individual difference 
in the response to photic stimulation are considerably be-
yond the range expected from the statistical distribution of 
estimates. They thus indicate a ‘real difference’ between 
individuals. In previous works the F-test has been used in 
the detection of the response to stimulation (e.g. [4]) in 
individual experiments. The statistical distributions consid-
ered in this paper now extend this to allow the SFT to be 
used in comparing the strength of responses of different 
individuals or between different experimental protocols.  
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Abstract—Functional magnetic resonance imaging (fMRI) is 
an increasingly used method for studying human brain activity 
changes in vivo. For analysing data which are lack of expected 
response and brain regions of interest, we have previously 
proposed a completely data-driven method in subject level, 
which sought for spatially connected voxels with their tempo-
ral maxima occurring within a detected time window, in the 
whole brain. As subject number grows, the interpretation of 
various numbers of components obtained, depending on the 
temporal peaks and their spatial associations, as a whole be-
came extremely difficult. Here, we propose a group-level 
analysis method, which utilises the connected components 
from all subjects and the K-means algorithm, and returns the 
period during which there is a significant response and an 
activation map. For validation, four data sets acquired in a 
single-event visual experiment were used and the associated 
time window and brain regions to the experimental paradigm 
were detected. 

Keywords—fMRI, data-driven, image analysis, brain, signal 
analysis. 

I. INTRODUCTION  

Due to its non-invasive nature, fMRI has been increas-
ingly used for studying neuronal functions. Traditionally, 
fMRI data are analysed using model-driven methods, for 
which the neuronal response model must be known. The 
brain regions corresponding to the model were then detected 
by applying, for example, general linear model (GLM) 
analysis [7]. However, for many physiological situations, 
such as the neuronal response following glucose ingestion, 
e.g., [11], the characteristics of the neuronal response are 
not yet known and a data-driven analysis method is re-
quired. 

Data-driven fMRI analysis methods include independent 
component analysis (ICA), e.g., [1, 13], temporal clustering 
analysis (TCA), e.g., [4, 8, 9, 11, 17] and connected compo-
nent analysis, an extended method from TCA [10]. The ICA 
algorithm decomposes a large fMRI dataset into a number 
of components, which are maximally independent statisti-
cally. However, there are limitations, such as how to choose 

the most appropriate number of components, and interpreta-
tion, i.e., how to identify the components which contained 
responses to the stimuli of interest, particularly when the 
expected responses are completely unknown [3]. The TCA 
algorithm was first proposed for one slice of fMRI data [4, 
11, 17]. Although it has been extended to the whole-brain 
analysis in [8, 9], those methods introduced some arbitrary 
numbers, e.g., the temporal averaging length and the inclu-
sive neighbouring voxel threshold, which needed to be 
chosen by users. 

The method using connected components developed for 
analysing data acquired during a single-event experiment 
was based on the main feature of the TCA methods, which 
was to look for temporal maxima in the fMRI time series 
[10]. Moreover, it uses whole brain data, does not require 
any information about the paradigm and the number of 
components to seek for is defined by the detected temporal 
maxima and their spatial associations. The output provides a 
number of components for each subject. Let's take the re-
sults from 4 sets of data (VIS1-4) acquired during a single-
event visual stimulation experiment shown in Fig. 1 as an 
example: the number of components obtained varies from 1 
to 3 and each component contains temporal information 
(when the significant response occurred) and a correspond-
ing activation map. As the subject number grows, the inter-
pretation on group performance became extremely difficult. 

Here, we propose a group analysis method, which inte-
grates the components obtained for each subject and the K-
means algorithm [6] is applied to seek the voxels, which 
demonstrate similar temporal behaviour. The pre-processing 
steps described in [10] had to be modified, by transforming 
the output to MNI standard space for group analysis. For the 
purpose of providing a complete method description, the 
pre-processing step and subject level analysis [10] are in-
cluded in Appendices V.A and V.B.  

II. GROUP LEVEL ANALYSIS 

The group level analysis provides a means to integrate all 
the components obtained in subject level, e.g., as shown in 
Fig. 1 and outputs both the temporal information: the pe-
riod(s) during which all data sets showed significant  
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response and spatial information: an activation map. At 
first, the proposed method seeks the common temporal 
information among all components and uses the correspond-
ing voxel spatial information for generating a group activa-
tion map. 

A. Group Temporal Information 

The common temporal information is identified from as 
many subjects as possible, i.e., the components from as 
many subjects as possible, which have overlapping temporal 
information. The group temporal information is obtained by 
applying the ‘union’ operation to all the components, which 
have intersected temporal information. For example, among 
the components given in Fig.1, the overlapping period is 
{72-78} seconds contributed by Component 1 (C1) of VIS2 
{72-100}, VIS3 {66-84} and VIS4 {60-78}. The group 
temporal information is the result of ‘union’ function of 
these three components, which leads to {60-100} seconds.  

B. Group Spatial Information 

The procedure for obtaining a group activation map is 
described in the following three steps.  

Step 1: A Mask with Potential Activated Voxels 

The voxels which have significant responses (defined by 
signal change between 0.5 and 5%) during the detected 
period obtained in Sec. II.A from all subjects are potentially 
to be included in the group activation map. In order to iden-
tify these voxels, a mask is formed by gathering the voxels 
detected from the components, which contributed to the 
group temporal information, i.e., a binary mask of brain 
volume size X x Y x S is formed by indicating all the voxels 
contributing to the group temporal information using ‘1’ 
and the rest ‘0’. In the given example, the binary mask con-
tains ‘1’ at the voxel locations detected in C1 from VIS2-4 
and ‘0’ otherwise. 

Step 2: Time Series Analysis  

The time series from all subjects were extracted for all 
the detected voxels in Step 1 and the average time series of 
each voxel for all subjects were computed.  

In order to identify the voxels with major responses, the 
average time series are divided into two clusters by using 
the K-means algorithm [6, 12]. The number of clusters has 
been set to be 2 so that one cluster contains time series with 
similar temporal behaviour and the rest of the time series is 
in another cluster. 

Step 3: Identifying Voxels with Major Response 

The average percent signal change during the detected 
period is then computed for each cluster. In the example, the 

average percent signal change during the time window {60-
100} seconds was computed. The final chosen cluster is the 
one with higher average percent signal change and the acti-
vation map is generated by indicating the corresponding 
voxels with red colour. 

III. DATA FOR METHOD VALIDATION 

Although the method has been proposed for experiments 
for which the expected response is unknown, for method 
validation an experiment with a single-event visual stimula-
tion has been used since the brain regions activated by this 
kind of stimulation has long been characterised, e.g., [1]. 
The data were acquired on a 1.5 Tesla GE scanner at Centre 
for Neuroimaging Sciences, Institute of Psychiatry, King's 
College London. 

During a 300-second long scan, a block of 8-Hz flicker-
ing checkerboard visual stimulation was presented to a 
healthy subject between 60 and 120s after the start of the 
experiment. 150 volumes of 20 transverse slices were ac-
quired with a repetition time (TR) = 2s. Each slice contains 
64x64 voxels and the voxel dimensions were 3.75mm x 
3.75mm x 5.5mm.  

IV. ANALYSIS RESULTS  

The four sets of visual data (VIS1-4) for method valida-
tion were pre-processed according to Appendix VI.A. 

Subject Level 

Fig. 1 provides the temporal and spatial information for 
each component detected at subject level analysis. The 
activation maps contain only the slices with detected voxels 
because of the restricted page numbers.  

Group Level  

As explained in II.2, the group temporal information is 
{60-100} seconds. 

The average time series from all four subjects were com-
puted at all the voxels detected in C1 of VIS2-4. The K-
means algorithm was applied to divide these time series into 
two clusters. The average percent signal change was com-
puted for each cluster during the detected period: {60-100} 
s, as shown in Fig. 2. Cluster 1 clearly shows larger average 
signal than Cluster 2 during {60-100}. The group activation 
map was thus generated by indicating the contributing vox-
els in Cluster 1 with red colour, as shown in Fig. 3. It is 
notable that the regions identified as activated by this new 
analysis correspond to regions identified using other analy-
sis methods, e.g., GLM and ICA in [11]. 
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V. CONCLUSION 

A data-driven group analysis method is proposed for 
fMRI study for single-event experiments, when the tempo-
ral location of the response is unknown or ill-defined. The 
method integrates the connected components obtained in the 
subject level and applies the K-means algorithm to identify 
voxels with similar temporal characteristics. Without any 
knowledge on the paradigm, this group connected compo-
nent analysis method is able to detect both the period, dur-
ing which the visual stimulation was administrated and the 
voxels in the primary visual area for a visual experiment, as 
validation. 
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VI. APPENDIX 

A.   Pre-processing Steps 

Standard pre-processing steps were applied to minimise 
the inter- and intra-subject variabilities. Head-motion was 
corrected and the data were transformed into MNI standard 
space and spatial smoothed using a 4mm x 4mm x 4mm 
FWHM using SPM5 [16]. 

The grey matter inside four-dimensional fMRI data D (X 
x Y x S x T, where X and Y were the number of voxels in x- 
and y-axis respectively, S was the number of slices in axial 
plane and T was the number of volumes) was used for 
analysis. The pre-processed images were read into Matlab 
using the MRI Toolbox [2, 12]. The time series of each 
voxel inside the group grey matter mask were transformed 
from signal intensity to percent signal intensity change. A 5-
point moving-average filter was applied to the time series to 
eliminate the spikes from noise and artefact. The output of 
the pre-processing steps was Dfilter of size X x Y x S x T.  

B. Subject Level Analysis  

Part 1: Temporal Maximum Detection  
The maximum value of each time series in Dfilter was 

identified and when the percent signal change of the maxi-
mum value was ≥0.5 and ≤5%, the corresponding entry was 
recorded in Dbinary a binary matrix of size X x Y x S x T. In 
[7], the expected percent signal change of fMRI acquired in 
1.5T scanner due to stimulation was stated to be in order of 
2-3%. Here, however, a lower limit was set to include all 
the possible voxels that might be activated and an upper 
limit was set to eliminate the large signal changes due to 
“draining vein” responses and artefacts. 

Part 2: Four dimensional connected components la-
belling 

As described in [10], the activation of interest in fMRI is 
connected spatially and temporally, therefore the 4-D matrix 
Dbinary underwent a connected components labelling process 
[12, 15].  

Part 3: Detection of components of activated voxels 
As stated in [10], the components found in Step 2 con-

tained voxels which were related spatially and temporally as 
well as isolated voxels. The voxels which were activated by 
the stimulation were expected to be clustered spatially, 
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therefore a voxel selection process was needed to extract the 
voxels that were more likely to have been activated by the 
paradigm. The components containing only one voxel were 
discarded, since physiologically plausible brain activations 
seldom occurred in single isolated voxels. The final compo-
nents were then selected in four steps.  

(1) The sum of percent signal changes of all contributing 
voxels at the time of detection in each component was com-
puted. 

(2) A histogram was formed using the values obtained in 
(1) for all components. The Otsu algorithm [5, 14] which is 
largely used in the area of image segmentation for separat-
ing foreground from background was applied to sums of 
percent signal changes of all components, in order to sepa-
rate them into two classes: one containing components with 
major responses, i.e., larger sums of percent signal changes 
and one containing the rest of the components.   

(3) Different components might share the same temporal 
information, i.e., the voxels reach their maxima at the same 
time, but may not be spatially connected. In order to condense 
the temporal information, components with overlapping time 
points were merged to form a single final component.  

(4) An activation map was generated for each component 
found in (3) by colouring the detected voxels red. The tem-
poral information, i.e., when the detected maximum starts 
and for how long it has sustained, was also reported. 

In summary, the output of the subject level analysis con-
sists of a number of components, which was determined by 
the Otsu algorithm [14] on the sums of percent signal 
changes at the time point of detection. Each component 
contains the temporal information: a time point or a time 
window when the temporal maxima of connected voxels 
occurred; and the spatial information: an activation map 
indicating where the contributing voxels are. 

 

 

Fig. 2 Group level analysis: the average time series for Cluster 1 and 2 
after applying the K-means algorithm 

 

Fig. 1 Subject level components obtained using connected component 
analysis on VIS1-4 acquired during a single-event visual experiment 
lasting 300 seconds 

 
 

 
Fig. 3 Group-level analysis: the voxels associated with Cluster 1 after 
applying the K-means algorithm. It is also the final activation map 
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Abstract— QT interval correction on measured ECGs is an

important issue for pharmaceutical research on the way to new

drugs. Pharmaceutical industries have to thoroughly investigate

potential effects of their drugs on QT intervals since QT pro-

longation is considered as a marker of the proarrhythmia risk.

As QT interval depends on RR interval there is an obvious in-

terest in modeling the QT-RR relationship. Static formulas to

correct QT for RR are well known, but a dynamic dependency

is also observed. Two models of dynamic QT-RR relationships

are introduced to eliminate the heart rate dependent part out of

the QT interval. These models are based on heart cell measure-

ments and simulations and are validated by Holter ECG data.

Keywords— QT correction, Torsades de Points (TdP), drug-

induced QT prolongation

I. INTRODUCTION

QT prolongation can cause the development of ventricular
tachyarrhythmias such as Torsades de Points and ventricular
fibrillation often leading to sudden cardiac death.

Drug induced QT prolongation of antiarrhythmica has
been known for many years, but in the last two decades even
some non cardiac drugs have been recognized to have an in-
fluence on the QT interval. As in the early 1990s an anti-
histamine drug [1] was associated with Torsades de Points
and sudden cardiac death, the medical community, regulatory
agencies and pharmaceutical companies became more sensi-
tive for drug induced QT prolongation. Since then lists of
cardiac and even non cardiac drugs which seem to cause QT
prolongation and increase the risk of sudden cardiac death
have been exposed [1]. On the other hand proven evidence
that QT prolongation will always increase the risk of tach-
yarrythmias is not given. A QT correction formula and two
models used for the dynamic correction are presented below,
motivated by analyses of measured and simulated data of ac-
tion potential duration (APD) in heart cells at different basic
cycle length (BCL).

II. MATERIALS

To develop the models calculating a coming up QT inter-
val out of previous RR intervals, heart cell measurements and

cell simulations were carried out. Measurements have been
recorded at the laboratories of Pfizer Global Research and
Development in Sandwich, UK.
Simulations have been made by using the cell model of Luo
and Rudy [2].
The models have been implemented and tested using Matlab
from MathWorks. The parameters in both models are opti-
mized using the Simplex algorithm [3].
The correction formula were evaluated on dataset CS I with
7 tapes of about 4 hour duration, dataset CS II with 10 tapes
of about 5 hours duration and 5 tapes from MIT-BIH Normal
Sinus Rhythm Database [4]. In this dataset only the first six
hours of every signal have been used. All QT and RR time se-
ries have been denoised by the Stationary Wavelet Transform
De-Noising 1-D Tool in Matlab.

III. METHODS

A. QT-Correction formula

A common method of QT correction is given by the for-
mula of Bazett. In this formula QT dynamics are not consid-
ered.

QTcBz =
QTmeas√

RR
(1)

The formula of Bazett is until now a good guess. The cou-
pling between the measured and the corrected QT interval is
given by the square root of the corresponding RR interval.

QTmeas = QTcBz ·
√

RR (2)

If the length of a RR interval equals one second (heart rate is
60 bpm), the corresponding measured QT interval, is equal
to QTcBz.
Now QT dynamics is included and a QT 1 is introduced as
the corrected QT interval value, corresponding to a QT that
would be measured if RR would be fixed to 60 bpm for a
long time. The dynamics of the QT interval adaptation in
response to heart rate changes is dependent on previous RR
intervals [5]. This is modeled by a term named ΔQT which
is according to this dependent on the length and changes of

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2144–2146, 2009. 
www.springerlink.com 



previous RR intervals.

QTmeas ≈ QT 1 ·
√

RR+ΔQT (RR,ΔRR, t) (3)

QT 1 is supposed to change by the influence of diseases or
drugs. It is the corrected QT value, normalized to a heart rate
of 60 bpm. As the QT dynamics is considered by ΔQT it
takes a short time until a steady state with QTmeas equal QT 1
is reached.
To calculate ΔQT some free parameters have to be adjusted,
as the relationship between QT and RR is highly individual
even among healthy subjects [6]. A Simplex algorithm is
used to minimize the difference between the model and
QTmeas to find the best values for the parameters. Due to
noise it makes sense to use a window of ω = 1000 heart
beats. In this window a value for a QT 1 is also optimized.

ω

∑
i
(QTmeas(i)−QT 1 ·

√
RR(i)+ΔQT (i))2 → min (4)

ΔQT is calculated using a time window over the last
100 RR intervals. This optimum window length (W) can
be different for distinct patients, therefore the length of the
window must be adapted in both models.
As we got different results out of cell measurements and cell
simulations, two Models have been created. The differences
are confined to ΔQT .

Model A: ΔQTA was developed thanks to results from heart
cell simulation. Formula 5 describes the calculation of ΔQTA
for sample point i.

ΔQTA =
1

W

W−1

∑
n=0

γA · (−αA) · e−|αA·t(n)| (5)

γA = aγA · e−|bγA·RR(x)| · ΔRR(x)
|ΔRR(x)|

√
|ΔRR(x)| (6)

αA = aαA · 1
RR(x)

·ΔRR(x)+bαA (7)

x = i−n (8)

t(n) =
n

∑
m=0

[RR(i−m)]−RR(i) (9)

Model A includes four free parameters, aγA, bγA, aαA and
bαA.

Model B: ΔQTB was developed based on results of heart
cell measurements. Formula 10 describes model B.

ΔQTB =
1

W

W−1

∑
n=0

γB · (−αB) · e−|αB·t(n)| (10)

γB = aγB ·ΔRR(x) (11)

αB = aαB ·
√

RR(x)+bαB (12)
x = i−n (13)

t(n) =
n

∑
m=0

[RR(i−m)]−RR(i) (14)

This model incorporates the free parameters aγB , aαB and
bαB.

Changes or abnormalities observed in the free parame-
ters might be a marker for special influence of a disease or
drug to the QT interval. In this case, changes in the QT −RR
relationship might be seen as changes in the parameter value.

With the free parameters determined, QT 1 can be cal-
culated similar to the formula of Bazett, but with QT
dynamic considered by ΔQT .

QT 1A/B =
QTmeas −ΔQTA/B√

RR
(15)

In case the heart rate does not change QT 1A/B will be equal
to QTBz.

IV. RESULTS

The correction formula were tested on three data sets
using both models. For validation purpose we choose the
standard deviation (SD) of the corrected signal QT 1A/B
compared to SD of the correction with the formula of Bazett
QTcBz. In all cases both dynamical models produced better
results than Bazett. Table 1 shows that there is a significant
difference between model A, B and the formula of Bazett.

In Figure 1 scatter plots of a complete signal are drawn for
a measured time series QT , the one corrected with our model
QT 1A/B and the one corrected by Bazett formula QTcBz. Both
corrections, made by using model A and B, have a smaller
QT interval range than the one obtained by the correction
with Bazett formula.
Also the hysteresis loops seen in the left part of Figure 1 are
decreased by using the correction with model A and B.
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Fig. 1: Scatter plot of QT vs RR black, QTcA vs RR (model A) blue, QTcB
vs RR (model B) green and QTcBz vs RR (Bazett) red

Table 1: Standard Deviation of QT 1A/B and QTcBz

Case SD Model A Model B Bazett

[ms] [ms] [ms]

Best 12.8 14.2 14.4

Worst 52.0 68.9 69.1

V. DISCUSSION

The correction using our new correction formula leads to
good results on the selected datasets and produces better cor-

rection than the formula of Bazett. Nevertheless using model
A, leads to better results but needs to optimize four indepen-
dent parameters and QT 1, while using model B needs to op-
timize only three independent parameters and QT 1.
In Figure 1 can be seen, that all three correction formulas over
correct the signal. The scatter plot of the corrected signals rise
from the right to the left in the figure. This overcorrection can
be disabled by using the third root instead of the square root
in the correction function, like Fridericia formula does.
The optimized parameters describing the dynamics of QT −
RR relation can give further information on heart failure or
drug influence. As these models have been developed to re-
veal impacts of drugs on heart rhythms clinical studies with
known drugs inducing QT prolongations should provide a
valuable validation data set. This still has to be investigated
in further research.
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Abstract—The push-pull effect (PPE) remains a critical 
problem for modern fighter aircrafts. The present study is part 
of an ongoing effort that uses mathematical models to 
investigate the effects of push-pull maneuver on the 
cardiovascular system and its possible countermeasures. A 
distributed hemodynamic model with carotid baroreflex has 
been employed to reflect the transient response of 
cardiovascular system to PPE. With simulation studies, the 
effect of different factors of push-push maneuver such as 
baseline, duration and onset rate of push phase, and onset rate 
of pull phase is explored. Comparison with centrifuge 
experimental data published validates the results and indicates 
that mathematical modeling is a promising tool for the study on 
PPE mechanism and its countermeasures. 

Keywords—push-pull effect; +Gz tolerance, push-pull 
maneuver, maneuver G profile. 

I. INTRODUCTION  

A rapid transition from hypogravity (fractional or zero Gz) 
or –Gz to hypergravity (+Gz) would result in a reduction in 
the +Gz tolerance, compared with high +Gz following a 
baseline of 1 Gz. This phenomenon is termed “push-pull 
effect” (PPE) and the maneuver producing PPE is called 
“push-pull maneuver” (PPM) [1, 2].  

The mechanisms responsible for PPE are incompletely 
understood. Several studies performed recently have come to 
a consensus that PPE may be the outcome of multiple 
mechanisms. Among them, it has been speculated that the 
arterial baroreflexes may play an important role [3, 4]. 
Besides arterial baroreceptor, cardiopulmonary 
mechanoreceptor reflexes, Sheriff [5] implicated that 
nonautonomic mechanism, such as myogenic vasomotor 
responses could contribute to and/or cause the PPE. These 
peripheral vascular factors involve both mechanical and 
myogenic responses [6]. 

The reduction in +Gz tolerance is associated with a 
lowered eye-level blood pressure, and this hypotension is 
related to the magnitude of the push stimulus [5]. Other 
factors of the PPM acceleration profile are likely responsible 
to the reduction of +Gz tolerance, such as the +Gz level prior 
to the push-phase (baseline), the duration and onset rate of 
push phase, and the onset rate of pull phase. Experimental 
studies have indicated that during PPM, the +Gz tolerance is 

affected by both the magnitude [1, 3] and duration [7] of 
preceding –Gz exposure. However, the influence of the 
baseline and the onset rate of push and pull phases have not 
been investigated yet. Further studies that quantitatively 
describe the effect of different factors of the PPM 
acceleration profile on +Gz tolerance would be beneficial to 
better understanding of the PPE and may help prevent 
accident where PPE is involved. 

Due to expenses and limitations of in-flight studies, as a 
supplement to experimental studies, mathematical models 
can simulate the effect of various influence factors on +Gz 
tolerance consistently, and might be an effective tool for PPE 
study. 

In this study, a mathematical model capable of simulating 
responses of the cardiovascular system to PPE was 
developed. The present article is structured as follows. 
Firstly, a qualitative description of the model for PPE study 
is presented. Secondly, the model is validated by a 
comparison of simulation results with reported experimental 
data from centrifuge and tilt table studies. Finally, the 
influence of different factors of simulated PPM acceleration 
profile on +Gz tolerance is investigated. 

II. METHOD 

A. Model Description 

The distributed model was previously developed for the 
simulation study of cardiovascular responses to 
hypergravity. It is based on previous work of Jaron et al. [8], 
Bai et al. [9], and Lu et al. [10]. The simulation of ventricle 
and atrium adopts the extended varying-elastance model 
based on the work of Suga and Sagawa [11].  

Although the previous models have been successfully 
used in computer simulation studies, they are not capable of 
simulating integrative carotid baroreflex mechanism to 
regulate hear rate (HR), vascular tone, arterial resistance, 
cardiac contractility and venous volume, which might be 
involved in PPE. In addition, due to the rapid change of Gz 
stress during PPM, venous collapse should be considered. 

For better simulation of cardiovascular responses during 
PPM, the sub-model of the carotid baroreflex mechanism 
was first improved based on the one proposed by Ursino 
[12]. In addition to regulations of HR and vascular tone 
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addressed previously, the regulations of arterial resistance, 
cardiac contractility and venous volume were added into the 
model, making the model include totally five feedback 
controls. Since the duration of PPM is relatively short, and 
the whole process is usually completed during several 
cardiac cycles, the action of all the regulations besides HR 
and vascular tone is then modified to be taken in real-time, 
instead of changing beat by beat as previously described 
[8-10]. During PPM, the vessel pressure fluctuates 
dramatically due to rapid change in Gz stress. Though most 
arterial vessels could keep their shape during the PPM, it is 
not the case for a venous segment, whose wall is thinner and 
intravascular pressure lower. The collapse of veins happens 
when the difference between intravascular and extravascular 
pressure is less than zero. In the model, the cross-section of 
the vein is represented by an ellipse with a constant 
circumference during collapse [13]. Fig. 1 illustrates the 
block diagram of the extended model with above 
improvement and modifications, including the left and right 
ventricles and atria, twenty-two segments of arteries, veins 
and peripheral vessels, and five feedback controls. 

 

Fig. 1 Block diagram of the human cardiovascular model developed in this 
study 

B. Computer Simulation Procedure 

In all computer simulations, the virtual subject is a healthy 
pilot with a height of 1.8 m, a resting HR of 72 beats·min-1. 
The simulation package is programmed with the PASCAL 
language. The time intervals for calculation are set as 0.001 
s. During each time interval, a complete segment-by-segment 
computation of pressure, flow, and volume is performed 
starting from the left ventricle. With venous return to right 
atrium, the pulmonary circulation starts from the right 
ventricle.  

Human centrifuge experiments have revealed that loss of 
peripheral vision starts when the ophthalmic systolic 

pressure falls below 50 mmHg, and complete loss of vision 
occurs when systolic blood pressure (SBP) is near 20 mmHg. 
We therefore chose an ophthalmic arterial systolic pressure 
of 30 mmHg as the criterion to determine the +Gz tolerance 
in computer simulations [10].  

In this model, gravitational effect is reflected by changes 
in hydrostatic pressure gradients. The action of PPM is 
simulated by adjusting the gravitational component along the 
vertical axis. To model in flight environment, the virtual 
subject is in the sitting posture, with a seat back angle of 13o, 
the angle between thigh and horizon of 11o, and the angle 
between calf and horizon of 60o. Except for mentioned 
otherwise, all the simulated PPM acceleration profiles start 
from a baseline of 1 Gz, with duration of 15 s. The onset rate 
of the push phase is –2 Gz·s-1 until a plateau of –1 Gz for 5 s is 
reached and held. The onset rate of the pull phase is 2 Gz·s-1 
until the criterion of +Gz tolerance is met. In contrast, the 
control acceleration profile starts from 1 Gz for 15 s and 
increases with an onset rate of 2 Gz·s-1.  

C. Contents of Computer Simulations 

Validation of the model. The applicability of this model to 
simulate the high +Gz response and evaluate anti-G 
techniques have been validated and evaluated in our previous 
studies [8-10]. To validate the extended model for simulation 
study of the PPE, model output of +Gz tolerance and other 
physiological variables during PPM were generated and 
compared with experimental data reported by Goodman et al. 
[6] and Sheriff et al. [5] under same or similar conditions. 
With a multi-axis centrifuge, the PPM acceleration profiles 
started from a baseline of 1.4 Gz [6]. The experimental study 
in [5] used a tilt table and all subjects were positioned with 
–15o head-down tilt (HDT) for 20 s from supine and then 
immediately to 30o head-up tilt (HUT) for 30 s. The time 
taken for manual change of positions was less than 2 s in 
experiments. The simulation studies were performed under 
conditions the same as or similar to those of above 
experiments and results were compared for model 
evaluation. In our simulation studies, the onset rate was set to 
±2 Gz·s-1. 

Influence of PPM acceleration profile on PPE. After 
demonstrating the model’s validity, computer simulation 
studies were performed to investigate how the PPM 
acceleration profile would affect +Gz tolerance and what the 
reasonable profile combinations would be. In this study, five 
factors including the Gz baseline level, the onset rate of push 
phase, the magnitude and duration of –Gz exposure during 
the push phase, and the onset rate of the pull phase, were 
explored. For each simulation run, only one factor changed 
and the other remain fixed. 
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Table 1 Comparison of tilt-table data [5] with simulation results 

 Experiment Simulation 
 Baseline ΔPush ΔPull Baseline ΔPush ΔPull 

ELAP(mmHg) 75.70±4.80 10.30±1.30 -17.90±1.40 72.61 12.12 -12.65 
HR (beats·min-1) 58.40±3.40 -6.80±0.60 12.30±2.80 63.24 -7.21 11.87 
CO (l·min-1) 4.99±0.31 -0.62±0.10 1.370±0.17 5.27 -0.38 0.67 
ΔPush, change from baseline induced by HDT; ΔPull, change from baseline during HUT phase preceded by the HDT phase. 
Baseline, values corresponding to the horizontal position. 
 
 

III. RESULTS 

To evaluate the model, the simulation results are 
compared with experimental data under same or similar 
conditions [5, 6]. In the experimental study [6], relaxed +Gz 
tolerance, +Gz tolerance of a PPM run, and +Gz tolerance of a 
PPM run performed with pressurized neck are 3.60±0.26, 
3.00±0.21, and 3.10±0.20 Gz, respectively, while the 
simulation results are 3.82, 3.01, 3.14 Gz, respectively. The 
results indicate that +Gz tolerance of a PPM run performed 
with pressurized neck is a little higher than that of a control 
PPM run by 0.1 and 0.13 Gz, for experimental and simulation 
studies, respectively, indicating that the results obtained from 
experiments and simulations do not differ much. Table 1 
gives the comparison of simulation results with experimental 
data reported by Sheriff et al. [6] under similar conditions. 
Both simulation and experimental data demonstrate that in 
the push phase, eye-level arterial pressure (ELAP) increases, 
HR and cardiac output (CO) decrease. Correspondingly, in 
the pull phase, the changes of ELAP, HR and CO are in the 
opposite direction in the push phase. Result comparison 
indicates that with the exception that the simulated baseline 
of HR is a little higher than that of experimental data, most of 
the simulation results compare well with reported data [5, 6]. 

The simulation results are depicted in Fig. 2. With the 
increase of baseline +Gz level from 0 to 2 Gz, the +Gz 
tolerance decreases from 3.31 to 2.94 Gz, as shown in Fig. 
2A. It also indicates that the decrease of +Gz tolerance is 
non-linear: it decreases rapidly from 0 to 0.5 Gz, and 
becomes slowly from 0.5 to 2 Gz. Simulation results suggest 
that though higher baseline level prior to the push phase 
would aggravate PPE further, the decreasing trend of +Gz 
tolerance become slower when the baseline level is higher 
than 0.5 Gz.  

As shown in Fig. 2B, with the increase of onset rate for 
push phase from 0.1 to 4.0 Gz·s-1, the +Gz tolerance increases 
slightly from 3.01 to 3.11 Gz. Fig. 2C illustrates the 
remarkable effect of the magnitude of –Gz exposure during 
the push phase. When the magnitude of –Gz exposure 
decreases from –0.1 to –2.0 Gz, +Gz tolerance is reduced 

greatly from 3.51 to 2.89 Gz. It is apparent that the decrement 
of +Gz tolerance is non-linear: it decreases rapidly from –0.1 
to –0.4 Gz, and becomes slowly from –0.4 to –2.0 Gz. For 
HDT of 15°, its equivalent gravitational stress is around 
–0.26 Gz [5], right among the rapid decreasing range. 

Fig.2E demonstrates the effect of the duration of the push 
phase. With the increase of duration time of –Gz exposure 
from 1 to 20 s, the +Gz tolerance decreases from 3.22 Gz to 
2.71 Gz. The influence of the onset rate of the pull phase on 
PPE is shown in Fig. 2D. With the increase of onset rate from 
0.1 to 4.0 Gz·s-1, the +Gz tolerance decreases from 3.23 Gz to 
2.98 Gz. 

 

Fig. 2 Influence of different factors of PPM profile on +Gz tolerance. A) 
baseline; B) onset rate of push phase; C) magnitude of –Gz exposure during 
push phase; D) onset rate of pull phase; E) duration of –Gz exposure 
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IV. DISCUSSION 

The research presented in this paper is an attempt to utilize 
mathematical model for PPE study. To achieve this goal, 
sub-models relating to autonomic and nonautonomic 
regulations have been added into the previous model, as well 
as some modifications to make the model more adaptive to 
rapid change of acceleration, especially for –Gz exposure. 
The appropriateness of the extended model has been 
validated by a series of comparisons of reported 
experimental data [5, 6] with model outputs generated under 
the same or similar conditions. From these comparisons, we 
can conclude that they are in good agreement and the model 
is appropriate for the simulation study of PPE. 

To investigate how a PPM acceleration profile would 
affect +Gz tolerance, a simulation study was performed by 
changing five factors of the PPM acceleration profile in the 
model. Model predictions show that the effects of different 
factors are quite different. Among the five factors, +Gz 
tolerance is reduced when the higher the +Gz-level of the 
baseline, the more negative the Gz-level of the push-phase 
and the longer the push-phase, appearing that these three 
factors have a higher impact on +Gz tolerance. The 
simulation results on the influence of the magnitude and 
duration of the push-phase compared well with those 
reported by [1, 3] and [7]. In addition, relation curves shown 
in Fig. 2A, C, and E indicate that a baseline level of 0.5 Gz, a 
–Gz exposure of –0.4 Gz, and a 8 s duration of the push phase 
seem the turning points where the decreasing trend of +Gz 
tolerance become slower, suggesting that the effect of the 
carotid baroreflex may achieve its upper limit at these points 
due to fast rise of carotid pressure. 

Curves in Fig. 2B and D indicate that slower G-onset rate 
of the pull phase results in an increase of the tolerance about 
0.25G when the onset rate changed from 4.0 to 0.1 Gz·S-1. 
However, the onset rate of the push phase has very minor 
effect on tolerance, about 0.1Gz when the onset rate changed 
from 4.0 to 0.1 Gz·S-1. Considering the limited effect of onset 
rates on the tolerance, if the transition of table position is fast 
enough, (if less than 2s, because the maximum range of tilt 
table is from -1 to 1 Gz, the onset rate is around 0.1 to 1 
Gz·S-1, therefore, the +Gz tolerance would be around 3.23 to 
3.12 Gz), tilt tables driven manually, would be applicable for 
PPE studies. 

The mathematical modeling of the human cardiovascular 
system remains a complex task and for this reason, the model 
presented here is a simplified one with respect to particular 
parts of interest. It not only helps us to understand the 
fundamental mechanisms involved in PPE, but also has 
considerable practical value in evaluating both current and 
future techniques to improve the protection against PPE for 

aircrews. Further studies based on the proposed model is 
currently under investigation. 
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Abstract—Numerous research work has been published in 
the field of noninvasive and continuous blood pressure (BP) 
determination using surrogate parameters. Motivated by a 
multitude of inconsistent statements about the BP tracking 
capabilities of pulse transit time (PTT), a profound literature 
survey on this subject has been carried out. As the result and 
as a prerequisite for further research, this paper summarizes 
the surrogate parameters used for BP estimation (e.g. pulse 
transit time) and gives a critical review of the underlying 
measurement principles (and sites) applied in the sighted stud-
ies. In conclusion to the findings, the design for a clinical trial 
eliminating the shortcomings of the sighted literature in surro-
gate parameter determination is also presented. 

Keywords—literature survey, noninvasive continuous arte-
rial blood pressure estimation, pulse wave transit time, surro-
gate parameters. 

I. INTRODUCTION  

Chronic hypertension is known to have a strong impact 
on the development of cardiovascular diseases like e.g. 
arterial calcifications and stenoses. Since these arterioscle-
rotic plaques are a main risk factor for cardiac infarction 
and apoplectic stroke – the main death causes in industrial-
ized countries – blood pressure (BP) recently has emerged 
to be one of the most interesting hemodynamic parameters 
for the assessment of a patients' cardiovascular status. For 
the purpose of final hypertension diagnosis or therapy ad-
justment in case of (hypertensive) cardiovascular risk pa-
tients, thereby the discrete measurement of BP values by 
conventional cuff-based methods (e.g. in 30-minute inter-
vals) is rarely meaningful, so that the recording of a con-
tinuous blood pressure profile throughout the whole day is 
often recommended by hypertension experts. 

Against the background of this, a literature survey on 
noninvasive and continuous blood pressure estimation by 
surrogate parameters has been carried out. The sighted stud-
ies in this context have been labeled and categorized in 
terms of (i) the surrogate parameters applied for BP estima-
tion, (ii) the measurement principles (and sites) for surro-
gate parameter and reference BP determination, and with 
regard to (iii) the consideration of important physiological 
aspects in BP modeling. 

In conclusion to the findings of this literature survey 
concerning certain deficiencies in the sighted measurement 
settings, a clinical trial has been designed for a more accu-
rate determination of the surrogate parameters and is pre-
sented in the remainder of this paper. 

II. REVIEW OF THE LITERATURE 

A. Surrogate Parameters 

In literature, numerous publications and approaches for 
noninvasive continuous blood pressure estimation deal with 
the parameter called pulse wave transit time (PTT) [1-9, 11, 
14-26, 29-44]. A pulse wave in this context is originating in 
the aortic arch – due to the contraction of the heart and the 
consequent ejection of blood – and is propagating through 
the arterial vessel system from the aorta to the periphery in 
form of a pressure, volume and blood flow pulse. The ve-
locity of pulse wave propagation (PWV) implies the pulse 
wave transit time between two arterial sites, and itself re-
sults from the pressure-dependent vessel wall’s elastic 
properties. The fluid dynamical equation of Bramwell and 
Hill [1, 5, 8, 9, 11, 15, 16, 19, 21, 28, 29, 34, 37, 41], which 
originally relates the pulse wave velocity in an elastic tube 
to its underlying elastic modulus, hereby provides a plausi-
ble relationship between pulse wave transit time and blood 
pressure. 

Another surrogate parameter, which is often used in 
combination with PTT, is the amplitude of the arterial vol-
ume pulse wave (PA) [10-13, 17, 26]. Due to the well-
known sigmoid pressure-volume relationship of elastic 
arteries [1, 6, 12, 16], the volume amplitude and the blood 
pressure amplitude are strongly coupled. 
 
B. Measurement Setups 

The acquisition of the cardiovascular surrogate parame-
ters in the sighted literature is realized in various different 
ways. 

Pulse wave transit time – the time a pulse wave needs for 
covering the distance between two different located arterial 
sites – is based in its calculation on the measurement of at 
least two local arterial pulse wave signals. These in most 
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cases are acquired by optical plethysmography (pho-
toplethysmography) at peripheral sites like e.g. the finger, 
the toe or the ear lobe [1-9, 12-14, 17, 19, 21-24, 26, 29-31, 
33, 34, 36, 38, 40, 43, 44]. Alternatively, also piezoelectric / 
magnetoelastic sensors [11, 20, 37-39, 42], ultrasound / 
laser Doppler sensors [7, 10, 41], invasive catheters [6, 8-
10, 15, 16, 18, 20, 23-25, 29, 35, 37-39, 41, 42, 44] or mi-
crophones [15, 25, 29, 33, 35] find a use in pulse wave 
signal acquisition at different arterial sites like e.g. Arteria 
femoralis, carotis, brachialis or radialis. For convenience, 
the R-peak of the QRS complex from a simple one-lead 
ECG is often chosen as the temporal pulse wave start point. 
Volume pulse amplitude of a local arterial site also can 
easily be determined for every heart beat on the basis of the 
above mentioned plethysmographic methods. 

Apart from the surrogate parameters, reference blood 
pressure parameters (or waveforms) are always registered 
for later comparison and evaluation purposes. In this con-
text, invasive measurement [6, 8-10, 15, 16, 18, 20, 23-25, 
29, 35, 37-39, 41, 42, 44], sphygmomanometrical (oscil-
lometric or auscultatory) measurement [1-5, 7, 15, 19, 21, 
22, 29, 31, 33-37, 40, 43, 44] and volume compensation [3-
5, 11-13, 17, 26, 32, 43] are the methods of choice. 

For analysis of the relationship between surrogate and 
reference parameters over a wide domain of blood pressure 
values, the particular measurement population – like e.g. 
hypotonic / hypertonic patients, anesthetized animals or 
healthy test subjects – has been exposed to a variety of 
blood pressure altering factors e.g. ergometric exercise, 
vasoactive medication, mental stress or different breathing 
maneuvers. 
 
C. Essential Findings 

Despite the differences between the reviewed studies 
concerning the measurement population and the acquisition 
and use of the surrogate and reference parameters, there is a 
set of always recurring essential observations. 

Independent of the surrounding conditions, the majority 
of studies explicitly confirm a significant negative correla-
tion between pulse transit time and (systolic / diastolic) 
blood pressure. Empirically, an increase in blood pressure 
goes along with a decrease in pulse transit time and vice 
versa. 

The relationship between pulse transit time and blood 
pressure for simplicity is assumed linear by many approxi-
mating BP estimation approaches. As a consequence of the 
differing measurement conditions mentioned above, the 
correlation coefficients between the surrogate parameter 
PTT and the reference BP hereby range from virtually no 
correlation (R = -0.10) to a very strong linear relationship 
(R = -0.99). Confirmative to the arteriovascular walls’  

characteristics, however, the review suggests a better esti-
mation performance in BP models basing on the nonlinear 
dependencies described by the equation of Bramwell and 
Hill – even if not comparable by reason of the differences in 
measurement setups. Further enhancements of estimation 
could be achieved by synchronous acquisition and usage of 
additional surrogate parameters like e.g. the volume pulse 
amplitude. 

Nevertheless, the PTT- (and PA-)based approaches are 
limited in their ability to continuously estimate blood pres-
sure and do not (yet) meet the requirements of the AAMI 
(Association for the Advancement of Medical Instrumenta-
tion) and the ESH (European Society of Hypertension) for 
highly accurate blood pressure measurement de-
vices/methods. 

After individual calibration of a particular BP model to a 
test subject, only short term tracing of absolute blood pres-
sure values is possible. With the passing of time the well-
calibrated relationship between surrogate and reference 
parameters gets subject to fluctuations due to pressure-
independent arterial stiffness varying effects like e.g. 
changes in heart rate or in sympatho-vagal balance (auto-
nomic nervous system).1 Hence, in long-term applications 
the sighted approaches are only suitable for coarse blood 
pressure trend indications. 

In literature, several publications also address the prob-
lematic non-consideration of the pre-ejection period (PEP) 
of the heart [5, 6, 8, 9, 16, 18-20, 24, 25, 28, 29, 31-35, 38, 
39, 42-44] in ECG-based PTT calculation settings. The 
variable PEP – the time from maximum excitation of the 
left ventricle (R-peak) to the very ejection of blood in the 
aortic arch – shows no significant correlation with the (real) 
vascular pulse wave transit time, while considerably con-
tributing to the overall PTT in the case of R-peak triggered 
PTT determination. The gradually changing elastic proper-
ties of arteries along the arterial tree from the aorta to the 
periphery are subject to investigation in the fewest studies 
[11, 27, 31, 36, 38], but they represent a significant source 
of deviation in PTT calculation. The pulse wave transit 
time, by this means, results from an averaged pulse wave 
velocity profile and consequently suffers a loss of informa-
tion. In addition, the volume pulse amplitude – if deter-
mined from optical plethysmographic measurements in the 
peripheral microvasculature – is limited in describing cen-
tral BP conditions since it is influenced by the autoregula-
tion of microcirculatory vessels which (also) respond to 
local changes in temperature or in the local need for oxygen 
[12, 30, 37]. 

                                                           
1 No quantitative information on reasonable recalibration intervals 

has been found in the sighted literature. 
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III. CONCLUSIONS / CLINICAL TRIAL DESIGN 

In the course of reviewing the literature – across different 
measurement protocols and populations – the pulse wave 
transit time (PTT) and the volume pulse amplitude (PA) 
have been identified as the most relevant surrogate parame-
ters in the attempt to noninvasively and continuously esti-
mate arterial blood pressure. The estimation accuracy in this 
case of application thereby is often negatively affected (i) 
by approaches assuming a linear relationship between the 
single quantities of the cardiovascular system and (ii) by 
measurement settings disregarding important physiological 
aspects for convenience – like e.g. the pre-ejection period of 
the heart, the gradually changing elastic properties of arter-
ies along the arterial tree, and the autoregulatory effects in 
microcirculatory vessels. 

To avoid (or minimize) the latter inaccuracies in the de-
termination of the surrogate parameters, an appropriate 
clinical trial has been designed and is about to be conducted 
in cooperation with the clinic of anesthesiology at the Uni-
versity Hospital in Erlangen. By measuring an electrocar-
diogram (ECG) and the local pulse wave signals of four 
sequential arterial sites (via photoplethysmography PPG, 
bioimpedance plethysmography ICG/IPG and invasive 
blood pressure measurement IBP), five observation points 
and a total of 10 resulting (cardio-)vascular segments can be 
derived (see Fig. 1). As intended, this kind of measurement 
setup enables the comparison of pulse wave transit times 
between the different arterial sites with respect to their suit-
ability for central BP estimation – particularly with or with-
out the influence of the hearts’ pre-ejection period described 
above. 

 

Fig. 1 Scheme of the five sequential arterial observation points between the 
heart and the periphery (left) and the 10 cardiovascular segments resulting 
from paired combination (right) 

Again, the setup inherently is not limited to a certain vas-
cular segment with a location-variant pulse wave velocity 

profile but consists of several shorter, more homogenous 
vessel segments. Furthermore, the acquisition of pulse wave 
signals at greater arteries (e.g. the radial artery) allows a 
more robust, non-peripheral volume pulse amplitude deter-
mination. 
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Using Frequency Analysis of Vibration for Detection of Epileptic Seizure 

Z. Vasickova, M. Penhaker, and M. Augustynek 

Department of Measurement and Control, VSB-Technical University of Ostrava, Ostrava, Czech Republic  

Abstract—the subject of my work is a design and realization 
of a system for detection of epileptic seizure with convulsions 
of sleeping person. The design is based on idea that epileptic 
seizure with convulsions can be detect through shaking of 
person and his bed.  The sensors with accelerometers placed on 
bed and possibly on patient’s leg measure the shakes and vi-
brations of patient or bed. Using the windowed Fourier trans-
form for frequency analysis we can determine the typical fre-
quency that represents the epileptic seizure in accelerometric 
signal. After that we can established a mathematic algorithm 
that will detect the epileptic seizure by analysis of accelerome-
tric signal. 

Keywords—epileptic seizure, convulsion, EEG, accelerome-
ter, WFT. 

I. INTRODUCTION  

An epileptic seizure is caused by excessive and/or hyper-
synchronous electrical neuronal activity, and is usually self-
limiting. It can manifest as an alteration in mental state, 
tonic or clonic movements, convulsions, and various other 
psychic symptoms (such as déjà vu or jamais vu). The med-
ical syndrome of recurrent, unprovoked seizures is termed 
epilepsy, but seizures can occur in people who do not have 
epilepsy. Seizures can cause involuntary changes in body 
movement or function, sensation, awareness, or behaviour. 
A seizure can last from a few seconds to status epilepticus, a 
continuous seizure that will not stop without intervention. 
Seizures are often associated with a sudden and involuntary 
contraction of a group of muscles and loss of consciousness. 
After a heavy seizure attack as the brain is recovering there 
is a sudden loss of memory; usually the short term memory. 
In some cases, the full onset of a seizure event is preceded 
by some of the sensations. These sensations can serve as a 
warning to the sufferer that a full tonic-clonic seizure is 
about to occur. 

The most serious type of seizure is so called grand mal. 
Man suddenly lost his mind and has tonic-clonic convul-
sions during the grand mal. The seizure takes a short time 
and then affected person comes to his senses. In this type of 
seizure is important to help the affected person after the 
seizure. First of all we must check live functions and possi-
bly start to revival. If the seizure takes more then three mi-
nutes, we must call emergency, because a long epileptic 
seizure or so called status epilepticus may happen and the 

affected person may die. When the person has an epileptic 
seizure during his sleep, it may happen that surrounding 
doesn’t notice it. The system for detection of epileptic sei-
zure with convulsions of sleeping person brings another 
possibility or help for people suffering epileptic seizures. 

II. METODS 

The epileptic seizure can be definite detect by electroen-
cephalographic record. The EEG method is based on record 
of electric activity of the brain. This electric activity is 
measured by electrodes placed on the skin of head. To 
detect the epileptic seizure through EEG record in homecare 
is unsuitable. Due to the requirements of instrumentation 
which is expensive and due to patient’s comfort, because he 
should wear the EEG cap during EEG record.  

Because of these reasons we concentrated on external 
features which accompanying the epileptic seizure. The 
most significant feature is the specific movement of patient. 
The epileptic seizure is accompanying by jerky movement. 
These jerky movements are usually noticeable and are re-
peated with frequency about 1Hz. The patient’s movement 
during epileptic seizure is very different than movement in 
rest of time. We consider that this phenomenon can be uti-
lized for detection of epileptic seizure without using EEG 
record.  

The patient that lies or sleeps transfer his movement also 
to his bed. The basic of the design of our system for detec-
tion of epileptic seizure is the measuring of shaking and 
vibrations of bed. For this measuring the accelerometers are 
used. 

A. Measuring Chain 

The measuring chain contain: the digital xyz axis capaci-
tive accelerometer, I2C converter for convert I2C to UART 
and XBee module for wireless transmission (ZigBee).  

 

Fig. 1 The measuring chain 
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B. Experimental Measuring 

This system is used for acquiring number of data, which 
will serve for another design and development of the whole 
system for detection of epileptic seizure. Clinic of child-
ren’s neurology of teaching hospital of Ostrava participates 
on the development of this system. Thanks to collaboration 
with Ing.Radim Bridzik and MUDr. Vilém Novák we have 
a possibility to test the present system at a temporal labora-
tory of teaching hospital of Ostrava and also acquire a 
needed number of data.  

The temporal laboratory serves for polysomnography. 
The polysomnography belongs to most contributive diag-
nostic method of sleeping disorders and expiratory disease 
during sleep. The temporal laboratory provides recording 
several parameters simultaneously (EEG (electroencephalo-
graphy), EOG  (electrooculography), EMG (electromyogra-
phy), record of respiration, oximetry, ECG (electrocardio-
graphy), position of body, image record, 
(videopolysomnography), PTT (pulse transit time).  

The temporal laboratory is equipped by a recording sta-
tion, which allows acquiring a record of EEG and a video 
record of patient together. The integrating of accelerometer 
measuring of shaking and vibrations of the bed to this sys-
tem permits acquiring of the data with information of the 
state of patient.  This is the way we get the data which will 
represent the common events (for example: turn of the pa-
tient in the bed, get up from bed and so on) and also the data 
which will represent the epileptic seizure with convulsions. 

C. Frequency Analysis of Vibration Using the Windowed 
Fourier Transform 

The detection of vibration that represents the convulsion 
of patient during epileptic seizure is based on searching the 
typical frequencies in accelerometric signal and their ampli-
tudes and time. We measure the vibration of the patient’s 
bed by accelerometer and we measure video record of pa-
tient simultaneously. We mark the parts of signal that 
represents epileptic seizure using video record.  Then we 
determine the typical values of parameters (frequency, am-
plitude and time) that represent the convulsion. The system 
will detect the epileptic seizure in terms of these typical 
values.  

We use the Windowed Fourier Transform (WFT) for the 
frequency analysis. It is well known that the Fourier trans-
form of a signal gives the frequency content of the signal. 
The amplitude of the transform at a particular frequency 
comes from the contributions of the signal at all times to 

that frequency. The Fourier transform of a signal does not 
describe the frequency content of the signal as a function of 
time. One way to obtain both time and frequency localiza-
tion is to use WFT. As the name suggests, we multiply the 
signal by a window function b(t-t0), where b(t) is nonzero 
only in a finite region around 0. Then the Fourier transform 
of f(t) b (t-t0), 

 ,  
   (1) 

gives the frequency content of the signal near t=t0. It is clear 
that only the signal around  t=t0 contributes to , , 
since this is the part of signal "seen" through the window 
and the rest is cut off by the function  b(t). As we move the 
window along the time axis, different parts of the signal are 
"seen" and this accomplishes our aim of finding a time-
frequency description of f(t).  

There is an accelerometric signal on the Fig.2. The sen-
sor was placed on the bed of patient. The first 10 seconds 
represents patient’s leg shaking and in the rest the patient 
lies still. The signal around 15th second represents the pa-
tient’s turn. 

 

Fig. 2 The accelerometric signal 

The time-frequency spectrum is on the Fig.3. This 3D 
graph shows the localization of frequency in time and their 
amplitude. The level (range 0-8) represents the frequency 
(range 0-16Hz). It is seen that we can easy recognize the 
event (shaking) in the signal.  
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Fig. 3 Time-frequency spectrum 

III. CONCLUSIONS  

The goal of the whole project is to design and realization 
the complex device for detection of epileptic seizure with 
convulsions during patient’s sleep. The next advance of 
present system is processing and analyzing of measured 
data at temporal laboratory. It will find the suitable placing 
of accelerometric sensor and fitting mathematic method for 
detection epileptic seizure from measured data. 

The last part of work is to design and realize the measur-
ing chain, which will record the accelerometric curves, 
evaluate the events and warn in case of epileptic seizure. 
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Abstract—The aim of this study was to demonstrate the role 
of movement related evoked cortical potentials (MREP) in 
Parkinson’s disease (PD) diagnostics. The experiment con-
sisted of repeated spontaneous thumb movements in a time 
interval of 5-10 s. There were two groups of subjects, PD pa-
tients and healthy controls. We observed shift in the latency of 
the beginning of MREP, the Bereitschaftpotential (BP), in 
patients with PD. The BP started earlier for healthy controls 
than for the PD patients when the PD patient’s affected hand 
movement was observed. The BP latency shift was observed 
for the affected hand, but the beginning of the BP was not 
influenced for the healthy hand. The later components of 
MREP were not significantly influenced. The PD patients 
group was diverse and in accordance with that the standard 
deviations of MREP components’ amplitudes for this group 
was much greater that for the controls group. 

Keywords—movement related evoked potentials (MREP), 
Bereitschaftpotential (BP), Parkinson’s disease (PD) patients, 
control group 

I. INTRODUCTION  

The Bereitschaftpotential (BP) is a slow negative cortical 
potential that develops around 1.5 to 1 s prior to the onset of 
a self-paced movement. It was first described by Kornhuber 
and Deecke in 1964 and ever since it has been a powerful 
tool for studying voluntary movements. The BP is the elec-
trophysiological sign of planning, preparation and initiation 
of volitional acts [1]. Its amplitude, slope and latency have 
been shown to be impaired in neurological disorders such as 
Parkinson’s disease, Huntington’s disease, dystonia and 
cerebellar disease, psychiatric disorders such as schizophre-
nia and depression and in patients with focal lesions of the 
thalamus, basal ganglia, cerebellum and prefrontal and 
parietal cortices. Apart from scalp electroencephalography 
(EEG) many different electrophysiological methods have 
been used to quantify the BP: magneto-encephalography 
(MEG), intracranial EEG recordings, combined EEG and 
positron emission tomography (PET), combined EEG and 
functional magnetic resonance imaging (fMRI), combined 
EEG and MEG or combined MEG and PET. [2] 

In order to locate cortical structures activated during 
movement preparatory and executive phases, a method of 
movement related evoked potentials (MREP) is often used. 
The method consists of EEG segmentation and averaging 
relative to movement onsets. The result of this method is a 
movement synchronous electrical activity. Evoked poten-
tials obtained during spontaneous movements show a spe-
cific spatiotemporal distribution. A movement planning 
phase correlates with the BP, followed by a movement 
preparation phase which manifests as a steeper-sloped po-
tential, the negative slope (NS), and finally a movement 
execution phase associated with a sharp negative peak, the 
motor potential (MP). Spatiotemporal maps indicate that the 
brain electrical activity generated during self-initiated 
movements arises from the frontocentral regions of the 
brain, more particularly from the supplementary motor area 
(SMA). Further, the activity spreads to the contralateral 
primary motor cortex (M1). 

Variations in the BP have been the most frequently in-
vestigated in Parkinson’s disease (PD) patients. PD belongs 
to a group of conditions called motor system disorders, 
which are the result of the loss of dopamine-producing brain 
cells. Four primary symptoms of PD are tremor, or trem-
bling in hands, arms, legs, jaw and face; rigidity, or stiffness 
of the limbs and trunk; bradykinesia, or slowness of move-
ment; and postural instability, or impaired balance and co-
ordination. As these symptoms become more pronounced, 
patients may have difficulty walking, talking, or completing 
other simple tasks. [3] A slowness of movement execution 
and a difficulty of movement preparation and initiation in 
PD patients do not affect all kinds of movements to the 
same extent. PD patients confront difficulties while per-
forming self-initiated movements, but there seems to be no 
differences between PD patients and healthy subjects in 
preparation and execution of externally triggered move-
ments. [4] The BP amplitude reduction has been observed in 
PD patients repeatedly. However, the BP has not been con-
sistently found to be abnormal in PD patients. This can be 
due to differences in disease severity and a medication state 
between subjects in different studies.  
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II. MATERIALS AND METHODS 

The goal of this experiment was to examine differences 
in the cerebral dynamics between the control group and the 
group of subjects with the diagnosis of the Parkinson’s 
disease (PD) and to demonstrate its clinical usability. The 
experiment consisted of self-paced voluntary movements.  

The control group consisted of 11 healthy, right-handed 
males. Control group subjects did not suffer from any 
known neurological or other diseases. They ranged in age 
from 23-25 years (mean 23.45+/-0.68). The group of sub-
jects with the diagnosis of the Parkinson’s disease consisted 
of 16 subjects, 7 of them were patients with left onset PD 
(the right brain hemisphere) and 8 of them were patients 
with right onset PD (the left brain hemisphere). There were 
6 female and 9 male subjects and they ranged in age from 
41-73 years (59.4+/-9.8). Mean duration of the disease was 
4.5 years (range from 0.5-10 years). Subjects of both groups 
were informed in detail about the experiment and signed a 
consent form. The experiment was approved by the local 
ethic committee. 

During the experiment subjects sat in a comfortable 
chair. They were told to close their eyes and to relax. They 
had to minimize body movements, ocular movements and 
blinking as much as possible in order to decrease contami-
nation of the recorded signal. Some of the subjects from the 
group with the PD diagnose had tremor and their recoded 
signals were contaminated with the muscle artifacts.  

 Subjects were instructed to perform repetitive trials in 
which they had to push the button every 5-10 seconds. 
There were 100 artifact-free trials in each experiment.  

Movement related evoked potentials (MREP) were re-
corded using an EEG amplifier, the Brain Products Gmbh 
QuickAmp 136 and an electrode cap consisting of 32 active 
electrodes, the actiCAP. For data acquisition and analysis 
software programs Brain Vision Recorder and Brain Vision 
Analyzer were used.  

At the beginning of the experiment was necessary to pre-
pare the subject for the measurement. The actiCAP with 
32 electrodes was placed on the subjects head. Electrodes 
were placed according to the International 10/10 system. 
Monopolar recording was performed toward an average 
activity obtained from all electrodes. ActiCAP enables low 
electrode-skin impedances and a short subject preparation 
time. The electrode impedance was adjusted to be below 
5 kOhm using an electrically high conductive gel. Vertical 
(VEOG) and horizontal (HEOG) eye movements were 
monitored to avoid contamination of the recorded signal 
with ocular artifacts. Muscular activity was recorded from 
right and left abductor policis brevis (APB). The closure of 
the pushbutton contact was applied as a trigger signal. The 

EEG, EMG, VEOG, HEOG and the trigger signal were 
recorded during the whole experiment.    

EEG signals were filtered with a pass band filter with a 
low-cutoff frequency set to 0.1 Hz and a high-cutoff fre-
quency set to 70 Hz. EMG signals were filtered with a pass 
band filter with a low-cutoff frequency set to 0.1 Hz and a 
high-cutoff frequency set to 300 Hz. All used filters had a 
slope of 48 dB/oct. All signals were digitalized by a sample 
rate frequency of 1000 Hz. 

The analysis of the recorded EEG signal was performed 
off-line after each experiment. Obtained MREP were ana-
lyzed in the intervals of 2000 ms before and 1000 ms after a 
trigger onset. The MREP baseline was determined as the 
average of all samples from the first 300 ms period. Before 
each signal averaging, the computerized semiautomatic 
ocular correction and artifact rejection were made in order 
to reject trials in which blinks, artifacts or deviations in the 
eye position occurred. From the individual MREP the grand 
average was calculated. After that trails were filtered by a 
low pass filter with a cutoff frequency of 8 Hz in order to 
eliminate the residual alpha activity.  

III. RESULTS  

Obtained grand averages of MREP from PD patients and 
controls were compared and the result is shown on Figure 2 
(right thumb movement) and Figure 3 (left thumb move-
ment). Figures show MREP above the motor cortex (elec-
trodes on the side of the head that is contralateral to the 
hand performing the movement). It can be seen in Figure 1 
that onset points of characteristic components are assigned 
with the same names as the corresponding components: BP, 
NS and MP. MREP are shown in a time interval beginning 
2000 ms before the trigger onset and ending 1000 ms after 
the trigger onset. The trigger onset is shown in the figure by 
a vertical line placed on a time axis at 0 ms. It can be seen 
that the BP starts earlier for healthy controls than for PD 
patients. 

 

Fig. 1 Characteristic components of MREP 
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From figures average values for BP, NS and MP can be 
obtained. The BP starts for the right thumb movement 
at -1290 ms for patients with right onset PD (0+/-0.89 µV), 
at -946 ms for patients with left onset PD (0+/-0.99 µV) and 
at -1651 ms for healthy controls (0+/-0.50 µV). It can be 
concluded that the standard deviation of the BP amplitude is 
much greater for PD patients, which is probably due to 
differences in a disease severity and a medication state. A 
slope and an amplitude of the later component, the NS, are 
not influenced, yet it starts earlier for the PD patients. The 
NS starts for the right thumb movement at -525 ms for pa-
tients with right onset PD (-1.36+/-1.69 µV), at -423 ms for 
patients with left onset PD (1.50+/-1.30 µV) and at -275 ms 
for healthy controls (-1.06+/-1.09 µV). The MP starts for 
the right thumb movement at -134 ms for patients with right 
onset PD (-2.15+/-1.81 µV), at 39 ms for patients with left 
onset PD (3.84+/-3.37 µV) and at -7 ms for healthy controls 
(-3.45+/-1.52 µV). 
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Fig. 2 MREP during spontaneous right thumb movement; controls (blue) 
and patients with right onset PD (red) 
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Fig. 3 MREP during spontaneous left thumb movement; controls (blue) 
and patients with left onset PD (red) 
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Fig. 4 Spatiotemporal distribution of MREP during spontaneous left thumb 
movement in patients with right onset PD 
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Fig. 5 Spatiotemporal distribution of MREP during spontaneous right 
thumb movement in patients with right onset PD 

The BP starts for the left thumb movement at -927 ms for 
patients with left onset PD (0+/-0.99 µV), at -1893 ms for 
patients with right onset PD (0+/-0.66 µV) and at -1561 ms 
for healthy controls (0+/-0.60 µV). The NS starts for the left 
thumb movement at -421 ms for patients with left onset PD 
(-0.97+/-1.71 µV), at -378 ms for patients with right onset 
PD (0.89 +/-2.26 µV) and at -328 ms for healthy controls 
(-1.06+/-1.09 µV). The MP starts for the left thumb move-
ment at -88 ms for patients with left onset PD 
(-2.77+/-2.08 µV), at -47 ms for patients with right onset 
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PD (1.70+/-1.72 µV) and at -37 ms for healthy controls 
(-3.24+/-1.32 µV). 

It is interesting to compare movements of healthy and af-
fected side of the body. Figure 4 and Figure 5 show a spati-
otemporal distribution of MREP in patients with right onset 
PD. Maps show the spatiotemporal distribution in a period 
2000 ms before and 1000 ms after the trigger onset. An 
amplitude scale range is from -1.5 µV (blue) to 1.5 µV 
(red). Each map represents an average activity in a period of 
120 ms. Figure 4 refers to a condition where a subject is 
performing the movement with his/her healthy hand, and 
Figure 5 refers to a condition where the movement is per-
formed with the affected hand. It can be clearly seen that the 
negative activity that occurs prior to the movement onset 
starts earlier when the movement is performed by means of 
a healthy hand.  

IV. DISCUSSION  

In order to explore the influence of Parkinson’s disease 
on movement related potentials we performed a simple 
spontaneous thumb-pacing experiment with PD patients and 
healthy controls. We observed shift in the latency of the 
beginning of the BP in patients with PD. The BP latency 
shift was observed for the affected hand. The beginning of 
the BP was not influenced for the healthy hand. The later 
components of MREP were not significantly influenced. 
From the numerical representation it can be concluded that 
the standard deviation for PD patients is greater than for the 
controls. This group of subjects is much more versatile than 
the control group. They vary in age, gender, illness duration 
and severity and medication dosage. Yet we can conclude 
that the BP is indeed influenced by the PD because both for 
individuals and for the whole group we were able to come 

up with a conclusion which side of the body was affected by 
comparing related MREP. 

V. CONCLUSION  

MREP that occur during spontaneous thumb movement 
are influenced by the Parkinson’s disease in their initial 
part, the BP. The influence occurs as a latency shift and 
amplitude reduction of the BP. It is important for future 
studies to perform the experiment with more homogenous 
groups and to match the control group by age and gender. 
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Investigation on the Distribution and Expression of Caveolin-1 in Endothelial Cells 
under Disturbed Shear Stress by Vertical-Step Flow Chamber 

Shaoxi Cai, Xiaozhen Dai, Xiaoqing Yan, Bing Liu, and Li Zhang   
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Abstract—Previous researches suggested that caveolae and 
Caveolin-1 (Cav-1) may regulate the vascular response to 
lamina shear stress alter. However, atherosclerosis (AS) pref-
erentially affected at the outer edges of vessel bifurcations, 
where the flow patterns are disturbed. In this study, we fabri-
cated a novel PDMS-based vertical-step flow chamber, which 
mimics the disturbed shear flow in AS preferential area of the 
artery to study the changes of Cav-1 in endothelial cell.  Cells 
were seeded into the flow channel, and then exposed to dis-
turbed shear stress (about 40 dynes/cm2) for 6 hours, 12 hours, 
24 hours and 48 hours. It was found that in disturbed flow 
area, Cav-1 distribution shifted to the membrane from cyto-
plasm. In early stage of the stimulation, the expression of the 
Cav-1 decreased both on mRNA and protein level. The expres-
sion of Cav-1 in EC showed a significant decrease about 40% 
after exposure to shear stress for 48 hours. It suggests that 
disturbed shear stress can affect the distribution and expres-
sion of caveolin-1 in endothelial cell, which might play an 
important role in transducing mechanical stimuli into intracel-
lular signals to causes ECs pathological changes and finally it 
might deduce into atheromatosis process.   

Keywords—Atheromatosis, Disturbed shear stress, Caveo-
lin-1, Endothelial cell. 

I. INTRODUCTION   

Atherosclerosis is the leading cause of death in the de-
veloped world and nearly the leading cause in the develop-
ing world, so the more and more researches were focus on 
the pathological process of AS. Atherosclerosis remains a 
geometrically focal disease, preferentially affecting the 
outer edges of vessel bifurcations[1-2]. In these predisposed 
areas, hemodynamic shear stress is weaker than in protected 
regions and the flow patterns are disturbed, which it easier 
for monocytes and lipid to get into endothelium[3-4], and 
activate significant signaling pathways, such as mitogen-
activated protein kinases (MAPK) [5].However, the exact 
mechanism  remains unknown yet. The previous researches 
discovered that caveolaes exist widely in vascular Endothe-
lial Cells (ECs) membranes that are directly stimulated  
 

 
 

by shear stress and involved in signal transduction, trans-
membrane transport and intracellular transport, functioning 
in compartmentation of specific signaling cascade and con-
trolling the response of residence signaling molecules. 
Caveolin-1 (Cav-1), as a symbolic protein of caveolaes, 
could communicate with various of signal molecules, such 
as insulin acceptors and eNOS, and directly regulate the 
activity of signal molecules.  

Therefore, it participates in physiological and pathologic 
processes of cell such as differentiation & proliferation, 
inflammation, myocardial hypertrophy and aging [6-9]. In 
recent years, people gradually recognized the important role 
of Cav-1 in blood vessel under mechanical environ-
ment[10]. however, many researches  only focused on the 
influence of the shear stress ( different magnitudes) on Cav-
1 in ECs. Thus, we hypothesis  that caveolaes and Cav-1 
play an important role in signal transduction induced by 
special flow pattern in areas highly prone to AS. Besides, 
there is vital relationship between the distribution and ex-
pression of Cav-1 in ECs and the blood vessel reconstruc-
tion and regeneration[11] . But No attempt has been to in-
vestigate the influence of complex flow pattern in AS 
predilection site on the distribution and expression of Cav-
1. In this study, we fabricated a novel PDMS-based vertical-
step flow chamber, which mimics the disturbed shear flow 
in AS preferential area of the artery to study the changes of 
Cav-1 and eNOS in endothelial cell, which may help to 
reveal the effect mechanism of disturbed flow on AS.  

II. MATERIALS AND METHODS   

A. Fabrication of Vertical-Step Flow Chamber 

The disturbed shear stress loaded device includes circuit, 
vertical-step flow chamber, peristaltic pump and 5%CO2 
cell incubator. The vertical-step flow chamber was made 
with PDMS by soft lithography. The magnitude of shearing 
stress could be controlled by changing the rotate speed of 
the peristaltic pump to regulate the velocity of flow of the  
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culture fluid. In human aorta, the shear stress (τ) is around 
40 dynes/cm2. So we set the shear force 40 dynes/cm2 at the 
entrance of the flow chamber. According to the formula:  

WHQ 2/6μτ =  

where μ is liquid viscosity, Q is discharge at the entrance, 
H is altitude of pathway, W is width of pathway), as shown 
in figure 1, the width of the chamber is 8 mm, the height is 
0.5 mm, the lengths of upper and lower step are 15 mm and 
45 mm respectively, the velocity at entrance v=2 cm/s.  

B. Cell Culture  

HUVECs were purchased from ATCC (Manassas, VA), 
and were cultured and exposed to disturbed fluid flow in 
vertical-step flow chamber made by myself , which was 
coated by 50 ug/mL fibronectin (Sigma, USA) before cell 
seeded.    

C. The Effect of Disturbed Shear Stress on the 
Distribution of Cav-1 

To investigate the effect of disturbed shear stress on the 
distribution of Cav-1 , HUVECs were exposed to disturbed 
shear stress for 6, 12, 24 and 48 hours, the static culture 
cells as control. The distribution of Cav-1 was investigated 
by confocal microscopy. Cells were stained according to 
SABC-FITC kit’s instructions.  Confocal microscopy was 
performed on cells cultured on vertical-step flow chamber 
by laser scanning confocal microscope (LSM510 -META, 
German), as previously described[12].  

D. Real-Time PCR Detecting the Expression of Cav-1   

After HUVECs exposing to disturbed shear stress for 0, 
6, 12, 24 and 48 hours, each sample’s total RNA were iso-
lated by using the RNeasy Mini Protocol (Qiagen, Ger-
many). cDNA was synthesized from 1 μg total RNA using 
dT18 and MMLV reverse transcriptase (USB). Quantitative 
real-time PCR was performed using cDNA, primers (0.25–
0.5 μM) and 2× SYBR Green PCR Master Mix (Applied 
Biosystems, Perkin Elmer) and run in triplicates (95 °C 10 
min, 45 cycles, 95 °C 15 s, 60 °C 60 s) on an ABI Prism 
7700 Sequence Detection System instrument (Applied Bio-
systems, Perkin Elmer). The calculated threshold cycle (CT) 
value for Cav-1 was normalized against the corresponding 
β-actin CT value. Normalized values were related to time 
point 0 h (set to 1) and presented as mean value ±standard 
deviation(n=6).  

III. RESULTS 

A. The Vertical-Step Flow Chamber  

The vertical-step flow chamber was made, which was 
shown in figure1 and figure 2.  

 

Fig. 1 Schematic diagram of vertical-step flow chamber  

 

Fig. 2 Photograph of the vertical-step flow chamber based on PDMS 

B. The Distribution of Cav-1 in HUVECs Exposure  to 
Disturbed Shear Stress    

The distribution of Cav-1 in HUVECs was tested by laser 
scanning confocal microscope (LSCM), the results were 
shown in Figure 3 (A, B, C, D, E). The shape of cells under 
disturbed shear stress was similar to that of  static cell 
group. Neither of them are not distribute along the flow 
direction. The rim of Cells under disturbed shear stress is 
smoother than that of static cells. In static conditions, the 
distribution of Cav-1 is spread, there is no local concen-
trated distribution. After exposure to disturbed shear stress 
for 6h , the distributive trend of Cav-1 in disturbed flow 
area ((Figure 3B) is not evident, compared with control 
group(Figure 3A); after 12 h , the distributive trend of Cav-
1 begins to appear, the distributive trend of Cav-1 begins to 
appear, and the fluorescence intensity around the cells start 
to increase-which means Cav-1 begin to gather at the edge 
of cells; edge of cells, forming obvious bright band at the  
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Fig. 3 The distribution of Cav-1 in HUVEC under static and disturbed 
shear stress culture tested by laser scanning confocal microscope(400×) . 
(A) Cells under static culture  state; (B)Cells exposure to disturbed shear 
stress for 6h; (C)Cells exposure to disturbed shear stress for 12h; (D)Cells 
exposure to disturbed shear stress for 24h; (E)Cells exposure to disturbed 
shear stress for 48h; The red arrows indicate direction of the flow 

edge after 24-hour loading, Cav-1 in cells further gather at 
the (Figure 3D); after 48 h, Cav-1 in cells have the same 
distribution as that of cells exposure for 24 h, and disturbed-
flow-induced Cav-1 in cells have relatively stable distribu-
tion at the edge, with no redistribution. 

C. The Expression of Cav-1 in HUVECs Exposure to the 
Disturbed Shear Stress  

The changes of relative expression values of Cav-1 in 
cells exposing to the disturbed shear stress 0 h, 6 h, 12 h, 24 
h and 48 h are shown in Figure 4. From the figure, it could 
be seen that the relative expression values of Cav-1 in HU-
VECs cells exposing to the disturbed shear stress 6 h, 12 h, 
24 h and 48 h are significantly less than that of control 
group (0h), and with the loading times lasting, the relative 
expression values of Cav-1 gradually decrease. Under dis-
turbed shear stress, the relative expression values of Cav-1 
decreased by 40% at most after exposure to shear stress for 
48 h. 

 

Fig. 4 Time dependent relation of express of CAV-1 mRNA and disturbed 
shear stress. *P <0.05 vs.control group 

IV. DISCUSSION   

From our results, there is no significant difference in cell 
sharp between loading group and the control, but cells of 
loading group have more smooth edge compared with con-
trol group. The same result was observed by Natacha De-
Paola and his colleagues [13] that cells were stretched along 
the flow when suffered laminar flow shear stress but be-
came elliptic in disturbed flow. Cells orientation in confor-
mity with flow after change in shape can reduce the friction 
between the flowing blood and endothelial cells and would 
be beneficial to both of endothelial cells and blood flow. 
However, in disturbed flow condition, we find that cells do 
not stretch along the flow, only smooth their edge. We 
speculate that it is a compromising self-protection action. 
Endothelial cells display weak self-protection ability in 
disturbed flow area and become easier to suffer endothelial 
injury and further pathological changes. 

Consistent with previous researches on endothelial cells’ 
Cav-1 stress reaction induced by environment factor, we 
found changes in expression and distribution of Cav-1. In 
our experiment, disturbed flow induces Cav-1 aggregate in 
cell edge, but not unidirectional polarization. We also find 
expression of Cav-1 decrease with the time, which further 
demonstrates that the increase of fluorescence intensity at 
edges of cells results from the redistribution of Cav-1, in-
stead of increase expression or overlap of Cav-1. Unidirec-
tional polarization is beneficial to reducing the impact of 
shear stress on cells [14], and beneficial to repair following 
injury [11]. Redistribution may be caused by the compli-
cated and disorganized flow pattern of the disturbed flow. 
Cells could not signal definitely in this situation, which may 
influence cascade signal reaction that Cav-1 involved in and 
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make cells vulnerable in disturbed flow area. At the same 
time, we find the expression of Cav-1 in cells suffering 
disturbed shear stress reduces with the time. At present, the 
same phenomenon that the expression of Cav-1 largely 
decreases has been found in hypertension, high cholesterol 
and cardiomyopathy patients [15].  

Nolan L.Boyd and other researchers [16] investigated the 
effect of low shear stress (10 dyn/cm2~20 dyn/cm2) on 
caveola formation, found the the expression of Cav-1 in 
ECs reduced by 80% in 18h, followed with increase of AKT 
phosphorylation. It would enhance the proliferation of ECs 
and which greatly hasten the onset of AS. Low shear stress 
is always considered to be a motivation of AS over the 
academic circles, and disturbed flow area contains a same 
low shear stress area. They play a similar role in causing 
AS. Though the expressions of Cav-1 in two different flow 
patterns both reduce, but the extents differs. Though Cav-1 
expression decrease on ECs in both of flow patterns, there is 
major difference in the rate. One reason is that ECs grow in 
two different flow pattern, the other is that shear stresses is 
different. There should be more differences in ECs signal 
cascade reaction under these two flow fields, which de-
serves further studies.    

Our studies demonstrate that there are great differences 
in Cav-1 distribution and expression in ECs between dis-
turbed flow and laminar flow (normal flow pattern in veins). 
These differences may cause downstream cascade reaction 
Cav-1 involved in to adjust correspondingly and induce ECs 
display different physiological and pathological actions, 
which is hidden perils for the onset of AS. However, as the 
cellular response to shear stress involved with varieties of 
substances, and Cav-1, at the same time, have function in 
the regulation to many signal pathways, it is necessary for 
us to do some further research on how the cascade reaction 
would adjust when the distribution and expression of Cav-1 
change to procure the more potent evidences. 

V. CONCLUSION  

It could be concluded that disturbed shear stress can  
affect the distribution and expression of caveolin-1 in endo-
thelial cell, which might play an important role in transduc-
ing mechanical stimuli into intracellular signals to causes 
ECs pathological changes and finally it might deduce into 
atheromatosis process. 
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4D Motion Modeling: Estimation of Respiratory Motion for Radiation Therapy
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Abstract— With 4D imaging techniques spatiotemporal im-

age sequences can be acquired to investigate dynamic processes

in the patient’s body. However, 4-D images are not sufficient in

themselves for motion measurement. Therefore, motion estima-

tion algorithms have gained in importance in the last years. In

this paper, the increasing role of image registration and motion

estimation algorithms for the interpretation of complex 4D med-

ical image sequences is illustrated. Two conceptually different

motion estimation algorithms are presented and the clinical rel-

evance is demonstrated by means of two example applications

which are related to the radiation therapy of thoracic and ab-

dominal tumors. Perspectives are shown by an insight into a

current field of research: the statistical motion modeling.

Keywords— non–linear registration, motion estimation, biophys-

ical modeling, 4D CT, radiotherapy

I. INTRODUCTION

Respiratory motion is a significant source of error for the
radiotherapy planning of the thorax and upper abdomen. To
achieve high local tumor control and low normal tissue com-
plication probabilities, the radiation dose to be applied should
be focused on tumor tissue while avoiding organs at risk. This
becomes challenging especially in case of lung tumors due to
breathing induced tumor and organ motion.

Various techniques have been proposed to address respira-
tory motion during radiotherapy: margin adaptation, breath-
holding, respiratory gating, or robotic radiosurgery [1]. For
implementation and optimization of these techniques a com-
prehensive knowledge about respiratory dynamics is needed.
Several groups have recently proposed methods to acquire
four-dimensional CT scans to measure and to visualize the in-
dividual movement of lung tumors and organs during breath-
ing.

However, 4-D images are not sufficient in themselves for
motion measurement. Deformable image registration algo-
rithms can be used to automatically propagate 3D organ or
target delineation to all time-series images and to compute
spatiotemporal trajectories of all volume elements in the tho-
rax. In this way, a patient–specific “4D motion model” is
built. Such a model can provide helpful information not only
for the radiotherapy planning and treatment but also for e.g.
image acquisition or diagnosis of pulmonary function.

In this paper, we want to illustrate the increasing role of
image registration and motion estimation algorithms for the
interpretation of complex 4D medical image sequences with
one application of special interest in medical physics: the
modeling and analysis of respiratory dynamics in radiation
therapy. Two motion estimation approaches are presented in
the next section. Section III demonstrates applications of such
algorithms in image acquisition and radiotherapy planning.
Concluding, first results of an ongoing field of research are
presented: the statistical modeling of respiratory motion.

II. MOTION ESTIMATION APPROACHES

A variety of approaches for motion estimation between CT
images acquired at different breathing states has been devel-
oped in the last years, ranging from landmark–, surface– or
intensity–based registration techniques to biophysical models
of the lung (see [2] for a review). In this section we want to
introduce two opposing approaches briefly: biophysical mod-
eling and intensity–based, non–linear registration.

A. Biophysical modeling of lung motion

Estimated motion fields are required to be as accurate as
possible and to be realistic, which means that they should be
plausible from the perspective of the physiology of breathing.
Biomechanical modeling approaches show strong potentials
because explicit modeling of certain aspects of breathing dy-
namics becomes possible [3].

Macroscopic lung motion is mainly driven by the process
of lung ventilation. The lungs are not actively moving; in-
stead, they follow the expansion of the thoracic cavity which
is caused by the contraction of the diaphragm and outer inter-
costal muscles. During this process the visceral pleura (adher-
ent to the lung surface) is sliding down the internal surface of
the thoracic cavity. Because the pleural cavity is filled with a
liquid, sliding is almost frictionless.

The physiological lung motion can be modeled as a con-
tact problem of the elasticity theory. Starting point is a lung
surface representing an initial state of breathing: the phase of
end expiration (EE). A uniform negative pressure is applied
to this surface and starting from zero the pressure is increased
gradually, which forces the lung to expand. Expansion is lim-
ited by a second geometry representing the lung shape at the
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(a) (b) (c)

Fig. 1: Lung motion field estimates as obtained by the biophysical model (a) in comparison to the motion field estimated by registration of the CT data (b),
and as estimated by the extended non-linear registration approach (c). The motion amplitude visualized ranges from 0 to 18 mm (see scalar bar).

final breathing phase: the phase of end inspiration (EI). Due
to the forced lung expansion, the initial lung geometry and
the limiting geometry will come into contact. According to
the physiology of breathing the contact is modeled to be fric-
tionless. This process is formulated as boundary value prob-
lem and solved by means of Finite Element Methods (FEM).
The expansion stops when the deformed initial geometry and
the limiting geometry nearly match. The resulting deforma-
tion field uuu : Ω → Ω (Ω ⊂ R

3) is interpreted as an estimation
of the inner lung motion field between EE and EI.

To define the lung geometries which form the basis of
the FEM modeling process, the lungs are segmented within
the CT data at EE and EI in a preprocessing step. A FEM
software (COMSOL Multiphysics) is used to generate FEM
models of the segmented structures and to solve the boundary
value problem. Details are given in [3].

B. Intensity–based non–linear registration

Lung motion has been modeled most often using registra-
tion of 3D image data acquired at different breathing phases.
In contrast to biophysical approaches, intensity–based regis-
tration takes whole image information into account. However,
the physiological aspects of the breathing motion are not con-
sidered in standard registration approaches.

Let IEE : Ω → R be the patients image at end-expiration
and IEI the image at end-inspiration. The problem of im-
age registration can be phrased as finding a transformation
ϕϕϕ(xxx) = xxx+uuu(xxx), xxx ∈ Ω that minimizes an image distance D
with respect to a desired smoothness S :

J [IEE , IEI ;uuu] = D [IEE , IEI ;uuu]+S [uuu] → min . (1)

The minimization problem yields the necessary condition of
dJ to become zero, which leads to

∀xxx ∈ Ω : AAA[uuu](xxx)− fff (uuu,xxx) = 0 (2)

where the partial differential operator AAA is related to S and
the force term fff is related to D . The partial differential equa-

tion (2) can e.g. be discretized by finite differences and solved
by iterative numerical schemes.

Resulting motion field estimates for the biophysical mod-
eling approach and intensity–based registration are visual-
ized in fig. 1(a) and (b). Global motion patterns are the same.
However, focusing on local lung motion the motion patterns
differ noticeably. The biophysical modeling approach shows
a smooth transition of motion amplitudes between the tip of
the lung and the strong motion region located caudal. In com-
parison, the motion patterns obtained by intensity–based reg-
istration of CT data appear less smooth, which is a conse-
quence of accounting for inner lung structures. The smooth-
ness constraint in eq. (1) guarantees a global regularity of uuu
without taking into account the physiological sliding motion.
Focusing on the white boxes, fig. 1b nicely demonstrates that
this standard registration yields less motion near the lung bor-
ders than inside the lung, which from a point of physiology
does not appear to be realistic.

As a first approach to handle discontinuities between
pleura and rib cage, lung segmentation masks SEI : Ω → [0;1]
are applied to restrict the registration of the patients EE and
EI CT data to the lungs (see [4] for details). The result of this
extended registration scheme in fig. 1(c) shows that masking
the registration can help to generate realistic inner lung mo-
tion fields. A quantitative evaluation with 12 4D CT data sets
and more than 1700 expert defined landmarks shows that ex-
plicitly accounting for the behavior of the pleura and the chest
wall during lung ventilation improve the registration accuracy
signicantly [4].

III. APPLICATIONS

In this section, we discuss two examples of the applica-
tions of motion estimation algorithms in radiation therapy.
The first application is related to the acquisition of 4D im-
age sequences and describes a motion artifact reducing re-
construction method using an registration–based interpola-
tion technique.
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Fig. 2: Coronal section of a reconstructed 4DCT data set. Left: Artifacts at
the diaphragm caused by free breathing motion. Right: Artifacts are reduced

signicantly after the registration–based reconstruction.

The second example shows the use of the estimated motion
fields for an analysis of breathing–induced tumor motion for
radiotherapy treatment.

A. Improved reconstruction of 4D CT images

The successful implementation of many motion compen-
sation procedures in radiotherapy depends on the ability to
generate 4D CT images of the moving internal organs. There-
fore, some approaches for the acquisition of 4D CT data sets
during free breathing were developed in the last years. Nev-
ertheless, even modern multislice CT scanners cannot scan
a large region of interest simultaneously. For this reason pa-
tients have to be scanned in segments consisting of multiple
slices acquired during several periods of the breathing cycle
[5]. But free breathing causes the problem that there are no
segments for exactly the same period of the breathing cycle
for each couch position. In existing reconstruction methods
the nearest available data segment is used instead. So arti-
facts occur resulting in a skewed size, shape, and density of
objects in the image (see fig. 2 left).

In our 4D image acquistion method, synchronized spiro-
metry measurements were acquired to associate each CT scan
with a tidal volume. Thus, each breathing phase corresponds
to a tidal volume and a reconstructed 4D CT image represents
a series of 3D CT images for a scale of predefined tidal vol-
umes. Artifacts are caused by assembling CT slices acquired
not exactly at the desired tidal volume (fig. 2). To reduce these
artifacts an registration–based reconstruction method for 4D
data sets was presented in [6]. The idea of the method is to
generate interpolated CT scans for exactly the pre-defined
tidal volumes. The method to reconstruct a 3D data set for
a selected tidal volume consists of two main steps: First, for
each couch position a registration between two acquired CT
scans neighboring the desired tidal volume is performed by
computing a displacement field describing the motion of cor-
responding features. In a second step, the calculated displace-

ment field is then used to generate interpolated CT scans for
exactly the desired tidal volume. The interpolated CT scans
for each couch position are assembled to a 3D data set of the
whole thorax for the selected tidal volume. In this way, mo-
tion artifacts can be reduced significantly (see fig. 2).

B. Analysis of breathing–induced tumor motion

The resulting 4D CT data sets were used to model and an-
alyze the patient-related respiratory motion. Motion is com-
monly described by displacement vector fields which link
the location of each point in the current volumetric frame
to its location in the following frames. These displacement
fields are used to analyze trajectories of landmarks and sur-
face points.

In radiotherapy of the thorax, it is difficult to observe the
tumor motion directly during treatment. Therefore, the mo-
tion of a surrogate structure, such as the chest wall or the
abdomen, is used to predict tumor position for the purpose of
respiratory gating or robotic motion compensation. The ques-
tion about suitable skin regions for this prediction arises here.

By identifying trajectories of the tumors center and tra-
jectories of surface points of the skin an analysis of the de-
pendency between tumor motion and skin motion becomes
possible: Beside the standard 1D correlations (e.g. between
CC tumor motion and AP skin motion) a 3D–3D multivari-
ate regression can be performed assuming the trajectories of
the points of the skin surface model to be regressors and the
tumor mass center trajectory to be the regressand [7]. Thus,
thought is given to the nature of breathing–caused motion
which generally occurs in all three spatial dimensions.

Studying the interrelationship among tumor motion and
skin movements mainly mirrors that the optimal position of
skin which are suitable to predict tumor motion differ be-
tween the patients depending on the patient–specific breath-
ing pattern and the tumor location (see fig. 3). Details of this
analysis are given in [7].

Fig. 3: Performing a multivariate regression of tumor (regressor) and skin
point trajectories (regressands) the residual error between the tumor

trajectory observed and the tumor trajectory predicted is displayed. Dark
values (low error) indicate a high prediction quality.
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IV. STATISTICAL MOTION MODELING

In section II motion estimation techniques were presented
to generate lung motion models based on individual 4D im-
age data. However, their use is normally confined to motion
analysis for this individual patient. In different clinical appli-
cations it is of interest to analyze and quantify the differences
in respiratory motion between patients and to generate a pri-
ori knowledge about the ”normal” breathing motion.

To achieve further insights into the variability of breathing
motion between individuals a statistical analysis is necessary.
As a first step in this direction, in [8] a method for the gen-
eration of a statistical average model of the respiratory lung
motion is presented.

Based on a population of N individual thoracic 4D–CT im-
age sequences an motion model representing the average lung
motion in this population is generated in three steps: First,
the subjectspecific motion is estimated for each 4D image se-
quence by registering the 3D image frames as described in
section II.B. In a second step, an anatomical atlas represent-
ing the average shape and intensity of the lung in the CT im-
ages is generated (see fig. 4(a)). In the last step, this average
shape and intensity model of the lung is used as anatomical
reference frame. An atlas–patient registration is performed to
match all individual CT data sets in the population with the
anatomical atlas. The resulting transformations are used to
transfer the individual motion fields into the atlas coordinate
system and an average intersubject model of the respiratory
motion is build (see fig. 4(b)).

Different clinical applications of the a priori knowledge
about the breathing motion provided by such a statistical 4D
motion model are possible, e.g. in image-guided diagnosis,
for image acquisition or to improve the robustness of motion
estimation algorithms. Moreover, the model could comple-
ment techniques like gated RT or tumor-tracking by improv-
ing tumor position prediction during the process of irradiation
using model-intrinsic information.

(a) (b)

Fig. 4: Visualization of the average lung model (a) and the magnitude of
average repiratory motion (b). In (a) the accurate registration of the lung

boundary and a good registration of structures inside the lung can be
observed, while structures outside the lung are not matched well. The

average deformation model shows an intuitive respiratory motion pattern.

V. CONCLUSION

Image registration and motion estimation methods enable
new insights into complex 4D image data and have the po-
tential to improve medical diagnostics and patient treatment.
In this paper, we presented different motion estimation ap-
proaches as well as clinical applications and possible further
developments in the area of the radiotherapy of thoracic and
abdominal tumors.

Possible aspects of further research in this field are the
incorporation of physiological knowledge in intensity-based
image registration algorithms, the development of appropri-
ate evaluation and validation methods for motion estimation
algorithms and the modeling of intra– and inter–patient varia-
tions in the respiratory motion. Furthermore, an important as-
pect is to answer the question how health care is improved for
the patient with these methods. Therefore, we have to come
to more application–oriented integrative approaches, so that
image–based medical diagnostics and patient treatment can
be improved in the future.
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Abstract—This work assesses the ability of Self Organizing 
Maps (SOMs) to find nonlinear association and/or connectivity 
among biosignals. The proposed method can find numerous 
applications where nonlinear biosignals are measured in spati-
otemporal manner. Experiments are performed on tens of 
thousands of biosignals that are obtained from real biosignals 
by implementing a nonlinear transform, delays, additive and 
multiplicative random noise. Results showed that resolving 
association among biosignals under strong nonlinear trans-
formation, noise, and delay is effective using SOMs. 

Keywords—Biosignal analysis, neuroscience, self organizing map-
ping, nonlinear analysis, bioprocess identification. 

I. INTRODUCTION  

The nonlinear nature of several biological processes is 
well known and described, namely in relation to brain ac-
tivities [1],[2],[3],[4]. Despite that fact, most popular ap-
proaches to brain analysis still assume a linear model. Good 
examples are independent component analysis [5][6][7] and 
general linear model use widely in statistical parametric 
mapping to study functional magnetic resonance data 
[8],[9]. Nevertheless, the classical cross-correlation ratio 
and the coherence and phase measures are perhaps the most 
widely used to resolve the association among biosignals 
[10],[11]. Association can be considered as the strength of 
relationship/coupling between two time series representing 
signals. In many biomedical areas, association analyses are 
useful and may identify related biological process. How-
ever, many methods used with that purpose discard relevant 
information with special emphasis to the linearity/non-
linearity nature of the data. Although linear measures are 
usually very fast, they can only yield unambiguous results if 
linear associations are present which makes them unsuitable 
for characterizing complex biosignals, such as brain activity 
association patterns namely in EEG and MEG where 
nonlinearity is present [10]. In this context, nonlinear mod-
els have been applied for biosignal analysis with special 
emphasis in neuroscience, e.g., to study coupling between 
different brain structures [2]. These methods are usually 
complex, therefore demanding a lot of computer resources. 
Another drawback is that most of the times they typically 
only provide an association index. This association index is 
helpful to identify the presence of nonlinearity but is not 
useful to discriminate or classify between biosignals with 

different/similar nonlinear structures. Our group has been 
devoting some efforts in this issue and developed a compu-
tationally efficient non-linear measure based on Crámer 
mean squared contingency coefficient [10]. 

In the present paper we introduce one more contribution 
to the classification task among nonlinear signals described 
above through unsupervised Kohonen networks widely 
known as Self Organizing Maps (SOMs). These networks 
have been applied successfully in many classification prob-
lems and have the advantage of not assuming (initially) any 
model on the data [12]. Instead they “learn” from the data 
and capture their characteristics via weights and a neighbor-
hood topology. SOMs are able to identify associations be-
tween biosignals by capturing in its topology (i.e., neigh-
borhood nodes and their respective weights) different 
biosignals associated to “similar” signals regardless of their 
non-linear association. The objective of this work is to as-
sess the ability of SOMs in capturing the association among 
biosignals in presence of nonlinearity, delay, and noise. 
This work is organized as follows; Section 2 gives the theo-
retical part in brief and how the biosignals are derived using 
the nonlinear transform, Section 3 demonstrates the experi-
mental results, and Section 4 wraps up the conclusions. 

II. THEORY AND METHODS 

A. Nonlinear Association Using SOMs 

SOMs are nonlinear unsupervised classifiers implement-
ing the Euclidean distance. The nonlinearity is captured by 
the neighborhood neurons at the output layer. They consist 
of two layers, an input layer that is fully connected to an 
output layer as depicted in Fig. 1. Each connection has a 
weight which is used to tune the network performance. 
After random initialization at the beginning, the weights are 
changed until activations of the output layer are steady, in 
which, the system has converged to a solution. The weights 
matrix W  can be updated using an iterative update rule as 
shown below: 

)]()([)(*,)()()1( tittiiAttiti wxww −+=+ η
        

(1) 

where ( )tη  represents the learning rate, , * ( )i iA t
 
is a 

neighborhood connectivity function between node i  and the 



Association Analysis of Biosignals Using Self Organizing Maps 2171
 

  
 IFMBE Proceedings Vol. 25  

 

most activated (winner) node *i , the neighborhood is re-
duced as iterations are increased, and ( )( ), ( )it tφ x w  is the 
similarity metric used to find the winner node using Euclid-
ean distance. The output topology may have 1D, 2D, or 3D 
topology. Topology may be grid, random, or hexagonal, see 
[12] for more details on SOMs. 
 

 
Fig. 1 A diagram showing SOM taking as input one biosignal at a time  

B. The Nonlinear Transformation  

Let the each biosignal category be denoted by 
{ ( ) : 0,1,..., 1}S s i i N= = − , the nonlinearity transformation 

can have the following form:  

1( )x i s(i)β= ⋅ ,                                                          (2) 

|}]max{|),()([)( 11112 XvinixTix m ⋅+= ,                       (3) 

2 2 2 2
( ) ( , ) max{| |}x i x (i) n i v X= + ⋅ ,                              (4) 

1
( ) ( )px i x i= − Δ ,                                                       (5) 

where β  and m  are parameters that are used to control the 
extent of nonlinearity, },...,,...,2,1{ 11

Ppp ∈Δ   is a delay factor 
measured in milliseconds, 1p  is a uniform random number 
such that Pp ≤≤ 11  which means that the delay value is ran-
domly initiated for each signal up to a maximum delay P , 

),( 1vin and ),( 2vin  are uniform random noise with zero 
mean and variances 1v  and 2v  respectively, and | |⋅

 
is the 

absolute function. Note that the sets 
1 1

{ ( ) : 0,1,..., 1}X x i i N= = − , 
and 

2 2{ ( ) : 0,1,..., 1}X x i i N= = −  denote signals that are used 
temporary, ][⋅mT  is a nonlinear transform given as: 

2sgn( )( ) if  is odd 
( )

( ) otherwise

m

m m

p
T i

⋅ ⋅
=

⋅

⎡
⎢
⎣

,                 (6) 

where 2p  is a uniform random number that flips the nonlin-
ear sign function. The resultant nonlinearly transformed 
signal is the given by the set { ( ) : 0,1, ..., 1}X x i i N= = − . 
Generating many biosignal samples for each biosignal cate-
gory is accomplished by varying β , m , 1v  and 2v , in  

addition to the effect of 1p , and 2p . It is obvious that the 
nonlinear transform given in (3) is not monotonically in-
creasing. It is worth to mention that due to max value used 
in the form of (3) and (4) the noise variance is much higher 
than 1v  and 2v . 

III. EXPERIMENTAL RESULTS 

In this work, tens of thousands of biosignals are gener-
ated by adding noise, nonlinearly, and delay to the six 
biosignals shown in Fig. 2. The nonlinearity, noise and 
delays are generated using the transformations defined in 
equations (2)-(6). For example, signals shown in Fig. 3 are 
associated to Signal 4 shown in Fig. 2 and we will assess if 
SOM can discriminate such association. 

All the generated signals are normalized to have zero 
mean and unit variance. Then they are all put into a univer-
sal sample set (without labels) to be used as inputs to SOM. 
The following issues are investigated in this work: noise, 
nonlinearity, 1D SOM topology with nodes (4, 6, 12, 18, 32, 
and 256) nodes, and 2D SOM topology using 16x16 nodes. 
A grid topology is used for 2D SOMs, and 100 epochs are 
used in training, hence, the total number of iterations in 
SOM is 100xNumberOfSignals. Detailed experimentation 
parameters are shown in Table 1. Each set of parameters is 
changed such that the values are }...,,,{ endstartstart +Δ  and 
Table 1 shows only start and end. To clarify this, let n  be 
the number of biosignal samples that can be generated by 
changing each of the four parameters, Δ (the step) at each 
set can be found as follows )1/()( −−=Δ nstartend . Suppose, 
for example, that 11n =  and 25.0=start and 0.5=end , in 
this case m  is changed according to {0.25,0.725, ..., 5.0}m = . 

In practice, SOMs can work as an adaptive and/or evolu-
tional model that changes itself at the presence of each new 
sample. In applications where real-time analyses are needed, 
this might not be feasible due to the training time, therefore, 
SOMs are trained and made available for testing. To ensure 
reliability, the testing set should be made disjoint with the 
training set. In this work, two reliability testing trials are 
performed, the first is called interpolative disjoint testing set 
(IDTS) where the noise and nonlinearity parameters are 
chosen from values within the bounds of training intervals, 
e.g., for the training set ,...}2,1:)({ == iimm trtrain , each value 
of the testing set ,...}2,1:)({ == iimm tstest  is used subject to 
the condition testtrain mm ∩  and |)(||)(| imim trts < , ,...2,1, =ji . 
The second is the extrapolative disjoint testing (EDTS) set 
is obtained by using values that are greater than or less than 
the interval used in training, in this case, testtrain mm ∩  and 

|)(||)(| imim trts > , ,...2,1, =ji  
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Fig. 2 The six biosignals used in association analysis from left to right top 
to bottom are {Signal 1, Signal 2,…, Signal 6}. Signal 1 is a 5 Hz Sin with 
amplitude more than one, Signal 2 is a real bipolar intra-atrial flutter signal 
recorded during electrophysiological procedure [13], Signal 3 is an Atrial 
action potential waveform  [14], Signal 4 is an Episode of alpha wave 
simulated from a random Gaussian noise filtered by an 8 to 12 Hz band-
pass Butterworth filter  [15], Signal 5 is a one second of real 256 Hz EEG 
signal from  [16][17], Signal 6 is an artificial time series exhibiting long 
range correlation with Hurst parameter  H=0.9 respectively [18][19] 
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Fig. 3 Nine biosignal samples derived from Signal 4 at different nonlinear-
ity functions, noise, and delays. To ensure size equality, only 900 points 
are extracted from each delayed signal 

As shown in Fig. 3, biosignals are highly distorted due to 
noise that reach variance value 5, as well as nonlinearity 
and delays. Each graph in Fig. 4 presents the number of 
most activated signals versus network node at the x-axis 
where each gray tone area represents the contribution of 
each signal. Ideally, to obtain a higher discrimination 
among signal categories, each bar should present one gray 
tone per node. For instance in (b), Signal 2 does not allow a 
clear classification as it is spread along several nodes. That 
is not the case of c) and d) where most of the 14,406 biosig-
nals are clearly associated to different nodes at the output 
layer. Still, Signal 2 presents the lowest classification per-
centage in all cases. When the number of nodes is less than 
the estimated number of bioprocesses (biosignal categories) 
as shown in Fig. 4-a, many biosignal categories are not 
discriminated, only Signal 1 and Signal 4 are well discrimi-
nated in this case. 

Table 1 The set of parameters used to generate biosignals in each experi-
ment. The start and end value is shown for each parameter. No delay is 
performed, i.e., 01 =Δ p  except at Exp11 and Exp12 20P =  

ID 21,vv m  β  n  Descrip-
tion 

SOM 
Topology 

       

Exp1 256 

Exp2 
0.1-0.3 0.75-1.25 0.75-1.25 5 Low to high 

noise 16x16 
      

 

Exp3 256 

Exp4 
0 0.5-5 1-5 10 No noise high 

nonlinearity 16x16 
      

 

Exp5 256 

Exp6 
1-5 1 1 10 

High noise, 
no nonlinear-

ity 16x16 
      

 

Exp7 256 

Exp8 
2-5 0.1-5 2-5 5 

High noise, 
high nonlin-

earity 16x16 
      

 

Exp9 256 

Exp10 
0.1-5 0.1-5 0.1-5 7 Low to high 

noise 16x16 
      

 

IDTS1 256 

IDTS2 
0.1-5 0.2-5 0.2-5 7 Interpolative 

test 16x16 
      

 

EDTS1 256 

EDTS2 
0.1-5 5.1-7 5.1-7 7 Extrapolative 

test 16x16 
      

 

Exp11 
several 4,6,12, 18, 32 

Exp12 
0.1-5 0.1-5 0.1-5 7 

Low to high 
noise + delay 
up to 20P =  16x16 

 

 
Net10 (which is the resultant network of training using 

the set of Exp10) is used to test the reliability using IDTS in 
one experiment and EDTS in another. The total biosignal 
samples per parameter that are used in IDTS and EDTS are 

8n =  yielding a total of 6(84)=24,756 biosignals. SOM 
activation maps using a 16x16 output layer for various ex-
periments is shown in Fig. 5 where columns represent 
biosignals categories (Signal 1, Signal 2,…,Signal 6), rows 
represent experiments (Exp2, Exp4, …, Exp10, IDTS2, 
EDTS2). This figure is analyzed per experiment, i.e., one 
needs to trace the mapping (or regions) of signals for each 
experiment and not trace the mapping of each signal for 
different experiments. 
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Fig. 4 Activation of biosignals derived from the parameters described in 
Exp11 using 1D SOM, 4,6,12,18, and 32 nodes are depicted in a, b, c, d, 
and e respectively. Each bar gives a count of how many signals activate 
each node. The ideal case would be one color (Signal) per node such that 
all bars have the same height. As can be seen in (b), using six nodes as 
SOM output results in misclassifying Signal 2, (node 5 and 6 associates 
Signal 1). Clearly, c) and d) associate all the 14,406 biosignals to different 
nodes. In all networks, Signal 2 has the lowest classification percentage 
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Fig. 2: The six biosignals used in association analysis from left to right top 
to bottom are {Signal 1, Signal 2,…, Signal 6}. Signal 1 is a 5 Hz Sin with 
amplitude more than one, Signal 2 is a real bipolar intra-atrial flutter signal 
recorded during electrophysiological procedure [13], Signal 3 is an Atrial 
action potential waveform  [14], Signal 4 is an Episode of alpha wave 
simulated from a random Gaussian noise filtered by an 8 to 12 Hz band-
pass Butterworth filter  [15], Signal 5 is a one second of real 256 Hz EEG 
signal from  [16][17], Signal 6 is an artificial time series exhibiting long 
range correlation with Hurst parameter  H=0.9 respectively [18][19]. 
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Fig 3: Nine biosignal samples derived from Signal 4 at different nonlinear-
ity functions, noise, and delays. To ensure size equality, only 900 points 
are extracted from each delayed signal.  

As shown in Fig. 3, biosignals are highly distorted due to 
noise that reach variance value 5, as well as nonlinearity 
and delays. Each graph in Fig. 4 presents the number of 
most activated signals versus network node at the x-axis 
where each gray tone area represents the contribution of 
each signal. Ideally, to obtain a higher discrimination 
among signal categories, each bar should present one gray 
tone per node. For instance in (b), Signal 2 does not allow a 
clear classification as it is spread along several nodes. That 
is not the case of c) and d) where most of the 14,406 biosig-
nals are clearly associated to different nodes at the output 
layer. Still, Signal 2 presents the lowest classification per-
centage in all cases. When the number of nodes is less than 
the estimated number of bioprocesses (biosignal categories) 
as shown in Fig. 4-a, many biosignal categories are not 
discriminated, only Signal 1 and Signal 4 are well discrimi-
nated in this case. 

Table 1: The set of parameters used to generate biosignals in each 
experiment. The start and end value is shown for each parameter. No delay 
is performed, i.e., 01 =Δ p  except at Exp11 and Exp12 20P = . 

ID 21,vv
 

m  β  n  Descrip-
tion 

SOM 
Topology 

       

Exp1 256 

Exp2 
0.1-0.3 0.75-1.25 0.75-1.25 5 Low to high 

noise 16x16 
      

 

Exp3 256 

Exp4 
0 0.5-5 1-5 10 No noise high 

nonlinearity 16x16 
      

 

Exp5 256 

Exp6 
1-5 1 1 10 

High noise, 
no nonlinear-

ity 16x16 
      

 

Exp7 256 

Exp8 
2-5 0.1-5 2-5 5 

High noise, 
high nonlin-

earity 16x16 
      

 

Exp9 256 

Exp10 
0.1-5 0.1-5 0.1-5 7 Low to high 

noise 16x16 
      

 

IDTS1 256 

IDTS2 
0.1-5 0.2-5 0.2-5 7 Interpolative 

test 16x16 
      

 

EDTS1 256 

EDTS2 
0.1-5 5.1-7 5.1-7 7 Extrapolative 

test 16x16 
      

 

Exp11 
several 4,6,12, 18, 32 

Exp12 
0.1-5 0.1-5 0.1-5 7 

Low to high 
noise + delay 
up to 20P =  16x16 

 
Net10 (which is the resultant network of training using 

the set of Exp10) is used to test the reliability using IDTS in 
one experiment and EDTS in another. The total biosignal 
samples per parameter that are used in IDTS and EDTS are 

8n =  yielding a total of 6(84)=24,756 biosignals. SOM 
activation maps using a 16x16 output layer for various ex-
periments is shown in Fig. 5 where columns represent bio-
signals categories (Signal 1, Signal 2,…,Signal 6), rows 
represent experiments (Exp2, Exp4, …, Exp10, IDTS2, 
EDTS2). This figure is analyzed per experiment, i.e., one 
needs to trace the mapping (or regions) of signals for each 
experiment and not trace the mapping of each signal for 
different experiments. 
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Fig 4: Activation of biosignals derived from the parameters described in 
Exp11 using 1D SOM, 4,6,12,18, and 32 nodes are depicted in a, b, c, d, 
and e respectively. Each bar gives a count of how many signals activate 
each node. The ideal case would be one color (Signal) per node such that 
all bars have the same height. As can be seen in (b), using six nodes as 
SOM output results in misclassifying Signal 2, (node 5 and 6 associates 
Signal 1). Clearly, c) and d) associate all the 14,406 biosignals to different 
nodes. In all networks, Signal 2 has the lowest classification percentage. 
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From Fig. 5 it is clear that noise and no nonlinearity re-
sulted in spreading the activation on several neighborhoods. 
Exp4 shows that the noise has higher effect on the associa-
tion when compared to Exp6. Due to the random initializa-
tion of weights and other stochastic learning strategies used 
in SOM, the location of the peak activation of biosignals is 
not necessarily the same at different experiments. What 
matters is that at each experiment shown in Fig. 5, SOM 
successfully separated the output layer into six distinct re-
gions. The worst case in our experience was the separation 
between some biosignals of Signal 2 and Signal 3 in 
EDTS2. Nonetheless, it is still possible to separate them in 
narrow criteria.  

 
     Signal 1       Signal 2    Signal 3    Signal 4      Signal 5   Signal6 

Exp2 

      
Exp4 

      
Exp6 

      
Exp8 

      
Exp10 

      
IDTS2 

      
EDTS2 

      
Exp12 

       
Fig. 5 Activation maps of the six biosignals categories arranged by col-
umns (Signal 1, Signal 2, ..., Signal 6), with respect to the seven experi-
ments (Exp2,…, Exp10, IDTS2, EDTS2, Exp12) implementing a 16x16 
output layer of a 2D SOM. The first image at the first row (Exp2) shows 
that thousands versions of Signal 1 after contaminated with noise and 
nonlinearity activate mainly the right upper part of the 16x16 SOM output 
layer, Signal 2 activates the nodes at the lower left part, Signal 3 activates 
the lower right part, etc. The reader should look at the above figure per 
each experiment, i.e., row-wise 

IV. CONCLUSIONS 

The present work has shown the possibility to use SOMs 
in determining nonlinear association/connectivity among 
different families of biosignals. Further work will conduct the 
assessment of its usefulness in brain connectivity studies 
from EEG biosignals and functional magnetic resonance 
imaging datasets following our previous line of research [20]. 
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 Abstract
Myocardial SPET has emerged as an important 
noninvasive diagnostic and prognostic method for 
assessment of patients with suspected CAD. 
Respiratory motion is a potential cause of motion 
artefact and reduced image quality in ECG-gated 
SPET (GSPET). In this investigation, we studied the
effects of respiratory motion on GSPET concerning 
regional myocardial perfusion and function by 
simulation study. The NCAT phantom allowed 
simulation of respiratory motion with different 
amplitude for diaphragm (0 to 7 cm with increment 
of 1 cm) and anterior-posterior extension (from 0 to 
1.7 cm). SimSET was used to generate simulated 
projection data. Emission data were generated over 
one respiratory cycle, divided into 80 phases. Data 
were reconstructed using the ordered subsets 
exceptional maximization (OSEM) method without 
attenuation and scatter correction. Quantitative 
analysis of regional myocardial perfusion and 
function were performed by Emory cardiac toolbox 
software. Our results demonstrated the effect of 
respiratory motion on LVEDV, LVESV, LVSV, 
LVEF, regional myocardial perfusion; mean 
segmental wall motion and wall thickening for 
different amplitudes of the respiratory motion.  An 
increase in the distance of motion led to a 
significant decrease in LVEDV, LVESV, LVSV 
and LVEF (p<0.01). Furthermore, our results 
showed that the mean segmental WM and WT were 
significantly increased with increase in respiratory 
motion from 2 to 7 cm compared to those with no 
motion (P< 0.01). In addition, the mean percentage 
of count density in the basal inferior, mid inferior, 
apical inferior, basal septal and mid septal segments 
were significantly lower in the presence of 
respiratory motion as compared to no motion (p 
<0.01). Respiratory motion has significant effect on 
the LV functional analysis and regional myocardial 
perfusion in the GSPET. The amount of 
deterioration in cardiac functional and perfusion 
parameters as well as quality distortion of the 
images depends on the amplitude of the respiratory 
movement. Keyword: respiratory motion, ECG-
gated, myocardial perfusion, LV Function  

I. Introduction
Myocardial imaging is the most important 
application of the SPET system in nuclear medicine 
(1). Moreover, ECG-gated SPET (GSPET) is a 
reliable diagnostic and prognostic technique for 
simultaneous assessment of the myocardial 
perfusion and function (2). Respiratory motion is a 
potential cause of motion artefact and reduced 
image quality in GSPET, resulting in 
misinterpretation of the images (3, 4). A number of 
organs displace and deform considerably during the 
normal respiration (5).  In human, diaphragm and 

consequently heart motion have been estimated to 
be about 1.5 cm during a tidal breathing (6, 7). 
Deeper breathing increases the amplitude of the 
diaphragm movement and may produce image 
artefacts, depending on the concentration and 
distribution of the sub-diaphragmatic activity (7). 
the effect of respiratory motion in positron emission 
tomography (PET) and SPET images, computed 
tomography (CT) as well as  magnetic resonance 
imaging (MRI) is a loss of sensitivity in the 
detection of disease as a result of the associated 
blurring (8 -11). We have used the 4D NCAT 
phantom for modeling both cardiac and respiratory 
motion (12, 13). SimSET (Simulation System for 
Emission Tomography) simulator (14) was used to 
image the photons emerged from the phantom in 
different respiratory motions. We studied the effects 
of respiratory motion on the LV function and 
myocardial regional perfusion in GSPET.  
 

II. Methods and Materials
-Phantom: A digital NURBS based 4D cardiac-torso 
phantom (NCAT) was used in this study (13). This 
phantom uses rational nonuniform b-splines to 
describe the organ shapes based on the Visible 
Human CT image database and incorporates the 
motion of organs derived from a high resolution CT 
scan acquired using respiratory gating. In this study, 
we assumed a cardiac cycle of 1 second, a 
respiratory cycle of 5 seconds and a gated SPET 
study of 16 frames per second. Totally 8 realization 
with incremental value of 1 cm were generated with 
assumption of the range of diaphragmatic motion 
from 0 to 7 cm. The corresponding anterior-
posterior (AP) chest expansions were assumed 0, 1, 
1.2, 1.3, 1.4, 1.5, 1.6 and 1.7 cm, respectively. The 
phantoms array size was defined 256×256×256, 
resulting in cubic pixel size of 0.15625 cm. The 
activity concentration ratio in the lung: body: liver: 
LV was equal to 1:2: 8:15. 
 -Simulation study: SimSET was used to detect the 
photons emerged from the phantom in different 
respiratory motions. The cardiac gated acquisition 
was defined   as 64 projections of 64×64 pixels 
(Pixel size = 4.69 mm) of a male chest in supine 
position over 180° arc from right anterior oblique to 
left posterior oblique for each pairs of phantoms. 
Energy window was set to 126 to 154 keV (20%). 
Parallel hole low energy all purpose (LEAP) 
collimator was utilized. The energy resolution was 
assumed 10%. Gating was performed with 16 
frames per cycle. 
-Image reconstruction and analysis: Image 
reconstruction and processing by ordered-subset 
expectation maximization (OSEM) method were 
performed with an interview XP (version 1.04.026 
build 41) without any attenuation or scatter 
correction. Emory cardiac toolbox (ECTb) software 
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(version 3.0, Emory University) was used for visual 
and quantitative analysis of the LV regional 
perfusion and function including end-diastole 
volume (LVEDV), end-systole volume (LVESV), 
stroke volume (LVSV), ejection fraction (LVEF), 
regional myocardial perfusion, the mean segmental 
wall motion (WM) and wall thickening (WT). The 
regional perfusion was measured according to a 
thirteen-segment polar map. The model uses three 
short-axis portions (apical, mid-ventricular, and 
basal) divided into 4 segments of anterior, lateral, 
inferior and septal segments for each portion and 
one vertical long-axis slice to represent the LV 
apex. All reconstructed images were interpreted 
both visually and quantitatively by two experienced 
nuclear physicians. All data are presented as mean ± 
standard deviation (SD). To determine the statistical 
significance of differences between groups, one-
way ANOVA followed by the Dunnett's post hoc 
test for multiple-comparisons was down; p < 0.05 
was considered as statistically significant.  
 

III. Results
In this study, the effects of respiratory motion on 
GSPET and the cardiac quantitative parameters 
were evaluated in simulated images with SimSET 
simulator. The results of different respiratory 
motions were compared to without respiratory 
motion and the effects of respiratory motion, 
especially diaphragmatic motion, were assessed on 
different functional parameters of the LV, 
comprising of LVEDV, LVESV, LVSV, LVEF, the 
mean segmental WM and WT and regional 

myocardial perfusion. An increase in motion range 
was accompanied by a significant decrease in 
LVEDV, LVESV, LVSV and LVEF (p < 0.01). 
Mean difference  of LVEDV with different 
respiratory motions compared to no motion were 
decreased 6.7, 13.3, 27.6, 33.3, 39.4, 44.6 and 53.6 
ml for 1, 2, 3, 4, 5, 6 and 7 cm motion, respectively. 
The figures for mean difference of LVESV with the 
above mentioned respiratory motions compared to 
no motion were decreased 2.0, 4.3, 7.9, 8.4, 8.8, 9.1 
and 10.5 ml, respectively. In the same way we 
found 4.7, 9.1, 19.7, 24.9, 30.6, 35.5 and 43.1 ml for 
mean difference of LVSV, respectively. Such 
comparison was performed for mean difference of 
LVEF and the figures were decreased 0.9%, 1.3%, 
%, 7.6%, 7.6%, 11.4%, 19.3 and 28.2%, 
respectively. On the other hand, motion equal 1 cm 
did not show a statistically significant decrease in 
the parameters (P< 0.91, P< 0.32, P< 0.67 and P< 
0.41, for LVEF, LVEDV, LVESV and LVSV, 
respectively). 
As range of respiratory motion increased, the mean 
segmental WM and WT were significantly 
increased statistically (p<0.01). Furthermore, our 
results show that the mean segmental WM and WT 
significantly increased with increase in respiratory 
motion from 2 to 7 cm compared to no motion; the 
more respiratory motion, the more increase of these 
parameters (P< 0.01). On the other hand, motion 
equal 1 cm did not show a statistically significant 
increase in the mean segmental WM and WT (P< 
0.83 and P< 0.61, respectively).  

 
 

 
 

Table1
Mean and standard deviation %count density of the apex, anteroapical, apicoseptal, apical inferior, apicolateral, 
mid-anterior, mid-septal, mid-inferior, mid-lateral, basal Anterior, basal septal, basal inferior and basal lateral with 
respiratory motions from 0 to 7 cm compared to no motion condition 

Mean difference of the mean segmental WM with 
different respiratory motions compared to no 
motion, for 1, 2, 3, 4, 5, 6 and 7 cm were increased 
1.8, 2.3, 5.3, 7.5, 12.6, 14.7 and 17.1 cm, 
respectively. Such comparison was performed for 

mean difference of the mean segmental WT and the 
figures of above mentioned were increased 0.8%, 
8.3%, 10.4%, 12.3%, 15.3%, 16.4% and 23.0%, 
respectively.  

                Respiratory motion

LV segments 0 1(cm) 2(cm) 3(cm) 4(cm) 5(cm) 6(cm) 7(cm)

Apex 91.7 ± 2.3 90.0 ± 2.4  † 89.6 ± 3.3† 89.2 ± 4.7† 90.1± 3.6† 89.8±4.9† 88.1±8.3† 88.9±8.0† 
Anteroapical 100.0 ± 0.0 96.6 ± 2.7† 97.1 ± 2.8† 96.3 ± 4.1† 97.0 ± 4.1† 97.1±3.4† 97.5±2.4† 96.3±4.7† 
Apicoseptal 97.4 ± 2.3 95.9 ± 2.3† 95.3 ± 2.9† 97.0 ± 2.4† 95.4 ± 3.9† 96.9±2.7† 96.2±2.2† 95.8±3.9† 
Apical inferior 98.5 ± 1.5 94.7 ± 2.5* 87.4 ± 5.2* 88.0 ± 6.0* 86.0 ± 9.1* 85.7±5.2* 82.3±6.4* 81.5±7.7* 
Apicolateral 92.5 ± 2.5 91.1 ± 2.1† 91.5 ± 4.7† 91.8 ± 3.7† 91.8 ± 2.1† 91.3±4.7† 89.0±6.0† 88.3±5.3† 
mid-Anterior 99.1 ± 1.4 99.1 ± 1.6† 93.3 ± 3.0‡ 93.0 ± 6.3‡ 91.8 ± 4.4‡ 90.6±4.7‡ 90.4±4.8‡ 90.0±4.1‡ 
mid-Septal 95.8 ± 2.6 93.6 ± 1.7* 79.6 ± 3.4* 77.7 ± 4.8* 76.7 ± 5.2* 75.9±4.9* 74.5±4.8* 73.8±3.4* 
mid-Inferior 98.5 ± 1.8 93.3 ± 2.2* 71.3 ± 6.2* 67.8 ± 7.0* 65.0 ± 5.4* 63.5±6.1* 61.9±4.6* 59.0±5.7* 
mid-Lateral 96.5 ± 2.5 94.1 ± 1.4† 91.8 ± 3.7‡ 91.9 ± 5.2‡ 90.8 ± 3.4‡ 91.5±5.7‡ 90.7±3.9‡ 91.1±2.5‡ 
basal Anterior 94.8 ± 3.1 91.0 ± 1.3† 90.9 ± 5.3† 90.6 ± 7.6† 91.1 ± 4.7† 90.5±6.3† 90.3±6.6† 90.4±4.9† 
basal Septal 91.1 ± 1.9 76.9 ± 2.3* 56.3 ± 6.1* 52.5 ± 6.6* 50.1 ± 5.7* 45.8±5.8* 43.5±7.2* 42.4±7.7* 
basal Inferior 92.4 ± 3.4 75.3 ± 2.7* 57.0 ± 5.2* 48.4 ±  5.5* 45.6 ± 9.7* 43.3±6.5* 39.2±4.4* 34.1±3.1* 
basal Lateral 92.3 ± 2.5 87.1 ± 3.0† 85.8 ± 9.2‡ 86.1 ± 8.1‡ 85.3 ± 5.1‡ 85.6±11.0‡ 85.6±9.4‡ 83.0±7.9‡ 
Values are expressed as mean ± SD. 
† The mean difference is insignificant at the .05 level vs. without respiratory motion. 
* The mean difference is significant at the .05 level vs. without respiratory motion. 
‡The mean difference is insignificant with visual assessment vs. without respiratory motion.  
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Mean ± SD values of segmental relative tracer 
uptake in respiratory motion are shown in Table 1. 
The mean percentage of count density in the basal 
inferior, mid inferior, apical inferior, basal septal 
and mid septal segments were significantly lower in 
the effect of respiratory motion as compared to no 
motion, (p <0.01); while in the apex, antroapical, 
apicoseptal apicolateral and basal anterior segments 
were insignificant (Table 1). In addition, trivial 
decreases in relative the mean percentage of count 
density were observed in the mid anterior, mid and 
basal lateral segments with different respiratory 
motions compared to no motion in spite of 
insignificant difference in segmental visual 
assessment. 

IV. Discussion and Conclusions 
In this study, we evaluated the effect of the 
respiratory motion on GSPET imaging. In this 
investigation, we were performed all of the 
theoretical respiratory conditions for diaphragmatic 
motion (0-7 cm) and AP extension of chest (from 0 
to 1.7 cm). Afterwards, we found in our study that 
quantitative myocardial perfusion study is 
influenced by respiratory motion in terms of 
LVEDV, LVESV, LVSV, LVEF, the mean 
segmental WM, WT and regional myocardial 
perfusion particularly in the inferior and septal 
walls. 
In this investigation, we were performed a 
simulation study using the NCAT phantom with 
variables of cardiac and respiratory motion in MPI. 
Moreover, we evaluated the effects of changes in 
diaphragmatic motion and AP expansion on 
quantitative cardiac parameters. Significant 
reduction of perfusion in the inferior and septal 
walls was evident with more than 1cm respiratory 
motion. Our results suggest that respiratory motion 
typical of clinical studies can result in SPET 
perfusion artefacts. Consequently, motion of the 
heart due to respiration more than 1cm might 
increase artefacts in MPI. Comparing the polar 
maps of the GSPET with different respiratory 
motions demonstrated the maximal changes were in 
the inferior and septal walls, accompanied by a 
lower count density with increase of respiratory 
motion. 
The perfusion artefacts may be accentuated in 
patients with abdominal protuberance, elevated left 
hemidiaphragm, or obesity (15). In addition, soft-
tissue attenuation resulting from subdiaphragmatic 
activity might affect edge detection and it may 
create artefacts in the inferior wall of the 
myocardium (15). SPET imaging is performed with 
the patient in the supine position. In this position the 
dome of the left hemidiaphragm may attenuate 
photons emanating from the inferior wall of the LV 
(15). Respiratory motion effects are particularly 
significant in the lower thorax and the upper 
abdomen (15, 16). In this study, we simulated 
GSPET imaging with male respiratory motion 
variations. Our results show respiratory motion can 
cause artefacts in myocardial SPET images 
especially in the area of the left ventricular inferior 
and septal walls. The artefacts could be more 

significant due to the increased attenuation of the 
raised diaphragm and the scatter from activity in the 
upper abdominal organs such as the liver and 
stomach. Additionally, the magnitude of the 
artefacts increases with the extent of the respiratory 
motion. Therefore, this effect was obvious in all the 
polar maps as a decrease in count density 
particularly in the inferior and septal walls. 
The motion of the heart due to respiration is 
apparently a result of the periodic motion of the 
diaphragm. Several articles explained the need for 
respiratory motion correction and to assess 
correction methods in MPI studies (17-19). 
Kovalski et al (9) described the effect of respiratory 
motion on the MPI SPET. Pitman et al (16) 
explained the effect of diaphragmatic respiratory 
motion on the inferior wall as cold artifacts in 
myocardial SPET by an anthropomorphic phantom. 
They introduced and recommended clinical use of 
respiratory attenuation correction for myocardial 
SPET studies to eliminate diaphragmatic motion 
artifacts. In another study, Beach et al (17) 
monitored patient motion by the Polaris motion-
tracking system. They clearly showed a significant 
motion artifact in the anteroseptal and inferior 
regions of the LV consistent with the axial motion 
induced by respiration. Bruyant et al (7) performed 
correction of the respiratory motion of the cardiac 
images by tracking the center of mass of threshold 
projections. Respiratory motion was proved to 
simulate a lower uptake in the inferior wall of the 
LV, which could be restored by respiratory motion 
correction. It is expected that the inferior wall to 
suffer more from respiratory motion blur than the 
other walls. More advanced approaches consist in 
combining all gates in some way to remove motion 
blur while keeping sensitivity identical (18, 19). 
This type of approach is promising, but it is not 
available in routine practice yet. All these methods 
involve the use of a physical device which implies 
extra cost and requires patient cooperation. In this 
study, we demonstrate not only the effect 
respiratory motion on the myocardial regional 
perfusion particularly inferior and septal walls but 
also its effect on the estimation of LV function. 
Therefore, a method accounting for the respiratory 
motion correction without affecting the statistical 
quality of the images is necessary. 
We concluded that respiratory motion is 
significantly influence the LV function and regional 
myocardial perfusion in the GSPET images. 
Moreover, it may decrease the diagnostic accuracy 
of myocardial SPET imaging especially when the 
concerning of assessment is on the inferior and 
septal walls. In addition, the effect of respiratory 
motion depends mainly on the patient respiratory 
pattern and may be clinically relevant in certain 
cases.  
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Abstract—Many organs such as the bladder consists of a 
water filled structure. An accurate measurement of the prop-
erties of the wall tissues and the liquid filling process is very 
important for the study of their mechanics and interaction 
with other organs.  In this work, a new method has been devel-
oped to test thin membranes and inversely predict their me-
chanical properties based on indentation bending tests. A test-
ing frame has been developed to test thin sheet of different 
length scales with finite element (FE) model mimicking each 
testing condition developed. The material properties of the 
membrane were predicted based on a parametric study ap-
proach.  Tests have been performed using thin rubber sheet as 
a model material and the elastic property has been successfully 
predicted by matching the numerical and experimental data. 
The predicted material properties were then used in modelling 
water filling process of a balloon mimicking the bladder filling 
process. 

Keywords—Indentation bending test, thin biological  mem-
brane, water filling process. 

I.   INTRODUCTION 

Biological organisms produce composites that are organ-
ized in terms of composition and structure, containing both 
inorganic and organic components in complex structures 
[1]. Accurate measurement of its wall properties is essential 
for understanding of its mechanics and interaction between 
organs. In many cases, samples with well defined geome-
tries are difficult to obtain from these organs; this made it 
difficult to characterize these materials using standard tests. 
Recently, several efforts have been made to use non-
standard test under more complex conditions (such as suc-
tion, tension, torsion, bending test or indentation [2-5]) to 
determine the material parameters. Among these tests, in-
dentation tests represent a simple and effective method; it 
has also been used on a range of materials with different 
type of indenters [6-8]. Generally, these tests involve apply-
ing a predefined stress /deformation on the sample surface 
and monitor the displacement/load. In these tests, the stress 
strain is not well defined, thus; it could not be used to di-
rectly determine the material parameters. Recent develop-
ments of inverse modelling techniques has opened up the 

possibility to combine indentation test, and FE modeling to 
derive the material parameters through inverse FE model-
ing, by searching for an optimum material sets which match 
the experimental test data [7]. However, most of the works 
were focused on testing of solid materials, while for organs 
with water filling or gas filling the main mechanical behav-
iors is controlled by the properties of the membrane.  In this 
work, a new inverse FE modelling has been developed to 
predict the material properties of thin sheet based on the 
indentation bending test. A new testing frame has been de-
veloped to be able to test thin sheet materials with different 
length scales. The FE model has been developed mimicking 
the testing condition and parametric studies were performed 
to investigate the effect of material properties on the defor-
mation and force displacement data. The material properties 
of the rubber sheet were then predicted using a parametric 
study. The predicted data was then successfully used in 
modelling the water filling process of a balloon mimicking 
the bladder filling process.  

II.   MATERIALS AND METHODS 

In an indentation bending test, an indenter is pressed onto 
a thin membrane supported by a circular frame. The frame 
is made of brass, with six evenly spaced screws to provide 
sufficient pressure securing the membrane from mov-
ing/sliding. The indentation test system used an actuator as 
the driving system. Low friction and zero backlashes due to 
the direct drive nature of the actuator provide excellent posi-
tional repeatability and ideal for a range of positioning, 
measuring, and localised testing. The indentation system 
was mounted on a rigid supporting frame that allows testing 
in both vertical and horizontal directions [8]. A sensitive 
load cell is attached to the moving head of the actuator to 
monitor the forces during the test. The indentation tests 
were performed using a spherical indenter made of stainless 
steel (R=4mm). The force indentation depth data were then 
used as the input to the FE inverse modelling program to 
determine the rubber properties [9]. Figure 1 is a flow chart 
showing the inverse modelling process using parametric 
studies. In the initial stage, the potential range of the  
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material parameters was established; in this case, the pa-
rameter is the Young’s modulus. Multiple FE models with 
different combinations of material parameters were, then, 
automatically generated and solved. The force-displacement 
data were extracted from the models and compared to the 
testing results. The optimum set of material parameters was 
determined, which produce results that best matched the 
experimental results measured through a set of objective 
functions. The predicted material properties were then used 
in modelling the water filling process of a balloon as a mod-
el structure of the human bladder. In the test, a bladder size 
balloon was filled using a syringe system to mimic the de-
formation of the bladder related to the water volume 
change. A three-dimensional deformable FE model was 
created mimicking the water filling process and the numeri-
cal results were compared to the experimental results. 

 

Fig. 1 Overview of the mixed experimental and parametric modelling 
approach to extract the material properties 

III.   RESULTS AND DISCUTION 

In the indentation tests, the indenter is moved to a prede-
fined displacement and the reaction force and the displace-
ment data was recorded representing the resistance of the 
material. Accordingly, a 3D finite element model (Fig. 2a) 
has been developed, using a commercial finite-element soft-
ware ABAQUS (6.4) mimicking the testing conditions. The 
indenter is modeled as a rigid body (analytical rigid) as the 
stiffness of stainless steel is significantly higher than the 
rubber. The rubber sheet (0.2 mm thick) was modelled as a 

shell element which allows the material to undergo large 
scale deformation and bending. Contact between the rubber 
and the tip of spherical indenter is defined by a contact pair 
option. Sensitivity tests have been performed to assess the 
effect of mesh size and friction conditions. Finer meshes 
have been applied around the indenter to improve the accu-
racy. The material of interest is allowed to move and the 
contact between the indenter surface and the material sur-
face was maintained at all times. In the simulation, the in-
denter is moved to a predefined displacement and the reac-
tion force and displacement data was recorded and used to 
represent the resistance of the material to the indentation 
bending. A typical deformation filed is shown in the Fig. 2 
(b), it is clearly showed that the material has undergone a 
gradient deformation from the center to the fixed edge.  

   

(a)                                            (b) 

Fig. 2 FE models of indentation bending tests of thin membranes (a) and 
typical lateral deformation field (b) 

 

Fig. 3 Comparison of the numerical and experimental force displacement 
data for indentation of thin rubber sheet 
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Fig. 3 compared the numerical force displacement data 
which gave the best fit to the experimental data, which dem-
onstrate reasonable agreement. Similar agreement can be 
found of other dimensions (results not shown). The pre-
dicted material properties are also in agreement with stan-
dard tensile tests. This suggests that, this is a viable way to 
test thin sheet/membranes. The materials properties were 
then used to simulate the water filing process of a balloon. 
As shown in Fig. 4, 3-D model has been developed mimick-
ing the water filling process. The boundary conditions were 
assigned to the ends of the balloon to avoid movement of 
the balloon in all directions during the balloon expansion 
after applying the pressure. Preliminary work showed that, 
the deformation of the balloon agreed well with the experi-
mental observation. This could provide a useful work frame 
to study the volume deformation relationship for water 
filled structures such as the bladder. 

 

Fig. 4 FE model of water filling process showing typical deformation field 

IV.   CONCLUSION 

A new indentation bending test method has been devel-
oped for testing thin membranes and inverse prediction of 
mechanical properties. Finite element (FE) models mimick-

ing each testing condition have been developed. A mixed 
numerical experimental method was used to predict material 
properties of soft rubber sheets based on the parametric 
studies approach.  The result showed good agreement with 
experimental data. The predicted material properties were 
then successfully used in modelling water filling process of 
balloon mimicking the bladder filling process. This method 
could be potentially used as a practical way to test thin 
sheet/membranes and water filling process.  
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Abstract— In this paper, we propose a method for apply-
ing a probabilistic statistical shape model (SSM) to automatic
segmentation. We use a point-represented SSM which is based
on correspondence probabilities instead of point-to-point corre-
spondences as commonly used. In order to combine the a priori
knowledge of the SSM with the image information during the
segmentation, we employ a deformable surface whose deforma-
tion depends on on the shape prior given by the SSM on the
one hand and on the image information on the other hand. We
formulate this problem as an alternated minimization of an ex-
ternal energy term integrating the image information and an
internal energy term integrating the SSM probabilities. In or-
der to robustify the segmentation, we add statistical knowledge
about typical organ intensities. This method is applied to the
segmentation of the left kidney in noisy CT images with breath-
ing artefacts and evaluated in comparison to the results of an
active shape model (ASM).

Keywords— statistical shape model, correspondence problem,
deformable model, segmentation

I. INTRODUCTION

Segmentation algorithms play a major role in medical im-
age analysis, however, due to typical medical image charac-
teristics as poor contrasts, gray value inhomogeneities, con-
tour gaps, and noise the automatic segmentation of many
anatomical structures remains a challenge. To overcome these
problems, often models which incorporate a priori knowl-
edge about mean and variance of shape and gray levels are
employed [1]. However, for segmentation tasks a statistical
shape model (SSM) might easily be too constrained as the
number of training observations is often too small to repre-
sent all probable shape variabilities. To lighten the constraint,
several authors proposed deformable models which balance
between SSM and image information, e.g. [2, 3, 4]. These
SSMs are based on one-to-one point correspondences and
contain statistical information about position and gray level
of each point. In this paper, we present a first approach to
employ a probabilistic SSM based on point correspondence
probabilities as proposed in [5] to automatic segmentation.
The SSM based on correspondence probabilities can be ad-
vantageous when dealing with varying shape details and is

able to represent non-spherical shapes [6]. Our method em-
ploys a deformable model and relies on the alternated mini-
mization of an external energy term representing the search
for edges and the minimization of an internal energy term
representing the deformation constraint given by the statisti-
cal information about the shape. In an experimental evalua-
tion, we apply the new method to the segmentation of the left
kidney in noisy CT images corrupted by breathing artefacts
which is not an easy task as the intensity differences between
the kidney and neighbouring organs as the liver and spleen
are very small. To cope with this, several (semi-automatic)
approaches integrate a priori knowledge about shape and gray
values [7, 8].

II. MATERIALS AND METHODS

We introduce the surface object O which is placed in the
image and deformed during the algorithm in order to fit the
contours of the structure to be segmented. The segmentation
algorithm consists mainly of the minimization of the two fol-
lowing energy terms:

1. Eint(M,O) which is described by the difference between
the SSM M and the surface object O, e.g. their surface
distance.

2. Eext(O, I) which is described by the difference between
the surface object O and the image I, e.g. the distance
between the surface of the object to the nearest voxel with
high gradient magnitude.

Eext(O, I) is the term representing the external energy of the
segmentation problem. The deformation of the surface object
O is guided by the image information. In turn, the internal
energy Eint(M,O) has to be minimized in order to ensure that
the shape of the surface object is not evolving too far from
the ’allowed’ shape space of the SSM.

A. Representation of the Probabilistic SSM

In this model, the interest and nuisance parameters are
computed in a unified MAP framework which leads to an op-
timal adaption of the model to the set of observations. The
registration of the model on the observations is solved using

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2181–2184, 2009. 
www.springerlink.com 



an affine version of the Expectation Maximization - Iterative
Closest Point algorithm which is based on probabilistic cor-
respondences and proved to be robust and fast [9]. The alter-
nated optimization of the MAP explanation with respect to
the observation and the generative model parameters leads to
very efficient and closed-form solutions for (almost) all pa-
rameters. The SSM is explicitly defined by 4 model parame-
ters Θ = {M,vp,λp,n}:

• mean shape M̄ ∈ R
3Nm parameterized by Nm points m j ∈

R
3,

• variation modes vp consisting of Nm 3D vectors vp j,
• associated standard deviations λp which describe - simi-

lar to the classical eigenvalues in the PCA - the impact of
the variation modes,

• number n of variation modes.

From the parameters Θ of a given structure, the shape vari-
ations of that structure can be generated by M = M̄ +
∑n

p=1 ωpvp with ωp ∈ R being the deformation coefficients.
The shape variations along the modes follow a Gaussian
probability with variance λp:

p(Ω) = ∏n
p=1 p(ωp) = 1

(2π)n/2 ∏n
p=1 λp

exp

(
−∑n

p=1
ω2

p

2λ 2
p

)
.

In order to account for the unknown position and orienta-
tion of the model in space, we introduce the random (uni-
form) rigid or affine transformation T consisting of a ma-
trix A ∈ R

3×3 and a translation t ∈ R
3. A mean model point

m̄ j can then be deformed and placed by T � m j = A(m̄ j +
∑n

p=1 ωpvp)+ t. In order to compute the SSM, a Maximum A
Posteriori (MAP) estimation of the model parameters and ob-
servation parameters is realized which leads to the following
unique criterion:

Cglobal(M̄,vp,λp,Tk,ωkp) = (1)

N

∑
k=1

[
n

∑
p=1

(
log(λp)+

ω2
kp

2λ 2
p

)

−
Nk

∑
i=1

log

(
Nm

∑
j=1

exp

(
−
‖ski −Tk � mk j‖

2

2σ2

))]

given a training data set with observations Sk, k = 1, ...N.
Consequently, the SSM which best fits the given data set is
computed iteratively by optimizing the global criterion with
respect to all model and all observation parameters. For more
details please refer to [5].

B. Computation of the Internal and External Force

The associated surface model O we are using in this de-
formable model approach is represented by No triangulated

points oi ∈ R
3. During segmentation, an external force Fext

and an internal force Fint represented as vectors ∈ R
3 control

the deformations of O. The external force on each point oi

is determined by the underlying image information. Gener-
ally, the external force Fext(oi) should attract the point close
to positions with high gradient values. Therefore, we evaluate
the gradient magnitude of the points lying in normal direction
�ni and determine voxels of high gradient magnitude as suit-
able candidates where the surface points should be moved
to. However, evaluating the gradient magnitude alone is not a
very robust approach. E.g. it would pose a problem in the case
of other organs lying close by as their contour might have a
higher gradient than the contour of the organ to be segmented.
Also, structures inside the organ might show high gradient
magnitude. Therefore, we employ an image force term which
depends on the value of three different parameters:

1. Gradient magnitude should be great.
2. Distance from oi to voxel with high gradient magnitude

should not excess a given limit.
3. Grey values found on the way to a candidate should be

• similar to typical grey values the organ if candidate
lies outside the current surface.

• not similar to typical grey values of the organ if can-
didate lies inside the current surface.

The last distinction is made to ensure that the surface is nei-
ther attracted to contour points of organs lying nearby nor
attracted to structures that may be present inside the organ. If
the overstepped grey values match the typical organ intensi-
ties, we amplify the force attracting the surface point oi to the
outside. If not, the force attracting the point to the inside is
preferred, for an illustration see figure 2a),b).

We compute Fext(oi) = max{Finside(oi),Foutside(oi)} with

Finside(oi)= argmax
oi+k�ni

(
(1− p(ḡ|μ ,σ))

|grad(oi + k�ni)|

|k|
1
2

)
−oi,

(2)
for −r ≤ k < 0, k,r ∈ N and

Foutside(oi) = argmax
oi+k�ni

(
p(ḡ|μ ,σ)

|grad(oi + k�ni)|

|k|
1
2

)
−oi,

(3)
for 0 < k ≤ r, k,r ∈ N. μ and σ denote the average grey
value and associated standard deviation inside the organs of
our training data set. ḡ is the average grey value of the points
at positions oi + k�ni, that is, the average grey value of the
overstepped voxels in order to reach the candidate.

The internal force on each point oi is determined by the
probabilistic SSM. Here, we take advantage of the probabilis-
tic formulation of correspondences. First, we minimize the
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criterion (1) given k = 1, S1 = Ode f with ode f ,i = oi +Fint(oi)
and determine the optimal T and ωp in order to match M on
Ode f . Next, we use the EM-ICP algorithm to compute the
correspondence probabilities γi j of all T � m j with all ode f ,i

and find the force Fint(oi):

Fint(oi) =
Nm

∑
j=1

γi j

(
T � (m̄ j +

n

∑
p=1

ωpvp)

)
−oi (4)

where ∑Nm
j=1 γi j

(
T � (m̄ j + ∑n

p=1 ωpvp)
)

is the most probable

position according to the SSM. Finally, the force F(oi) guid-
ing the point oi is computed by the weighted sum of Fint and
Fext and we determine oi,new = oi + F(oi):

F(oi) =
1
2

(αFint(oi)+ β Fext(oi)) (5)

C. Algorithm

The algorithm performs as follows: First, in order to de-
termine the initial SSM deformation parameters Q, we apply
an evolutionary algorithm. A random population of shapes
is built by generating a random set of normally distributed
transformations Tk and deformations Ωk and using them to
deform the mean shape M̄. In each iteration, the fittest indi-
viduals are selected and Tk as well as ωkp are modified ran-
domly to again generate a random set until a good initial po-
sition and shape are found. The fitness depends on the sum
of distances between SSM points and the nearest voxel with
high image gradient magnitude. For an example see figure
2d). Next, the associated surface object O is registered to the
initial SSM by using an affine transformation determined by
the iterative closest points algorithm. Then, Fint and Fext are
computed and the points oi of the surface object are moved
accordingly. In each iteration, the SSM is matched to the cur-
rent surface object by optimizing the criterion in (1) given
k = 1, S1 = Ode f with respect to T and Ω before the SSM
forces are computed. This is iterated until O does not change
significantly anymore.

D. Experiments

We apply our method to the segmentation of the left kid-
ney in CT images. The CT images are quite noisy, and the
quality of the kidney visualization lacks because of breath-
ing artefacts, see figure 2c). The size of the images is 512×
512× (32− 52) voxels with resolution 0.98× 0.98× (2.9−
5.0)mm3 where the kidney is about 75× 60× 100mm3. The
probabilistic SSM for the kidney is built using a training data
set of 10 segmented observations (figure 1a)-e)).

As associated surface object we use a random kidney of
the training set for which a surface representation was gener-

ated. We chose α = 0.35, β = 1, μ = 30Hu, and σ = 20. Re-
garding the intensity distribution in the images, we extended
eq. (2) by penalizing ḡ � μ for Foutside. We apply the seg-
mentation method to six new kidneys, for some examples see
figure 1,e) and f).

III. RESULTS

The segmentation results are evaluated by analyzing sur-
face distance measures between the deformed surface object
and the manual segmentation. Additionally, we evaluate the
distances between the resulting deformed SSM and the man-
ual segmentation which represents the results of the proba-
bilistic SSM used as an active shape model (ASM). The dis-
tance results are depicted in table 1. Some result examples
are shown in figure 2e) and f). The mean distances of the
new method lie between 1.32− 2.17mm which seem to be
reasonably good results with respect to the strong artefacts
present in the images. The values of the maximum distances
(7.02−11.80mm) are partly due to the region where the ure-
thra and the arteria a renalis connect to the kidney which
poses a problem in some cases because of the high grey value
variance without clear borders. Some medical experts include
those into the segmentation and others do not. Overall, the
method seems to successfully prevent the segmentation from
leaking into neighbouring organs with high gradient magni-
tudes and similar grey value intensities, for an example see
figure 2f). Furthermore, the results show the advantage of
the deformable model over an ASM approach as the mean
distances of our method are smaller than the distances ob-
tained when using the SSM directly to segment. However, in
two cases the maximum distances of the ASM approach are
smaller which means that α should probably be > 0.35 in
those cases.

IV. DISCUSSION

We proposed a method to employ a statistical shape model
based on correspondence probabilities for automatic segmen-
tation. In a deformable model framework, we alternate a min-
imization of an external energy term representing the search
for edges and the minimization of an internal energy term rep-
resenting the deformation constraint given by the SSM. We
take advantage of the probabilistic formulation of the SSM
when computing the SSM forces as each point oi is drawn to
the most probable position with respect to the SSM, no point-
to-point correspondences are needed. The new segmentation
approach comes to promising results in a first experimental
evaluation on noisy kidney CT images with strong breathing
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a) b) c) d) e) f) g)

Fig. 1: SSM computed for a training data set of 10 segmented kidneys. (a) shows the mean shape, (b-e) show the mean shape deformed with respect to first
and second mode of variation: M̄−λ1v1, M̄ +λ1v1, M̄−λ2v2, M̄ +λ2v2. e) and f) show to kidneys to be segmented, results see table 1 (kidneys 3 and 5).

a)

Neighbouring Organ

Y

X

Surface Object

Organ
to be segmented

b)

Neighbouring Organ

Y

X

Surface Object

Organ
to be segmented

c) d) e) f)

Fig. 2: a) Candidate is determined only by highest gradient magnitude. b) Candidate is determined by a combination of gradient magnitude and evaluation of
overstepped grey values lying on the normal. In the case shown, position x is preferred over position y because the overstepped grey values indicate that the
surface is positioned outside the organ to be segmented. c) Kidney to be segmented in a noisy CT image with breathing artefacts. d) Initial positioning: SSM
contour (yellow), SSM contour after applying the automatic evolutionary algorithm (white), manual segmentation contour (blue). e,f) Segmentation results,

manual segmentation (blue), initial surface model (red), resulting surface model (green).

Table 1: Surface distances in mm between deformable surface and manual segmentation.

Kidney 1 Kidney 2 Kidney 3 Kidney 4 Kidney 5 Kidney 6
mean distance deformable model 1.32 1.79 1.97 1.87 2.17 1.46
max distance deformable model 8.06 11.80 10.88 8.31 9.91 7.02
mean distance deformed SSM (ASM) 1.63 2.53 3.25 2.05 2.55 2.69
max distance deformed SSM (ASM) 7.34 13.57 16.66 7.58 10.11 14.52

artefacts as we find mean distance measures around 2mm or
lower between the manual segmentation and our deformed
surface object. Especially in regions where the kidney lies
close to neighbouring organs with similar intensity, the prior
information about the shape prevents the surface object from
leaking. The comparison with the ASM results show the ad-
vantage of the deformable model approach as the less con-
strained segmentation becomes more accurate. For further
evaluation, we need to apply the algorithm to a larger data
set of kidney CT images as well as to the segmentation of
other anatomical structures with higher variabilities as e.g.
the liver.
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Abstract— The cerebral contusion lesion is still most ob-
scure in terms of its mechanical pathogenesis in spite of its 
frequent occurrence (76% of all severe bicycle related head 
injuries) [1, 2]. Most contusions occur in the frontal and tem-
poral lobes. Clearly, their pathogenesis is closely linked to a 
better understanding of the relative brain-skull movement. 
While some progress in the understanding of the mechanism of 
contusion occurrence was achieved [3, 4, 5, 6], further investiga-
tions are still necessary. The most appropriate way to observe 
the skull-brain relative displacement in vivo is through a Mag-
netic Resonance Imaging (MRI) study on human volunteers. 
Therefore, an MRI study in quasi-static conditions was under-
taken. The study assumed complete MRI scanning of the head of 
each subject in four different positions: prone, supine, left lat-
eral, and right lateral. By using image processing and 3D models 
registration a comparison between the different positions can be 
obtained. Preliminary results show that the maximum amplitude 
in brain movement is achieved at the inferior surface of the 
frontal lobes with a maximum amplitude of  9mm.  

 
Keywords— head injury, brain contusion, brain movement, 

brain deformation, Magnetic Resonance Imaging. 

I. INTRODUCTION  

Traumatic brain injury (TBI) is the main cause of death 
for patients under 45 years of age [7]. Brain contusions 
commonly are identified in patients with TBI and represent 
regions of primary neuronal and vascular injury. Direct 
trauma can cause such injury at the site of impact (coup 
contusion) or at the opposite site (contra-coup contusion). 
During a head impact, relative movements and secondary 
impacts occur between the skull and the brain as conse-
quences of two inertial phenomena (linear and rotational 
acceleration) [8]. This relative brain-skull movement can be 
responsible for contusions at sites other than the impact site. 
Most contusions occur in the frontal and temporal lobes [4, 
6]. Many biomechanical theories have tried to explain this 
distribution of cerebral contusions. Our previous studies [1] 
have shown that the strains and stresses at the brain surface 
during head movement, which are likely to be responsible 
for the genesis of contusions, are determined not only by the 

intensity of the head movement, but also by the skull and 
brain geometry. Moreover, results obtained from a modal 
analysis study of the human skull have shown that those 
parts of the skull base underlying the frontal and temporal 
lobes are more subject to vibration after impact, which 
could also contribute to the predilection of these areas for 
contusions [1, 2].  

The relative brain-skull movement has also been investi-
gated by the group of Hardy et al.[9, 10] by using radio-
opaque markers in the cadaver brain.  For the severity of the 
impacts given, relative skull-brain movements were within 
the range of 3-5mm. The main limitation of cadaver studies 
is that the tissue properties and brain–skull interactions of 
the cadaver may differ significantly from those of a living 
subject. This limitation is overcome in Magnetic Resonance 
Imaging (MRI) studies on human volunteers. Bayly et al. 
[11] have studied the deformation of the human brain in 
vivo during controlled linear head acceleration by using 
tagged MR imaging. This approach provides strain fields 
and has a good spatial and temporal resolution. Our previ-
ous data and the data from Bayly et al. [11, 12] strongly 
suggest that the relative brain-skull movement plays an 
essential role in the genesis of frontal and temporal brain 
contusions.  

The understanding of the tissue level mechanics and the 
link – through the relative brain-skull movement – with 
forces and accelerations at the level of the head is critical in 
the development of a tolerance criterion for contusions. 
Hence, the aim of the present study is to determine the range 
of magnitudes of brain movement in quasi-static circum-
stances for different anatomic regions and further, to establish 
a relation between the obtained magnitudes and age.  

II. METHODOLOGY 

A. MRI technique 

Three human volunteers with ages ~30 (two males and 
one female) are scanned for the quasi-static investigation of 
the relative brain-skull movement by MRI. Each volunteer 
undertook four consecutive sessions of MRI corresponding 
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to each different head position: left lateral, right lateral, 
prone and supine.  Complete sets of MRI scans were ob-
tained for each considered head position. 

The imaging system used at the beginning of the study 
was a 1.5Tesla Siemens MRC 16502 Sonata Vision. Due to 
a high sensibility of the approach used in this study to the 
quality of the obtained 3D brain representations, the first 
scans obtained using a 1.5 Tesla MRI scanner are not con-
sidered for further registration and processing. The quality 
of segmentation process is strongly dependent to the 
images’ quality. Figure 1  shows the difference in quality 
between a 3D brain representation obtained after using the 
1.5 Tesla scanner when compared with one obtained after 
using a 3 Tesla scanner. Therefore, the study was continued 
using a 3 Tesla Siemens Magneton Trio, A Tim System. 
 

A           

B          

Fig. 1 MRI scans indicating the differences in images quality  between 1.5 
Tesla MRI (left A) and 3 Tesla MRI (left B) in relation with the obtained 

3D representation of the cortical brain surface (right A and right B) 

The echo time (TE; 531 ms) and the repetition time (TR; 
3200 ms) were chosen in order to adapt the contrast in the 
image and to obtain the best visualization of both the brain 
and skull surface. This yields a resolution of 1.1 pixels per 
millimeter, meaning a voxel size of 0.908 mm in the X and 
Y direction and of 0.874 mm in the Z direction.  

 
B. Image processing 

Image analysis and segmentation are performed using 
commercially available software (MimicsTM, Materialise 
NV, Belgium). Different thresholds of grey values are as-
signed to the brain, ventricles and skull in the segmentation 
process. This allows for further calculation of the 3D mod-
els describing the surface of the brain and skull. Pair-wise 
comparison (prone-supine and left-right rotation) of the 
models can be performed for each volunteer by subjecting 

the skull models to a global registration process and align-
ment using 3-maticTM, software (Materialise NV, Bel-
gium). A maximum of 0.1mm error in registration process 
was considered acceptable for the goal of this study.  

The amplitudes of relative movement can be calculated 
for different brain regions for each individual by using the 
Focus Inspection® 4.8 software. Each surface is described 
as a sum of points defined through spatial coordinates. The 
brain movement is evaluated by measuring the distance 
between each two corresponding points from the compared 
geometric surfaces. Averages can be calculated for certain 
brain regions.  

3D descriptions of the lateral ventricles’ geometry corre-
sponding to each head position were obtained and then 
compared by following the steps described above. This was 
done in order to determine whether the obtained brain-to-
brain relative positions were mainly the result of gross 
movement of the brain or whether a substantial brain de-
formation took place in this quasi-static condition.  

III. RESULTS AND DISCUSSIONS 

Complete sets of MRI scans are obtained for three volun-
teers for each head position considered in the study. Due to 
the low quality of the obtained images, one volunteer is 
excluded from the study. For the others two volunteers, the 
brain – to – brain relative distances between two opposite 
head positions are plotted by means of a color code. 

A         B  

C  

Fig. 2 3D graphical plots visualizing the displacement of the cortical brain 
surface for the right-left comparison in frontal view  (A) and side view (B). 

The color scale shows the shift in mm. The statistical plot expresses the 
distribution of displacement amplitudes per valid measured points (C). 

1.5 Tesla MRI 

3 Tesla MRI 
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These plots allow a 3D visualization of the brain dis-
placement and movement description characteristic to dif-
ferent lobes, individual gyri and sulci.  

The plots show that a change in head position in the cor-
onal plane mainly determines a translation in the coronal 
plane with a slight rotation in the axial plane. The amplitude 
of this movement is higher at the inferolateral and medial 
aspects of the frontal and temporal lobes (figure 2A). This 
can be explained by assuming  that under its own weight - 
acting in coronal direction - the brain may experience a de-
formation in sagittal direction. Moreover, the head support 
point in a lateral position will be most likely not on the same 
axis with the head rotation center due to the asymmetric lat-
eral aspect of the skull. This may also contribute to the en-
hanced lateral translation of the frontal lobes when compared 
with the occipital lobes in order to achieve a static equilib-
rium. The slight rotation in the axial plane could be explained 
by considering the brain stem as an anchor. 

A      B  

C  

Fig. 3 3D graphical plots visualizing the displacement of the cortical brain 
surface for the prone-supine comparison in frontal view (A) and bottom 
view (B). The color scale shows the shift in mm. The statistical plot ex-
presses the distribution of displacement amplitudes per valid measured 

points (C). 

A head rotation in the sagittal plane leads to a brain rota-
tion in the same plane (figure 3A). The orbital surfaces of 
the frontal lobes lift up, the brain surface at the vertex 
shows a posterior movement and the inferior surfaces of the 
occipital lobes and cerebellar hemispheres have a downward 
movement when going from the prone to the supine posi-
tion. Due to the skull symmetry in the coronal plane the 
movement of the brain is symmetrically distributed along 
the sagittal plane. The results revealed maximum ampli-
tudes of the relative brain-skull movement at the base of the 

frontal and temporal lobes with mean values of 2 to 5mm 
and maximum values of ~9mm. Moreover, it seems that the 
prone-supine movement offers more degrees of freedom to 
the brain when compared with the movement in the coronal 
plane.  

In all situations the brain stem displacement may be con-
sidered as insignificant since the maximum value reached in 
this region was ~1.2 mm.  

  A         B 

Fig. 4 3D graphical plots visualizing the displacement of the lateral ventri-
cle surface for the right-left comparison in bottom view (A). The color 

scale shows the shift in mm. The statistical plot expresses the distribution 
of displacement amplitudes per valid measured points (B) 

The lateral ventricles follow the same trend as the corti-
cal brain surface when subjected to a head movement in the 
coronal (fig 4A) or in the sagittal plane (fig 5A). The maxi-
mum displacement is reached at the anterior horns of the 
lateral ventricles in both comparisons made. This movement 
is in agreement with the pronounced movement at the or-
bital brain surface of the frontal lobes in both volunteers 
considered in this study. 

 A         B 
 
Fig. 5 3D graphical plots visualizing the displacement of the lateral ventri-
cle surface for the prone-supine comparison in bottom view (A). The color 
scale shows the shift in mm. The statistical plot expresses the distribution 

of displacement amplitudes per valid measured points (B). 

 The  movement of the ventricles caused by the head ro-
tation in the sagittal plane is accentuated at the anterior 
horns and posterior horns (fig 5A). The upward movement 
of the anterior horns is followed by a downward movement 
of the posterior horns. The lateral ventricles comparison 
revealed maximum amplitudes of ~7mm and average values 
of ~3mm for the measured displacement. 
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The high number of measured points assured a fine rep-
resentation of the anatomical regions studied. The dis-
placements were calculated between ~60000 correspondent 
points from the cortical surface representations and ~4100 
correspondent points from the ventricles external geometry. 

IV. CONCLUSIONS AND FUTURE WORK 

An MRI study was undertaken to investigate the type and 
range of relative brain-skull movement in quasi-static circum-
stances. Three young healthy volunteers underwent consecu-
tive scans in prone, supine, and left- and right-rotated posi-
tion. Due to the low MRI scans quality obtained using a 1.5 
Tesla MRI the first volunteer is not considered for processing 
and interpretation. The results obtained for the others two 
volunteers (a male and a female) indicate the same direction 
of movement for the brain. A maximum amplitude of ~9 and 
a mean amplitude of 2 to 5 mm present at the orbital gyri was 
observed in both volunteers for all comparisons made. In the 
lateral right-left comparison maximum values were observed 
also for the lateral aspect of the frontal lobes and infer-
olateral- and medial aspect of the temporal lobes. These data 
correlate with the previous results of our group [1, 2]. In this 
earlier study the brain movement shows the same trend with 
amplitudes in the same range of values. The high amplitude 
of movement observed for these brain regions nicely corre-
lates with the predilection for contusions. The results ob-
tained in the present study are also in agreement with the data 
presented by the group of Hardy[10]. The obtained data seem 
to indicate that a very slow head rotation in the sagittal plane 
determines a brain rotation in the same plane. Moreover, a 
slow head rotation in the coronal plane results in a more or 
less translational brain movement in the coronal plane with a 
slight rotation in the axial plane. The average displacements 
of the ventricles appeared to be slightly smaller when com-
pared with those obtained for the brain at the cortical level. 
This may indicate the existence of a deformation component 
that occurs simultaneously with the general brain movement.  

Considering the compressive stress as causative mecha-
nism of contusions at tissue level the results of the present 
study provide a possible etiology for the predilection of 
contusions in the frontal and temporal lobes where the max-
imum amplitude of the up and down beating movement of 
the brain on the skull base is observed. Further investigation 
is of course necessary. 

Due to the limited number of volunteers analysed in this 
paper, no conclusion can be drawn on the influence of gen-
der or age on brain-skull relative movement. Our earlier 
study indicates an age dependency in the brain-skull relative 
movement [1, 2]. Still, the size of that study does not allow 
to draw a general valid conclusion. Hence the study will 

further continue in order to increase the number of subjects 
and in order to obtain an intra age comparison. Furthermore, 
the next step will be the dynamic investigation of relative 
brain-skull movement by MR. According to the method of 
Bayly et al. [11, 12] the registration of the movement is 
feasible when the experiment is repeated until sufficient 
data-points over the trajectory are captured.  

ACKNOWLEDGMENT 

This research work is performed in the frame of the 
"Valhelm" FWO Vlaanderen Project Levenslijn G.0001.08. 
Special thanks are addressed to Mr. Stefan Ghysels and Mr. 
Kris Byloos from the Radiology Section, University Hospi-
tal Gasthuisberg, for assistance during the MRI sessions.  

REFERENCES  

1. Depreitere B, 2004: A rational approach to pedal cyclist head protec-
tion, doctoral thesis, Faculty of Medicine. KU Leuven.  

2. Van Lierde C, 2005: Biomechanics of head injury: damage criteria for 
skull and brain lesions, in Faculty of Applied Sciences. KU Leuven. 

3. Ommaya AK, Grubb RL, Naumann RA, 1971. Coup and contre-coup 
injury: observations on the mechanics of visible brain injuries in the 
rhesus monkey. J Neurosurgery 35: 503–516 .  

4. Guardijan E, Guardijan ES, 1976. Cerebraal contusions: re-evaluation 
of the mechanism of their development. J Neurotrauma 16(1): 35–51. 

5. Adams JH, Scott G, Parker LS, Graham DI, Doyle D, 1980. The 
contusion index: a quantitative approach to cerebral contusions in 
head injury. Neuropathol Appl Neurobiol 6(4): 319-324. 

6. Adams J, Doyle D, Graham D, et al, 1985. The contusion index: a 
reappraisal in human and experimental non-missile head injury. Neu-
ropathol Appl Neurobiol 11:299 –308.  

7. McIntosh TK, Smith DH, Meaney DF, Kotapka MJ, Gennarelli TA, 
Graham DI, 1996: Neuropathological sequelae of traumatic brain in-
jury: relationship to neurochemical and biomechanical mechanisms. 
Lab Invest 74:315-342. 

8. Nahum AM, Smith RW, Ward CC, 1977: Intracranial pressure dy-
namics during head impact. Proc. 21st Stapp Car Crash Conference 
pp 339-366. 

9. Hardy WN, Foster CD, Tashman S, 1997: Current findings on the 
kinematics of brain injury, in CDC – preproceedings  pp 137-145. 

10. Hardy WN, Foster CD, Mason MJ, 2001: Investigation of head injury 
mechanisms using neutral density technology and high-speed biplanar 
X-ray. Proc. 45th Stapp Car Crash Conference pp 1-32. 

11. Bayly PV, Cohen TS, Leister EP, 2005: Deformation of the human 
brain induced by mild acceleration. J Neurotrauma 22:845-856.  

12. Bayly PV, Ji S, Song S-K, Okamoto RJ, Massouros P, Genin GM, 
2004: Measurement of strain in physical models of brain injury: A 
method based on HARP analysis of tagged magnetic resonance im-
ages. Journal of Biomechanical Engineering 126(4):523–528. 

 
Author: Aida Georgeta Asiminei 
Institute: Division of Experimental Neurosurgery and Neuroanatomy 
Street: UZ Herestraat 49 - bus 7003 
City: 3000 Leuven 
Country: Belgium 
Email: AidaGeorgeta.Asiminei@med.kuleuven.be 

 

IFMBE Proceedings Vol. 25

2188 A.G. Asiminei et al.



AUTOMATED DIAGNOSIS OF BARRETT’S ESOPHAGUS WITH
ENDOSCOPIC IMAGES

P. Rajan1, M. Canto2, E. Gorospe2, A. Almario2, A. Kage3, C. Winter3, G. Hager1, T. Wittenberg3 and
C. Münzenmayer3

1 Department of Computer Science, Johns Hopkins University, Baltimore, United States
2 Department of Medicine, Division of Gastroenterology, Johns Hopkins University, Baltimore, United States

3 Fraunhofer-Institute for Integrated Circuits IIS, Erlangen, Germany

Abstract— In this paper, we describe current progress on the
development of a Computer Assisted Diagnosis System (CAD)
for the classification of Barrett’s esophagus and associated neo-
plasia. Barrett’s esophagus is a condition in which normal squa-
mous mucosa is replaced by columnar epithelium, which is simi-
lar to the lining of the intestine. Barrett’s esophagus as a known
precancerous condition leading to esophageal cancer. Diagno-
sis is performed via histological analysis of tissue located dur-
ing endoscopic examination. We compare four different auto-
mated classification tools (SVM, KNN, and Boosting) operating
on three different imaging modalities (white light, narrow-band,
and acetic acid chromoendoscopy) for lesion classification. Pre-
liminary results suggest that narrow band imaging is more ef-
fective than either of the other two modalities for disease assess-
ment.

I. INTRODUCTION

Gastroesophageal reflux disease (GERD) is a chronic condi-
tion that is the cause of morbidity in many countries. In the
U.S. population, GERD is a common disease with an esti-
mated lifetime prevalence of 25 to 35% [1]. In Germany, the
morbidity rate for people diagnosed with esophageal cancer
based on GERD is estimated at 4000 new cases each year.
The 5-year survival rate for male patients diagnosed with
esophagus cancer is lower than 20%. As a result, there is in-
terest in detecting esophageal cancer as early as possible.

The standard clinical diagnosis procedure for esophageal
lesions is based on a visual examination of esophageal, cardia
and corpus tissues with the use of a video gastroscope. The
endoscopist closely examines the different tissues acquired
by the gastroscope and presented on a high-resolution moni-
tor while moving the endoscope through the esophagus down
to the stomach and then withdrawing it. The interpretation of
these images is a challenge and requires a well-trained ob-
server as small variations in tissue appearance are common,
but not all variations are related to dysplastic or canceroge-
nous changes of the examined mucosa.

In order to support the physician with the interpretation of

Figure 1: Typical esophageal images. The upper images show two areas
after acid wash; the lower images show white light and narrow band

imaging.

gastroscopic images at the point of care (POC), the Fraun-
hofer IIS has recently developed a knowledge-based system
for the computer-assisted diagnosis (CADx) for lesions in the
aerodigestive tract, such as the esophagus [2], or the vocal
folds [3]. Within this CADx-system, content-based image re-
trieval (CBIR) methods are applied to retrieve images of le-
sions with histologically validated diagnoses from an anno-
tated data base of reference lesions. These images, their diag-
nosis, and a diagnosis proposal for the unknown query lesion
is then displayed to the endoscopist.

In this paper, we present two advances over our prior work.
First, we examine the relative utility of different types of
imaging, including: 1) unprepared white light endoscopy, 2)
white light images obtained from the mucosa washed with
acetic acid, and 3) narrow-band imaging (NBI). Second, we
provide data on the accuracy of our content-based retrieval
metric (nearest-neighbor) versus a variety of other statistical
learning techniques applied to the problem of tissue classifi-
cation. These results are obtained on a growing database of
lesions with known histological diagnoses.
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II. METHODS

A. Data Collection and Annotation

Under IRB approval, we have acquired images of esophageal
lesions for which ground truth histological tissue classifica-
tion is known. Images have been obtained using three com-
plementary types of imaging. White light endoscopy (WLE),
in which light from a high-power external endoscopic illu-
mination device is transported via a bundle of glass fibers to
the distal end of the videoscope, has been the gold standard
in video-endoscopy for many years. Washes of acetic acid
are commonly used in colposcopy to highlight dysplastic ar-
eas and thereby enhance the ability to obtain targeted biopsy
specimens. As suggested by Guelrud and Herrera [4] this
technique can also be used to identify small islands of resid-
ual specialized columnar epithelium and thus enhance mu-
cosal pit patterns during endoscopic imaging [5], also called
acetic acid chromoendoscopy (AAC). The NBI technology,
developed by Olympus Inc., is an optical filtering method
which enhances and improves the visibility of capillaries,
veins and other subtle tissue structures by optimising the ab-
sorption and scattering characteristics of light. Two discrete
bands of light are applied: Blue light at 415nm and green
light at at 540nm. While the green narrow band light displays
subepithelial vessels, the blue narrow band light enhances su-
perficial capillary networks. In combination they offer an ar-
tificial high contrast image of the tissue surface. Based on
biopsy and subsequent histological evaluation, observed le-
sions are classified into four classes:

• Normal Squamous (SQ) - Non-keratinized squamous
cells lining the normal esophagus.

• Gastric Mucosa (GS) - The mucous membrane layer of
the stomach, which is covered by a layer of columnar ep-
ithelium.

• Barrett’s Esophagus (BE) - The normal squamous mu-
cosa is replaced by specialized intestinal-type epithelium
with goblet cells. Within this class, non-dysplastic and
low-grade dysplasia BE are included.

• High grade dysplasia and adenocarcinoma (HGDCA) -
Malignant change in BE limited to or extending beyond
the epithelial basal membrane.

An overview of the number of representatives for each type
of lesion is provided in table 1.

B. Feature Extraction

For the feature extraction from every region of interest (ROI),
methods from color texture analysis haven been applied. The
features obtained from the annotated ROIs are based on color

Table 1: Number of images per class within each dataset: white light
endoscopy (WLE), narrow band imaging (NBI) and acetic acid

chromoendoscopy (AAC).

SQ GS BE HGDCA ∑
WLE 46 29 29 21 125
NBI 49 33 22 18 122
AAC 51 59 23 17 150

extended versions of well-known standard texture approaches
such as co-occurrence matrices proposed by Haralick et al.
[6], statistical geometrical features by Chen et al. [7], and
Gabor filters [8]. All these feature extractors have been re-
cently extended for the analysis of color images by so-called
intra-plane and inter-plane (also known as integrated color
texture) concepts. While intra-plane uses all color channels
separately to compute feature vectors that are concatenated
later, the inter-plane modes combine information from differ-
ent color channels as described shortly for each of the three
methods.

The co-occurrence matrix, from which 14 scalar features
(e.g. entropy, sum variance, angular second moment, and
so forth) are derived, is defined as the distribution of co-
occurring gray-values at a given pixel distance d (here d = 1)
with a certain relative direction α . Usually the co-occurrence
matrix is formed by using a set of different directions α (i.e.
0, 45, 90, and 135 degrees) at the same distance d. Inter-plane
features can be computed by calculating the co-occurrence
values for pixel pairs from different color channels as de-
scribed by [9]. For this study we used the intra-plane method
for computing features separately on each color channel.

Chen et al. [7] derive a set of texture analysis features from
a decomposition of a gray-level ROI into a sequence of bi-
nary images that correspond to different, increasing values of
a gray-level threshold. Within each of these binary images,
connected regions are determined and analyzed. By this anal-
ysis for every binary image the number of connected regions
and their average irregularity are determined. These measures
are projected to 16 scalar features by means of statistics over
the entire binary image stack. Color extensions and also illu-
mination invariant derivations have been described in [10].

Finally, Gabor filters [8] have received great attention in
the fields of texture segmentation, edge detection and other
imaging tasks. Wanderley et al. [11] proposed a combination
of Gabor filtering with Finlaysons color angles. We make
use of this variant. These features also provide illumination
invariance and therefore are suitable for uncalibrated image
databases.

In previous work, a down-sampling of the images in a mul-
tiscale image pyramid proved to be advantageous for gastro-
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intestinal images [10]. Therefore, we down-sampled the im-
ages two times after repeated binomial filtering reducing the
image dimensions by a factor of four. In case of the Gabor
approach this scaling is already inherent in the feature ex-
traction, so no down-sampling was necessary.

C. Classification

K-nearest neighbor learning (kNN) [12] is the most basic lazy
(or instance-based) learning method [13]. Lazy learners, as
opposed to eager learners, do not explicitly induce a repre-
sentation of the target function. Their training phase rather
consists of simply storing the training data. During the clas-
sification phase the learning algorithm examines the relation-
ship of the new instance to the instances in training data to
determine a classification. kNN learning can be expected to
be less capable of defining class regions in feature spaces of
high dimension. Also, when highly complex decision bound-
aries need to be approximated, the value of k must be small
to bound the sensitivity to noise in data. However, kNN can
often be expected to outperform other methods, because the
classification is based on local instances only rather than on
a global approximation of the target function.

A Support Vector Machine (SVM) [14] performs classifica-
tion by constructing a hyperplane that separates the training
space into two categories. SVM approaches the classification
problem through the concept of margin, which is defined as
the minimal distance between the hyperplane separating the
two classes and the closest data points of each class. The de-
cision boundary is chosen to be the one for which the margin
is maximized. Maximizing the margin leads to a particular
choice of decision boundary, the location of which is deter-
mined by a subset of the data points, known as support vec-
tors. An SVM is fundamentally a binary classifier; hence the
label space Y = {−1,1}. In order to classify three classes, we
merge classes 2 and 3, classify class 1 vs. class 2 and 3 in the
first round of classification. In the second round, every test
vector that is not classified as class 1 is fed into the classifier
and classification is done between classes 2 and 3.

Boosting is a technique that combines multiple base clas-
sifiers to produce a committee whose performance can be
significantly better than any of the base classifiers [14]. We
use Ada Boost developed by Freund and Schapire [15]. The
base classifiers are trained in sequence, and each base classi-
fier is trained using a weighted form of the data set in which
the weighting coefficient associated with each data point de-
pends on the performance of the previous classifiers. Once
the classifiers are trained, their predictions are then combined
through a weighted majority voting scheme. The boosting
method we use is a binary classifier; since we have more than
2 classes, we implement a “one versus the rest” approach.

We use a decision tree as the weak learner for boosting.
For each of the n dimensions of the training set, we find the
threshold that divides the training space with the least error.
We then choose the dimension with the least error and con-
struct a node. Once we have a root node, we pick the leaf
node with the largest error and construct a new node using
all the training samples that are associated with that leaf. The
new node replaces the chosen leaf. This process is repeated
until all the leaf errors are down to zero or after a preset num-
ber of iterations. In each boosting iteration, the weights of the
training data is re-evaluated; the tree learns on the weighted
training data in each iteration.

III. RESULTS

The Barrett’s and HGDCA classes represent an abnormality
of the esophagus, whereas the Normal Squamous and Gastric
classes represent the normal esophagus lining and the normal
stomach lining respectively. Currently, the number of samples
for the abnormal classes is relatively sparce (cmp. table 1).

For the evaluation we used a 10-fold cross-validation of
the data set, 9 folds were used for training and the last fold
was used for testing. This process was repeated 10 times,
leaving one different fold for evaluation each time. We ran
the classifiers on all the available feature vectors from all the
three modalities. The total accuracy was calculated by com-
paring the predicted labels with the true labels. Our result
tables also display the classification accuracy values of each
class, which is the fraction of correctly identified test vectors
belonging to each of the four classes.

Table 2 shows the classification accuracy percentages us-
ing boosting for each imaging source and feature type. Boost-
ing 1 refers to boosting with decision trees. In Boosting 2, we
first reduce the dimension of the feature vectors by comput-
ing the correlation coefficients and using only the dimensions
with significant correlations. As can be seen from the table,
narrow band imaging and acetic acid tend to dominate white
light imaging, with narrow band appearing to have some ad-
vantage.

In Table 3, we have shown the classification accuracy per-
centages for SVM and kNN. For kNN, we experimented with
a range of k values, starting from 1 to the total number of im-
ages. The value of k that gave the best results are 10, 7 and 1
for WLE, NBI and AAC respectively. Again, NBI and AAC
dominate white light imaging.

IV. CONCLUSION

We have presented preliminary results describing the per-
formance of statistical classifiers on image data from Bar-
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Table 2: Average classification accuracy for 3 different imaging modalities after boosting for different types of feature vectors (10-fold cross-validation).

Method Boosting 1 Boosting 2
Modality Total

Accuracy
SQ

Accuracy
GS

Accuracy
BE

Accuracy
HGDCA
Accuracy

Total
Accuracy

SQ
Accuracy

GS
Accuracy

BE
Accuracy

HGDCA
Accuracy

WLE 67.24 83.71 50.00 60.00 65.83 65.71 81.74 40.83 65.83 75.83
NBI 75.32 86.73 77.53 62.50 55.00 76.35 95.42 59.00 51.67 85.00
AAC 73.33 86.73 77.53 62.50 55.00 75.33 92.50 73.80 67.50 52.50

Table 3: Average classification accuracy for 3 different imaging modalities for SVM and kNN for different types of feature vectors (10-fold cross-validation).

Method SVM kNN
Modality Total

Accuracy
SQ

Accuracy
GS

Accuracy
BE

Accuracy
HGDCA
Accuracy

Total
Accuracy

SQ
Accuracy

GS
Accuracy

BE
Accuracy

HGDCA
Accuracy

WLE 76.28 89.64 55.83 89.17 49.17 65.60 86.96 51.72 58.62 47.62
NBI 80.19 93.81 58.00 86.67 90.00 72.95 87.76 75.76 36.36 72.22
AAC 81.33 77.92 95.57 50.83 79.17 80.67 88.24 81.36 73.91 64.70

rett’s esophagus. Our results show that boosted classifiers on
narrow-band imaging have the best performance to date, and
that they narrowly outperform the nearest-neighbor classifier.

Our current results are limited by the relatively small size
of our data set but establish a baseline for the parameters of
our ongoing study. Currently, we are continuing to expand the
data set and expect to have significantly better results in the
near future. Therefore, we also plan to compare our meth-
ods to human interpretation with the best imaging modality
(WLE, AAC, NBI) available.
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Abstract—Statistical Objective Response Detection (ORD) 
Techniques applied to Evoked Potentials usually depend on the 
effective Number of Degrees of Freedom (NDOF) of spontane-
ous EEG. This work proposes a method for estimating the 
NDOF of the EPD (Evoked Potential Detector) probability 
distribution under the null hypothesis of no response, based on 
the EEG autocorrelation function (ACF). Its performance was 
assessed by both simulation and by applying it to mid-latency 
auditory evoked potentials (MLAEP) of ten adult volunteers at 
different stimulus intensities. NDOF estimates based on the 
autocorrelation function were close to the theoretical values. 
Moreover, ORD based on the proposed method achieved bet-
ter specificity in detecting MLAEP in comparison with alter-
native approaches using white-noise EEG model and estima-
tion of NDOF via cumulative distribution fitting, though all 
methods achieved similar sensitivity. This result supports the 
use of EPD as a robust ORD method. 

Keywords—Objective Response Detection, Number of De-
grees of Freedom, MLAEP. 

I. INTRODUCTION 

Statistical methods aiming at Objective Response Detec-
tion (ORD) have been used in several applications for 
Evoked Potentials (EP) both in the frequency [1,2] and time 
domains [3-5]. These techniques usually rely on establish-
ing the probability distribution (PDF) for an estimated  
parameter under the null hypothesis (H0) of no response, 
assuming spontaneous EEG to be normally distributed 
(Gaussian). Once the estimated value exceeds the critical 
value for some significance level (α), one can reject H0 with 
a probability of a Type I error (false positive) lower than α. 

However, the parameters that define these PDFs usually 
depend on the number of degrees of freedom (NDOF) of the 
recorded EEG. The simplest approach to determine the 
NDOF [1-4] assumes the EEG to be white noise (uncorre-
lated time-samples). Alternatively, Elberling and Don [5] 
proposed adjusting the NDOF based on fitting the theoreti-
cal cumulative distribution function (CDF) for H0 to the 
cumulative distribution of estimated values from a set of 
available EEG epochs without sensory stimulation. In pre-
vious work [3] we applied both procedures to the Evoked 

Potential Detector (EPD – a time-domain ORD technique) 
for detecting mid-latency auditory EP (MLAEP). The best 
results were achieved with the second approach, since the 
higher sensitivity of the first was obtained at the cost of a 
much lower specificity, wrongly detecting responses when 
no stimulation was applied. However, the methodology 
based on distribution fitting shows some limitations. First, it 
demands the availability of a sufficiently large set of EEG 
epochs without stimulation, in order to produce a represen-
tative cumulative distribution plot. Also, it assumes that, 
once the NDOF is obtained for this set of data, this value 
can be used for the whole experimental time-series. 

Aiming at overcoming these limitations, the present work 
proposes a method to estimate the NDOF for the probability 
distribution of EPD based on the EEG autocorrelation func-
tion (ACF), taken from the same set of EEG epochs used in 
EPD. Its performance is then compared to the two preced-
ing methodologies using simulation and the estimation of 
the neurophysiological hearing threshold of normal-hearing 
subjects. 

II. THEORETICAL BACKGROUND 

Let x[n] be a stationary Gaussian signal with zero mean 
and variance σ2, then for a finite number of samples N, an 
estimate of its i-th moment can be obtained from [6]: 
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which represents the i-th-order NDOF. Based on the ACF 
(rxx[m]), the second-order NDOF (since EPD is a quadratic 
technique) can be estimated from [6]: 
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The Evoked Potential Detector (EPD) is defined as: 
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where ][nx j  represents the j-th signal epoch (out of a total of 
M), within a time interval of interest (n = ni, ni+1, ..., nf), 
and N = nf - ni+1. Its expected value can be related to the 
Signal-to-Noise Ratio (SNR) according to 

( ) 1+=Ε SNR
SNREPD . 

Thus the EPD can be interpreted as an estimate of the 
degree of response consistency within a set of noisy signal 
epochs, lying between zero (no response) and unity (no 
noise corrupting the response). For H0, and assuming all 
xj[n] to be pure Gaussian white noises, the statistical distri-
bution of EPD can be related to a Beta distribution with 
shape parameters k1 and k2 given by Nw/2 and Nw(M-1)/2 
respectively. For colored noise (more appropriate for the 
EEG), and assuming the correlation is negligible across 
epochs, values for k1 and k2 can be obtained by adjusting 
only Nw based on the methods of fitting the EPD cumulative 
distribution and the second-order NDOF based on the ACF. 
Thus, one can reject H0 for a significance level α if the 
estimated EPD is higher than a critical value given by: 

α,, 21 kkcritcrit BetaEPD = , (5) 
i.e. the critical value of the Beta distribution for a cumula-
tive probability of 1-α. 

III. MATERIALS AND METHODS 

Simulation – several sets of simulated EEG signal were 
generated under different combinations of epoch numbers 
(M: 10, 30 and 100), noise spectrum (referred to the EEG 
band: from DC to alpha and to beta) and signal-to-noise 
ratio (SNR: −∞ dB [H0], −20 dB, − 10 dB and 0 dB). Each 
set consisted of 1000 trials (each with M epochs of 110-ms 
duration) of Gaussian colored noise (2nd-order low-pass 
Butterworth filters considering the usual EEG band limits). 
Changes on SNR resulted from adding a MLAEP template 
with differing RMS values. The NDOF were then estimated 
using both unbiased and biased ACF estimator, according to 
the following expressions: 
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for m = 0, 1, 2, …, N-1. These estimations were contrasted 
with the NDOF obtained from the real ACF (derived from 
the known filter coefficients) and the fitting of the Beta 

CDF to the cumulative distribution of EPD values estimated 
under H0 (no response). 

Real EEG – EEG signals were collected from 10 normal 
volunteers. Electrodes were positioned according to the 10-
20 international system to acquire the derivations Cz-Mi 
and Cz-Mc (vertex-ipsilateral and contralateral mastoids: 
left and right respectively), grounded at Fpz. Stimulation 
was carried out with 100 µs-wide rarefaction clicks driven 
at 9 Hz. Only the left ear was stimulated (contralateral 
masking white noise at 40 dB below the stimulation level). 
Initially, the individual psycho-acoustic threshold (L) was 
determined (varied from 0 to 11 dBNHL among volunteers 
[mean = 7 dBNHL] – 0 dBNHL = 30 dBpeSPL) The EEG was 
collected without stimulation for circa 90 s. Then several 
sessions of stimulations were carried out: 600 stimuli at 
85 dBNHL; two sessions of 1000 stimuli (60 and 
[L+26] dBNHL − i.e. 26 dB above individual threshold); 
1200 stimuli at [L+18] dBNHL; two sessions of 1200 stimuli 
([L+15] and [L+12] dBNHL); five sessions of 2000 stimuli 
([L+10], [L+8], [L+5], [L+2] and [L] dBNHL). The EEG 
derivations were amplified, filtered (20 Hz high-pass at 
6 dB/octave, 2000 Hz low-pass at 12 dB/octave, and 60 Hz 
notch) and digitized at 6 kHz (details in [3-4]). 

The EPD was then estimated for each session using (4) 
considering the available number of epochs (M) in each one 
(higher M for lower stimulation levels; epochs with N = 660 
[110 ms] synchronized with the stimuli onset). Due to the 
simple relationship between EPD and SNR, the EEG was 
previously filtered in the band between 20 and 100 Hz, as 
given by the main contributions in the MLAEP. Moreover, 
a notch filter was applied at 180 Hz, since the third har-
monic of mains frequency (60Hz) was evident in the EEG. 

Three detection thresholds were used, all of them using 
(5), in order to extract critical values based on the parameter 
statistics for α = 0.01 (hence, expecting a 1% rate of false 
positives, i.e. erroneous auditory response detection). The 
first assumes EEG to be white noise (k1 = Nw/2 and 
k2 = Nw(M-1)/2) – EPDcritA; the second threshold – EPDcritB 
– considers the NDOF resulting from fitting the Beta CDF 
to the cumulative distribution EPD estimated in sets of 
M = 100 epochs of pure EEG (in this case, a value Nfit is 
used instead of Nw). For these two thresholds, the shape 
parameter k1 of Beta distribution is constant for each subject 
during the whole experiment, while k2 varies depending on 
M. The third threshold – EPDcritC considers the NDOF 
based on the ACF estimated from the same M epochs used 
to extract EPD. Expression (3) is applied to the global mean 
of the autocorrelation functions estimated for each of these 
M epochs using the unbiased ACF estimator (6). Hence, 
both parameters k1 and k2 of the Beta distribution may vary 
for the different sections of the experiment, reflecting the 
time-varying ACF of the EEG. 
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For all critical values, M was varied in steps of 100 up to 
a maximum depending on the stimulation level. The mini-
mum number of epochs that resulted in consistent MLAEP 
detection was considered as the required value M for each 
stimulation level. One expects this value to be higher for 
lower stimulation levels. 

IV. RESULTS 

Table 1 shows the estimated NDOF under various simu-
lated combinations of EEG bandwidth, type of ACF estima-
tor and SNR for M = 100 epochs. Also, the theoretical 
NDOF (considering the true ACF taken from the filter coef-
ficients) and the NDOF estimated via cumulative distribu-
tion fitting are presented for comparison, which have simi-
lar values. The number of degrees of freedom is clearly 
much less than the number of samples (M = 100). As ex-
pected, higher NDOF values are obtained for the wider 
bandwidth (~9.5 vs. ~4.1); for white noise, the degrees of 
freedom would be M. The unbiased estimator has generally 
achieved better results than the biased one for both band-
widths, giving mean estimates closer to the theoretical 
value. Regarding SNR, one can see an increasing deviation 
of the mean estimated from the theoretical value as the 
amplitude of evoked response increases, but not dramati-
cally so for SNR as high as -10 dB (increase of ~0.5 and 
~0.7 for both bandwidths, using the unbiased ACF estima-
tor). Only at 0-dB SNR is a considerable deviation found 
for the bandwidth up to alpha (~3.7). The standard deviation 
of the estimations shows a slight trend to increase (from 
~0.2 up to ~0.3) as SNR increases, but only for the narrower 
band. Equivalent results were obtained for M = 30 and 
M = 10, except for the variability in estimates, which in-
creased as M was reduced. 

For real EEG data, the percentage of subjects with de-
tected response shows the expected reduction as stimulus 
levels decreased, as summarized in Table 2. As expected, 
detection occurs more frequently using EPDcritA than 
EPDcritB and EPDcritC, since the first presents a lower critical 
value (highest NDOF) compared to the latter. For EPDcritA, 
the rate of detection is similar between derivations, pro-
vided that the sound pressure level is [L+5] dBNHL or 
higher; for EPDcritB and EPDcritC, similarity between deriva-
tions occurs only with stimulus intensities as high as 
[L+15]. Nevertheless, the derivation Cz-Mc generally 
showed higher rate of detection than Cz-Mi. Using EPDcritA, 
100% of the subjects had response detected with stimula-
tions as low as [L+12] dBNHL in both derivations. Using 
EPDcritB and EPDcritC, full detection occurs only with higher 
stimulation levels (down to [L+26] dBNHL, although 
EPDcritB in Cz-Mc derivation showed full detection down to 
[L+15] dBNHL). 

Table 1 Estimated NDOF for M = 100 (mean [s.d.]) (B = biased ACF 
estimator; UB = unbiased estimator) 

DOF Up to Alpha Band Up to Beta Band 
True ACF 4.115 9.502 
CDF Fitting 4.307 9.476 
UB SNR −∞ dB 4.086 [0.191] 9.353 [0.250] 
B SNR −∞ dB 4.843 [0.185] 10.066 [0.242] 
UB SNR −20 dB 4.140 [0.195] 9.449 [0.247] 
B SNR −20 dB 4.904 [0.189] 10.159 [0.240] 
UB SNR −10 dB 4.623 [0.231] 10.176 [0.233] 
B SNR −10 dB 5.453 [0.226] 10.883 [0.225] 
UB SNR 0 dB 7.853 [0.308] 9.922 [0.251] 
B SNR 0 dB 9.306 [0.317] 11.475 [0.181] 

 
For EPDcritB, the individual values of Nfit varied between 

8 and 21 (mean: 14). Using EPDcritC, the minimum NDOF 
varied between 6 and 16 for Cz-Mc (Cz-Mi: between 6 and 
13) among all 10 subjects; the maximum varied between 9 
and 21 for Cz-Mc (Cz-Mi: between 9 and 22). 

Considering false positives, one can observe a high rate 
of detection with pure EEG using the first threshold (50% in 
both derivations). This rate lowers to 10% in both deriva-
tions using EPDcritB, and a still better performance was 
achieved using EPDcritC (no false detection). According to 
the binomial distribution (p = 0.01, M = 10), the probability 
of one or more false positives is less than 0.005, indicating 
that only EPDcritC is attaining the expected false positive 
rate. 

Table 2 Rate of detection considering all volunteers (%) 

EPD > EPD critA EPD > EPD critB EPD > EPD critC 
dBNHL 

Cz-Mi Cz-Mc Cz-Mi Cz-Mc Cz-Mi Cz-Mc 
85 100 100 100 100 100 100 
60 100 100 100 100 100 100 
[L+26] 100 100 100 100 100 100 
[L+18] 100 100 90 100 90 90 
[L+15] 100 100 90 100 90 90 
[L+12] 100 100 56 89 56 78 
[L+10] 90 90 70 90 70 90 
[L+8] 80 100 70 70 60 70 
[L+5] 80 80 30 70 30 60 
[L+2] 50 88 13 25 13 38 
[L] 60 60 20 10 20 10 
EEG 50 50 10 10 0 0 

V. DISCUSSION 

Based on simulated data, the NDOF estimation using the 
autocorrelation function has achieved mean values close to 
the theoretical NDOF and to the estimate via cumulative 
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distribution fitting. In addition, the variability of estimates 
for M = 100 epochs was relatively small along the 1000 sets 
of simulated data (s.d. of circa 5% and 2.5% of the mean, 
for the two bandwidths investigated). Considering that the 
number of epochs collected in EP tests is usually higher 
than 100, the estimation variability in practical applications 
would be even smaller. The unbiased ACF estimation 
yielded better results and should be preferable to the biased 
one (which justifies its choice for use with data from human 
volunteers in the present work). Since the proposal of 
NDOF estimation involves the same set of EEG epochs as 
the EPD estimation itself, the sensitivity of the procedure to 
SNR was also assessed. In this context, the deviation from 
the theoretical value was considerable only at SNR of 0 dB 
for the narrower bandwidth. Nevertheless, such a high value 
of SNR is generally unrealistic in evoked potential field, 
particularly with MLAEP. 

The EPD applied to MLAEP resulted in auditory re-
sponse detection at stimulation levels a little above the psy-
cho-acoustic threshold; this was achieved using any of the 
three thresholds. Considering the EEG as white noise, con-
sistent detection for all volunteers occurred at stimulation 
levels down to 12 dB above the psycho-acoustic threshold 
for both derivations [3]. When considering the EEG as col-
ored noise, the use of EPDcritB yielded full detection down 
to [L + 15] dBNHL in derivation Cz-Mc. With this stimula-
tion level, a 90% detection rate was achieved in both deriva-
tions using EPDcritC. This result approximates the detection 
sensitivity based on expert morphological analysis: Smith et 
al. [7] reported MLAEP detection with stimulation at 15 dB 
above psycho-acoustic threshold ([L+15] dBNHL). The 
higher sensitivity achieved with EPDcritA results from an 
overestimated NDOF (assumption of white noise) for EEG, 
thus lowering the critical value, but at the cost of a lower 
specificity, i.e. wrongly detecting responses in the absence 
of stimulation [3]. 

In terms of specificity, the use of EPDcritB and even more 
so EPDcritC should be preferred, as it results in lower false 
positives in the detection of responses. Both these methods 
take the non-white spectrum of the EEG into account. The 
difference between the methods is that the first considers 
only the inter-individual variability of the effective NDOF 
of the spontaneous EEG (value Nfit) [3], whilst the approach 
proposed in the present work uses the actual data collected 
during stimulation. This avoids errors that may arise from 
changes in EEG spectral characteristics between recordings 
of baseline and during stimulation. Furthermore, the former, 
which is based on the procedure proposed by [5] to the FSP 
Index, demands the availability of a sufficiently large set of 
EEG epochs under H0 (no stimulation) to produce a repre-
sentative cumulative distribution [3], which is not a requi-
site in the latter. 

VI. CONCLUSION 

The Evoked Potential Detector (EPD) was able to detect 
auditory response, particularly the MLAEP, with stimula-
tion at low sound pressure levels. By adjusting the number 
of degrees of freedom for the Beta distribution (considering 
the EEG as a colored noise), this technique has shown a 
considerable increase in performance when compared with 
the critical value for white-noise EEG, in particular as re-
gards specificity. The approach of establishing the number 
of degrees of freedom based on the autocorrelation function 
of EEG has the further advantage of not relying on station-
arity between baseline and stimulated recordings. It may 
therefore be concluded that the proposed methodology to 
estimate the NDOF of the EEG improves the robustness of 
EPD as an ORD method. 
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Abstract— An evaluation method for EEG (electroencephalo-

gram) is described in this paper. The proposed method uses a

kind of non-linear autoregressive model by use of MLP (multi-

layered perceptron). The MLPs are trained by observed signals

for short term periods. When the training is completed, each

MLP can be thought as a model of EEG generator. To evaluate

the change of the generator, variation of connection weights in

the MLPs is obtained by the principal component analysis. Ad-

vantage of this method is that few prior information is necessary

in comparison with conventional frequency analysis.

The proposed method was applied to detecting a period for

7 series task. As results of experiments, change of the generator

could be figured out as variation of 2nd principal component.

Keywords— EEG, multi-layer perceptron, neural network, au-

toregressive model, principal component analysis

I. INTRODUCTION

EEG (Electroencephalogram) is one of the most familiar
methods to record brain activities. Interpretation accuracy of
the measured EEG depends on skill of the doctors or clinical
technicians because of its low S/N ratio and low repeatability.
Although frequency analysis methods and statistic analysis
are usually used to evaluate brain activities, prior informa-
tion, such as frequency bands, are necessary to obtain proper
results.

The purpose of this study is to propose a evaluation
method of the brain condition using non-linear system iden-
tification approach. Fundamental process of the proposed
method is following: (i) construction of a model of the brain
in the view of EEG generation, (ii) comparison of the model
using its parameters.

Linear models, such as the linear autoregressive model, are
used as approximations of biological systems. In certain sit-
uations, they are enough to evaluate the biological systems.
However, biological systems are thought as a sort of the com-
plex systems. Ability of these linear models may be limited
for versatile situations. For these cases, non-linear models are
more suitable for modeling of biological systems. The non-
linear model can be realized using the multi-layered percep-

tron (MLP), because it is known as an universal approximater
of non-linear function[1, 2, 3].

One of the problems to use MLP is to optimize the struc-
ture of MLP, such as the number of input and hidden units.
There are several problems to use MLP; selection of the MLP
structure and evaluation of the MLP etc.

In this study, the degree of randomness[2] of the EEG is
used to decide the MLP structure, and the principal compo-
nent analysis (PCA) is used to evaluate difference between
MLPs.

II. METHOD

A. Autoregressive Model using MLP

A general autoregressive model is described as,

xt = f (xt−1, · · ·xt−N | a)+ εt (1)

where N is time lag, xt , xt−1, · · ·, xt−N are observations, a is
model parameter vector, εt is noise and f (·) is an arbitrary
function.

A linear autoregressive model is described as follows.

xt =
N

∑
j=1

a jxt− j + εt (2)

that is xt is calculated as product sum of and noise.
The nonlinear autoregressive model with MLP is de-

scribed as,

xt = fMLP(xt−1, · · ·xt−N | w)+ εt (3)

where w is a connection weight vector of the MLP. That is
corresponding to the model parameter a in equation (1). In
this study, MLP consists of one hidden layer. The hyperbolic
tangent is used as activation function of the hidden layer. The
output (i.e. prediction) ot of the MLP is calculated as,

ot =
H

∑
h=1

woh tanh(
N

∑
i=1

whixt−i +wh0)+wo0 (4)
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where H is the number of hidden units, whi is the connection
weight between input and hidden layer, woh is that between
hidden layer and output layer, wh0 and wo0 are bias to the hid-
den and output units. The structure of MLP is unchanged for
analysis of one case. The connection weight vector w con-
sists of all weights in Eq. (4). w is trained from observations
by use of the back propagation algorithm.

B. Pattern group

Change of a biological system may be slow because most
of them are stable systems. In case of EEG, the brain state in
several seconds is supposed as constant. This period is corre-
sponding to the “window” in the short term Fourier transfor-
mation. MLP is trained for each window in a measurement of
EEG. It is considered as a model of the EEG generator in the
brain.

When the number of samples in a window is W , a pattern
group for a period which starts from p-th sample is defined
as

PGp : {xp, · · · ,xp+W−1} (5)

The model parameter (i.e. connection weight of MLP) wp is
obtained for each pattern group for PGp,

wp converges into completely different point from dif-
ferent initial weights. In proposed method, the connection
weights for first pattern group — mostly PG1 — is used as
initial weight for the other pattern group. The initial weights
for PG1 is chosen randomly.

C. Decision of the time lag

The time lag N is decided by using the degree of
randomness[2] of the measured EEG. This index represents
indeterminacy of signal. Large value means high indetermi-
nacy.

Let us denote u for the input vector and v for the output.
When we have M input–output pairs as the sample, input vec-
tors u1, . . . ,uM and corresponding output v1, . . ., vM are ob-
tained. If ui and u j are similar, then vi and v j are also similar
for deterministic data, but may be different for random data
and multi-valued function. |vi−v j| for v j corresponding to all
x j are evaluated in a Δ neighborhood of each ui as a degree
of randomness of the data. The degree R is define here as,

R =
1

∑i |Δi|
N−n

∑
i=1

∑
j∈Δi

s(z ji) (6)

where

Δi =

⎧⎨
⎩

{ j | |u j−ui|√
nurms

≤ β , i �= j}, if u j exist

{ j |min j
|u j−ui|√

nurms
, i �= j}, otherwise

(7)

and |Δi| represents the number of u j in the neighborhood Δi.
The urms and vrms are a root mean square for the data and vi
respectively and

√
n urms is the mean length of vector ui taken

in N dimensional space. Then z ji is given by

z ji =
( |v j − vi|

vrms

)
/

( |u j −ui|√
nurms

)
(8)

A function s(z ji) is a kind of logistic function such as

s(z ji) =

{
0, if |u j−ui|√

nurms
and |y j−yi|

yrms
≤ β

1− (1+αz ji)exp(−αz ji), otherwise
(9)

Where α and β are positive constant value.
R for any signal will take a value between zero to one,

which means the degree of randomness. Larger R values cor-
respond to greater randomness and unpredictability, smaller
values to more instances of recognizable patterns or feature in
the data. In this study, R is relative value to that of white noise,
which shows the largest randomness in comparison with any
other signals.

R takes large value for too few time lag because of the lack
of information. In the other hand, R also takes large value for
larger time lag because influence of random noise in observed
signal is larger. Therefor, the time lag N is chosen for the
smallest R value.

D. Comparison of the model parameter

The model parameter wp is changing in high dimensional
space. For example, if the time lag is N, the number of hidden
units is H, the dimension of wp is calculated as (N + 1)H +
(H + 1). Because the change of wp is delicate, the principal
component analysis (PCA) is applied to figure out variation
of model parameters.

Now the variance of the objective system can be evalu-
ated by using several principal components of the connection
weights of MLP.

III. MEASUREMENT OF EEG

EEG was recorded during “7 series task” which required
the subjects to begin with 200, count backward by seven in
their mind.

16 electrodes were attached on subject’s scalp accord-
ing to the international 10-20 system. Reference electrodes
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were attached at both ear lobes. The EEG signal was am-
plified and recorded by using a bio amplifier and A/D con-
verter (NEC BIOTOP 6R12–4, Interface PCI–3177C). Sam-
pling frequency was 200Hz.

The subject sits down in an armchair, and reclines the seat
back. EEG recording was started after enough rest time (more
than 10min.). First 30 second was the control period. Next 30
second the subject was requested the 7 series task. Last 30
second was also the control period. During EEG recording,
the subject closed his/her eyes.
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Fig. 1: Measured EEG at the electrode P3
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IV. RESULTS

Results of EEG analysis for a volunteer (male, 24 years
old) are shown in this section. Figure 1 depicts measured
EEG at the electrode P3. Continuous waveform for 90 sec-

ond is divided into 9 rows for convenience. Obvious differ-
ence of waveforms between 7 series and control period are
not observed.
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Fig. 3: Degree of randomness for different time lag

Figure 2 shows a result of frequency analysis. The win-
dow size of FFT is 20 second which consists of 4,000 sam-
ples. Shift step of the window is 1 second. The vertical axis
represents the power ratio of alpha wave to first 20 second.
Although fluctuation within ±1.5 dB is observed in the over-
lapped period, it is difficult to distinguish task period from
control. For the other frequency band, similar result were ob-
tained.

In next step, let us consider about structure of MLP. Figure
3 shows the degrees of randomness for different time lag N.
A minimum point of R was found for N = 3. Therefor time
lag was decided as 3 in this case. Number of hidden units
was decided as 30 because the training error of the MLP was
small enough for this number.

The window size W of the pattern group was 4,000 sam-
ples (20 second) which is similar to the frequency analysis.
Shift step of the window is 200 samples (1 second). There-
fore the pattern groups are

PG1 : {x1, · · · , x4,000}
PG201 : {x201, · · · , x4,201}
...

...
...

Training for each pattern group were aborted when
training error was converged. Figure 4 shows variation of
|wp|/|w1|. Although it shows high level during second over-
lapped period, it is difficult to interpret the result.

Figure 5 shows the plot of first 2 PCAs. Plotted points are
divided into two regions which correspond to tasked period
and control.
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V. DISCUSSION AND CONCLUSION

EEG during 7 series task is related to higher order function
of the brain. Therefore change of EEG tendency is smaller
in comparison with lower order function, such as the alpha
blocking. In addition, the results are influenced by mental
condition of the subject. This means it is difficult to evalu-

ate by conventional simple methods. In the case which is de-
scribed in this paper, proposed method works conveniently. It
is necessary to confirm its capabilities for more cases.

One of the goal of this study is to develop an evaluation
method for biological signals without any prior information,
such as frequency, the window size and various parameters
etc. In this stage, the proposed method requires window size,
a few parameters for calculation of the degree of randomness
and number of principal components for evaluation. It is a
problem to reduce these information or to select them sys-
tematically.
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Abstract— Deformable motion correction has become a fun-

damental image processing task for the quantitative analysis of

dynamic contrast-enhanced breast magnetic-resonance imaging

(MRI). However, although various non-linear image registration

techniques are available, objective evaluation remains challen-

ging. In this paper, we propose a biomechanical model of the

breast based on a mass-spring system and an internal tetrahe-

dron structure. We demonstrate how this model can be applied

to clinical datasets to generate plausible breast deformations for

the evaluation. For this purpose, we integrate a thin-plate spline

image transformation into the model. Furthermore, we show

how the specific model can be used to quantitatively evaluate

breast MRI motion correction, and present preliminary regis-

tration results achieved with the proposed method.

Keywords— image registration, motion correction, breast MRI,

breast model, mass-spring model

I. INTRODUCTION

Over the years, magnetic-resonance mammography has
become an important technology for diagnostic and inter-
ventional radiology. In particular, breast MRI allows the de-
tection of breast cancer in early stages of development, of
mammographically and sonographically occult lesions, of le-
sions grown in dense tissue, and of cancer masses located in
lymph nodes and other breast-exterior locations [1]. In addi-
tion, breast MRI supports cancer treatment, such as biopsy
device guidance and pre-interventional surgery planning [2].

Assessment of dynamic breast MRI is based on diffusion
characteristics of an injected para-magnetic contrast-agent.
Dynamic imaging allows tracing of contrast-agent uptake and
washout. Enhancement characteristics of lesion tissue and
ordinary breast tissue are generally distinct [3]. A differen-
tial diagnosis of the image sequence reveals individual lesion
characteristics, commonly by subtracting an unenhanced re-
ference image from one of the early enhancing images. In ad-
dition, contrast agent uptake curves, descriptive parameters or
pharmacokinetic models are frequently computed, providing
visual clues to the malignity of tumors [4].

Due to its temporal acquisition, dynamic MRI is prone to
inconsistencies, particularly to patient motion. Although pa-
tient movement and respiratory motion is restricted by the
double-breast coil used for MRI acquisition, motion artifacts

occur frequently, rendering the analysis of dynamic image
characteristics invalid [5]. Consequently, various breast MR
image registration techniques have been proposed. Predom-
inantly, these methods compute non-linear transformations
appropriate for the elastic deformability of breast tissue [6].
The free-form registration introduced by Rueckert [7] is ge-
nerally considered to be a standard method for breast MRI. In
addition, breast registration methods often integrate volume-
preservation to ensure reduced divergence of the computed
transformation. Tanner et al. [8] proposed an algorithm based
on free-form deformations, while a volume-preservation con-
straint that penalizes deviations of Jacobian determinants has
been proposed by Rohlfing [9].

Conducting a thorough evaluation of these methods is dif-
ficult, due to the high deformability of the breast. Unique fea-
ture detection and placement of meaningful landmarks is in-
tricate and yields no information on remote parts of the im-
age. In addition, transformation models used for the regis-
tration and modelling must be different. Consequently, bio-
mechanical models have been proposed for the quantitative
evaluation of image registration [10, 11]. Although computed
deformations are realistic, the generation of these patient-
specific models is often cumbersome, requiring manually de-
lineated breast images. In addition, the finite-element formu-
lation of these models often make them inefficient. Further
biomechanical models and a reference state based on volun-
teers have been proposed [12, 13].

For our registration evaluation, we generated a simplified
breast model using an appropriate synthetic geometry. We
simulate deformation of the breast using a volumetric mass-
spring system to compute different configurations. Further-
more, we demonstrate how these configurations can be ap-
plied to clinical datasets to generate realistic deformations
in actual MR images. For a first evaluation of breast motion
correction, we employed a volume-constrained, linear-elastic
registration method [14]. We conclude by discussing prelimi-
nary registration results and further extensions of the method.

II. MATERIALS AND METHODS

Simulating breast deformation requires the generation of
an appropriate breast geometry and physical forces. Subse-
quently, the generated model can be deformed using nume-
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Fig. 1: The paraboloid geometry defining the breast model shape (left), and
a generated example shape (right).

rical integration. The resulting deformation can be applied to
clinical images by a non-linear image transformation and in-
terpolation of intensities. Finally, the computed intensity and
deformation images serve as an approximate ”ground-truth”
for the evaluation of image registration methods.

A. Model Generation

The generation of a 3-D geometry with the appearance of
a breast is not straightforward, for instance requiring exis-
ting delineations on clinical images [8]. Therefore, for our
model we select a reduced parametrization that is sufficient
for our evaluation purposes and requires no segmentation. A
coarse approximation of the basic shape of the breast is a
paraboloid [15]. The base of the paraboloid is defined by the
base point b ∈ R

3, and base extents a,b ∈ R. The height of
the paraboloid is given as c ∈ R. A point x = (x,y,z)T on the
paraboloid shape above the base point is the defined by

x2

a2 +
y2

b2 +
z2

c2 = 0. (1)

For the given base point b the spatial coordinate x lying on
the paraboloid outline can be computed via trigonometry. Let
α ∈ [0,2π) denote the angle of the current paraboloid seg-
ment. Then the spatial coordinates of x can be computed as

x = acosα
y = bsinα
z2 = −

[
x2

a2 + y2

b2

]
c2

(2)

using equation (1). Variation of a,b and c allow the gen-
eration of breast shapes with different proportions, while
the number of segments can be adjusted by α . Fig. 1 dis-
plays the basic paraboloid curve that serves as the generat-
ing function for the breast model geometry. The breast model
is represented by a finite set {ni|i = 0 . . .N − 1} of nodes.
Each node ni is uniquely associated with a 3-D geometric
point xi = (xi,yi,zi)T ∈ R

3 in cartesian coordinates. Subse-
quently, a three-dimensional mesh is generated. After the sur-
face paraboloid has been created, the mesh is extended by an

internal tetrahedron structure (see Fig. 2). Therefore, we em-
ploy a robust volumetric mesh instead of modelling only the
surface. The tetrahedra provide increased rigidity and restrict
volume changes of the breast in the simulation step [16].

B. Simulation of Breast Deformations

During image acquisition, the breasts are deformed by
gravity, external compression or muscle contraction. In or-
der to simulate these deformations an appropriate physical
model must be selected. Different approaches have been pro-
posed, such as finite-element (FE) models of linear elasticity,
or mass-spring models. While FE models provide good ap-
proximations of biomechanical properties, they also require
knowledge of required physical parameters, and are generally
less efficient. Mass-spring models on the other hand employ
less complex biomechanics, but provide good computational
performance [16, 17]. For our evaluation task, we imple-
mented a mass-spring model with sufficient accuracy and per-
formance. Unlike other methods using surface meshes [18],
we add internal tetrahedra to increase robustness.

For mass-spring systems, Hooke’s Law of Linear Elasti-
city is applied to an interconnected system of springs defined
by mesh connectivity. Mesh edges ei j = x j−xi define springs
between nodes ni and n j. Forces at each of the mass nodes
ni are directly proportional to mass and acceleration at each
node. According to Hooke’s Law, for node ni the resulting
force fi = mi ·ai can be estimated from both the node mass mi
and acceleration ai. Acceleration is guided by external forces
f ext
i > 0 and internal forces f int

i acting on each node. The
internal forces are estimated from edge connections ei j as

f int
i (xi) = −

M−1

∑
j=0

κi j
ei j

||ei j||2 (||ei j||2 − li j), (3)

where κi j ∈ R defines spring stiffness, and li j ∈ R the initial
spring length. Consequently, f int

i describes the joint spring
forces acting on ni for all M connected nodes n j. We add fur-
ther springs connected to the barycenter of each tetrahedron
to enforce volume-preservation [16]. For our initial evalua-
tion, the external force f ext

i is defined only by gravity, but
could as well allow user forces acting on the model. Further-
more, a damping force

f
damp

i (vi) = −λivi = −λi
∂
∂ t

xi (4)

defined by the damping coefficient λi and the velocity vi of
node ni is added. The current node acceleration

ai(xi,vi) =
1
mi

[
f int
i (xi)+ f ext

i + f
damp

i (vi)
]

(5)
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Fig. 2: Model meshes. Original (l.), deformed (m.) and internal (r.) mesh.

is estimated as the sum of internal, external and damping
forces, where mi denotes the mass of node ni.

To converge at a stable solution and equilibrium of (5),
time-integration of the dynamic spring system must be per-
formed. The current implementation uses explicit Euler inte-
gration to update positions xi and velocities vi as

vt+1
i = vt

i + μ Δt ai(xt
i,v

t
i) (6)

xt+1
i = xt

i +ν Δt vt+1
i (7)

where μ and ν denote scalar weighting factors, and Δt the
selected time step size. Iterating equations (6) and (7) with
small time step sizes (Δt = 1,μ = ν = 0.1) and equal node
masses (∀i : mi = 1) converges the mass-spring system at
stable mesh configurations. Fig. 2 shows meshes in original
and gravity-deformed configuration, as well as the underlying
edge connectivity.

C. Image Transformation

Application of the simulated deformation to gray-value
images requires an appropriate transformation scheme. Al-
though for simplex tessellations piecewise linear transforma-
tions using barycentric coordinates are straightforward, they
might lead to inconsistencies at simplex boundaries, causing
image distortions. For our 3-D model, we chose interpolating
thin-plate splines [19, 20], which are inherently consistent.

Let xi and x̂i denote the original and transformed coordi-
nates of node ni. The thin-plate spline transformation satisfy-
ing the interpolation condition x̂i = u(xi) is computed as

u(xi) = d0 +d1x+d2y+d3z+
N−1

∑
j=0

w jr(xi,x j) (8)

for each coordinate xi = (x,y,z)T . Here, d j denote coeffi-
cients of an affine-linear transformation, while w j define co-
efficients of a linear combination of radial basis functions

r(xi,x j) = r(|xi −x j|) =
1

8π
||xi −x j||2. (9)

A sufficient number of linearly independent points are avail-
able to estimate the coefficients [20]. Solution to equation (8)

in a least-squares sense is that of the linear equation system
(

P K

0 PT

)(
d

w

)
=

(
e

0

)
(10)

where P ∈ R
(n×4) is a matrix of node coordinates, K =

(r(xi,x j)) ∈ R
(n×n) is a cost matrix, and e ∈ R

(n×1) contains
components of the node points [20]. Vectors d ∈ R

(4×1) and
w ∈ R

(n×1) are the coefficients to be computed. The solution
of (10) for each node component x, y and z is computed using
LU-decomposition. Subsequently, for all image coordinates
the transformation can be estimated using equation (8) and
trilinear interpolation of gray-value image intensities.

D. Evaluation of Image Registration

For a preliminary evaluation of the generated model, we
manually defined the paraboloid shape in terms of the world
coordinate system of a clinical image (256×256×80 voxels,
voxel size 0.66×0.66×2mm). Consequently, the nodes also
reside in world space. We then create model configurations
by setting gravity (∀i : f ext

i = (0,0,0.05)T ) as the sole ex-
ternal force. Fig. 3 shows the original and deformed images.
In order to evaluate non-linear image registration accuracy,
we register the undeformed dataset to the deformed one. For
the first assessment, we neglected intensity variations such
as contrast enhancement. The dataset was registered using
a combined affine-linear and linear-elastic image registra-
tion method [14]. Subsequently, the voxel displacements in
the non-air region estimated by automatic thresholding were
compared, and statistics on the differences between the gen-
erated displacement fields were computed.

III. RESULTS

Compared to the generated model deformation, the trans-
formation computed by the non-linear image registration

Fig. 3: Original image (left) and gravity-deformed image (right), using the
proposed model-based deformation and thin-plate splines.
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Fig. 4: Registration results, from left to right: Reference and template
images, difference images before/after registration.

approximates the synthetic transformation. The mean error
between the two deformation fields was 0.32 ± 0.30 vo-
xels, indicating good agreement. Maximum deviation of the
displacement was 2.12 voxels. Moreover, visual inspection
shows few differences between the two images (see Fig. 4).

IV. DISCUSSION

Initial evaluation of the proposed mass-spring model
demonstrated its applicability to the evaluation of image re-
gistration methods. Besides basic paraboloid parameters, no
segmentation was required. The employed registration al-
gorithm was able to recover the generated deformation, al-
though using a completely different transformation model.
The large number of mesh nodes enables the thin-plate spline
transformation to plausibly deform the image even in regions
where no landmarks are provided, allowing a rapid genera-
tion of synthetic breast deformations.

V. CONCLUSION

We proposed a deformable mass-spring model of the
breast for the evaluation of MRI registration. An initial as-
sessment showed that the model is capable of creating re-
alistic deformations required for a quantitative evaluation of
breast MRI motion correction. We demonstrated how the gen-
erated deformation can be applied to clinical datasets with-
out segmentation using thin-plate spline interpolation. Seve-
ral aspects will be considered in future work on the proposed
model, such as a detailed comparison to breast phantoms
and complex finite-element models, thorough evaluation of
volume-preservation strategies, numerical issues, integration
of arbitrary compression and user interaction, as well as per-
formance optimization. Finally, we would like to employ our
model geometry in comparable finite-element simulations.
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A Hemodynamic Analysis of an Intra-Aorta Pump 

Y Chang, B Gao  
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Abstract—The Intra-Aorta Pump is a novel VAD assisting 
the native heart without percutaneous drive-lines or cannula. 
To predict the pressure drop and blood flow along with the 
change of pump speed, a nonlinear model has been made. An 
Intra-Aorta Pump was run at speed of 5400RPM and 
exert a blood flow of 2~ 5 L/min. Compare with the experi-
mental data, the error of the prediction is lest than 15%, the 
experimental results showed that the model can predict the 
change of pressure head and fluid flow. 

Keywords—Intra-Aorta Pump; Hemodynamic; VAD. 

I. INTRODUCTION  

Currently heart failure is a severe and steady growing 
disease that remains a leading cause of morbidity and mor-
tality in the world [1]. Some artificial hearts or blood pumps 
became a new choice to therapy or a bridge to transplant for 
pations such as Jarvik[2], Incor[3], DeBakey[4], Novacor[5], 
Thoratec[6] and CardioWest[7]. In 1996 Dr. Li proposed a 
novel left ventricular assist device--the dynamic aortic valve 
(DAV) or an intra-aortic impeller pump [8] driven by extracor-
poreal whirling magnet and did not need percutaneous line nor 
any cannula. And its flow field was much suit the native 
heart [9, 10]. An Intra-Aorta pump was produced by Bio-
medical Center of Beijing University of Technology using 
the similar construction. This Intra-Aorta pump inherited 
the advantages of the DAV and it's simple construction. It 
consisted of a blood pump, a control system, a wireless 
energy transfer system. The Intra-Aorta pump has a diame-
ter of 20mm and a length of 30mm. The Intra-Aorta pump 
was emplaced between the radix aortae and the aortic arch. 
The pump drew-off the blood from the left ventricle to the 
aortic arch. Comparing with the DAV, the Intra-Aorta pump 
did not trauma the valve, and was better for recovery. The 
driving motor was emplaced in vitro, hence it did not cause 
the heat trauma to the blood. A hemodynamic analysis of 
the blood pump is performed to help engineers improve the 
control strategy for a special patient. 

 

II. MODLING 

The blood flow in a pump or in a vessel is essentially 
similar to fluid flow in a pipe. Recent work [11] has sug-
gested the use of a quadratic polynomial given by :  

P=R0Q+R1Q2  (1)               

Where P is the pressure drop across the pipe, Q is the flu-
id flow in the pipe, R0 and R1 are polynomial coefficients. 
However, in the Intra-Aorta pump, the pressure drop be-
tween the outlet and the inlet of the pump becomes bigger 
along with the fluid flow bring down. Hence, there is a 
constant C that represent the pressure when the fluid flow 
equal 0, the function of pressure drop is given by:  

P=C-R0Q-R1Q2    (2) 

The C, R0 and R1 can be determined experimentally by 
fitting expression.  

Table 1 List of intra-aorta pump model parameters identified from least-
squares fit of the experiment data 

C( ) R0( ) R1( )   

117.5784  15.5161    -0.7047 90 0.9764 

80.0360   7.0592   0.0527 80 0.9755 

73.2118  14.4192    -1.1206  70 0.9773 

39.8216   2.2608   0.5513 60 0.9741 

34.0329   5.9447    -0.0899 50 0.9755 

 
The speed dependent intra-aorta pump model parameters 

C( ), R0( ), R1( ) were determined in least-squares fit proce-
dure to the experiment data. The identified model parame-
ters are listed in Table 1.  

 

Fig. 1 Electric circuit equivalent of the axial flow pump model with cannu-
la and heart hemodynamics 
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An electric circuit as shown in Figure 1 analog the pres-
sure drop by the voltage and the fluid flow by current, this 
system consisting of the radix aortae, pump, and the artery. 

III. PREDICTION AND EXPERIMENT  

Figure 2 show plots of the predicted pressure at the inlet 
and outlet of the Intra-Aorta pump versus the measured one 
at the pump speed is 5400RPM and the fluid flow was ad-
justed from 2L to 5L with 1L increment. Figure 5(a)-(b) 
show that the speed of the pump is 6556RPM. The height of 
the fluid in the preload camber was to simulate the LAP, 
and in this experiment the pressure at the inlet of the pump 
was considered to approximate to 0 mmHg. The pressure 
and fluid flow in each key point was recorded by experi-
ment to compare with the predicted pressure and fluid flow. 
In the experiment, the fluid in the system was the solution 
of 35% glycerol and 65% water (by volume). We note that 
the predicted pressure (full line) closes to the measure pres-
sure (dot), that means the model can predict the change of 
the pressure and fluid flow accurately.  

 
 

    
(a)                                                     (b) 

Fig. 2. Pressure prediction versus measurement: (a) the pressure was 

measured at inlet of the Intra-Aorta Pump; (b) the pressure was measured 
at outlet of the Intra-Aorta Pump, respectively. 

IV. CONCLUSION 

A nonlinear model was developed to predict the pressure 
drop and blood flow of the Intra-Aorta Pump. The predicted 
data were derived by solving the system of equations which 
parameters depended on the speed of the pump. The equa-
tion is get from the electric circuit analysis techniques. This 
model can be used to predict the change of pressure and 
blood flow. 

In the further study, the model can be integrated in the 
DSP or MCU control system for the Intra-Aorta Pump con-
trol system. And the model also can be used to evaluate the 
performance of the Intra-Aorta Pump system for improve-
ment. 
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Abstract— A flexible pipeline for construction of computer
models for electrophysiology simulation is presented. It allows
the construction of 3D FEM models from clinical images with
little user interaction. The processing pipeline allows to segment
a patient-specific heart geometry from a scan data set, mesh it,
and include the necessary functional structures to build a com-
putational model. This structures include approximated fiber
orientation and generic fast conduction system. The pipeline is
expected to be used to construct models for study heart electro-
physiology with special emphasis in cardiac resynchronization
therapy in the context of the euHeart project. This framework
will allow processing cases to perform clinical in a systematic
and fast way.

Keywords— Heart Segmentation, Cardiac Microstructures, Car-
diac electrophysiology, Cardiac Resynchronization
Therapy

I. INTRODUCTION

The development of accurate computer models for un-
derstanding and studying cardiac diseases is opening new
possibilities in clinical and research environments. The
ultimate goal is to have a computer model that can accurately
describe the heart characteristics of a given subject, includ-
ing all the general and specific pathological properties, and
that can be used to predict the outcome of treatments non
invasively.

Performing cardiac simulations requires building a com-
puter model that can represent the subject’s heart morphology
with enough accuracy. Depending on the amount of clinical
data available from the patient, cardiac models can be further
personalized. Patient specific geometry, tissue properties as
local elasticity or local conductivity, and details on the mi-
crostructure are desirable. Regardless the degree of personal-
ization of the model there is a set of minimum components
and structures of the heart that have to be accounted if mean-
ingful results are expected to be obtained. An example of an
application is the study and modelling of cardiac electrophys-

iology using computer models [1, 2] and in particular its ap-
plication to cardiac resynchronization therapy [3, 4]. The use
of simulation to understand the underlaying mechanisms that
govern heart electrophysiology can help to understand patho-
logical processes affecting the heart’s conduction system. In
this framework, it is key to account on the patient’s heart ge-
ometry, the fast conduction system, responsible to transmit
the electrical impulse to the ventricles in a synchronous way,
and the arrangement of cardiac tissue, which affect the way
the electrical impulse travels over the ventricular tissue. In-
cluding all this information in the model still requires a con-
siderable amount of manual operations. This is one of the
reasons that limits the use of simulations in clinical contexts.
A flexible pipeline for construction of such models is needed.

We present a pipeline for the construction of cardiac mod-
els for electrophysiology simulation that requires minimal
user interaction. The model includes the patient-specific ge-
ometry, the myofiber orientation and a generic fast conduc-
tion system embedded in the endocardium of the model. The
process from images to the actual 3D model used for simu-
lation is carried out almost automatically and in a consistent
way between cases.

II. PIPELINE FOR CARDIAC MODEL

CONSTRUCTION

The pipeline consists on a concatenation of processes that
begin with the segmentation of clinical images. Next, a fine
volumetric mesh as required for electrical simulations, is gen-
erated. Afterwards, fiber orientations are approximated for
the particular geometry using a mathematical model. Finally,
the fast conduction system of the ventricles is added using
a predefined tree structure that is fitted to the 3D volumetric
mesh.

A. Segmentation of Cardiac Geometry

Today it is possible to build realistic three-dimensional
geometrical representation of patient’s cardiac anatomy
using widely available clinical imaging systems [5]. We
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base the segmentation on a computational atlas of the heart
developed in our laboratory [6]. The atlas is composed of
an underlying statistical shape model, based on a Point
Distribution Model(PDM), constructed from a training
set containing 100 asymptomatic and pathologic subjects.
Multi-Slice Computed Tomography (MSCT) images were
used to build and train the atlas.

(a)

(b)

Fig. 1: Cardiac Segmentation and labelling using an Atlas. (a) CT scan
of a normal patient. Contours define the segmented regions (b) Segmented

mesh including endocardium and epicardium. Region definition of 17
segments of left ventricle.

In order to perform the segmentation the algorithm re-
quires an initialization based on the definition of two or three
landmarks in the image (depending on the number of cham-
bers to segment). The system locates and deforms the atlas
on the patient’s image dataset and adapts it to extract the
patient-specific geometry (Fig. 1 (a)). The segmentation can
be locally refined using manual corrections wherever the al-
gorithm has failed to properly find the contours of the heart.

The output of this process is a 3D surface labelled mesh
(labels are propagated from the atlas to each model). Labels
in the model include, endocardium and epicardium of the LV
and RV, the His Bundle, the aortic and mitral rings, the atria

as well as the AHA 17 segment division (see Fig. 1 (b)) .
Several anatomical landmarks used later on are also included
such as the center of the aortic and mitral rings, apex or the
beginning of the His bundle.

B. Volumetric Meshing

For electrophysiology studies the surface meshes seg-
mentation in the pipeline are filled with tetrahedral linear
elements to obtain a volumetric mesh. The closed surface
mesh representing either the left ventricle or both ventricles
is used as boundary to generate the volume mesh.

Output meshes have to fulfill several conditions. For elec-
trical simulations using human biventricular meshes, con-
strained radius-to-edge ratio (around 1.4) and constrained
maximum tetrahedra volumes give rise to meshes of around
3.5 million nodes with resolutions around 400μm between
nodes. Depending on the study aimed for, higher resolutions
could be needed. The size of the mesh is only limited by the
amount of memory available in the computer where it is con-
structed. Of course, big meshes will impact the performance
of the simulation afterwards, and so there is always a trade-
off between resolution and accuracy of the results.

C. Myocardial Fiber Orientation

Thanks to histological studies, the geometrical microstruc-
ture of cardiac tissue is well understood [7]. However, obtain-
ing information on patient specific arrangement of myocytes
is still challenging. It requires specific imaging techniques
such as diffusion tensor magnetic resonance imaging (DT-
MRI), which currently can only be used on ex-vivo hearts.
Therefore, since no patient-specific data are available, a sim-
pler approach to include the myocardial fiber orientation is
used. It consists in calculating the myofiber orientation at ev-
ery node on the volumetric mesh, according to the histolog-
ical results obtained by Streeter [8]. In order to do this the
helix (αh) and transmural (αt) angles are calculated in local
coordinates:

αh = 1.90w+0.86

αt = 0.215φ 2 +0.0089φ −0.0093

and converted to global coordinates. w is the normalized dis-
tance to the endocardium and φ is a polar angle that measures
the distance to the base. Fig. 2 (a) shows the fiber rotation
from endocardium to epicardium in a segmented model.

D. Fast Conduction System

The fast conduction system is a very important structure to
take into account for the study of heart’s electrical activation.
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(a) (b) (c)

Fig. 2: Structures added to the model. (a) Approximated fiber orientation. The detail shows the fiber direction in the epicardial (top-right) and endocardial
(down-right) regions (b). Conduction system on the endocardial surface of a given patient. (c) Intramural isochronal map of local activation times of the left

ventricle. Activation times are given in milliseconds.

Imaging the conduction system is only possible using spe-
cific stains and very invasive techniques due to the similarity
between Purkinje cells and contracting myocytes. Therefore,
very little information is available from humans, and in
general is extracted from histological studies. Although
there have been many attempts to model the structure and
properties of Purkinje cells [9,10], most models still use a set
of scattered activation points or modified tissue properties to
emulate the conduction system [11].

We model the conduction system as a tree-like structure
that has been manually delineated following published data
obtained from histological studies [12, 13] (see Fig. 2 (b)).
The root of the tree is considered the beginning of the His
bundle. The right and left bundle branches are included in
the model and run under the septum close to the endocardial
surface for both ventricles. For the left ventricle the bundle
splits in anterior and posterior branches and for the right a
single bundle runs up to the apical region. Since there is little
information on the structure of the distal Purkinje network
in the human ventricles, the model used simply covers the
endocardial surface of the ventricles homogenously.

The structure used to represent the tree is a set of 1D ca-
bles that branches repeatedly. In the structure each cable al-
ways produces two new cables, and the model has no loops.
Since the system is embedded in the heart atlas a consistent
conduction system is used for different cases.

III. APPLICATION

By using the pipeline several heart models were generated
with minimum interaction. The amount of time required to
go over all the steps is very dependent on the size of the
heart and the resolution of the volumetric mesh. The reason
is that the fiber orientation is calculated per each node and
the conduction system is refined to match the resolution of
the volumetric mesh. The time to construct the cardiac model
ranges from 20 to 30 minutes, where 10 to 12 minutes are
spent to build the volumetric mesh (3 - 4 million nodes), and
about 900 seconds to calculate the fiber orientation and to fit
the conduction system on the 3D model. All these steps are
fully automatic.

Fiber orientation is accounted on the simulation by using
different conductivities for the longitudinal and traversal di-
rections. The conduction system is defined as an independent
structure composed of cables. This characteristic allows to
simulate the isolation of the Purkinje from the ventricle ev-
erywhere but in the terminals.

Once the model is built, it is automatically formatted to
be read by an electrophysiology solver. Plug-ins for gener-
ating cardiac models compatible with several solvers are al-
ready implemented in the pipeline (e.g. CHASTE [14]), as
well as, modules to summarize and report the output. The
reporting includes the automatic calculation of the local acti-
vation times over the volumetric mesh, and the activation of
the heart segments using the 17 AHA segment definition.
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A. Application to CRT

The cardiac models produced by the pipeline presented
can be used for modelling and simulation of heart electro-
physiology. Bidomain and monodomain models can be used
to model electrical propagation in cardiac tissue. The explicit
modelling of the conduction system as an independent en-
tity allows to generate simulation of left bundle branch block
and atrio-ventricular block which are pathologies typically
observed in candidates to cardiac resynchronization therapy.
In addition, modelling and placing virtual pacemaker leads in
the model allow to simulate the effect of the therapy for the
specific patient geometry. Again, the existence of an explicit
purkinje structure allows to simulate the retrograde activation
of the conduction system from the myocardium.
An application example was presented in [15], where a model
was generated with this pipeline to study the effects of differ-
ent pacemaker biventricular delays. The activation order of
the pacemaker leads in CRT is an important parameter that
needs to be optimized. Fig. 2 (c) shows slices of isochronal
maps of local activation times from data presented in [15], in
which the activation was started from an stimulus in the apex
of the left ventricle.

IV. CONCLUSIONS

Using the pipeline described it is feasible to construct a
cardiac model ready for electrophysiology simulation start-
ing from clinical data of a patient with minimum interaction.
The model includes some of the most important character-
istics as the specific geometry and some microstructural
components present in the heart as the fiber orientation or
the conduction system. The approach combines patient-
specific information available, and complements it with
population based data from literature. Since the pipeline
is completely modular it is easy to modify any step and
design a different algorithm if new information is available
as for instance a segmented version of the conduction system.

The advantage of the presented pipeline is that little
knowledge is needed to build the cardiac model if default pa-
rameters are used. Our final aim is to use this model as a
tool to obtain a better understanding of the mechanisms that
affect electrical activation, and to test therapeutic strategies
like pacing, defibrillation, and ablation in a patient-specific
way.
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Abstract— We developed a computer model for the elec-

trophysiology of cardiac cells from the mouse sinoatrial node.

The available biophysical data have been incorporated into the

model to quantify the ionic currents verified in these specific

group of cardiac cells. The model is based on a previous ap-

proach describing the action potential in mouse ventricular cells

and whenever possible, the mathematical expressions model-

ing ionic currents were based on whole cell voltage-clamp data

from enzymatically isolated mouse sinoatrial node myocytes.

The membrane model is coupled to equations describing the

homeostasis of Na+, K+ and Ca2+, as well as intracellular Ca2+

dynamics. The resulting formulation is able to reproduce some

important and distinguish aspects of the action potential of these

myocytes.

Keywords— Mouse sinoatrial node; Computer modeling; Ac-

tion potential simulation.

I. INTRODUCTION

The Sinoatrial Node (SAN) is located in the right atrium
and its main function is to start and control the cardiac
rhythm. The myocytes from the SAN are called pacemaker
cells, since they are able to generate spontaneous electric ac-
tivity. Under physiological conditions, action potential (AP)
is initiated in myocytes in the central region of the SAN, it
spreads to more peripheric cells and then onto the atrial mus-
cle. The pacemaker activity is due to the presence of a dias-
tolic depolarization, a slow depolarization phase which drives
the transmembrane potential from the end of an AP to the
threshold of a new one.

Voltage-clamp experiments, mainly in rabbits, reveal that
such depolarization results from a delicate balance among in-
ward (depolarizing) and outward (hyperpolarizing) currents
[1]. Although this mechanism is topic of many studies and
scientific papers, there is not a consensus in all details. The
common point in most of the studies is the fact that the di-
astolic depolarization involves a series of ionic currents: the

hyperpolarization-activated inward current (Ih); two depolar-
izing currents carrying calcium ions, the T-type Ca2+ current
(ICa,T ) and the L-type Ca2+ current (ICa,L); potassium hyper-
polarization currents known as delayed rectifier K+ currents
(IK); and finally the background currents and pumps.

The initial phase of this slow depolarization starts after
a strong repolarization of the cell membrane by potassium
channels (IK) that are activated during the AP. Once in nega-
tive potentials, the inward current Ih is slowly activated caus-
ing a gradual depolarization of the cell until a level where the
contribution of the T-type calcium channels (ICa,T ) becomes
more significant. Finally, the L-type calcium channels open
and a new AP begins. However, the spontaneous activity in
the SAN myocytes is not abolished even in presence of block-
ers of both Ih and ICa,T currents [2, 3]. It suggests that there
are other inward sources which contribute to the depolariza-
tion in diastolic potentials. Although the mainly role of the
background currents and pumps is to maintain the cell home-
ostasis, some authors consider that the former could play the
role of Ih during the initial phase of the diastolic depolariza-
tion [4], while the latter could act in regulation of the diastolic
potential [5].

Computational modeling has been used as a tool to inves-
tigate the complex biophysical processes behind the diastolic
depolarization. The models provide insights for the electrical
behavior in SAN myocytes, although quantitative data con-
cerning selectivity, density and kinetics of the ion currents are
still incomplete in most of the experimental work available.

In this work we propose, to the best of our knowlodge, the
first mathematical model of APs in myocytes from the central
region of the mouse SAN. The model adapts the work of [6],
with ventricular myocytes, to SAN myocytes and incorporate
many experimental data obtained in the last years through
patch-clamp techniques.
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Fig. 1: Schematic diagram of the model ionic currents and Ca2+ fluxes.

II. METHODS

The computer model of action potential of mouse SAN
myocytes proposed in this work is based on the work of [6]
with mouse ventricular cells. A review of the available ex-
perimental work suggests that many of the currents involved
in the generation of the AP in ventricular myocytes are not
found in the mouse SAN [7, 8, 9, 10]. Among them, the 4-
aminopyridine (4-AP) sensitive currents: the rapidly recover-
ing transient outward K+ current (Ito, f ), the slowly recover-
ing transient outward K+ current (Ito,s) and the ultrarapidly
activating delayed rectifier K+ current (IKur); the slow de-
layed rectifier K+ current (IKs); the Ca2+-activated Cl− cur-
rent (ICl,Ca), which might be important under pathophysiolog-
ical conditions that result in abnormal cellular Ca2+ loading
[6]. Besides that, experiments with mouse SAN myocytes re-
veal the existence of three ionic currents not verified in the
ventricular myocytes of this rodents: the T-type Ca2+ cur-
rent (ICa,T ), the hyperpolarization-activated inward current
(Ih) and the sustained inward current (Ist ) [7, 8]. Based on
these experimental findings, the electrical activity in mouse
SAN myocytes was modeled as a electric circuit coupled to
subcellular compartments. As in the model of [6], our model
assumes that there are no electrical gradients within the cell
itself, i.e., the membrane potential is spatially homogeneous
and all subcellular compartments are uniform. A schematic
representation of the currents, fluxes, and physical compart-
ments of the model is shown in Figure 1.

The transmembrane potential (Vm) is modeled by the fol-
lowing differential equations:

−Cm
dVm

dt
= ICaL + ICaT + INa + IKr + IKss + IK1 (1)

+ Ih + Ist + INaK + Ip(Ca) + INaCa + ICab

+ INab

where Cm is the membrane capacitance, ICa,L is the L-type
Ca2+ current, ICa,T is the T-type Ca2+ current, INa is the fast
Na+ current, IKr is the rapidly delayed rectifier K+ current,
IKss is the noninactivating TEA-sensitive K+ current, IK1 is
the time-independent inwardly rectifying K+ current, Ih is
the hyperpolarization-activated inward current, Ist is the sus-
tained inward current, INaK is the Na+/K+ pump, Ip(Ca) is the
sarcolemmal Ca2+ pump, INaCa is the Na+/Ca2+ exchanger,
ICab and INab are the background Ca2+ and Na+ currents.

Experimental data in mouse SAN are partially available in
the literature concerning ICa,L, ICa,T , INa, IKr, IKss, IK1 and Ih
currents [7, 11, 9, 12, 8]. Therefore, the ionic currents found
in the model of [6]: ICa,L, INa, IKr, IKss and IK1 were mod-
ified in order to reproduce data such as current-voltage (I-
V) relation, steady-state activation, steady-state inactivation
and time constants. A Hodgkin-Huxley model partially based
on the equations of [13] was adjusted to match experimen-
tal ICa,T data. Ih was based on the formulation proposed by
[14] and also adjusted to fit the available data in mouse SAN.
The inward current Ist found in rabbit and rat SAN myocytes
[15, 16] was also found in mouse SAN cells [8]. Nevertheless,
there is not enough information about the kinetics of this cur-
rent. Hence, the Hodgkin-Huxley formulation proposed by
[17] was incorporated in our model.

The mainly function of the background currents and
pumps is to maintain the cellular homeostasis. However, there
is no data with respect to their density and kinetics. Thus, the
equations for INaK , Ip(Ca), INaCa, ICab and INab described in
[6] were used in our mouse SAN model.

Although the required apparatus for contraction are not
well developed in the SAN myocytes, the Ca2+ could play
a role in the diastolic depolarization [1]. The model describ-
ing the calcium handling proposed by [6] was used in this
work rather than the ones available for rabbit SAN models
[13, 17]. This choice is justified by the electrical differences
in the heart between both species, since they are more rele-
vant than the difference between myocytes from the SAN and
ventricle and yet, the models for the calcium handling are still
imprecise.

Our model is based on a set of 39 ordinary differential
equations describing ionic currents, pumps, internal concen-
trations [Na+]i, [K+]i and [Ca2+]i and intracellular compo-
nents, such as the sarcoplasmatic reticulum. The model was
developed for room temperature of 25oC (298 K). Our choice
for this assumption, rather than the body temperature of these
animals (37oC), is justified by the fact that the ventricular
model of [6] had been based on experiments made at room
temperature. The model was solved by the forward Euler
method with different time steps and the results were com-
pared to assure the convergence of the numerical solutions.
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III. RESULTS

The equations of the ionic currents are based on the [18]
formalism, but when possible, models that represent the func-
tional and molecular structures of the ionic channels based on
Markov models were considered [6].

The enzymatic isolation of individual SAN myocytes is
more difficult than to other cardiac cells, probably because
of the relatively small size of the cells and the large amount
of connective tissue that binds them together [1]. As a con-
sequence, many cells with different forms and electrophysio-
logical properties have been observed after the isolation pro-
cess of the SAN. These differences are in part due to the dif-
ferent methods of isolation used by different groups and also
because of the known heterogeneity within the SAN [1]. Only
a small portion of the myocytes found in the central part of
the SAN are primary pacemaker cells. However, other periph-
eral cells also exhibit an oscillatory behavior, but with dif-
ferent characteristics. Tables 1 and 2 give the simulated and
published results of AP measurements from single mouse SA
node cells.

Table 1: Action potentials in isolated mouse SAN myocytes. Simulation
results and experimental measurements: MUV (V/s), MDP (mV) and MAX

(mV).

Ref. T MUV MDP MAX

Sim. 25oC 11.2 -73.4 12.2
[7] 26oC 25.0 ± 3.0 -60.0 ± 3.0 22.0
[8] 34oC 14.5 ± 4.4 -56.7 ± 7.4 22.7 ± 6.0

[19] 37oC 48.0 ± 3.0 -56.9 ± 1.3 35.0 ± 6.0

Table 2: Action potentials in isolated mouse SAN myocytes. Simulation
results and experimental measurements: APD (ms), APD50 (ms) and CL

(ms).

Ref. T APD APD50 CL

Sim. 25oC 160 51 284
[7] 26oC 197 ± 1 - 322 ± 2
[8] 34oC - 42 ± 6 294 ± 59

[19] 37oC - - 157 ± 2

It can be observed from Tables 1 and 2, that the simulated
AP characteristics like MUV, APD50 and CL are within the
range obtained experimentally by [8], even the latter being
carried out at 34oC. The simulated MDP value (-73,4 mV)
is more negative than most of the experimental data (-60 ± 3
mV [7]). The APD of 160 ms in the simulation is shorter than
the set of experimental data available for mouse SAN (Table

Fig. 2: Simulated Action Potentials.

2), i.e., 18% shorter. Besides this limitation, the simulated
MAX of 12,2 mV is at least 26% smaller than 22,7 ± 6,2 mV
obtained by [8] (Table 1).

IV. DISCUSSION

In this work we presented a model for the electrical ac-
tivity in mouse SAN myocytes. The model was adjusted ac-
cording to the set of experimental data available for ionic cur-
rents present in the mouse SAN. The equations were based on
the Hodgkin-Huxley formalism. Wherever possible, we used
Markov models to represent the molecular structure and func-
tion of ion channels

Although not shown, our model sucefully reproduce the
partially available voltage-clamp data such as steady-state ac-
tivation and inactivation, as well as time constants and I-V
relationship of the currents ICaL, ICaT , INa, IKr, IKss, IK1 and
Ih. However, a common challenge that arises from the car-
diac models is to connect the many results obtained by differ-
ent research groups under different experimental conditions.
It is not possible to assure the accuracy of all experimental
data available, and in some cases, the data need to be ‘read-
justed’ to correspond to a physiological state used as refer-
ence. Therefore, even if the equations for the ionic currents
reproduce quantitatively experimental results, it is not possi-
ble to assure that the whole model of the AP will agree with
the characteristics verified during the experiments.

Figure 2 shows that the model is able to reproduce the in-
trinsic spontaneous electrical activity verified in the group of
pacemaker cells maintaining the cellular homeostasis (data
not shown). Meanwhile, only a small portion of the SAN my-
ocytes are primary pacemaker cells. These cells are located
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in the central region of the SAN and are surrounded by many
other cells with particular electrophysiological properties [7].
Due to the small size of the mouse SAN and to its heterogene-
ity, the primary cells are hard to find. Hence, peripheral cells
are verified in large amounts during the enzymatic isolation
of the primary pacemaker site of the SAN. Thus, it is likely
that some of currents considered in the model have been ad-
justed according to electrophysiological characteristics of pe-
ripheral cells instead of primary ones. Tables 1 and 2 confirm
these heterogeneous characteristics of the SAN and show that
the simulation is able to reproduce some aspects of the AP
such as the APD50, CL and MUV. However, it is also pos-
sible to see that MAX during the AP is less than the values
found in the experiments.

Despite of these limitations, our model correctly repro-
duce most of the observed ionic currents in the mouse SAN as
well as the natural pacing feature of these special myocytes.
Therefore, the proposed mathematical model of the electro-
physiological activity of the mouse SAN is a powerful tool
that will contribute to the better understanding of the electri-
cal anomalies related to heart diseases. The results presented
in this work are preliminary and thus, need to be improved.
We are working on the limitations in order to achieve a better
description of the electrophysiology in these specific group of
mouse myocytes. Once reached this goal, the model could be
used with the bidomain equations [20] to simulate the vari-
ations in the electrical potential throughout the whole SAN
of these animals. Both cell and 3D tissue models would be
very useful tools to support various studies with genetically
altered mice.
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Abstract—The ratio of three newborn’s behavioral states – 
wakefulness, active sleep and quiet sleep – is an important 
indicator of the maturity of the newborn brain in clinical  
practice. 

This paper presents study undertaken to identify possible 
improvements in processing of neonatal sleep electroencepha-
lographic recordings. The influence of segmentation, feature 
extraction and feature selection on the classification accuracy 
was examined. The total of 97 features was extracted for each 
EEG channel for each segment. For selection of individual 
features from different channels, sequential methods were 
used. Naive Bayes classifier was used for final classification 
and performance was evaluated through cross validation. 
Experiments show that the combination of adaptive segmenta-
tion and selected features led to better performance. Obtained 
results may provide a reference for developing or enhancing 
neonatal sleep EEG classification algorithms. 

Analysis was performed on real clinical data. 

Keywords—EEG, neonatal, segmentation, feature extrac-
tion, feature selection. 

I. INTRODUCTION  

Electroencephalography is the measurement of electric 
activity of the brain and contains a great deal of information 
about the state of patient’s health. It has important applica-
tions not only in medicine but also in cognitive science. 

Even since its introduction at the beginning of the last 
century, electroencephalography has been evolving, both in 
technical and practical aspects [1]. The traditional and still 
widespread method of EEG signal analysis is visual inspec-
tion. Neurologists use atlases and experience obtained in 
clinical practice for evaluation of recordings. With the de-
velopment of computer technology, the field of electroe-
ncephalography got new dimension. The scope of analysis 
is broadened by the possibility of analyzing an event in 
playback, with different montages, modifying voltage am-
plitudes, using filters or analyzing signals in frequency 
domain [2]. Also, purely visual approach to EEG signal 
evaluation may not always be appropriate, for example with 
long-term EEG recordings (such as epileptic, sleep EEG). 
Long-term EEG recordings are very important, because they 
give the possibility to follow disorders that are not  

permanently present but appear incidentally or under certain 
conditions [3]. Nowadays, several-days recordings are no 
longer exceptions. 

The variability of neonatal EEG signals is related to the 
fast maturation of the newborn’s brain and also to the fre-
quent changes of its behavioral states. EEG also provides 
useful information that reflects the function of the neonatal 
brain, may assist in determination of brain maturation, iden-
tification focal or generalized abnormalities, existence of 
potentially epiloptogenic foci or ongoing seizures [4]. 

In order to obtain objective data, the neonatal EEG has 
been repeatedly analyzed using computerized techniques. A 
variety of algorithms have been proposed, e.g. [5] – [8]. 
They include various approaches to data preprocessing and 
processing, but they usually target the field of neonatal 
seizure detection, not the detection and classification of 
neonatal sleep stages. Also, it should be mentioned that 
sleep in newborns is significantly different than sleep in 
adults.  

Aims of computer assisted processing are to simplify the 
work of neurologists and to make the evaluation more ob-
jective. In most cases, the agreement of an automatic 
method with visual analysis is a basic criterion for its accep-
tance. 

This paper focuses on parts of newborn data processing 
process, namely segmentation, feature extraction and selec-
tion, due to the distinction between neonatal behavioral 
stages. Their influence to the classification accuracy was 
tested. First, constant and adaptive segmentation were com-
pared. Data segments were then represented by extracted 
features (e.g. statistical features, features derived from Fou-
rier and wavelet transform). Feature selection was done 
using sequential methods and final classification was ob-
tained by naive Bayes classifier. 

Only EEG channels from available polysomnographic 
(PSG) recordings were used in experiments. Goals were to 
examine how well this kind of computer-assisted EEG 
analysis is able to differentiate between wakefulness, quiet 
sleep and active sleep stages, and to set possible reference 
for further development or enhancement of neonatal sleep 
classification. 
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II. METHODS 

A. Dataset 

Data used in this study were provided by the Institute for 
Care of Mother and Child in Prague. Polysomnographic 
recordings of ten healthy full-term infants were used, se-
lected based on the similar postconceptional age from a 
wider study. The EEG activity was recorded from eight 
referential derivations, namely FP1, FP2, T3, T4, C3, C4, 
O1, and O2, positioned under the international 10-20 system 
[9]. Reference derivation used linked ear electrodes. Other 
measured polysomnographic signals were: electrooculo-
gram (EOG), electromyogram (EMG), electrocardiogram 
(ECG) and respiration (PNG). All channels were measured 
against ground. The sampling frequency of all measured 
channels was 128Hz.  The data were scored by an experi-
enced physician. 

B. System Description 

Basic stages in an automated biological signal processing 
system are: preprocessing, meaning filtration, segmentation 
and artifacts detection; data representation and classifica-
tion. Optimization of parameters and visualization are also 
important stages. Feature extraction, dimension reduction, 
feature selection and normalization are typical steps in data 
representation stage. For obtaining final results, different 
classification methods and algorithms may be used. 

For the purpose of polysomnographic signals processing, 
we developed appropriate modules in Matlab. Due to the 
open structure of realized system, various changes can be 
easily implemented. That allows us to use it for research 
and testing. The attention was focused on three parts of the 
processing process: segmentation, feature extraction and 
feature selection. 

C. Segmentation 

Usual procedure in processing of the nonstationary, com-
plex signals comprises segmentation to segments of con-
stant length or adaptive segmentation. In order to be able to 
compare performances of these segmentation methods and 
their influence on classification accuracy, both methods 
were implemented and tested. Segmentation was done only 
with EEG, but it can be analogously applied to other poly-
somnographic channels. Both methods divide signals into 
segments that are considered to be stationary. 

Adaptive segmentation divides EEG signal into segments 
of variable length. The applied algorithm is performed using 
two connected windows sliding along a signal. Local 
maxima of combined amplitude and frequency difference of 
the signal comprised in windows are identified. This  

algorithm is described in detail for example in [10] and 
[11]. The example of adaptive segmentation results is 
shown in Fig. 1. 

Due to the obtained results of classification for constant 
and adaptive segmentation, we made the decision to use the 
adaptive segmentation in further processing. 

 

 
 

 
 

 
Fig. 1 Examples of adaptive segmentation applied to EEG channels (Fp1, 
Fp2, T4). Time frame is 120s 

D. Feature Extraction 

Feature extraction is an important step in signal process-
ing. We extracted various features in order to determine 
which ones make better distinction between neonatal behav-
ioral states. In this way, we aim to find the most useful 
features that can be used in the future as part of neonatal 
sleep classification systems. 

As mentioned above, adaptive segmentation was applied 
to individual EEG channels. For each electrode of each 
segment, total of 97 features were computed. These features 
are already known in the literature and used in EEG applica-
tions. Extracted features were: statistical parameters (mini-
mum, maximum, mean values, skewness, kurtosis); mean 
and maximum values of first and second derivation of the 
samples in segment; root mean squared (RMS) EEG ampli-
tude; line length and nonlinear energy [12]; zero-crossings; 
Shannon’s entropy; mobility and complexity (the second 
and third Hjorth parameters); absolute and relative 
power/energy for important EEG frequency bands derived 
from Fourier or wavelet transform; statistical values of the 
wavelet coefficients corresponding to different decomposi-
tion scales; zero-crossings of wavelet coefficients; Shan-
non’s entropy of wavelet transform details and approxima-
tions; and mean and maximum values of wavelet 
coefficients of first and second derivation. Daubechies 4 
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wavelet [13] and decomposition to 4 levels of decomposi-
tion were used. 

Due to this type of segmentation, segment boundaries for 
different channels appear in different moments in time. 
Various approaches for obtaining final segments or bounda-
ries for all channels were tested. For further processing and 
comparison, we have chosen to use final segments of 4s 
length. If this segment comprises two or more segments of 
variable length, final segment feature value is obtained by 
averaging the values of appropriate individual features. The 
same procedure is done for each electrode signal. 

E. Feature Selection 

Feature selection methods are used for selecting a subset 
of relevant, non-redundant, actually useful features from the 
initial set of features. In this study, sequential feature selec-
tion methods were used, namely forward selection and 
backward elimination. They were conducted with PRTools, 
a Matlab toolbox [14]. 

For each segment of 4s, a 776-dimensional feature vector 
was constructed (97 features for each of 8 EEG channels). 
Appropriate expert’s classification was added (0 - wakeful-
ness, 1 - quiet sleep, 2 - active sleep). These kind of vectors 
obtained from data of 10 newborns were stored and 1000 
segments/vectors belonging to each class were randomly 
chosen. This way, three groups of segments for distinguish-
ing two out of three stages were formed. 

Due to the interpersonal variabilities presented in EEG 
signals, features may differ in scales in which their values 
lie. In order to avoid possible problems, because of the 
inadequately scaled features, the normalization was per-
formed. 

III. RESULTS 

For classification, naive Bayes classifier was used. The 
same classifier was used through this study in order to ob-
tain comparable results, not dependent on classification 
methods. Also, 10-fold cross validation was used in all 
experiments. The classification was conducted with Weka 
machine learning software [15].  

A. Segmentation 

Table 1 lists some of the obtained results for the com-
parison of constant and adaptive segmentation. Classifica-
tion accuracies for 4 newborns are presented. Last two  
 

 

columns contain differences in classification accuracies 
between 2s and 4s length segments, respectively, obtained 
by constant and adaptive segmentation. When taking into 
account data from all 10 newborns, mean differences be-
tween these two types of segmentation are 10.94% and 
7.48% for 2s and 4s length segments, respectively. 

Table 1 Comparison of accuracy of classification for constant and adap-
tive signal segmentation. Two last columns represent differences in classi-
fication accuracies 

Subject
Constant  

segmentation 
2s            4s 

Adaptive  
segmentation 
2s            4s 

  

1 61.27%       67.57% 74.59%       77.6% 13.32% 10.03% 
2 64.31%       70.6% 78.15%       79.51% 13.84% 8.91%
3 55.77%       58.08% 61.44%       61.16% 5.67% 3.08%
4 59.58%       58.9% 61.69%       63.35% 2.11% 4.45% 

B. Feature Selection and Classification Results 

As already mentioned above, forward and backward fea-
ture selection methods were used. Out of the set of data 
segments of 10 newborns, we randomly selected 3000 seg-
ments with uniform distribution over three classes. Features 
were selected to find optimal feature subsets for every EEG 
channel. Separately, differentiation of two out of three 
classes was tested. For example, for 2000 segments belong-
ing to two classes, optimal feature subset for Fp1 electrode 
was found.  

In following tables, results obtained after the forward 
feature selection are presented. Table 2 shows an example 
of how the accuracy of classification changes with the num-
ber of selected features. Presented results were obtained by 
adding 5 of selected features for each electrode.  

Table 2 Example of dependence of classification rate success on number of 
selected features per electrode 

Number of used features 75 70 65 60 55 
Final success rate [%] 71.85 73.05 73.75 75.3 75.95 

Number of used features 50 45 40 35 30 
Final success rate [%] 76.55 77.1 77.3 78.35 79.1 

Number of used features 25 20 15 10 5 
Final success rate [%] 79.4 81.05 81.75 81.7 82.55 

Table 3 shows maximum classification success rate, true 
positive rates for separate classes, and number of used se-
lected features (same for all electrodes). 
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Table 3 Classification results. Number of instances was 1000 for every 
class. Classes 0, 1 and 2 represent wakefulness, quiet and active sleep 
stages, respectively. Final and starting success rates are computed after and 
before feature selection process 

 Classes 
0          1 

Classes 
0          2 

Classes 
1          2 

Final success rate [%] 83.95 81.1 98.05 
True positive rate [%] 73.6       94.3 68.8       93.4 97.2       98.9 
Number of used features 2 43 3 
Starting success rate [%] 73.4 76.35 97.65 

 
For distinguishing stages wakefulness and quiet sleep, 

we found that 2 out of 97 features per electrode increase the 
classification accuracy without the loss of generality. In the 
cases of wakefulness and active sleep, or quiet and active 
sleep stages, 43 and 3 features per electrode are needed. 
Experiments were conducted to select individual features 
from different channels, not to select individual channels.  

IV. DISCUSSION AND CONCLUSIONS  

In this paper we focused on segmentation, feature extrac-
tion and feature selection steps in systems for automatic 
neonatal sleep stages detection. The comparison between 
constant and adaptive segmentation was presented. 97 fea-
tures were computed for each EEG channel of each seg-
ment. Features were selected through the process of sequen-
tial feature selection. In order to make the comparison, all 
extracted and selected features were finally evaluated by the 
same classifier (naive Bayes, 10-fold cross validation). Only 
EEG channels from available polysomnographic recordings 
were evaluated. 

As the results have shown, the correct identification of 
wakefulness is the most difficult task. The differentiation 
between wakefulness and active sleep may be improved by 
including features from other polysomnographic channels 
(EOG, EMG, ECG, PNG). As in sleep in adults, borders of 
sleep stages are not strictly defined. So, finding certain 
border which will separate wakefulness and quiet sleep in 
newborns is not possible. That is why segments belonging 
to the transition phase between these two stages can be 
misclassified.  

With suggested feature selection methods, number of fea-
tures needed for classification was significantly reduced, 
thus improving the accuracy of classification. In the field of 
feature selection, there is still a lot of space for research and 
experiments. 

Classification of newborn sleep recordings is a very dif-
ficult task. The purpose of this study was to suggest the 
approach and provide possible references for developing 
and enhancing the neonatal sleep classification algorithms.   
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Abstract  Analysis of synchronization between biological 
signals is often used for the characterization of biological 
functions giving rise to these signals. In this paper we present 
the application of a method based on the wavelet transform to 
detect the coherence between two uterine activity bursts 
recorded at different places on the pregnant abdomen, during 
the same uterine contraction. The method used in this work is 
referred to as the wavelet coherence. The results of this study 
show that the wavelet analysis can successfully detect temporal 
and spectral interactions between uterine contractions. 
The results indicate that the coherence is higher in the lower 
frequencies of the EHG signal. We find the method to give 
promising results and to put in evidence the coherence present 
during a uterine contraction. 

Keywords  Uterine contraction; wavelet coherence; preterm 
labor; EHG; 

I. INTRODUCTION 

Premature labor is one of the most important public health 
problems in Europe and other developed countries as it 
represents nearly 7% of all births. It is the main cause of 
morbidity and mortality of newborns. Early detection of 
preterm labor is important for its prevention for example in 
insuring tocolytic drug efficacy. One of most promising is 
the analysis of the electrical activity of the uterus. Uterine 
electromyogram recorded externally in women, the so 
called electrohysterogram (EHG), has been proven to be 
representative of uterine contractility. The analysis of this 
signal may allow the prediction of a preterm labor threat as 
soon as 28 weeks of gestation (WG) [1]. 
EHG is mainly composed of two frequency components  
traditionally referred to as FWL (Fast Wave Low) and   
FWH (Fast Wave High) [2]. These frequency components 
may be related to the propagation and the excitability of the 
uterus respectively.  
One of the ways used to understand the functioning of 
biological systems is the detection of the relation between 
signals. Several methods are proposed, it can be used to 
detect the amplitude correlation (linear and nonlinear 
reg

phase synchronization and the dependency in time-
frequency domain. It seems reasonable to assume that if this 
is the case a more intense coherence should be observed at 
lower frequency than at higher frequencies in the EHG 
signals. 
Marque et al. showed, by using of correlation coefficient 
that the strongest correlation between bursts is at the low 
frequency component [3], (i.e. FWL). Mansour et al. used 
the inter-correlation function to analyze the propagation of 
the uterine electrical activity on four internal electrodes in 
the uterus of a monkey in labor. The signals were filtered in 
the frequency bands of the two waves, FWL and FWH, then 
the inter correlation function was calculated for each wave 
between the two pairs of electrodes. The result indicated 
that the coefficient of inter correlation in FWL is higher 
than FWH in all the channels [4].  
The inter-correlation is a temporal method; it cannot be 
used to analyze the interplay of various frequency 
components independently. The method we propose to use 
in this paper, wavelet coherence, is perfectly capable of 
doing just that. As it uses the wavelet transform of the two 
signals in the time-frequency domain. 
The aim of this study was to estimate the synchronization of 

method. This method is very well suited to obtain 
information about coherence of electrical activity at two 
separate places on the uterus, in both time and frequency 
simultaneously. 

II. MATERIALS AND METHODS  

A. Signals 

The signals used in the study are obtained from 3 women in 
labor; the measurements were performed by using a 16- 
channel multi-purpose physiological signal recorder most 
commonly used for investigating sleep disorders (Embla 
A10). Reusable Ag/AgCl electrodes were used. The 
measurements were performed at the Landspitali University 
hospital in Iceland using a protocol approved by the 
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relevant ethical committee (VSN 02-0006-V2). The signals 
used were the bipolar signals Vb7 Vb8 (Fig. 1) correspond 
to two channels on the median axis of the uterus. 
 
The signal sampling rate was 200 Hz. The recording device 
has an anti-aliasing filter with a high cut-off frequency of 
100 Hz. The concurrent tocodynamometer paper trace was 
digitized in order to facilitate the identification of 
contractions. The EMG signals were segmented manually to 
extract segments containing uterine activity bursts. 

 
 

Fig. 1
represents the derived bipolar signals and ref. the reference electrodes. 

B. Wavelet transform 

The continuous wavelet transform (CWT) can decompose a 
signal into a set of finite basis functions. Wavelet 
coefficients ( , )xW a are produced through the 
convolution of a mother wavelet function ( )t  with the 
analyzed signal x(t) or 

*1( , )= ( ) ( )x
tW a x t dt

aa
 

where a and  denote the scale and translation parameter; * 
denotes complex conjugation. By adjusting the scale a, a 
series of different frequency components in the signal can 
be extracted. The factor a  is for energy normalization 
across the different scales. Through wavelet transforms, the 

information of the time series x(t) is projected on the two 
dimension space (scale a and translation ). 
In this study, the Morlet wavelet was used, it is given by: 

2

0

1
1/4 2

0( )
ti tt e e  

where 0 is the wavelet central pulsation. In this paper we 
used 0=1. Morlet wavelet is a Gaussian windowed 

decay of the Morlet function gives a good time localization 
in the time domain [5]. We chose the complex Morlet 
wavelet transform (MWT) as it provides the signal 
amplitude and phase simultaneously. This property allows 
us to use the MWT to investigate the 
coherence/synchronization between two signals recorded at 
two different sites simultaneously. 
Based on MWT, the wavelet power of a time series x(t) at 
the time scale space is called a scalogram; it is define as  

2( , )X xW W a  

C. Wavelet coherence 

Given two time series X and Y, their MWT are XW and WY
 

respectively. Their product is defined as *W W WXY X Y .The 
plot of 2

WXY
is called coscalogram. It provides the means 

to show coincident events over frequency for each time in 
the signals X and Y [6]. 
In this paper we used the wavelet coherence that has the 
same form as the Fourier based coherence function, namely 
the ratio of the cross spectrum to the product of the auto-
spectrum of X and Y. The definition of the wavelet 
coherence is written as: 

2
2

( , )
( ( , ))

( , ) ( , )
XY

XX YY

W a
C a

W a W a
 

With the coscalogram defined as: 
*( , ) 1/ ( ( , ) ( , ) ), ,XY X Y

T

W a a W a W a d T

T  is selected based on the desired time resolution in the 
resulting coherence map. Auto-spectrum ( , )W aXX  and 

( , )W aYY  can be calculated by the above equation. By 
using these definitions, the coherence is bounded as 

20 (( ( , )) 1C a . 
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D. Relative phasing 

In this work we interested focus on the phase relationship 
between the uterine activity bursts.  We calculate the phase 
angles of the coscalogram complex-matrix, and then we 
represent these angles as arrows to facilitate the 
interpretation.  

Phase arrows show the relative phasing of the two bursts in 
question. This can also be interpreted as a lead/lag, if the 
arrows are ordered in a range means that they are some kind 
of phase synchronization between the two signals at this 
range. This method is described in [7]. 
The arrows are plotted on the same figure with wavelet 
coherence, we observed only the situation of arrows at the 
band of strong correlation (obtained by the wavelet 
coherence) to show the coherence and the phase relationship 
simultaneously. 

III. RESULTS 

We applied the wavelet coherence method on a set of 
signals registred on three women during labor. After manual 
segmentation of the bursts of contractile activity, we applied 
the method on the segmented burst pairs to show their 
coupling or synchronization. The segmentation was 
performed to isolate the bursts from the non-contractile 
parts of the signal (baseline).  
In Fig. 2, a scalogram is used to identify the frequency 
components of the activity bursts X and Y. The scalogram 
clearly shows the two frequency components FWL and 
FWH.  
Fig. 3 presents the wavelet coherence between two bursts 
from separate locations on a woman during labor. We can 
notice that the strongest correlation concentrates in the [0.1-
0.2] frequency band, corresponding to FWL [2].  
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 Fig. 2 Two EHG bursts (a,c) and their respective scalogram (b,d), with the 
two frequency components FWL and FWH. 

a) 

b) 

c) 

d) 
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Fig. 3 Wavelet coherence between two segments bursts showing the 
difference in coherence between FWL and FWH. 

In the Fig. 4 we show the wavelet coherence with the phase 
arrows between two different bursts. On one hand it 
confirmed the presence of strong coherence at FWL, and on 
other hand we observe that the arrows are more ordered at 
the frequency band where we have the higher coherence. 
This means that we have a strong coherence with constant 
phase shift between the two uterine activity bursts at FWL.   

 

Fig. 4 Wavelet coherence between two uterine activity bursts with the 
arrows phase representing the relative phasing. 

IV. DISCUSSION 

In this paper we have presented preliminary results showing 
how uterine electrical activity synchronization can be 
studied by using wavelet coherence. This method can be 
used to detect the coupling between the uterine EHG bursts 
as it respects the non stationarity of EHG signal and the non 
linearity of the propagation expected for uterine EHG.  
Wavelet coherence can successfully detect the correlations 
of EHG activity recorded at two different sites and the 
method of phase relationship can be used to confirm this 

observation. In brief, wavelet coherence can provide a new 
view of the correlation with respect to both the time and 
frequency of the EHG signal. 
The results are encouraging but they only apply to women 
during labor, the next step is to compare signals during 
pregnancy and labor, preferably for the same woman. By 
studying the synchronization longitudinally we hope to be 
able to isolate the parameters of propagation  that are most 
likely clearly show the passage from the coherent and 
inefficient contractions during normal pregnancy to the 
strong organized contractions of labor.   

V. CONCLUSION  

This paper shows the use of the wavelet analysis in the 
study of the synchronization of uterine electrical activity. 
On a small data set, we observed stronger coherence and 
slower variations in the phase shift between two segmented 
bursts at the lower frequency range. This adds weight to the 
hypothesis that frequency components (FWL and FWH) are 
related to the propagation and the excitability of the uterus 
respectively without conclusively rejecting or confirming it. 
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Abstract – The study on several components of intervertebral
joints is essential to understand the spine’s degenerative
mechanisms and to assess the best method for their treatment.
For such study it is necessary to know the mechanical
properties of the isolated intervertebral disc (ID) mechanical
properties and, it is necessary to evaluate its stresses and
strains. In order to assess the ID displacements, a fine, U-
shaped blade was developed, over which two extensometers
connected in a Wheatstone bridge were placed. The device was
then tested on porcine spine ID, where compression loads were
applied and the extremities displacements of the blade coupled
to the intervertebral disc were measured. Stress/strain
diagram, both on the compression and on the decompression
phases, evidencing the non-linear nature of such relationship.
With the experiment, it was possible to obtain approximate
values of the longitudinal elasticity module (E) of the disc
material and of the Poisson coefficient (ν ). After several tests, E
results are compatible with those obtained by others studies,
with very simple and low-cost device. This experiments can be
used for obtained others mechanical properties of isolated ID
with precision and accuracy.

Keywords – intervertebral disc, axial displacement,
compression, mechanical properties, porcine model.

I. INTRODUCTION

The most direct and reliable method to access the loads

on the spine’s segments is the intradiscal pressure

measurement, which has been initially described during the

60’s by Nachemson and Elfstrom (1964) [1], using a

piezoelectric transducer coupled to a kind of needle. This

device is called pressure transducer and is the most widely

used in research involving intervertebral disc (ID), even
allowing in vitro studies, such as the ones made by Adams

and cols. [2,3] and also in vivo studies made by Wilke and

cols [4,5]. Unfortunately, this transducer has a high cost and

it’s no manufactured in Brazil.

In vitro studies can be used to evaluate the extension of

the damages which may be caused by forces on the spine

and the ID degeneration can be used to support the

mechanical base of lumbar spine pain [6]. The ID

degeneration has been, directly or indirectly, associated to

the back pain epidemics in middle age adults due to the

demand of loads located on the spine structures; mechanical

factors are the main suspicion for the disease acceleration in

this tissue [7].

In order to determine the stress on the spine’s tissues, it

is necessary to know the forces and moments acting on the

spine among the several load supporting structures,

including the ID, apophysary joints and intervertebral
ligaments [8].

Data on the ID mechanical properties are always

necessary for spine’s biomechanics studies. For these

studies, functional spine units were used, which consisted of

an ID and its adjacent vertebrae [9].

The instantaneous elasticity, balance and viscosity

modules are significantly larger on the nucleus than other

structures of spine, with different mechanical micro

properties, evidencing two distinct cellular populations [10]

and, consequently, different behavior between they.

The use of porcine models is justified by easiness of

acquisition, homogeneity of the segments compared to the
humans, reduction of the degeneration factor and HIV

infection risk when handling fresh human spines [11].

The purposes of this study are to develop a device

capable of isolated intervertebral disc displacement measure

and analyze their behavior.

II. MATERIALS AND METHODS

To obtain the ID axial displacement, an extensometry

blade was developed, with two electrical resistance strain

gages. The device’s development started based on

calculations regarding the extremities dislocation arising

from the deformity when submitted to loads. Figure 1

illustrates the extensometry blade scheme with its geometric

parameters.

Displacement measurement can be made by two

extensometers (Kyowa, Tokyo, Japan) on the superior and
inferior faces of the blade (Figure 1), and joined on a half

Wheatstone bridge system.

The acquisition and data processing were made by an

amplifying, model Spider 8 (HBM, Darmstadt, Germany),
and a software, Catman 3.1 (HBM, Darmstadt, Germany).

Tests were made submitting the ID to a progressive

compressive loads increment, and then their removal. For
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the data acquisition a bench was adapted with bars and
weights system, coupled to a load cell (Interface, São Paulo,
Brazil), with a reading capacity of up to 490,5N.

Fig. 1 Extensometry blade schematics model and its dimensions in

millimeters.

Six loads were used, each one, the weight of 74.9 N.
Adding the load to the system’s weight (19,3 N), the total

load was 469,3 N, in a period of 195 seconds (loading and

unloading).

Fig. 2 Demonstrative graph of the relationship between the compression

and decompression period and loads applied

The load and unload time for each weight was 15s,

guided by the computer program. From this period, the 2.5

initial and final seconds were excluded so the load and
unload phases did not influence the measure. Summarizing,

the displacements readings were regarding the 10

intermediary seconds of each load with a data acquisition

frequency of 50 Hz. This procedure was performed twice
and the averages were obtained in order to minimize errors.

Figure 2 illustrates the loading and unloading periods.

Eight porcine lumbar spine intervertebral discs were

used respecting the same procedures described in other

experiments [12], except for the procedure of isolating the

intervertebral disc, sawing the functional units on the

terminal cortical part of each adjacent vertebral body. In

order to preserve the intervertebral disc structures and

provide an even surface for the loads application, an acrylic

resin (methylmethacrylate) was used. This last procedure

was useful, also, on the extensometry blade fixation on
disc’s extremities.

Another important procedure aiming at preserving the ID

properties was that, after their preparation, they were

wrapped in plastic film, frozen and used within seven days.

Before their use, they were thawed with a saline solution at a

maximum temperature of 24°C.

Before and after the tests, the height, anteroposterior and

transversal diameter of each disc were obtained with the

assistance of a digital vernier caliper (Mitotoyo, Tokyo,
Japan) with a sensitivity of 0.01mm.

III. RESULTS

Initially, we reported the effectiveness of the

extensometry blade developed, taking into account its

reading sensitivity and operational easiness.

The ID dimensions did not present significant variations

showed by the low standard deviations. Table 1 shows the
measurements obtained before and after the tests.

Table 1

Hi

[mm]

DAPi

[mm]

DAPf

[mm]

DTi

[mm]

DTf

[mm]

A

[mm²x10²]

Disc 01 9,5 24,0 24,4 35,0 35,6 6,59

Disc 02 10,0 24,0 24,2 39,0 39,5 7,34

Disc 03 9,8 22,0 22,0 39,9 40,0 6,89

Disc 04 11,8 24,0 24,4 35,1 35,6 6,63

Disc 05 8,9 20,6 20,7 37,3 37,7 6,04

Disc 06 9,9 23,3 23,6 33,8 34,0 6,21

Disc 07 11,2 23,4 23,9 35,0 35,0 6,43

Disc 08 9,6 21,1 21,1 35,9 36,0 5,95

Average

(sd)

10,1

(0,9)

22,8

(1,3)

23,0

(1,5)

36,4

(2,1)

36,7

(2,1)

6,51

(0,45)

Hi – initial height;

DAPi – initial anteroposterior diameter;

DAPf – final anteroposterior diameter;

DTi – initial transversal diameter;

DTf – final transversal diameter;

A – Superficial area.

Using the data presented on Table 1 and the deformity

readings obtained by the extensometry, regarding stress-

1

2

E

E

P

P
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strain diagram under compression and decompression were
plotted (Figures 3 and 4), respectively, and consequently,

the intervertebral disc’s average mechanical properties

calculation, also under compression and decompression.

-0.02 0.00 0.02 0.04 0.06 0.08 0.10 0.12 0.14

-0.1

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

N
o

rm
a

l
S

tr
e
s
s

[M
P

a
]

Strain [mm/mm]

Exprimental points

Polynomial Fit (Grade 2)

Y =-0.01009-1.08841 X+57.89719 X
2

R²=0,991

Fig. 3 Tension-specific deformity under compression diagram (r = 0.991 and

p < 0.001)

The non-linear character of the ID was evident when it

was submitted to mechanical assays when experimental
points were approximated through the second degree

polynomial, obtaining correlation rates very close to 1 and

p<0.001 values.
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Fig. 4 Tension-specific deformity under decompression diagram (r = 0.998

and p < 0.001).

Based on the diagram on Figure 3, the mean longitudinal
elasticity module under compression found was 5.9 MPa,

and through the other measurements one can estimate the

antero-lateral and transversal Poisson coefficient (ν ), which

are equal to 0.43 and 0.34, respectively.
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Fig. 5 Average behavior of the disks during the whole compression and

decompression cycle.

The mean Longitudinal Elasticity Module found for the
decompression period was equals to 12.4 MPa.

Figure 5 shows the average behavior of the ID during the

whole compression and decompression cycle.

IV. DISCUSSION

The mechanical properties obtained are within amplitude

of values showed on diverse studies [13,14,15,16].

Experimental study [17] founded values close to ν
equals to 0.37 and E equals to 4.2 MPa, while in other

study [18], used the value of ν equals to 0.35 to simulate

the ID elements on a mathematical model. These values

were similar to the ones found in our study becoming the

average between the ν transversal and anteroposterior.

The acquisition of the Poisson coefficient was possible,

once the intervertebral disc is a viscoelastic material and its

deformity is maintained immediately after unloading.

Works conducted through the isolation of the ID of other

spine structures are used when one wants to study the disc

components separately [19]. In our study, the mechanical

properties of intervertebral disc were considered how their
components functioning together (annulus fibrosus,
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nucleous pulposus and cartilaginous endplate), simulating
what happened in a real in vivo situations.

To analyzing the efficiency of extensometry blade to

mechanical properties acquisition will be necessary to

compare with the data obtained using the needle intradiscal

pressure transducer, because in our study numerical

parameters were calculate based in axial deformation

generated by applied axial loads; differently, in another case,

this same numerical parameters were calculated based in

intradiscal pressure, that demonstrated in experimental

studies that the pressure is the same in any independent

direction [20,21].
Degeneration graduation of the ID used in this study was

not measured by Nuclear Magnetic Resonance in virtue of

high cost, but after all procedures, the ID were dissected and

the nucleus pulposus dehidratation analyzing. In all

specimens the hidratation level was satisfactory for post

loads tasks, following macroscopic degeneration level [22].

Standard deviation was not showed in the results graphs

for not confusing intervertebral disc behavior observation,

but their levels staying inside statistical needs, except in the

each phases end of experiment. This can be explained by the

triple tasks, the low sample and the laxity of spine soft

tissues [23].
Reviewing the ID behavior, a typical behavior of a

viscoelastic material can be observed. The value regarding

the longitudinal elasticity module under compression

showed to be similar to the pre-existing studies, showing the

trustworthiness and effectiveness of the device developed,

and even if performed on an approximate basis, i.e., a

simulation, the Poisson Coefficient value (ν ) showed to be

coherent with the material’s properties and with the few

studies existent.

V. CONCLUSIONS

However, with the adapted blade’s dimensions, it can be

an essential tool for studies whom needs a sensible

displacement measure, helping on the knowledge of ID

behavior, biomechanical functions, physiopathology and

materials dynamics properties.

ACKNOWLEDGEMENT

To the Unesp-FEG Post-Graduation Section and to

CAPES.

REFERENCES

1. Chaffin D, Anderson G, Martin B (1999) Occupational

Biomechanics. John Wiley & Sons, New York

2. Adams M, Freeman B, Morrison H et al (2000) Mechanical

initiation of intervertebral disc degeneration. Spine 25:1625-1636

3. Adams M, May S, Freeman B et al (2000) Effects of backward

bending on lumbar intervertebral discs. Spine 25:431-437

4. Wilke H, Neef P, Caimi M et al (1999) New in vivo measurements

of pressures in the intervertebral disc in daily life. Spine 24:755-

762

5. Wilke H, Neef P, Hinz B et al (2001) Intradiscal pressure together

with anthropometric data – a data set for the validation of models.

Clin Biomech 16:S111-S126

6. Hsiang S, Brogmus G, Courtney T (1997) Low back pain and

lifting technique. Int J Ind Ergonom 19:59-74

7. Lotz J, Chin J (2000) Intervertebral disc cell death is depend on the

magnitude and duration of spinal loading. Spine. 25:1477-1483

8. Dolan P, Adams M. (2001) Recents advances in lumbar spinal

mechanics and their significances for modeling. Clin Biomech

suppl. 1:S8-S16

9. Nachemson A, Schultz A, Berkson M (1979) Mechanical

properties of human lumbar spine motion segments. Spine. 4:1-8

10. Guilak F et al (1999) Viscoelastic properties of intervertebral disc

cells. Spine 24:2475-2483

11. Tsai K, Lin R, Chang G (1998) Rate related fatigue injury of

vertebral disc under axial cyclic loading in a porcine body-disc-

body unit. Clin Biomech 13:S32-S39

12. Rohlmann A, Neller S, Claes L et al (2001) Influence of a follower

load on intradiscal pressure and intersegmental rotation of the

lumbar spine. Spine 26:E557–E561

13. Goto K, Tajima N, Chosa E et al (2002) Mechanical analysis of the

lumbar vertebrae in a three-dimensional finite element method

model in which intradiscal pressure in the nucleus pulposus was

used to establish the model. J Orhop Sci 7:243–246

14. Natarajan R, Anderson G (1999) The influence of lumbar disc

height and cross-sectional area on the mechanical response of the

discto physiologic loading. Spine 24:1873-1881

15. Panjabi M, Brown M, Lindahl S et al (1988) Intrinsic disc pressure

as a measure of integrity of the lumbar spine. Spine 13:913-917

16. Wang J, Parnianpour M, Shirazi-Adl A et al (2000) Viscoelastic

finite-element analysis of a lumbar motion segment in combined

compression and sagittal flexion. Spine 25:310-318

17. Kong W, Goel V (2003) Ability of a finite element models to

predict response of the human spine to sinusoidal vertical

vibration. Spine 28:1961-1967

18. Lee, C. et al. Impact response of the intervertebral disc in a finite-

element model. Spine. 25:2431-9, 2000.

19. Bruehlmann S, Matyas J, Duncan N (2004) Collagen fibril sliding

governs cell mechanics in anulus fibrosus. Spine 29:2612-2620

20. Polga D, Beaubien B, Kallemeier P et al (2004) Measurement of in

vivo intradiscal pressure in healthy thoracic intervertebral discs.

Spine 29:1320–1324

21. Sato K, Kikuchi S, Yonezawa T (1999) In vivo intradiscal pressure

measurement in healthy individuals and in patients with ongoing

back problems. Spine 24:2468–2474

22. Johannessen W, Vresilovic E, Wright A et al (2004) Intervertebral

disc mechanics are restored following cyclic loading and unloaded

recovery. Ann Biomed Eng 32:70-76

23. Little J, Khalsa P (2005) Human lumbar spine creep during cyclic

and static flexion: creep rate, biomechanics, and facet joint capsule

strain. Ann Biomed Eng 33:391-401

IFMBE Proceedings Vol. 25

2226 F.F. Lemos, J.E. Tomazini, and U.G. Oliveira

http://www.pdfpdf.com


4D Lung Reconstruction with Phase Optimization
Mark Lyksborg 1, Rasmus Paulsen1, Carsten Brink2 and Rasmus Larsen1

1 Informatics and Mathematical Modeling, Technical University of Denmark,
Richard Petersens Plads, Building 321, DK-2800 Kgs. Lyngby, Denmark

2 Laboratory of Radiation Physics, Odense University Hospital, DK-5000 Odense C, Denmark

Abstract— This paper investigates and demonstrates a 4D
lung CT reconstruction/registration method which results in a
complete volumetric model of the lung that deforms according
to a respiratory motion field. The motion field is estimated iter-
atively between all available slice samples and a reference vol-
ume which is updated on the fly. The method is two part and the
second part of the method aims to correct wrong phase infor-
mation by employing another iterative optimizer. This two part
iterative optimization allows for complete reconstruction at any
phase and it will be demonstrated that it is better than using an
optimization which does not correct for phase errors. Knowing
how the lung and any tumors located within the lung deforms is
relevant in planning the treatment of lung cancer.

Keywords— Registration, Motion Correction, 4D Lung CT, L-
BFGS Optimization.

I. INTRODUCTION

This paper describes a way of obtaining a complete volu-
metric description of a 4D CT lung volume with phase infor-
mation processed by a phase binning technique. This phase
binning leads to poor estimates of the respiration phase and
the method described here investigates a way of accounting
for this deficiency while at the same time estimating an op-
timal deformation model and obtaining a reference which al-
lows for optimal reconstructing of the lung at any phase.

A paper which also deals with the phase estimation is [3]
by M.Georg et al. It attempts estimation of respiration phases
prior to any reconstruction with a technique based on nonlin-
ear manifold learning. In comparison we obtain phase values
based on phase binning.

The work presented in this paper is an application of the
principles suggested in [4] by M.Georg et al. who suggested
the simultaneous estimation of the B-spline motion field, the
reference and the pose (phase). The finer details of their op-
timization are not given however our version is based on an
outer iteration with 2 iterative optimizations occurring inside
the outer loop. These optimizers are both based on the L-
BFGS method suggested by J. Nocedal in [5] and aim to
minimize a sums of square cost function. This function is

considered as a function of the B-spline motion field in the
first optimization and as a function of phase in the second.
When the optimizations have completed, the motion field and
the reference is used to reconstruct the 4D volume at desired
phases.

II. MATERIALS

CT data was acquired using a multi slice scanner capable
of scanning a small volume segment of a patients thorax. The
patient is placed inside the scanner ring with a thermal couple
covering the mouth/nasal region which measures respiration.
The scanner is a 4 slice scanner set to capture 1 cm of the
thorax leading to a resolution of 2.5 mm in the axial direction.
For each scan position, the same scan is repeated 10 times
and since patients are breathing freely it yields slices with
different respiration. After these 10 scans the patient is moved
1 cm and the process repeated until 27 cm of the thorax has
been covered.

After this scanning process, the respiration signal is tied to
the multi slice segments through the process of phase bin-
ning with 10 discrete bins, see [7]. It gives each slice its
own respiration value but has the disadvantage of giving inte-
ger phases and can sometimes lead to wrongly binned slices.
These problems is what the the phase optimization attempts
to correct. With 10 bins a dataset initially consist of 10 in-
complete volumes each with different respiration phase.

The CT data used for this paper has a total of 852 sam-
ple slices out of a maximum of 1080 and the voxel size is
0.977mm×0.977mm×2.5mm.

III. METHOD

A. Free Form Deformable Model

The Free Form Deformable model presented in [6] by
Rueckert et al. is in our case, a 4D B-spline model which
determines the transformation of voxels in the reference as
to best match sample slices positioned at different scanner
positions and respiration phases. Let x, y, z denote the spa-
tial directions and t the temporal dimension of phase. The
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displacement of the ith voxel in the x direction can than be
written

Δxi =
4

∑
j=1

4

∑
l=k

4

∑
l=1

4

∑
m=1

B j(xi)·Bk(yi)·Bl(zi)·Bm(ti)·w jklm(1)

where x denote slice columns, y runs across slice rows and
z denotes depth and w jklm are the parameters controlling the
model behavior. Each voxel also has a displacement in the y
and z direction. These are formulated in a completely ana-
log manner to Eq. (1). The transformed coordinates for a
voxel is calculated as ϕ(x,y,z, t) = (x′i,y′i,z′i) = (xi,yi,zi) +
(Δxi,Δyi,Δzi,). By gathering all basis function into 4 banded
diagonal matrices it becomes possible to evaluate the dis-
placements for the entire domain as a vector function

X ′ = X +(I3 ⊗Qt ⊗Qz ⊗Qx ⊗Qy) ·w . (2)

The (i, j) element of the Q matrix contains the j basis func-
tion evaluated for the i coordinate over one of the dimensions.
By taking the Kronecker product of the 3× 3 identity ma-
trix and the basis matrices the displacements are stored as
a column vector and can be added to the column vector X
which contain x, y, z coordinates over the entire 4D domain.
Since forming the standard Kronecker products lead to a sys-
tem which is to large for most computers, we use an efficient
method suggested in [2] by Paul Buis et al.

These transformed coordinates are than interpolated using
cubic interpolation into the reference volume, resulting in a
deformed reference.

B. Seperating the matrix form

The formulation is beneficial when data is available almost
everywhere in the 4D domain. Since every segment of multi
slices are obtained with different respiration evaluation of the
system in Eq. (2) becomes extremely inefficient. Instead the
system is evaluated for each multi slice segment

X ′ = X +(I3 ⊗Qt(k,:)) ⊗Qz(i:i+3,:) ⊗Qx ⊗Qy) ·w . (3)

This yields the transformation with respect to a sub volume
of the reference. The value of k ranges from 1 to the number
of segments and i : i + 3 indexes 4 slices which is known to
have been acquired with the same respiration. This system is
formed for all the slice segment to yield the motion field.

C. Cost function and derivatives

As a criteria for fitting the optimal deformation field the
sums of square cost function C was used

C(w) = ∑
all t

∫
(T (ϕ(x,y,z, t))−R(x,y,z, t))2 , (4)

where T is the reference, T (ϕ) denote the transformed voxels
and R denote the sample slices. As expressed by Eq. (4) the
criteria reaches a minimum when the intensities of the trans-
formed voxels match sample slices. The integral is over all
voxels with a given respiration t and the summation is over
all segments with differing respiration.

The free form deformation model leads to a large amount
of parameters and thus requires a large scale optimizer. In
this paper focus will be on a Quasi-Newton method with
L-BFGS update, see [5]. This method benefits from only
requiring access to the cost function and the gradient. With
the cost function given only gradient information is needed.
Two gradients are needed. One for estimating the parametric
deformation field and one for optimizing phase parameters.
Both gradients are derived using the generalized chain rule
and we shall not go through derivation but rather state the
results.

Field derivatives

∂C
∂w

= (I3 ⊗QT
t(k,:)

⊗QT
z(i:i+3,:)

⊗QT
x ⊗QT

y ) · (∇T )T · r ,(5)

with r = T (ϕ)−R.

Phase derivatives

∂C
∂ tk

= rT ·∇T ·(I3⊗∇Qt(k,:) ⊗Qz(i:i+3,:) ⊗Qx⊗Qy) ·w .(6)

For both of these derivative expressions, the ∇T is a ma-
trix with partial volume gradients stored on the diagonal. In
practise this matrix is rarely formed but the partial derivative
stored and multiplied as needed.

The gradient based on derivatives of Eq. (5) is a sum of
this expression evaluated for the different slice segments.

The gradient based on the phase derivative is constructed
by stacking the derivatives from each segment into a column
vector such that g = [∂C/∂ t1...∂C∂ tn]T if n is the number of
segments.

D. The Optimization

The optimization is essentially 2 iterative L-BFGS opti-
mization placed inside an outer iteration. It is noted that it
is a very computer intensive optimization. The procedure is
outlined below.
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1. while(not done)
(a) Use L-BFGS to optimize C as a function of deforma-

tion model and reference. (The reference optimiza-
tion is only done on the first iteration)

(b) Use L-BFGS to optimize C as function of phase pa-
rameters.

Step 1.(a)
An L-BFGS optimizer is called to optimize both the de-
formation field and the reference. All it requires is access
to cost and gradient from previous. So far we have not
discussed what is meant by optimizing the reference. Since
no complete reference exist at any specific phase we need
to find one. The solution is to apply the inverse spline to
the slice samples as the L-BFGS improves the deformation
field. If the starting reference is an average of slices taken
across the respiration dimension a optimal reference and
spline model can be reached. Since the multi slice segments
consist of only 4 slices with the same phase, optimization
of the reference after step 1.(b) will lead to gaps in the
reference and is therefore avoided at later iterations. This is
because each multi-slice segment becomes completely phase
decoupled after step 1.(b).

Step 1.(b)
The optimizer is called with the cost and phase gradient.
Effectively considering the cost function as a function of
phase parameter.

Stopping criteria
The results seen in the next section were obtained after 5
iterations but stopping criterion’s such as small parameter or
gradient change could also be used.

IV. RESULTS

The optimization has been run on patient data with 852 out
of 1080 sample slices available. Due to time constraint and
memory demands it was run on a sub sampled data which
had been preprocessed to remove most of the background.
The sampled version had dimensions 72×112×108×10 and
the spline basis grid distribution was 13×21×21×7 which
means that 13 basis functions are evenly distributed across
the first dimension and similarly for the 3 other dimensions.
When fitting the cost function a regularization term is added
to it for stability, see [1] by J.Ashburner et al. One objective
of doing this is to guard against unrealistic motion fields. We
have use a simple regularization for this experiment, based on
the the norm of the spline parameters. The optimization took
20 hours and resulted in a fitting residual of ||r||2 = 1.328 ·

1010. To examine the effect of phase optimization the same
experiment was run without step1b such that slices retained
their initial phase values. This took 5 hours and resulted in a
fitting residual of ||r||2 = 1.415 ·1010. The optimizations were
run on an Intel quad core Q9450 machine with 8GB ram.

In Fig. 1 it is seen how the phases have been altered from
their integer binned phases. Most these do not change much
but one that does is the circled scan segment which is al-
tered from phase parameter 2 to 3.35 so according to the op-
timization, the original scan segment was misplaced by more
than a phase. The reconstruction of a slice from this multi-

Fig. 1: Shows original and optimized phase parameters for scan segments.

slice segment is viewed against a reconstruction from the
optimization without phase optimization to examine the ef-
fects. This is shown in Fig. 2(a)-(b) and since the difference
is hard to see, 2 difference images are shown in Fig. 2(c)-
(d). Fig. 2(c) is between a transformed slice using the phase
optimizer and the original slice sample while Fig. 2(d) is be-
tween the transformed slice without phase optimization and
the original sample. From these difference images it is clear
that the phase optimization is able to correct an error intro-
duced by the process of phase binning.

V. CONCLUSION

It was demonstrated that including phase optimization into
a 4D lung registration/reconstruction framework enables the
method to correct for multi slice segments with poor phase
estimates. However it was also noted that this improvement
came at an immense run time increase making such a method
less attractive. The procedure is still a work in progress and
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(a) Phase optimization (b) No phase optimization

(c) |orig− phase| (d) |orig−nophase|

Fig. 2: Illustrates effect of phase optimization compared to no phase
optimization. Difference images emphasize the effect.

hopefully future work will lead to speedups. Another rele-
vant area of investigation is in determining the most appro-
priate spline model which allows for proper phase correc-
tion. A very stiff motion field will obviously result in differ-
ent phases than a very flexible one. This relationship is con-

trolled through regularization and further studies are needed
to ensure its appropriateness.
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Abstract—Aseptic loosening is seen as the most important 
cause if late failure after total hip replacement surgery and it is 
believed that hip joint forces on the hip prosthesis from 
movements such as stair climbing, and even walking, over a 
long time can lead to the loosening of the prosthesis. Motion 
analysis was carried out using 6 inferred cameras and 15 
markers placed on the subject using the Helen Hayes Marker 
Set. The data was recorded and processed using EVaRT 5.0 
(Santa Rosa, CA, USA). The marker positions were then used 
as the motion input for models created in LifeMod (San 
Clemente, CA, USA), a musculo-skeletal modeling software. 
Results were found for forces at the hip joint and at the 
ground where the foot hits the floor. Moments were found in 
the sagittal, coronal and transverse planes. Although there 
were slight differences in the forces for all 4 subjects there was 
very little difference between the moments for all the subjects. 
Only 4 subjects have been tested so more subjects, both 
healthy and hip replacement subjects, are needed to get a 
better understanding of the differences in hip forces. 

Keywords—Aseptic Loosening, Motion Analysis, Musculo-
skeletal modeling, Hip Forces. 

I. INTRODUCTION  

The hip joint is an important joint in the body and in 
many people this joint has to undergo total hip replacement 
surgery. Today approximately 533,000 total hip replace-
ment surgeries are carried out per year in the US and 
Europe, and this number is set to rise [1].  Although this 
tends to be a successfully operation there are several com-
plications that lead to failure. Aseptic loosening is seen as 
the most important cause if late failure after total hip re-
placement surgery [2]. Aseptic loosening occurs in 12% [3] 
of primary hip replacements, giving around 60,000 hip 
failures.  For revisions this figure rises to nearly 18% giving 
another 18,000 failures.  

There are two areas of aseptic loosening, the biological 
area and the mechanical area. This paper concentrates on 
the mechanical side, and predominantly the forces associ-
ated with every activity. It is believed that hip joint forces 
on the hip prosthesis from movements such as stair climb-
ing, and even walking, over a long time can lead to the 

loosening of the prosthesis. Hip joint forces for hip re-
placement subjects have been found in previous studies [4, 
5, and 6]. These studies used instrumented implants to find 
the forces and directions associated with movements such as 
stair climbing and walking. These studies did not however 
make any comparisons with healthy hip joint forces.  

II. MATERIALS AND METHODS 

Motion analysis was carried out using 6 inferred cameras 
and 15 markers placed on the subject using the Helen Hayes 
Marker Set. Markers were placed on the 2nd metatarsal of 
the foot, the heel, the ankle, the calf, the knee, the thigh and 
the iliac spine of both the left and the right legs.  A marker 
was also placed on the lower back at the sacrum.  These can 
be seen in figure1. 

 

Fig. 1 The marker positions on the left side of the body 
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Both male and female subjects were tested.  Both sub-
jects with and without a hip replacement were assessed.  
The subjects were asked to carry out several everyday ac-
tivities.  These were, walking, sitting, standing, walking up 
steps and walking down steps.  These movements were 
selected as it was found by Morlock et al [7] that sitting, 
standing and walking are the most common everyday activi-
ties, while Bergmann et al [5] found that stair climbing 
caused the greatest hip joint forces. 

The data was recorded and processed using EVaRT 5.0 
(Santa Rosa, CA, USA). The marker positions were then 
used as the motion input for models created in LifeMod 
(San Clemente, CA, USA), a musculo-skeletal modeling 
software. Values for stiffness and damping parameters were 
taken from previous similar work by Nazer et al [8], and 
Heller et al [9]. From these models results could be calcu-
lated for all hip and muscle forces. These forces can then 
used as dynamic loads in FE analysis to accurately predict 
the effects of forces at the hip joint on the aseptic loosening 
of hip prostheses. 

III. RESULTS  

Everyday activities were carried out by both the healthy 
and the hip replacement subjects. 2 healthy subjects and 2 
hip replacement subjects carried out the movements.  From 
the simulation models the main results to look at are the 
forces and moments associated with the movements during 
the cycle of the movement. When looking at force, the di-
rections Fx, Fy and Fz are used where the X direction is 
across the body from the right leg to the left leg, the Y di-
rection is upwards from the floor and the z direction is 
along the direction the subject is moving. Forces were found 
at the hip joint and at the contact between the foot and the 
floor. This force on the floor was compared to readings on a 
force plate to validate the model. There are 3 moments that 
are important to consider and these are the moment about 
the sagittal plane, coronal plane and transverse plane. 

IV. DISCUSSION 

The results found the healthy and the hip replacement 
subjects to be similar in all the movements tested. In figure 
2 it can be seen that all the forces for the 4 subjects fol-
lowed a similar pattern for walking. All subjects except 
healthy B have peak forces between 2 and 2.5% body 
weight.  The peak for health B could be explained by the 
subject slightly stumbling or hitting the ground harder then 
usual. It has been seen in previous studies [10] that stum-
bling can cause forces of up to 8 times body weight.  All 
have a peak at around 10% of the gait cycle which  

represents the foot making contact with the ground. A sec-
ond peak between 40%-55% can also be seen in all sub-
jects’ cycles and this represents the toes off. 

 

Fig. 2 The hip forces for one gait cycle on the left hip 

Although there were slight differences in the forces for 
all 4 subjects there were very little difference between the 
sagittal moments of the all the subjects.  This can be seen in 
figure 3.  This leg was not in contact with the ground during 
10 - 50% of the gait cycle and this was the reason for little 
moments during this period. 

 

 

Fig. 3 Sagittal moments during one walking cycle on the right hip 

The only other major difference in forces for any of the 
movements was for the standing. All subjects start with hip 
forces close to 0N as they are sitting on the seat. All sub-
jects then had peak forces between 30-40% of the standing 
cycle as the subject started to stand up. These forces then 
lowered to about body weight as they were fully upright. 
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However it can be seen in figure 4 that healthy A has peak 
while all the rest are still close to 0N. The reason for this is 
that the subject started moving before being instructed to 
move 

 

Fig. 4 Hip forces during standing 

V. CONCLUSIONS  

It is hard to make conclusions from this data about the 
difference between hip forces in healthy subjects and the 
hip replacement subjects as they show good similarity. The 
reason for this is there is a large amount of variety in each 
subject’s cycle.  Only 4 subjects have been tested so more 
subjects, both healthy and hip replacement subjects, are 
needed to get a better understanding of the differences in  
 

hip forces. With more subjects better conclusions can be 
made as to whether there is a major difference between the 
two groups. 
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Abstract—The reason for back pain in the region of the 
lumbar spine often is excessive mechanical load of the biologi-
cal structures of the spine during different movements in daily 
life or in sports. High peaks of ground reaction forces act on 
the human body when the foot hits on the ground during run-
ning or jumping. Also unfavorable movements in daily life can 
cause high load in the spine with lasting effect of injuries of the 
biological structures and spinal diseases. Therefore it is of 
interest to quantify the forces and torques which are transmit-
ted in the vertebrae and the facet joints as well as in the in-
tervertebral discs and in the ligaments of the lumbar spine. In 
vivo measurements are a difficult and riskful approach to 
determine the load in the lumbar spine [5]. In order to calcu-
late the transmitted forces and torques in the bony and elastic 
structures a computer model of the lumbar spine is developed. 
The Multi-Body-System (MBS) model reflects geometry and 
surfaces of the different elements in an accurate way. For the 
biological structures relations are included which represent 
their mechanical behavior during movement caused by an 
external force on the lumbar spine.  

Keywords—MBS Model, Simulation, Lumbar Spine, Fusion. 

I. INTRODUCTION  

A modern method to determine stress and strain in bio-
logical structures of the human body is the development of a 
computer model as a Multi-Body-System (MBS) of the 
interesting region. An MBS model of the lumbar spine con-
sists of rigid bodies, like vertebrae, and elastic elements, 
like vertebra discs and ligaments. All bodies are connected 
by suitable joints with appropriate degrees of freedom. The 
typical mechanical behavior of the different biological ele-
ments is known from experimental studies in the biome-
chanical literature and is implemented in the model by for-
mulas or characteristic curves which reflect the relations 
between force, deformation and deformation velocity, as 
well as torque, distorsion and distorsion velocity. The accu-
racy of the results depends on the quality of the modeling. 
The model is validated by comparing the kinematics and 
loading with several results from measurements and calcu-
lations from Finite-Element (FE) models in the literature [1, 
4]. FE modeling approximates the selected bodies of the 
lumbar spine using mesh structures and enables force  
 

calculations in volumes of bodies with complicated shapes. 
On the other hand the advantage of MBS modeling over FE 
modeling is the significantly shorter time required for the 
calculation. Therefore with MBS modeling it is possible to 
integrate a fine-structured model of the lumbar spine into a 
model of the whole human body in order to estimate the 
resultant forces and torques acting on the lumbar spine 
caused by the movement of the whole body (see Fig. 1). 
Starting with these resultant values acting as external forces 
and torques on the lumbar spine the load in the detailed 
structures of the spine model can be calculated. 

 

 

Fig. 1 MBS model of the whole body including a detailed MBS model of 
lumbar spine 

II. MBS MODEL 

The MBS model of the lumbar spine consists of the sa-
crum and the four vertebrae L5-L2. The surfaces of the 
vertebral bodies are generated from a computer tomograph  
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(CT) data set of human vertebrae. Contact between the bony  
parts is realized in eight facet joints in the region of the 
spinous processes. The vertebrae are connected by 55 liga-
ments which are attached to characteristic points of the 
skeletal parts (see Fig.2).  

 

Fig. 2 MBS model of the lumbar spine (Sacrum-L2) 

A. Generation of the Vertebral Surfaces 

The realistic geometry of the vertebrae and also their cor-
rect positioning relative to each other is based on computer 
tomography (CT) measurements of the compact lumbar 
spine including soft parts of the human postmortem mate-
rial. A segmentation algorithm yields the surfaces of the 
vertebrae (see Fig.3), the correct positioning is found by a 
registration method. 

 

 

Fig. 3  Slice of the sacrum (left) and generation of the sacrum surface 
(right) 

B. Modeling of the Intervertebral Discs 

In the model the intervertebral discs are realized as elas-
tic elements between the corresponding vertebral bodies. 
The mechanical behavior of force, deformation and defor-
mation velocity is described by the relation 

r  d  CSA r c  Δ⋅+⋅Δ⋅=F                     (1) 

which considers the deformation rΔ  and the deformation 
velocity rΔ  as well as the cross sectional area (CSA) and 
the parameters for stiffness c and for damping d. The values 
of the parameters are found by an iterative calculating  
process.  

The mechanical behavior of torsion is implemented by 
characteristic curves for each direction. They are calculated 
following the results of experimental measurements of iso-
lated postmortem disc material [2]. In Fig.4 the characteris-
tic curve of the disc Sacrum-L5 during flexion and exten-
sion is described.  

Characteristic curve vertebral disc Sacrum-L5
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Fig. 4 Comparison of the characteristic curve “Flexion/Extension” of the  
vertebral segment Sacrum-L5 from experiment and calculation 

C. Modeling of the Ligaments 

The several vertebral bodies are not only connected by 
intervertebral discs but also by surrounding ligaments. The 
model of the lumbar spine includes, in every functional 
spine unit, the ligaments lig. longitudinale posterius, lig. 
longitudinale anterius, lig. flavum and lig. interspinale as 
well as the lig. supraspinale and the lig. intertransversarium. 
All ligaments have a characteristic initial length. If liga-
ments are stretched due to movement of the vertebrae they 
produce a reaction force corresponding to the extension ∆l 
following their characteristic curves in Fig. 5. 
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Characteristic curves of the ligament
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Fig. 5 Characteristic curves for the ligaments [3] 

D. Modeling of the Facet Joints 

The contact between the bony parts is realized by the 
facet joints. Every functional spine unit has a left and a right 
facet joint. 

 
Fig. 6 Realization of the facet articular surface between Sacrum and L5 in 
the MBS-Model 

The contact force acting in normal direction between the 
corresponding surfaces counteracts the penetration of the 
surfaces during contact. For this contact force a rectangular 
range on the articular surface with an allowed depth of 
penetration is defined. In relation to the dept of penetration 

rΔ  and the velocity rΔ  the following contact force is built. 
 

⎪
⎪
⎪

⎭

⎪
⎪
⎪

⎬

⎫

⎪
⎪
⎪

⎩

⎪
⎪
⎪

⎨

⎧

>Δ<

>Δ<Δ<Δ⋅

<Δ<Δ<Δ⋅+Δ⋅

=

⎟⎟
⎟
⎟
⎟
⎟
⎟

⎠

⎞

⎜⎜
⎜
⎜
⎜
⎜
⎜

⎝

⎛

0 
0 

  0; r   ;0c   :                      0 
0 r  0; r   ;0c   :      r         c
0 r  0; r   ;0c   : r d r c

  y 

y y

y yy

z

x

y

y

y

F
F
F
F
F

 

Where the parameters cy and dy are the constants for the 
terms of stiffness and damping. 

E. Results  

In order to simulate the effects of an external load in the 
structures of the lumbar spine, an external force in the range 
of the weight of the upper body (F = 395 N) is acting on top 
of the vertebra L2. Because of the fact that the sacrum is 
fixed the external load presses the vertebrae together and 
effects small movements in the structures of the lumbar 
spine. Therefore internal forces and torques are built up in 
the vertebral discs according to Newton's axiom actio = 
reactio. Simultaneously ligaments are stretched and produce 
internal forces. Touching of the articular surfaces causes 
contact forces in the facet joints. 

As an example the forces (Fig.7) and torques (Fig.8) in 
the vertebral discs as well as the forces in several ligaments 
(Fig.9) are shown. 

 

Forces of the vertebral discs in vertical direction
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Fig. 7 Vertical components of the forces in the intervertebral discs under              
the loading of the lumbar spine by an external force of  F = 395 N 

Torques in the vertebral discs during flexion 
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Fig. 8 Torques in the vertebral discs during flexion of the upper body as an 
effect of an external force of F = 395 N 
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Forces in the ligaments of the fuctional unit  Sacrum-L5 
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Fig. 9 Forces in several ligaments of the functional unit Sacrum-L5 

F. Further Applicability of the Model 

Injuries like herniated disc or degenerative spondylolis-
thesis are typical diseases of the spine. The reason for de-
generative diseases often is mechanical overloading. In 
order to investigate the circumstances a proper knowledge 
of the morphology and the mechanical characteristics of the 
spinal structures is necessary. The acting forces and torques 
in several parts of the body can be determined by simulation 
with a suitable computer model. Therefore a MBS model 
with implant is built (see Fig.10) that allows to estimate the 
consequences for the stress in the intact vertebral discs after 
operative ankylosis for example. In the model the stiffening 
effect of the implant is realized by restricting linear and 
rotational movements of the FSU (functional spinal unit) 
L4-L3. Under these conditions the forces and torques in the 
adjacent FSU by an external force of F = 395 N are calcu-
lated. The results are shown in Fig.11.  

   
     

  
Fig. 10 Postoperative x-ray image after stiffening of a sliding vertebra  
(left) and MBS-Model with inserted implant (right) 

 

Fig. 11 Comparison MBS-Model with fused intervertebral disc L4-L3 and 
disc L4-L3 

III. CONCLUSIONS  

MBS modeling is a suitable method for the estimation of 
internal forces and torques in biological structures of the 
human body under various conditions. 
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Abstract— The registration of medical images containing soft

tissue like inner organs, muscles, fat , etc., is challenging due

to complex deformations between different image acquisitions.

Despite different approaches to get smooth transformations the

number of feasible transformations is still huge and ambiguous

local image contents may lead to unwanted results. The incor-

poration of additional user knowledge is a promising way to

restrict the number of possible non-rigid transformations and

to increase the probability to find a clinically reasonable solu-

tion. A small number of pre-operatively and interactively de-

fined landmarks is a straight forward example for such expert

knowledge. Typically, when vessels appear in the image data,

a natural way is to determine landmarks as vessel branchings.

Here, we present a generalization that allows also the usage of

corresponding vessel segments. Therefor, we introduce a regis-

tration scheme that can handle anisotropic localization uncer-

tainties. The contribution of this work is a consistent modeling

of a combined intensity and landmark registration approach as

an inequality constrained optimization problem. This guaran-

tees that each reference landmark lies within an error ellipsoid

around the corresponding template landmark at the end of the

registration process. First results are presented for the registra-

tion of preoperative CT images to intra-operative 3D ultrasound

data of the liver as an important issue in an intra-operative nav-

igation system.

Keywords— non-rigid registration, inequality constrained opti-

mization, landmarks, anisotropic tolerances, liver,

3D ultrasound

I. INTRODUCTION

Non-rigid image registration is one of the key problems in
computer-assisted oncological liver surgery. Based on preop-
erative CT data, resections are planned based on 3D models
of the liver vessels and the tumor which are extracted from the
image data [1]. During the intervention the surgeon is guided
by a navigation system based on 3D ultrasound, which cap-
tures the current shape and position of the liver [2]. To trans-
fer the preoperative plan to the patient on the operating table a
non-rigid registration method is needed, which compensates
liver deformations. The liver deformation arises from intra-
operative bedding and from the mobilization of the organ.

There is only few work published regarding CT/MRI to
ultrasound registration. Rigid methods have been presented,

which are either intensity- [3], feature-based [4] or where
the CT images are made similar to ultrasound images and
then their correlation is measured [5]. Usually the liver ves-
sels serve as features, because of their easy identification in
CT/MRI and ultrasound data, in particular in Power Doppler
ultrasound. Extensions of such vessel-based approaches to
non-rigid transformations are described in [6, 7]. These meth-
ods, however, suffer from the problem that vessels cannot be
extracted automatically from ultrasound data at high accu-
racy and speed. Alternatively, hybrid approaches [8, 9] fit pre-
operatively extracted features (vessels) directly to the intra-
operative image data.

The incorporation of additional user knowledge into a non-
rigid registration process is a promising topic in modern reg-
istration schemes to increase the robustness of the registra-
tion process. The combination of intensity based registration
and some interactively chosen landmark pairs is a major ap-
proach in this direction [10, 11, 12, 13, 14]. As the interac-
tive localization of point landmarks is always prone to errors,
we introduce an inequality constrained optimization scheme,
which guarantees corresponding landmarks to be at most a
given distance apart from each other after registration. As the
localization uncertainties might deviate in different directions
we introduce for the first time a landmark constrained regis-
tration scheme with anisotropic tolerances (error ellipsoids),
which can be used for the registration of vascular structures.

II. METHODS

Given a reference image R (intra-operative 3D ultrasound)
and a template image T (preoperative CT ) with R,T : R

3 →
R the aim of the registration process is to find a displacement
vector field y : R

3 → R
3 , which transforms the domain of

the template image in such a way, that corresponding points
are mapped onto each other. In the general variational non-
parametric image registration approach [15] a functional J
depending on the transformation y is minimized. The func-
tional consists of a distance measure D[R,T (y)] quantifying
the intensity differences of the reference R and the trans-
formed template T (y) and a regularizer S[y] ensuring smooth
and plausible transformations y . This leads to the following
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Fig. 1: Anisotropic segment and isotropic branching landmarks with
eigenvectors v1,v2,v3.

optimization problem:

min
y

J[y] = D[R,T (y)]+αS[y]

with weighting factor α ∈ R
+. Different possibilities exist

to incorporate corresponding landmark pairs r j, t j ∈ R
3, j =

1, . . . ,N into this intensity based registration approach. The
first is to add a penalizer P[y] to the functional [11] measuring
the sum of the distances between the landmarks:

min
y

J[y] = D[R,T (y)]+αS[y]+βP[y]

with weighting factor β ∈R
+. As the landmark misfit is glob-

ally controlled, the distance of individual landmarks might
still be high after optimization. In addition the penalty ap-
proach suffers from parameter tuning (weighting factor β ).
An individual landmark control is possible by formulating a
constrained optimization problem:

min
y

J[y] = D[R,T (y)]+αS[y]

subject to Ceq
j [y] = 0, j = 1, . . . ,N

with three equality constraints Ceq
j [y] = y(r j)− t j for each

landmark pair [10, 12]. The exact mapping of correspond-
ing landmarks onto each other is guaranteed in this scheme.
But equality constraints are too restrictive because interac-
tive landmark definition is always prone to errors. Here we
are presenting a new approach by considering individual
anisotropic landmark localization inaccuracies. As the local-
ization uncertainty of a landmark might deviate in different
directions (anisotropic errors) we define an ellipsoidal toler-
ance volume for each landmark pair by a weighted norm [16]:

Ciq
j [y] = 1−∥∥y(r j)− t j

∥∥2
Wj

= 1− (y(r j)− t j)Wj(y(r j)− t j)

with Wj ∈ R
3×3 being positive definite symmetric weighting

matrices. The resulting inequality constrained optimization
problem looks like:

min
y

J[y] = D[R,T (y)]+αS[y]

subject to Ciq
j [y] ≥ 0, j = 1, . . . ,N

(1)

In [17] also an anisotropical landmark weighting is used, but
in a penalizer scheme with the above mentioned disadvan-
tages.

The anisotropically weighted landmarks yield a higher
flexibility in defining landmark pairs. For example instead of
using point landmarks at corresponding liver vessel branch-
ings, which are usually difficult to identify in 3D, also land-
marks between two corresponding branchings (vessel seg-
ments) can be used, which are often easier to identify. With
the latter landmarks the localization uncertainty is high along
the vessel, but low perpendicular to it (see Fig. 1). The covari-
ance of the anisotropic localization uncertainty can be mod-
eled via their eigenvalues and eigenvectors. The first eigen-
vector v j

1 ∈ R
3 points in the direction of the corresponding

vessel at the position of the landmark, the other two eigen-
vectors v j

2,v
j
3 ∈ R

3 are perpendicular to it. As the localization
uncertainty is high in the direction of the vessel and low per-
pendicular to it depending on the area of the vessel cross sec-
tion, the eigenvalues are chosen as λ j

1 = 5r2
j ,λ

j
2 = r2

j ,λ
j

3 = r2
j

, with r j being a radius estimation of the vessel at landmark j.
The radii are already available due to the preoperative mod-
eling of the vessels for the surgery planning process. With
D j = diag(λ j

1 ,λ j
2 ,λ j

3 ) and Vj = (v j
1,v

j
2,v

j
3) the uncertainty

matrices are defined as:

Σ j = V T
j D jVj.

The weighting matrices are then the inverse of the co-
variance matrices: Wj = Σ−1

j . The approach can be seen as
a generalization of the isotropic tolerance method described
in [14]. To handle such isotropic tolerances the matrix Σ is
choosen as Σ j = a2

j I3, with a j ∈ R
+ being the radius of an

error sphere around landmark j.
For the optimization of (1) we use the first-discretize-

then-optimize-approach. That means, the objective function
as well as the constraints are discretized first to achieve a
finite constrained optimization problem. In particular, the
constraints are approximated by means of linear interpola-
tion as described in [12]. Analytical gradients for the dis-
cretized problem are determinable allowing efficient opti-
mization schemes. We solve the finite optimization problem
by a generalized Gauss-Newton-method [18].
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III. RESULTS

We show the effectiveness of the proposed registration
scheme on an illustrative example, which is a simplified ge-
ometry of portal veins in a real liver CT containing only the
biggest vessels. A realistic deformation based on a combined
intensity and landmark registration with equality constraints
of clinical CT and 3D ultrasound data is determined. The
landmarks have been defined on vessel branchings. This de-
formation is applied to the example image to get an artificial
template. In the first row of Fig. 2 the vessels extracted from
the template and reference image as well as the landmarks
and vessel center lines are shown. The points on the center
lines are displaced by 5± 2mm. 6 landmark pairs have been
interactively chosen on the vessel segments. Landmark 3 has
been moved by 10mm in the direction of the vessel.

We chose the curvature regularizer Scurv =
1
2

∫
∑3

k=1

∥∥Δ(yk − y0
k)

∥∥2 dx [15] with y0 being the initial
displacement field and the sum of squared differences (SSD)
as the distance measure DSSD = 1

2
∫
(T (y(x)) − R(x))2dx

because in our example the vessels appear bright compared
to the background in template and reference image. We used
a multilevel and multi-resolution strategy for the images T,R
and the displacement field y. We started on a grid with 7.5
mm spacing and refined twice to a final spacing of 1.9mm.
The original resolution of the images was 1×1×1mm3.

As can be seen in the second and third row of Fig. 2 the
isotropic tolerance at landmark 3 is to restrictive to compen-
sate the displacement of the landmark, but the anisotropic tol-
erance is suitable for compensation while keeping the restric-
tive tolerance perpendicular to the vessel.

IV. DISCUSSION AND CONCLUSION

Different ways have been published recently to combine
intensity and landmark information in a joint registration
process even for landmarks with anisotropic uncertainties.
The contribution of this work is a consistent modeling as
an inequality constrained optimization problem guarantee-
ing that each reference landmark lies within an error ellip-
soid around the corresponding template landmark at the end
of the registration process. In contrast to [17] the anisotropi-
cally weighted landmark differences are not added as a penal-
izer to the registration functional, but as hard inequality con-
straints. In addition not an alternating optimization scheme,
but a direct optimization scheme has been implemented. The
presented algorithm is a generalization to the one published
by Papenberg et al. [14] with isotropic spherical landmark
tolerances.

Vessel segment landmarks with anisotropic localization
uncertainties are a promising alternative and/or extension to

vessel branching landmarks with isotropic localization uncer-
tainties. They offer an additional flexibility for the interactive
definition of landmarks on vessel trees allowing for an intu-
itive and efficient registration workflow. The first results on
an illustrative but realistic example are promising such that
the next step will be a thorough and quantitative investigation
on a significant number of clinical data sets from patients,
which underwent computer assisted liver surgery.
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Fig. 2: In the first column reference (grey) and template (red) vessels are shown. In the second row the error ellipsoids around template landmarks as well as
the position of reference landmarks is visualized. In addition the vessel center lines are shown. In the first row the original deformed vessels and landmark
positions are presented. Landmark 3 is displaced in the direction of the vessel. In the second row registration results using isotropic tolerances around the

landmarks and in the third row using anisotropic tolerances are visualized
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Abstract— Investigation of joint cartilage properties is of 
prime importance due to facilitation of its routine diagnostics 
and artificial tissue engineering. This experiment is based on 
our previous work in which we have developed new technique 
for dynamic testing of cartilage tissue biomechanical proper-
ties using blunt impact approach. Obtained data are con-
fronted with ICRS histological classification of examined knee 
cartilage samples.  

In the experiment we have tried to investigate the descrip-
tive parameters from the position of data-driven approaches 
such as decision tree based rule extraction. Certainly all results 
presented in this rather short paper will need further thorough 
theoretical evaluation, but we have already identified several 
new descriptive features and pioneered the use of decision tree 
approach for classification of cartilage samples in the future. 

Keywords— feature extraction, cartilage description parame-
ters, blunt impact testing, cartilage biomechanics 

I. INTRODUCTION  

Biomechanical properties of cartilages and other load-
bearing materials are of prime importance as they form the 
musculoskeletal system, which enables and executes the 
body mechanics. They are primarily important in the sci-
ence of implants and tissue engineering, as resemblance to 
the original tissue properties is required.  

Articular cartilage is a material composed of a solid ma-
trix and a fluid component [1, 7] which can be regarded - 
from the mechanical point of view - as so-called poroelastic 
material [5].  
Mechanical properties such as elasticity, strength and stiff-
ness, are often used to characterize the physical nature of 
native cartilages. As the nature of cartilage tissue implies 
that the mechanical parameters are highly strain-rate de-
pendent, suitable mechanical characterization is rather com-
plicated. 
Recently, the cartilage mechanical properties have been 
mostly evaluated by both static and dynamic tests. Different 
strain rate (the "velocity of deformation") is usually under-
stood as the principal difference between the static and 

dynamic measurement mode. In static testing the material's 
continuous adjustment to applied pressure is supposed, 
unlike in dynamic testing, when changes are too fast to 
adapt to. The level of the material's response is then differ-
ent when different strain rates are used and hence the ac-
quired results differ as well. For a large range of applied 
strain rates, a physiological basis could be found, but these 
tests will never cover the whole extent of physiologically 
possible loading of the joint cartilage.  

On the other hand, the so-called impact loading of joint 
cartilages is often a neglected feature of exceptional physio-
logical meaning. Within the impact loading mode, applied 
force continuously decreases along with the strain rate (e.g. 
impact, jump etc.). Such a process, lasting only a few milli-
seconds, is common for joints and, thus, obviously impor-
tant. Formerly published impact loading approaches [6, 2] 
faced several limitations, such as impossibility of energy 
dissipation evaluation and ultimate strength determination 
in the so-called drop-tower design. Though these deficits 
have been recently mostly overcome [3], innovation in data 
acquisition and processing is still up-to-date. 
Description of both the native and artificial cartilages by 
only simple characteristic value (e.g. Young's modulus) is, 
thus, definitely not satisfactory for adequate evaluation and 

Fig. 1 Scheme of impact testing setup 
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comparison of their biomechanical properties and may re-
sult in the development of unsuitable implants.  

 
Fig. 2 Examples of loading diagrams for corresponding samples of 

different quality. Medial (total ICRS = 14) and lateral (ICRS = 9) tibial 
condyle of single joint; medial (ICRS = 12) and lateral (ICRS = 18) 

femoral condyle of single joint. 
 

As a more suitable and comprehensive characterization of 
nonlinear material appears a stress-strain (loading) diagram. 
Information involved in such a diagram is rather complex 
and calls for description and analysis, essential for its fur-
ther practical employment.  

Diagram characterizing features of certain biomechanical 
meaning and medical relevance are thus in pursuit. In ex-
ploratory data analysis it is common to use methods such as 
creation of decision trees [10] to discover rules hidden in 
the data itself. The principles will be described in more 
detail in section IIIC. 

II. DATA USED IN THE EXPERIMENTS 

A. Methodology description for data obtaining 

The designed method of dynamic biomechanical properties 
testing employs a novel approach, based on the examination 
of the drop-weight-impact sample deformation. A pendu-
lum-like apparatus setup permits tracking of material re-
sponse to a single impact. Rapid increase of acting force 
should resemble physiological joint cartilage loading. Sam-
ple deformation is read simultaneously by a piezoelectric 
accelerometer and Laser Doppler Vibrometer (LDV). The 
signal acquired by both the detectors is then collected by a 
preamplifier and computationally processed.  
This measurement setup (see Fig. 1) permits effective ac-
quisition of data with a high information yield [4]. 

Double time integration of the signal provided by the accel-
erometer provides the value of actual sample deformation.  

 
Acting force as well as stresses can be evaluated simply by 
using Newton's force law.  
Relationship of acting force or stress vs. deformation can be 
expressed by so-called loading diagram (examples in Fig. 
2). As the cartilage material properties are nonlinear, to 
describe the slope of the curve tangent modulus is defined 
for any point of the curve. As the examined samples showed 
slightly uneven surfaces, prior loading of 1 N was consid-
ered. This normalization approach was applied in the data 
preprocessing phase, resembling physical pre-loading. It 
should partially resemble joint cartilage load at rest [9]. 

B. Data description 

Samples of knee cartilages obtained as leftovers from rou-
tine human total knee joint replacements were obtained 
from 14 patients at the clinic of orthopedics at 2nd Medical 

Table 1. ICRS Visual histological assessment scale and numbers of 
samples used in this experiment 

Cate-
gory Feature Score # sam-

ples 
I.   
 3 13 
 

Surface 
 Smooth/continuous 
 Discontinuities 0 35 

II.   
 3 27 
 2 21 
 1 n/a 
 

Matrix 
 Hyaline 
 Mixture: hyaline/fibrocartilage 
 Fibrocartilage 
 Fibrous tissue 

0 n/a 
III.   
 3 4 
 2 38 
 1 6 
 

Cell distribution 
 Columnar 
 Mixed/columnar-clusters 
 Clusters 
 Individual cell/disorganized 

0 n/a 
IV.   
 3 48 
 1 n/a 
 

Cell population viability 
 Predominantly viable 
 Partially viable 
 <10% viable 0 n/a 

V.   
 3 41 
 2 7 
 1 n/a 
 

Subchondral bone 
 Normal 
 Increased remodeling 
 Bone necrosis/granulation tissue 
 Detached / fracture / callus at base 

0 n/a 
VI.   
 3 40 
 

Cartilage mineralization 
 Normal 
 Abnormal/inappropriate location  0 8 
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School, Charles University in Prague. Sites of origin of the 
cartilages were lateral and medial condyle of femur and 
lateral and medial condyle of tibia. 

C. Data annotation 

All cartilage samples were annotated by expert histolo-
gist according to scoring system recommended by ICRS 
[12]. The scoring system scheme and quantity of data in 
each score group are shown in Table 1.  

Out of total 56 cartilage samples, eight samples had to be 
excluded from the final data set due to unclear/missing 
histology scores. Therefore 48 cartilage samples were used 
for the experiments. 

III. IDENTIFICATION OF IMPORTANT FEATURES 

A. Extracted features 

Extraction of features was motivated by two different 
goals. Firstly we wanted to find out features that would 
describe the curves precisely while keeping their general 
information value. Secondly we wanted to extract features 
with biomechanical meaning, such as dissipation energy, 
tangent modulus etc. and compare their performance with 
respect to the newly proposed curve-descriptive features.  

For computation (and interpretation) reasons most of the 
features were computed separately for upwards and down-
wards parts of the curve - see Tables 2 and 3. Features de-
scribing the whole loading/unloading process that were 
computed from the entire curve are shown in Table 4. 

Table 2 Extracted features from the upwards (loading) force-compression 
curves. Their statistical significance is mentioned in respect to ICRS score. 

A, S and X0 are parameters of non-centered non-normalized gaussian 
fitting: y(x) =A*exp(-((x-x0)^2)/(2*S^2))  

Name of the feature Normal 
dist. Significance

A_up_fromGaussFitting No p < 0.01 
S_up_fromGaussFitting No p < 0.01 
X0_up_fromGaussFitting No p < 0.01 
Length of upwards curve Yes p < 0.05 
Average slope upwards No - 
Abs. amplitude in 1st third of upwards curve No p < 0.01 
Abs. amplitude in 2nd third of upwards curve Yes p < 0.01 
Amplitude ratio of amplitude in 1st third of 
upwards curve to the whole upwards length No p < 0.05 

Amplitude ratio of amplitude in 2st third of 
upwards curve to the whole upwards length No - 

Area under the upwards curve No p < 0.05 
Area under the 1st third of upwards curve No p < 0.01 

Area under the 2nd third of upwards curve No p < 0.05 

Table 3 Extracted features from the downwards (unloading) force-
compression curves. Their statistical significance is mentioned in respect to 

ICRS score  
A, S and X0 are parameters of non-centered non-normalized gaussian 

fitting: y(x) =A*exp(-((x-x0)^2)/(2*S^2))  

Name of the feature Normal 
dist. Significance

A_down_fromGaussFitting No - 
S_down_fromGaussFitting No p < 0.01 
X0_down_fromGaussFitting Yes p < 0.05 
Length of downwards curve Yes p < 0.01 
Average slope downwards No p < 0.01 
Abs. amplitude in 1st third of downwards curve No p < 0.01 
Abs. amplitude in 2nd third of downwards curve No - 
Amplitude ratio of amplitude in 1st third of 
downwards curve to the whole downwards 
length 

No - 

Amplitude ratio of amplitude in 2nd third of 
upwards curve to the whole downwards length No p < 0.01 

Area under the downwards curve Yes p < 0.05 
Area under the 1st third of downwards curve No - 
Area under the 2nd third of downwards curve Yes p < 0.05 

Table 4 Extracted features based on whole force-compression loading 
curves. Their statistical significance is mentioned in respect to ICRS score  

Name of the feature Normal 
dist. Significance

Amplitude of curve maxima Yes p < 0.01 
Position of amplitude maxima Yes p < 0.05 
Position of max amplitude relative to max 
curve position/strain No p < 0.05 

Dissipated energy  No p < 0.05 
Tangent modulus at 1 MPa stress No p < 0.01 
Mean No p < 0.01 
Standard deviation No p < 0.01 
Skewness No - 
Curtosis No - 

B. Statistical evaluation of features  

All extracted features were tested on normality of their 
distribution regarding each one of the five available scores 
(score IV is even for all samples). It is necessary to keep in 
mind total numbers of samples in each class in Table 1 – the 
results of normality tests are informative but statistically not 
significant. Kruskal-Wallis test was performed on all fea-
tures. Significances in Tables 2, 3 and 4 represent the best 
significance of the feature obtained over all the five possible 
scoring subsets. Due to limited space it was not possible to 
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fit results for all features-scores pairs. The features extracted 
are not  necessarily significant for all histological scores, 
but it most of the features is significant for at least one 
score. 

C. Data driven creation of decision trees  

The basic principle of induction of decision trees such as 
the one used in this experiment - C4.5 implementation in 
the Weka [11] environment called J48 - is to count entropy 
of attributes, then to create node from attribute with the 
maximal entropy. In the final step the algorithm removes all 
branches that do not improve the accuracy of the tree. Fur-
ther reading can be found e.g. in [10, 11]. 

Example of the rules in decision tree about the final score 
of the sample can be seen in Table 5. 

Table 5 Sample of derived decision tree for classification into two classes 
for score VI. 

if A_up_GaussFitting  <= 52 
    if Area_under_the_1/3of_upwards_curve <= 48100 
        if    abs1_3rdFdo <= 6.1, 
            sampleClass = Normal (4.0) 
        else sampleClass = Abnormal (2.0) end 
    else sampleClass = Normal (31.0) end 
else 
    if Energy_Fup_ <= 1624129 
        if  gauss_up_S_ <= 319 
            sampleClass = Abnormal (5.0) 
        else sampleClass = Normal (3.0/1.0) end 
    else sampleClass = Normal (3.0); end 
end 

IV. CONCLUSIONS  

The main purpose of the experiment presented here was 
to try to find some interesting loading diagram features 
based mainly on the data itself. We have identified some 
very promising features, such as “Area under 1st third of 
upwards curve” which seems to be significant for all the 
scores examined. The most of the features usable (with 
statistical significance) for distinguishing between samples 
of different quality was found for score II – total 13 fea-
tures. For score I, V and VI there were only 2-3 features for 
each score, and for score III only one feature was identified 
as statistically significant. 

Using decision trees for uncovering rules that could help 
automatically classify samples according to histological 
scores using their biomechanical characteristics was suc-
cessfully tested – nevertheless larger data set is necessary 
for independent evaluation of the derived decision tree. 

For the future it will be necessary to follow this experi-
ment also with interpretation phase, when possible overlaps 
of features and their physiological meaning will be identi-
fied. 
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Abstract—The lamellar unit (LU) is the essential building 
block of lamellar bone at the micrometer scale. We propose a 
finite element model of the LU based on the well-accepted 
plywood structure. 1.2 GHz scanning acoustic microscopy 
(SAM) on femur sections provides realistic elastic stiffness 
parameters for the model. Numerical homogenization is used 
to derive the effective stiffness tensor at the LU scale and the 
result is validated by using 200 MHz SAM data from the same 
site. The quality of the homogenization procedure is assessed. 
Our results indicate that only an asymmetric twisted plywood 
structure of the LU can explain the experimentally observed 
tissue anisotropy at the LU scale. 

Keywords— Finite Element model, numerical homogenization, 
lamellar bone, scanning acoustic microscopy, ef-
fective stiffness tensor. 

I. INTRODUCTION  

Lamellar bone is heterogeneous and hierarchically struc-
tured tissue. The various hierarchies bridge length scales 
from the nanometer to the centimeter range (from the nano 
to the macro scale; from the molecular to the organ scale). 
Bone tissue is also dynamic through its ability to adapt to 
changing external mechanical influences and its mecha-
nisms for self-repair. 

The lamellar unit (LU), having a typical size of 7–10 μm 
in humans, constitutes the essential building block of lamel-
lar bone tissue at the micrometer scale. Each LU itself is a 
layered structure, made up of lamellar layers, and two types 
can be distinguished [1]. Firstly, successive laminar layers 
form a series of parallel planes and, secondly, successive 
laminar layers form a series of coaxial cylinders. The sec-
ond case is found in compact bone osteons, where the os-
teon is made up of a sequence of lamellar units, each again 
forming a coaxial cylinder. The first case is also frequent in 
biological systems and in particular can be regarded as a 
local view of the second case. We only consider the planar 
situation here. 

Each lamellar layer is composed of sheets (or arrays) of 
mineralised collagen fibrils. These sheets are parallel to the 
plane defining the lamellar layer and have a thickness of 

0.08–0.1 μm [2], corresponding to the diameter of the min-
eralized collagen fibrils. This implies that a LU is made up 
of 70–100 sheets of mineralized collagen fibrils in human 
bone tissue on average. 

Within each sheet the fibrils are all oriented in the same 
direction and this direction changes between successive 
lamellar layers only by the corresponding twist angle. This 
gives the LU a plywood structure. The twist angles have 
typically all the same sign [3]. The thickness of the LU 
corresponds to a change of orientation of the fibrils by 180˚. 

Currently there coexists a variety of models for the LU 
which are all based on the plywood structure described 
above. [1, 4] describe orthogonal plywood, where the twist 
angle between adjacent lamellar layers is 90˚ and a LU has 
thus two lamellar layers, and twisted plywood, where the 
orientation of the fibrils from layer to layer changes by a 
constant angle. In these studies no indication of the thick-
ness of the individual lamellar layers is given. [3] favour the 
view of the twisted (or rotated) plywood structure for the 
LU. They measure in sections of rat tibia typical twist an-
gles of 30˚ and 70˚ and give a simple model of the LU with 
five lamellar layers of differing thickness and a twist angle 
of 30˚ between adjacent layers within one LU. This implies 
a twist of 60˚ between the last layer of a unit and the first 
layer of the following unit. Finally, [5], see also [6, p. 325], 
argues that there exist two stable ways in which two sheets 
of mineralised collagen fibrils can be positioned next two 
each other: (i) such that fibrils in both sheets are oriented in 
the same direction, i.e. as is assumed within one lamellar 
layer, and (ii) such that there is a fixed and non-zero angle 
between the fibrils of both sheets, i.e. as is assumed for the 
two sheets connecting one lamellar layer with the next. 

Scanning acoustic microscopy (SAM) is employed to de-
rive (selected) elastic coefficients of bone tissue, e.g. [7, 8]. 
The spatial resolution of SAM can be increased by increas-
ing the frequency of the emitted acoustic waves. Using a 
frequency of 50–200 MHz, giving a spatial resolution of 
23–8 μm, it is possible to obtain the elastic coefficient at the 
tissue scale, i.e. an effective elasticity. The elasticity at the 
lamellar scale can be derived using SAM with 1.2 GHz 
giving a resolution of about 1 μm. The latter measurements 
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thus resolve lamellar layers having 10 or more sheets of 
collagen fibrils. Both measurements can be made at the 
same site of a section of a, say, compact bone osteon. The 
objective of this study is to relate both measurements 
through a model of the lamellar unit. More precisely, we 
will use elastic coefficients derived from SAM measure-
ments in the GHz range in a linear elastic model of the LU 
with different plywood structures. From this elastic and 
structural information we compute (numerically) effective 
elastic coefficients for the LU via a homogenisation proce-
dure. These are then compared to the coefficients as ob-
tained from 200MHz SAM, i.e. at the tissue scale. This will 
allow for insight into the resulting elastic behaviour of dif-
ferent plywood models of the LU. The incorporation of 
SAM data into a model of the LU is a novelty of our ap-
proach. The computation of the effective elastic coefficients 
of the LU employs numerical homogenisation techniques; 
we make use of the finite element (FE) software Comsol to 
perform these computations. 

II. MATERIALS AND METHODS 

A. The model of the LU and numerical homogenisation 

We consider an orthogonal coordinate system in with co-
ordinates (x,y,z). A lamellar unit of thickness Lx occupies a 
brick-shaped domain of size Lx x Ly x Lz, aligned with the 
coordinate directions, and is thought to be a layered struc-
ture made up of n lamellar layers, i, i=1,2,…,n. The indi-
vidual layers extend along x-axis and are described geomet-
rically and mechanically below. 

Each lamellar layer i is geometrically characterised by 
its layer thickness li, i.e. its extend in the x-direction; the 
extend in the y- and the z-direction is Ly and Lz, respec-
tively, and is the same for all layers. This geometric simpli-
fication of the real situation is appropriate since we are 
interested in effective elastic stiffness values over a small 
region of bone tissue, where parallel and “flat” layers are 
typical. 

Mechanically, the lamellar layer i is characterised by its 
stiffness tensor C(i). We assume that i is mechanically 
homogeneous and consequently that C(i) is constant and 
represents the effective stiffness of the layer. Each layer is 
composed of sheets of aligned mineralised collagen fibrils. 
The fibrils within a layer are arranged such that their long 
axis are all in parallel to the y-z-plane and within that plane 
have an angle i, the layer orientation angle, with the z-axis. 
The twist angles are then defined as i,i+1:= i+1– i, 
i=1,2,…,n–1. The only structural difference from layer to 
layer in our model is a change in the layer orientation angle. 
Therefore the mechanical properties of all LU layers are 

identical and we account for the change in orientation by 
appropriately rotating a basic stiffness tensor C, i.e. 
C(i)=C( i). Here C is the stiffness tensor corresponding to a 
layer orientation of 0˚. C( ) is then obtained from C by 
rotating the coordinate system backwards around the x-axis 
through an angle ; see [9]. We assume that C represents a 
transverse isotropic material, with the x-y-plane as plane of 
symmetry, and is consequently described by the 5 stiffness 
parameters c11, c12,c13, c33, c44 (Voigt notation). These are 
derived from dedicated SAM measurements, see below. 

The effective elastic stiffness tensor describes the me-
chanical/elastic response of a body on scales larger than the 
scale of its microstructure. It is derived taking representa-
tive properties of the body’s microstructure into account by 
considering a representative volume element (RVE) whose 
scale is sufficiently large compared to the microscale fea-
tures and small compared to the scale of the body. Applied 
to the case of a LU that means that we want to derive a 
stiffness tensor Ceff, which is based on the parameters of our 
LU model, and which can be used as a homogeneous stiff-
ness tensor, i.e. independent of the layered structure of the 
LU itself, at the scale of the LU and larger. 

For a given set of parameters of the LU model, Ceff is 
computed using numerical homogenisation. We follow the 
computational micromechanics approach discussed, for 
example, in [10]. Here one solves six instances of the elas-
ticity equations, each with a different (independent) set of 
boundary conditions (BCs). From the appropriately aver-
aged resulting stress and strain distributions and the postu-
lated stress-strain relationship of the homogenised material 
follows an estimate of the tensor Ceff. To yield more reliable 
results, we derive Ceff from an N-fold copy (along the x-
direction) of the LU. Also, we apply pure linear displace-
ment as well as pure traction BCs to obtain estimates of Ceff. 
If those estimates are close then we can assume that a suit-
able, i.e. independent of the applied boundary conditions, 
effective stiffness tensor has been found. Other parameters 
of the homogenization scheme, which we carefully adjust, 
are the lengths Ly of the LU (Lz is always taken equal to Ly) 
and the maximum element size hmax in the FE mesh. 

B. Derivation of stiffness tensors from SAM data 

The result of SAM measurements of cortical bone cross-
sections are 2D impedance maps Z (Mrayl) as shown for 
two different frequencies in Fig. 1. These relate to the stiff-
ness coefficient c in the direction perpendicular to the cross-
section, see [11], through an empirical formula c=c(Z). 
1.2GHz SAM resolves the lamellar structure of the osteon, 
see the scan line in Fig. 2, and the converted maximum and 
minimum values are used as c33-and c11-value, respectively, 
of the basic stiffness tensor C. This can be understood from 
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observing that the largest (smallest) stiffness is observed 
when the collagen fibrils are aligned with (perpendicular to) 
the z-axis. The remaining coefficients for C are then derived 
following [11] and taking transversely isotropic material 
constraints into account. A similar approach can be fol-
lowed to obtain a stiffness tensor at the tissue scale from 
200MHz SAM data. Note however, that the SAM data here 
provides only the c33-coeffcicient of the transversely iso-
tropic material and an additional structural assumption must 
be used. 

  
Fig. 1 Impedance field (Mrayl) of the same human cortical bone section 

measured with 1.2 GHz (left) and 200 MHz (right) SAM. 

 
Fig. 2 Scan lines, as marked in Fig.1, for three different SAM frequencies. 

III. RESULTS 

Using the 1.2 GHz and 200 MHz SAM data depicted in 
Fig. 1 and the method outlined above, we arrive at the basic 
transverse isotropic stiffness tensor C for the lamellar layer 
(with orientation angle 0˚) and the (experimental) osteonal 
(tissue level) transverse isotropic stiffness tensors Cexp, both 
given in Table 1, respectively. Together with the basic stiff-
ness tensor C we consider LU models with twist angle and 
layer thickness parameters as given in Table 2. 

Table 1 Stiffness parameters (GPa) for transverse isotropic materials. 

stiffness tensor c11 c12 c13 c33 c44 
C  fibril,   1.2 GHz SAM 15.6 5.17 8.85 33.9 3.37 
Cexp tissue, 200 MHz SAM 21.6 9.8 10.3 29.5 4.6 

Table 2 Parameter for LU models. All four models have constant twist 
angles and the same total thickness. 

plywood type twist angles (˚) layer thickness (μm) 
orthogonal (n=2) O2 90 (3.6, 3.6) 
orthogonal (n=6) O6 30 (2.8, 0.4, 0.4, 2.8, 0.4, 0.4)
regular twisted Tr 30 (1.2, 1.2, 1.2, 1.2, 1.2, 1.2)
asymmetric twisted Ta 30 (3.0, 1.2, 0.4, 1.0, 0.4, 1.2)

 
We first present in Fig. 3 selected results which guide us 

in our choice of the parameters N, hmax, and Ly for the ho-
mogenization method. In those plots, we use the following 
scaled difference between two stiffness tensors (in GPa) 

21

21

6,...,1,

21

,max1
max

ijij

ijij

ji CC

CC
CC  .               (1) 

From these results we deduce, as is discussed in more detail 
below, that a suitable set of homogenization parameters is 
N=5, Ly=Lz=20μm, and hmax=0.75μm. These are used in the 
remainder of this work. 

    

     
 Fig. 3 The LU models are O2 (left) and Tr (right). Top row: plots of the 
scaled difference between Ceff obtained with pure traction BCs and with 

pure linear displacement BCs for various combinations of Ly and N. Bot-
tom row: plots demonstrating the second order convergence of Ceff(hmax) as 
hmax becomes small (each line corresponds to a combination of Ly and N; 

h0=0.5 or 0.75; gray lines are order-2 slopes). 

We now consider the four different geometrical configu-
rations of the LU model, see Table 2. The four resulting 
effective stiffness tensors Ceff are not exactly transversely 
isotropic but very close. Consequently, we plot in Fig. 4 
those elements of them which define a transversely isotropic 
material, cf. Table 1. The graphs show how these entries 
vary when the orientation of the effective material is rotated 
around the x-axis and make the tissue anisotropy at the LU 
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scale visible. For comparison we include the osteonal, tissue 
level parameter c33, taken from Table 2, in the plots. The 
plot corresponding to LU model O6 is very similar to that of 
O2 and the plot for model Tr does not show any dependency 
on the x-axis rotation (plots not shown). 

  
Fig. 4 Effective elastic coefficients at the LU scale obtained from the 

models O2 (left) and Ta (right). The tissue anisotropy is visualised rotating 
the stiffness tensor around the x-axis. The experimental tissue level (osteo-

nal) c33, also rotated, is plotted for comparison. 

IV. DISCUSSION 

We first discuss properties of the homogenisation 
scheme. We observe (not shown here) that the scaled differ-
ence between the effective stiffness tensors for the two 
different BCs and for fixed parameters N and Ly=Lz does 
not significantly depend on the FE mesh parameter hmax. 
From Fig. 3 (top row) we see that N and Ly=Lz have a 
strong influence on that quantity. N=1 is clearly insufficient 
but for N>1 we obtain highly predictable results. Increasing 
Ly leads to a stronger decrease of the difference than in-
creasing N. This leads to employing N=5 and Ly=Lz=20μm 
in the computations for Fig. 4 . That choice yields a scaled 
difference of below 6%. The results in Fig. 3 (bottom row) 
indicate that our homogenisation scheme becomes second 
order convergent for hmax smaller than two times the small-
est LU layer width. Accordingly we use hmax=0.75μm. 

The tissue level stiffness tensor Cexp obtained from the 
200MHz SAM measurement, see Table 2, has a tissue ani-
sotropy ratio c33/c11 1.37, see also the dashed lines in Fig. 4 
which correspond to the tissue level c33-value for 0˚ and the 
tissue level c22=c11-value for 90˚. All four geometric models 
result in a Ceff having a tissue anisotropy ratio slightly above 
this value. However, by looking at the c33-values of the 
rotated tensors Ceff( ), see Fig. 4, and comparing with the 
corresponding curve of Cexp( ), we see clear differences. 
Model Tr shows no dependency on  at all and models O2 
and O6 lead to a minimum at 45˚ which is not present with 
Cexp( ). Only the asymmetric twisted plywood model Ta is 
in good qualitative agreement with the experimental values. 

Our experiments indicate no substantial differences be-
tween the orthogonal models O2 and O6. Consequently we 
may assume that the orthogonal plywood O2 with 45˚twist 

angle can be understood as a plywood with 30˚ twist angles 
and 4 thin transition layers, i.e. model O6. However further 
tests are required to strengthen that hypothesis. 

V. CONCLUSIONS 

We have presented a theoretical model of the LU capable 
of linking experimentally derived stiffness tensors at the 
sub-lamellar and the tissue scale. Stiffness tensors at both 
scales have been derived from dedicated SAM measure-
ments. The LU model with an asymmetric twisted plywood 
structure gave good agreement between theoretically de-
rived and experimentally measured tissue scale elastic prop-
erties. This was not the case for the other LU model struc-
tures (orthogonal plywoods and regular twisted plywood). A 
set of suitable parameters for the numerical homogenisation 
scheme has been derived. We currently investigate the use 
of nanoindentation data, as an alternative to SAM data, for 
obtaining the elastic parameters for our proposed LU model. 
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Abstract— Magnetic Induction Tomography (MIT) is a non-

contact method for imaging the passive electrical properties of 
objects. An array of excitation coils are employed to induce 
eddy currents within objects placed within the MIT system 
and an array of detector coils are then used to detect the re-
sulting perturbation of the primary magnetic fields produced 
by the eddy currents. Measurement of both the detected signal 
magnitude and phase must be made. 

Direct digitization of the detected signal using PXI-based in-
strumentation and the use of a FFT-based signal measurement 
algorithm has been employed in recently developed MIT sys-
tems. One of the major limitations of employing the PXI sys-
tem configuration is the speed of the measurement, which is 
limited by the data transferred rate between the PXI and the 
PC and the time needed for digital signal processing of ac-
quired data on the PC workstation. Both processes lengthen 
the overall measurements time of the Cardiff Mk2 MIT system 
for instance to up to 75ms for a signal acquisition length of 
8.5ms at the acquisition rate of 60MS/s. 
 
This paper proposes a MIT signal measurement module based 
on a dual-core fixed point DSP processor (Analog Devices 
Blackfin BF 561) to overcome some of the above speed limita-
tions. The design concept is described and the results of pre-
liminary measurements of performance are given.  
 
Keywords— Magnetic Induction Tomography, Digital signal 
processing, Phase measurement, Blackfin processor 

I. INTRODUCTION  

Magnetic Induction Tomography (MIT) is a non-contact 
method  for imaging the passive electrical properties of 
objects [1]. An array of excitation coils are employed to 
induce eddy currents within objects placed within the MIT 
system. An array of detector coils is then used to detect the 
resulting perturbation of the primary magnetic fields pro-
duced by the eddy currents. The component of the detected 
signals due to the conductivity distribution of the object will 
be approximately in-quadrature to the signal component due 
to the applied primary magnetic fields. Measurement of 
both the detected signal magnitude and phase must therefore 
be made. 

Direct digitization of the detected signal and the use of a 
FFT-based signal measurement algorithm have been de-

scribed recently by two groups [2] and [3]. FFT provides an 
efficient phase-sensitive signal measurement technique, in 
particular if simultaneous multi-frequency excitation is 
employed for spectroscopy and/or channel frequency encod-
ing [2]. Both of these systems adopt a similar approach to 
signal measurement, but specifically for the system de-
scribed in [3] the procedure employed is: 

 
 One of the excitation channels is activated using a sin-

gle or multi-tone signal 
 All the detected signals, along with a reference signal, 

are then simultaneously sampled by a high-speed, 
multi-channel digitizer (a National Instruments PXI-
5105 device in this case). 

 The amplitudes of the detected signals and their phase 
relative to the reference signal, at the frequencies of in-
terest are then calculated by applying an FFT to all of 
the signals. 

 The results are stored and the procedure repeated for all 
the excitation channels 

 
The signals generator and the digitizers are phase locked 

to a common clock source and the excitation or sampling 
frequencies are selected to ensure the frequencies of the 
detected signals fall exactly on the FFT bins centers. The 
system described in [2] differs in that it employs current-
source excitation amplifiers and channel frequency encod-
ing which allows all of the excitation channels to be acti-
vated and measured simultaneously, significantly decreas-
ing the acquisition time of the system.  

The use of PXI-based instruments for signal digitization 
and signal processing on a PC, employed by both of the 
systems mentioned above, is very convenient and reduces 
the time and effort required for development of the meas-
urement system. Two significant ‘bottle-necks’ are intro-
duced by this implementation however. Firstly, although all 
of the signals are sampled simultaneously, all of the ac-
quired data has to be transferred sequentially from the digi-
tizer to the PC via a MXI-express interface. Secondly, the 
data must then be processed on the PC, with the number of 
FFT operations which may be applied simultaneously lim-
ited by the number of processors available. 

For a 14-channel version of the system described in [3], 
with each detector channel acquiring data of length 8.5ms at 
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60MS/s, the overall data transfer rate between the digitizers 
and the PC is 400ms, while the calculation of the amplitude 
and phase of the signals by FFT on a dual processor (Intel 
Core Duo) workstation took 800ms (both figures for 14 
detector channels). Data transfer and signal processing can 
thus be seen to require a large computational overhead 
which restricts the frame rates achievable from these sys-
tems. 

It may be possible to reduce or eliminate these restric-
tions by (i) adopting higher bandwidth interfaces when they 
become available and (ii) carrying out FFT in parallel using 
workstations with multiple processors or in graphical proc-
essor units [4]. Significant improvements in FFT calculation 
rates are possible by these methods, although the efficiency 
typically does not increase in a simple linear manner with 
increasing number of parallel processes.  

A different approach to achieving a fast and efficient 
FFT-based signal measurement system for MIT is proposed 
in this paper. We are currently developing a MIT signal 
measurement module based on a dual-core, fixed point DSP 
device (Analog Devices Blackfin BF-561 processor). The 
module will be relatively inexpensive which should enable 
one module to be dedicated per detection channel of a MIT 
system, allowing fully parallel simultaneous digitization and 
signal processing on each channel. Details of the proposed 
module design and preliminary test results follow. 

II. METHODOLOGY 

A. Design and development of the MIT DSP signal 
measurement module 

The MIT signal measurement module is designed to per-
form dual-channel simultaneous signal measurement which 
can be combined with other such modules to form a parallel 
multi-channel MIT signal measurement system. The module 
will employ a dual-channel ADC (Analog Devices 
AD9640) and a dual core DSP processor (Analog Device 
BF561). 

  The module is being developed and implemented on the 
Bluetechix CM-BF561 board which consists of a dual core 
Analog Devices BF-561 (600MHz), with 64Mbyte on board 
SDRAM memory and 8Mbytes flash memory. Each Black-
fin core contains two 16-bit multiplier/accumulators 
(MACs), two 40-bit ALUs and 32 bit address register, and 
is rated to perform 1200 Millions of Multiply-Accumulates 
per Second.  

Referring to figure 1, the Blackfin BF-561 processor has 
two 16-bit Parallel Peripheral Interface (PPI) with a data 
transfer throughput up to a maximum of 65MHz, half the 
rate of 133 MHz SDRAM clock frequency. The PPI inter-

faces on the BF-561 provide fast parallel connection to the 
parallel output of two internal ADC’s within the Analog 
devices AD9640 ADC (14bit, 80MSps). A Serial Peripheral 
Interface (SPI) on the CM-BF561 board is used to configure 
and to control the function within the AD9640 ADC device. 
The board also has built-in UART port for cross platform 
communication with the PC. 

 
 

 
Fig. 1 Proposed dual channel phase measurement DSP module for the 

MIT system 
 

 
It is proposed that the device will perform the following 
functions: 

 
 Acquire and store data of lengths up to 1Msample in 

length in the on-board RAM, on both channels simulta-
neously, at a rate of >30Msamples/s  

 The stored data will then undergo FFT and the ampli-
tudes and phase of the signals, of one channel relative 
to the other, at selected frequency indices will be com-
puted 

 The results will then be passed to the host PC via the 
UART on the CM-BF561 board 

 
The module will be controlled and configured by the host 

PC via the UART. 
The CM-BF561 board will use the Bluetechnix Black-

sheep VDK real-time operating system. The Blacksheep 
VisualDsp++ kernel (VDK) is a modified version of multi-
threaded framework based on the real-time VDK kernel 
included within Analog Devices Visual DSP++ develop-
ment environment. The DSP modules devices control soft-
ware and the signal measurement algorithms will be devel-
oped in the Visual DSP++ development environment.  

The DSP module will be tested using 16-bit fixed point 
operation. This should be sufficient since the AD9640 ADC 
employed is a 14-bit device. The (1.15) data format should 
be adequate for the measurement precision requirements of 
the Cardiff Mk2 system (~1m ) [3] since an extended preci-
sion of up to 32-bit fixed point can be achieved simply by 
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averaging the FFT results, either in the DSP module, or in 
the host PC. 

 
B. Multi-channel operation of the MIT DSP signal 
measurement module 

Fig. 2 shows the proposed implementation of the modules 
within a multi-channel MIT system. The MIT system is 
comprised of:  (i) excitation signal sources (SIG1-SIG16), 
(ii) an array of excitation coils (TX1-TX16), (iii) reference 
signals (REF1-REF16) derived from reference coils or other 
means (iv) detection coils (RX1-RX16), (v) the DSP signal 
measurement modules and (vi) a host PC for system control, 
data storage and image reconstruction. The proposed MIT 
system in which the modules will be employed will have 16 
of the DSP modules giving 32 data acquisition channels in 
total. Each of the 16 detection coils will be attached to one 
channel of the DSP modules. The reference signals will be 
combined into a single reference signal, using a passive 
power combiner, and then distributed to the second channel 
of each of the DSP modules. The signal sources and all DSP 
modules will share a common clock. 
 

SIG 16
14-bit Dual

DSP module
in parallel 

SIG 1 TX 1

A. Excitation Coil (TX1-TX16)

Ext clk

common clock

Ref 1

C. detection Coil 
(RX1-RX16)

B. reference Coil 
(Ref1-Ref16)

RX 1

ADC 2ADC1

DSP module 1

DSP 
CORE 1

DSP 
CORE 2

ADC 2ADC1

DSP module 16

DSP 
CORE 1

DSP 
CORE 2

Ext clkExt clk

RX 16

ADC clock
ADC clock

 
Fig. 2  Multi-channel configuration of the MIT DSP signal measure-

ment modules 
 

The modules, since they each have two channels, can in 
principle be configured in an alternative way such that just 8 
modules can be used to measure 15 detector channels and  
one reference channel, with the phase relationship between 
each module defined by the common clock supplied and a 
single common synchronization signal. For simultaneous 
measurement, highly stable channel phase skews between 
all measurements channels can be difficult to achieve and 
highly stable backplane clock signal distribution will be 

required. This may be more difficult to achieve than the first 
configuration described in which a single analogue refer-
ence is distributed to each board. Both of these proposed 
multi-channel configurations will undergo evaluation. 
 
  
C. Preliminary study on the speed of phase measurement 
related algorithm 

 
The preliminary study compared multiplication and FFT 

calculations on  
 

(i)   An Intel Core 2 Duo E6750 2.66Ghz workstation  
 
(ii)   A dual core BF561 600Mhz Blackfin DSP proces-

sor.  
 
For the tests on the workstation, the multiplication test in-
volved the timing of the scalar multiplication of two vectors 
of length 2^19 each of 16-bit precision. The FFT test in-
volved the real to complex FFT of a vector of length 2^19  
16-bit precision. In both cases the computation and timing 
was carried out using Matlab, with Matlab FFT function 
employed. Only one core of the processor was employed. 

For the tests on the DSP module the same calculations 
were performed but the FFT was carried out on a vector of 
length 2^12 samples and this was repeated 512 times. FFT 
could not be carried out on the data of length 2^19 due to 
memory restrictions within the DSP device and an approxi-
mation, assuming a linear relationship between data length 
and FFT time, was achieved by repeating the FFT operation 
on the smaller vector. 

III. RESULTS 

Table 1 shows the results of the preliminary test meas-
urements. It can be seen that for multiplication (row 2) and 
FFT (row 3) the workstation was 7.8 and 3.7 times faster 
than the DSP module respectively.  

If however the total computation times for 16 detector 
channels in a MIT system are considered, the values for the 
workstation will increase linearly since the operations are 
performed sequentially while the values will remain fixed 
for the DSP module since operating fully in parallel. The 
MIT systems employing DSP modules should thus be over 
4 times faster than the single processor workstation. This 
figure does not include data transfer times which would be 
expected to be significantly greater for an MIT system em-
ploying a PXI-workstation interface. 

 

IFMBE Proceedings Vol. 25

2252 H.C. Wee et al.



Table 1 Calculation time of phase measurement related algorithm for 
the MIT system using a floating point and fixed point processor  

 
 Intel core 2 Duo 

E6750 2.66Ghz 
(32 bit Floating point 
calculation)  

Dual core BF561 
600Mhz Blackfin (16-
bit Fixed point calcu-
lation) 

Multiplication (Single 
measurement) 

2.26ms 17.5 ms 

Real to complex FFT  
(Single measurement ) 

35ms 128 ms 

Multiplication 
(16 measurements per 

frame) 

36.16ms 17.5 ms 

Real to complex FFT 
(16 measurements per 

frame) 

560ms 128 ms 

 

IV. DISCUSSION AND CONCLUSIONS 

The potential advantage of the use of parallel DSP signal 
measurement modules is demonstrated in table 1. The paral-
lel architecture of the DSP-MIT module does not suffer 
from the same bottle-necks found in recently developed 
MIT systems employing PXI digitizers and workstations for 
FFT-based signal processing where the computation time 
increased linearly with increasing number of measurements. 
In a 16-channel detector system the DSP module provided 
computation times over 4 times lower than for the 
PXI/workstation. 

The speed of the signal measurement algorithm in a sin-
gle DSP module is at present lower than that achievable in a 
dual-core workstation using Matlab and this is partly due to 
the higher clock speed and memory interface speed avail-
able on the workstation CPU’s, and potentially also due to 
the optimization of the Matlab functions for these CPU’s. 
Improved speeds however are expected from the DSP mod-
ule since no optimization of the FFT algorithm employed 
has as yet been attempted. Algorithms other than FFT, such 

as Geortzel’s algorithm, may provide a ‘better fit’ to the 
DSP module architecture and will be investigated. 

The costs of the BF-561 and AD9640 devices are USD36 
and USD38 (April 2009) respectively. It is expected that the 
total cost of components and fabrication of these modules 
should thus be less than USD200. The power consumption 
of the BF-561 and AD9640 devices are estimated to be 1W 
and 452mW watts respectively and the DSP modules should 
therefore have very modest power requirements.  

The DSP signal measurement modules described here 
should therefore provide a flexible and very cost-effective 
implementation for multi-channel MIT systems, and for 
other applications requiring multi-channel, multi-frequency 
amplitude and phase measurement. 
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Abstract—Segments of EEG recorded during sleep and an-
esthesia are classified by evolutionary optimized populations of 
neural networks, adapted fuzzy rules and support vector ma-
chines.  Most of the features extracted from the frontal EEG 
contribute to the separation of the different stages of both 
sleep and anesthesia. Neurophysiological research supports the 
idea to regard sleep and anaesthesia classification from a 
common point of view.   According to the unbalanced number 
of stage specific EEG segments the concordance between ex-
pert scoring and automatically generated classification had to 
be evaluated by a set of criteria. The training of the networks 
and the adaptation of the fuzzy rules was controlled by multi 
criteria optimization. The results presented by confusion ma-
trices let us conclude that the optimized populations of neural 
networks are more robust to the inter-individual differences 
than the adapted fuzzy rules. But on the other hand the fuzzy 
rules can be compared with the rules used by the expert in a 
more direct way and they can serve the improvement of visual 
scoring too. Approaches of support vector machines showed 
the highest efficiencies in the non-linear separation of two 
classes. The results are used to implement the classifiers in 
embedded systems which perform an efficient sleep diagnosis 
and support the anesthesiologist in controlling the drug ad-
ministration.       

Keywords—Sleep, Anesthesia, Classification, Multi Criteria 
Optimization, Soft Computing. 

I.   INTRODUCTION 

Sleep and Anesthesia change the state of the whole brain 
and can be regarded from the common point of view if we 
are interested in estimating the actual stages. Our aim con-
sists of determining these stages in an automatic way by 
embedded systems actually developed in our research 
group. Despite the progress being made in the last decade 
the meaning of the sleep remains unclear and knowledge 
about the molecular mechanisms of anesthesia is far from 
complete. Using the one channel frontal site the EEG during 
sleep and anesthesia shows a lot of common features. To 
classify different stages we extracted these and further spe-
cific features. Now there are evidences that sleep and anes-
thesia are controlled and influenced by common neural 
structures [1]. There are hints that some neuromodulators 
which regulates sleep and anaesthetic states are identical 

[2]. Therefore it was not surprising that a subset of features 
extracted from the EEG times series in time and frequency 
range contributes to the separation of the sleep and anes-
thetic stages. The comparison of a typical sleep profile 
(hypnogram) with the graph of EEG stages induced by 
anesthetic drugs (narcogram) offers differences and simi-
larities too. The sleep profile shows free running periods of 
deep and paradoxical or REM-sleep with durations of 90 till 
120 minutes. The narcogram only demonstrates short induc-
tion and relatively long awakening from anesthesia because 
the anesthesiologist controls the whole procedure. The un-
balanced distribution of the stages can be recognized in both 
cases. The frontal EEG shows more transients during sleep 
compared to anesthesia on the micro and the macro level.    

II.   METHODS 

According to the classical sleep scoring procedure the 
stages between S1, S2, S3, S4 and REM are distinguished. 
The preferred resolution of anesthetic stages is represented 
by the four stages A1, A2, A3 and A4. Additionally the 
different wake stages before and after sleep and anesthesia 
had to be recognized. The depths of sleep Sx and anesthesia 
Ax are indicated by the label number x. The classification 
problems were automatically solved by neural networks, 
fuzzy rules, evolutionary algorithms and support vector 
machines. The results should be compared and evaluated. 
Our research group collected EEG data of sleep and anes-
thesia manually evaluated by rules which represent the 
essence of the actual knowledge. The scorers had to take 
into account the extreme inter individual differences. Our 
approaches of soft computing were applied to train nonlin-
ear classifier by 30s sleep and 10s anesthetic segments. The 
developed procedures should be robust enough to tackle the 
differences in the feature space. According to the very dif-
ferent number of state specific EEG records during sleep 
and anesthesia multiple criteria were introduced to evaluate 
the coincidence between manually scored and automatically 
generated states. In a first approach fife criteria were 
weighted and accumulated to control the training proce-
dures applied to topologies of neural networks. The training 
and the topological optimization of the feed forward  
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topologies were carried out in three hierarchies. At the basis 
layer the weights of the neuron connections were calculated 
by error back propagation. In the second layer the number 
of hidden units and further parameter of the first layer were 
optimized by the simulated evolution. Genetic algorithms 
search for the optimal feature set presented to the input units 
in the third layer. In the structure of the “if than” fuzzy rules 
the linguistic variables are disjunctive connected and for the 
assignment of one stage one rules is adapted and carried out 
at least [7]. 

III.   RESULTS 

The results presented in table 1 and 2 were received by 
populations of neural networks where each network was 
adapted to a single subject or patient. 

Table 1 Confusion matrix with the medians which has been received by an 
ensemble of 12 neural networks (PN) compared to the manually experts 
scoring (SC) [6]. Each network uses a variable subset of features selected 
by genetic algorithms. The EEG frequency range which served as the 
primary basis of feature extraction was restricted to 64 Hz. A set of 27 
records (nights) served a validation data base 

Sleep EEG Wake(PN) S1(PN) S2(PN) S3/S4(PN) REM(PN) 
Wake (SC) 85.3 9.2 0.9 0.0 3.0 

S1 (SC) 29.9 18.9 26.0 0.7 10.9 
S2(SC) 2.6 2.3 73.8 13.2 1.0 

S3/S4(SC) 0.8 0.0 7.7 87.8 0.0 
REM(SC) 1.4 10.0 6.1 0.0 85.3 

Table 2 Confusion matrix with the medians which has been received by an 
ensemble of 12 neural networks (PN) selected from pool of 55 networks 
compared to the manually experts scoring (SC). Each network use a vari-
able subset of approximately 20 features selected from a set of 62 features 
by genetic algorithms. The EEG frequency range which served as the 
primary basis of feature extraction was restricted to 64 Hz. A set of 19 
training records and a validation data base consisting of 22 records (22 
patients) was included 

Anesthesia 
EEG 

Wake (PN) A1(PN) A2(PN) A3(PN) 

Wake (SC) 85.2 12.5 0.0 0.0 
A1(SC) 6.9 69.6 3.2 0.0 
A2(SC) 0.0 3.5 80.2 10.7 
A3(SC) 0.0 0.5 21.3 66.5 

 
The stage A4 - the so called burst suppression mode – 

was automatically separated from the rest with more than 
90% accordance by optimally selected set of 8 trained neu-
ral networks. The training and the validation based on 41 
patients. To employ the potency of different criteria in a 
separate way three multi criteria procedures NSGA2 [3], 

SPEA2 and IBEA [4,5] were used to adapt fuzzy rules. 
These algorithms can be summarized by the term multi 
objective evolutionary algorithms (MOEA). The results are 
presented in table 3. The classifiers could be implemented 
on different microcontroller platforms. In a first attempt we 
developed the one channel sleep analyzer QUISI. Later the 
classifier trained to distinguish anesthetic states used a PDA 
platform with a wireless data transmission. Now member of 
the MSP 430 microcontroller family process the data. 

Table 3 Confusion matrix with the medians which has been received by an 
ensemble of 9 different sets of fuzzy rules (FR) compared to the manually 
experts scoring (SC). The training data base contains records from 9 differ-
ent patients and the validation data base records from 10 other patients 

Anesthesia 
EEG 

Wake(FR) A1(FR) A2(FR) A3(FR) A4(FR) 

Wake (SC) 64.9 23.4 0.9 1.8 9.0 
A1 (SC) 20.2 46.4 15.3 8.9 9.3 
A2(SC) 0.1 9.6 49.4 39.6 1.4 
A3(SC) 0.0 4.7 28.1 65.3 1.9 
A4(SC) 0.6 13.9 15.1 29.9 40.6 
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After total hip replacement impingement of implant 
components may occur during every-day patient activities 
causing increased shear stresses at the acetabular implant-
bone interface. In the literature impingement related lever-out 
moments are noted for a number of acetabular components. In 
the current study the three-dimensional strain distribution was 
measured at the hemispherical macro-structured interface of a 
standard acetabular press-fit cup in an experimental model 
assuming 100 % osseointegration. A special testing device was 
developed to simulate impingement loading via a lever arm 
representing the femoral component. 12 strain gauges were 
fixed at defined positions to the acetabular implant interface. 
The compound of the implant and the strain gauges was then 
molded into the acetabular tray using polyurethane resin. By 
incremental rotation of the acetabular tray in steps of 10 
degrees the strain in three orthogonal coordinate orientations 
was measured at each of 144 evenly distributed positions 
across the acetabular interface. Thereby 432 strain values 

could be collected from the implant interface in one 
experimental setup. The experimental setup was repeated 
three times for variation of offset positions radial to the 
implant interface. Overall a total of 1,296 strain values were 
collected for the same implant and load case. For three-
dimensional visualization of the results they were contour 
ploted onto a hemisphere. In the current study the 
impingement induced three-dimensional strain distribution at 
the interface of a standard acetabular press-fit cup was 
measured and visualized in full detail for the first time. Our 
results confirm previous reports of local peak strain appearing 
below the impingement site and amounting to a manifold 
compared to the average strain values in the residual interface. 
Further we found that peak strain values may occure at a 
radial offset of 6mm to the implant interface. This should be 
considered in future studies on acetabular implant stability. 

Keywords––strain gauges, impingement, acetabular cup, 
total hip replacement, implant-bone interface. 
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window  
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Abstract— In this paper we describe proposal of a feature 

extraction method for classification of different beat types 
based on wavelet packets decomposition, nodes selection and 
template matching. In this work we investigate the use of 
wavelet packets transform as a mean to extract features 
capable of providing the information needed by a classifier for 
discrimination between normal beats (N), premature 
ventricular (V), left bundle branch block beat ‘L’ and right 
bundle branch block beat ‘R’. We have used our approach of 
feature extraction which is based on wavelet packets 
decomposition of window with QRS complex and on the 
method of wavelet packet tree node selection. This selection 
has been performed as finding of the path with maximum of 
relative entropy between current beat and template. In 
comparison with previous work we have used template from 
each type of beat and the final features have been given as 
differencies of current beat and all the templates.  

We have used the MIT-BIH arrhythmia database for 
testing this approach. The database was divided into two 
subsets for training and testing the classifier. Results of the 
classification are evaluated by the sensitivity (Se), specificity 
(Sp) and overall accuracy. We obtained sensitivity 81,1%, 
specificity 98,5% and 97,8% overall accuracy for ventricular 
beat. 

   

Keywords— wavelet transform, wavelet packets, feature 
extraction, local discriminant bases, ECG, arrhythmias 

I. NTRODUC TION  

Long term holter monitoring is a method of investigation 
widely applied to problems connected with heart rhythm 
pathologies. Ane important task of holter recordings 
interpretation consists of recognition of normal beats ‘N’ 
(which includes also right bundle brunch blocks and left 
bundle brunch blocks) and variety of other beats (mainly 
premature ventricular beats ‘V’).  

Approach of beat recognition can be based on description 
of beat morphology [5], transform descriptive parameters 
with the Karhunen–Loeve coefficients [6] or time-frequency 
description of beat by means of matching pursuit [7] or 
multi-resolution analysis by Mallat’s algorithms [8].  

In this paper we have proposed time-frequency approach 
of beat representation for feature extraction, where we have 
employed the wavelet packets transform to process each 

beat QRS complex and extract features to subsequently be 
used to characterize the corresponding beat [10]. 

  Data for experiments for evaluation of our approach are 
taken from the MIT-BIH arrhythmia database [9]. 
Sensitivity, specificity and overall accuracy characteristics 
are used for quantification of achieved results. 

II. METHODS  

A. Wavelet transform and wavelet packets  

The wavelet transform (WT) [1] is a time-frequency 
analysis method which differs from the short time Fourier 
transform because it allows localization of the information 
in the time frequency plane. In discrete wavelet transform 
(DWT) the scaling and translation parameters are 
discretized. If the step of scaling and translation is 2j the 
sampling of time-frequency space is called dyadic, which is 
the most common [1]. The Multi-Resolution Analysis 
(MRA) is in the core of the wavelet theory. The idea of 
MRA has been developed by Mallat and Meyer [1]. In 
MRA a function is decomposed into an approximation 
(representing the “slow” variations of the function) and a 
detail (representing the “rapid” variations of the function), 
on a level by level basis, by a scaling and a wavelet 
function. Both the scaling and the wavelet functions are 
created from the multi-resolution analysis. Thus, let the 
signal f(t) be described by the scaling φk(t) and wavelet 
function ψj,k(t) [1] as: 

 

(1) 

 
Wavelet packets were introduced by Coifman, Meyer and 

Wickerhauser [2] by generalizing the link between 
multiresolution approximations and wavelets. A space Vj of 
multiresolution approximation is decomposed into a lower 
resolution space Vj+1 and a detail space Wj+1.  This is 
done by dividing the orthogonal basis {φj(t-2jn)}n∈Z of Vj 
into two new orthogonal bases [3] 
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(2) 

 

These results are generalized to any space Uj that admits an 
orthogonal basis of function translated by n2j, for n∈Z. Let 
{θj(t-2jn)}n∈Z be an orthogonal basis of a space Uj. Let h 
and g be a pair of conjugate mirror filters. Define [3] 

(3) 
 

The family 

(4) 

is an orthogonal basis of Uj. In wavelet packets there is 
decomposed each approximation and each detail to binary 
tree. 
 We implemented wavelet packets decomposition by 
means of filter bank (quadrature mirror filters). The impulse 
response of low pass filter corresponds to the scaling 
function, meaning that the output of the low pass filter is the 
approximation of the signal. In the same way the impulse 
response of a high pass filter corresponds to wavelet 
function (the output of high pass filter contains detail of 
signal). Example of N beat decomposion by means of 
wavelets packets transform is shown in Figure 1. 
 

 
Fig. 1 Example of decomposition tree for N beat  

B. Feature extraction  

Local Discriminant Bases (LDB) were introduced by 
Saito and Coifman [4]. The LDB is an extension to the 
“best-basis” method to select an orthogonal basis suitable 
for signal or image classification problems from a large 

collection of orthogonal bases consisting of wavelet packets 
or local trigonometric bases. The best basis method [3] is 
the main wavelet based algorithms for dimension reduction. 
The best basis consists of choosing a redundant basis of 
orthogonal functions to compress the signal. The orthogonal 
redundant basis is chosen such as the decomposition 
algorithm may be obtained from one set of filter 
coefficients. The original best-basis algorithm selects a 
basis maximizing entropy from such a library of orthogonal 
bases. The LDB algorithm selects a basis maximizing   
certain discriminant measure among classes. 

The first step of LDB algorithm is to select a basis which 
attains the maximum discriminant information for given 
classes from a library of orthogonal bases. Each class is 
represented by time-frequency energy map of signals from 
this class. The discriminant information function D between 
two sequences should be defined as relative entropy (also 
known as cross entropy, Kullback-Leibler distance or I-
divergence) [3] 

 

(5) 

 
This relative entropy is asymmetric in p and q. We have 

used symmetric variation which is known as J divergence 
between p a q [4] 

(6) 

In the proposed iterative algorithm of feature extraction 
is firstly computed wavelet packets tree of template. Next 
wavelet packets tree of current beat is made. Each node of 
these decomposion trees has computed relative entropy. 
Then expanded node is found based on maximum of 
relative entropy. This node is split into two nodes in the 
next level. From these two nodes that one is selected that 
has higher relative entropy. Equation 7 is definition of the 
relative entropy we used. 

 
    (7) 
 
 

We used decomposition into 5 levels and we obtained 64 
nodes in tree. The chosen wavelet is Daubechies wavelet of 
order 4. The decomposition process is performed by 
conjugate mirror filters and the delays of these filters are 
corrected. For simplification of description we have used 
only small part of the tree, small number of sub-bands. 
 Nodes for feature extraction are selected by the 
following algorithm: 
 
• Choose a dictionary of orthogonal bases  
• Specify the maximum depth of decomposition and an  
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       additive discriminant measure D  
• Construct wavelet packet tree for template 
• Let be LIST a list of selected nodes; initialization:  
        j = 0, k = 0, LIST = {(0,0)} 
FOR p = 1 to defined_depth  

• Construct wavelet packet tree for each beat 
• Compute discriminant measure D for template and  

current beat for each node 
IF D(j+1,2k) >= D(j+1,2k+1)  
    Add (j+1,2k) to LIST; j = j+1, k = 2k 

 ELSE  
     Add (j+1,2k+1) to LIST; j = j+1, k = 2k+1 
 END IF 
END FOR  

Fig. 2 Example of LDB and proposed algorithm resulted subbands (marked 
in gray) for feature extraction 

Example of LDB algorithm result and example of 
selected path from proposed algorithm are shown in Figure 
2. 

The features are defined as differencies between 
template and current beat in selected nodes. Because we 
used decomposition into 5 levels we obtained 5 nodes and 5 
features from one template matching. In this case we use 
four templates what means that we have acquired 20 
features. The feature in node (j,k) is defined as 
 

(8) 
 

where Ttemp is wavelet packets tree of template, Tbeat is 
wavelet packets tree of current beat, j,k ∈ LIST, 
p=1,2,…,defined_deep, n=1,…,2n

0
-j-1, n0 is count of 

samples of original beat. 

C. Data and Datasets 

In order to test the proposed approach we used MIT-BIH 
arrhythmia database [9]. The MIT database includes 48 
ECG records which are half an hour long at sample 
frequency 360 Hz. The records were re-sampled to 500 Hz.   

 We have chosen following 21 records of MIT database:   
103, 113, 115, 123, 220, 234, 109, 111, 207, 214, 118, 124, 
212, 231, 119, 221, 200, 233, 209, 222, 232. Numbers of 
beats for training and testing set are shown in Table 1. 

 
Table 1 Number of beats for training and testing set  

Beat type Training Testing Total 

Normal  3000 20088 23088 

Ventricular 700 2017 2717 

Left BBB 2400 3848 6248 

Rigth BBB 2400 2492 4892 

Total 8500 28445 36945 

       
We have used only 128 samples around R peak for 

wavelet packets decomposition. The templates are 
computed as median of 40 randomly beats. Example of four 
used templates is shown in Figure 3. 
 

 
Fig. 3 Example of four used templates 

D. Results 

The classification has been performed using the C4.5 
decision tree algorithm [11] in the WEKA system [12]. In 
the Table 2 the final results are shown. In the Table 2 the 
averaged results from 10 runs of the experiment are shown 
(it means 10 different training sets and 10 different 
templates). 
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100,  100,   100
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+ + + + +
TP TN TP TN

Se Sp Acc
TP FN TN FP TP FP TN FN

Table 2 Results of classification  

Beat type Se [%] Sp [%] Acc [%] 

Normal  86 92,4 91,1 

Ventricular 81,1 98,5 97,8 

Left BBB 80,4 95,9 95,5 

Rigth BBB 89,6 93,9 92,.2 

 
 

(9) 
 
 
The statistic evaluation of classification is Se – 

sensitivity, Sp – specificity as equation 9. In this case TP is 
count of correctly classified of given beat class, FN is count 
of incorrectly classified of given beat class, TN is count of 
correctly classified other classes and FP is count of 
incorrectly classified other classes (the count of beats that 
are classified as given class). 

III. CONCLUSIONS  

We have proposed approach for feature extraction based 
on wavelet packets decomposition, selection of wavelet 
packets tree nodes and template matching. This feature 
extraction method does not need segmentation of ECG beat. 
We have used only 128 samples around R peak for feature 
extraction. We have tested the approach on the ECG records 
from the MIT arrhythmia database. We have achieved 
sensitivity above 80 %, specificity and overall accuracy 
about 95 %. In the light of creation of training and testing 
sets the attained sensitivities are small. It can be given by 
small selectivity of randomly computed templates. The N 
beat and RBBB classes are more consistent - the N beats 
have small variability. On the other hand in V beats class 
there can be observed at least three various QRS shapes. 
Moreover the template of RBBB beats class has similar 
shape like N beats template and template of LBBB beats 
class is more similar to the shape of V template. It follows 
that the random template of N class is more representative 
than V class template. And decisions about LBBB and 
RBBB classes are affected by this particular feature of N 
and V classes.  
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Abstract— Due to redundancy of over-dimensioned
information, observed often in originally recorded biomedical
signals, feature extraction and selection has become focus of
much researches connected with biomedical signal processing
and classification. Mixed new feature vector combined from
time-frequency signal representation (obtained after wavelet
transform) and Independent Component Analysis (ICA)
applied for non-stationary signals is proposed as a preliminary
stage in ECG waveform classification for patients with Atrial
Fibrillation (AF).  Discrete fast wavelet transform coefficients
parameters including energy and entropy measures  and
components extracted as a result of FastICA algorithm
implementation after optimization gave the best classifier
performance of whole AF ECG classifier system. System was
positively verified on the set of clinically classified ECG signals
for control and atrial fibrillation (AF) disease patients taken
from  MITBIH  data  base.  The  measures  of  specificity  and
sensitivity computed for the set of 20 AF and 20 patients from
control group divided into learning and verifying subsets were
used to evaluate presented pattern recognition structure.
Different types of wavelet basic functions for feature extraction
stage and kernels for SVM classifier structure calculation were
tested to find the best system architecture. Obtained results
showed, that the ability of generalization and separation for
enriched feature extraction based system increased, due to
selectively choosing only the most representative features for
analyzed AF detection problem.

Keywords— wavelets; svm; atrial fibrillation

I. INTRODUCTION

Feature extraction and selection has become a crucial
point in many studies and applications dealing with often
hundreds of thousands originally gathered parameters
describing analyzed problem or phenomena. Common way
used to improve the classifier performance, where the
original input signal described in N-element space

N
1 Xx is mapped to output classifier vector space

with K-class labels },...,{ K21 yyyYy  (N>>K) is the
reduction of too high input feature vector size in
intermediate feature extraction and selection stage. The basic
goal of this preliminary stage is to reveal only the most
discriminate features for given task and discard remain,
reducing also the classifier complexity. Proposed feature
extraction tools almost always must depend on the
specificity of classification task to be sensitive to features,
which will be able to distinguish between health and
pathology cases.

The application field of presented multi-domain feature
extraction is the trial of detection of atrial fibrillation (AF),
which is a supraventricular tachyarrhythmia characterized by
uncoordinated atrial activation with consequent deterioration
of atrial mechanical function. Last researches report AF as a
result of a fractionated atrial electrical activity  mainly due
to the shortening of atrial refractory period, which allows
multiple waves pass through the atrial mass. These changes
ultimately reduce the inward calcium current, and this in turn
reduces the action potential duration. If the action potential
duration shortens, the refractory period shortens too, and the
cell can be ready for reactivation earlier (fig.1) [1]. On the
electrocardiogram (ECG), AF is described by the
replacement of consistent P waves by rapid oscillations or
fibrillatory waves that vary in size, shape, and timing,
associated with an irregular, frequently rapid ventricular
response when atrio-ventricular conduction is intact.
Because of disturbed hemodynamic, atrial fibrillation and
atrial  flutter  are  between  of  the  most  usual  causes  of
thrombi-embolic events [2]. So it is very important to
diagnose and to treat these arrhythmias.

Fig. 1 Action potential duration: normal versus after atrial fibrillation. The
action potential duration and refractory period are shortened as the calcium
current is reduced (after [1]).

Support  Vector  Machines  (SVMs)  used  in  this  work  as  a
final classifier structure are a relatively new technique for
pattern recognition, created by Vapnik [3]. They have been
applied to many different problems, and have been
successful in areas such as face recognition, text-
categorization, time-series prediction [4], and hand-written
digit  recognition  [5].  In  many  of  these  areas,  SVMs  have
shown to out-perform well-established methods e.g. these
based e.g. on Multilayer Perceptron or Radial Basis
Functions Neural Networks.

Because this method is sensitive for irrelevant or
correlated inputs, which can decrease its generalization
performance the feature extraction or selection stage is very
recommended. In proposed structure features are extracted

Feature Selection Based on Time-Frequency Analysis in SVM classifier with
Rules Extraction Stage
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based on ECG analysis in mixed time-frequency (TF)
domain by means of discrete wavelet transform application
using Mallat algorithm. The main task for feature extraction
and selection stage of biomedical signal semi-automatic
classifiers  is  to  reduce  too  high  size  of  input  feature  space
and reveal only discriminate features for given task.

The purpose of preliminary feature extraction is to
eliminate irrelevant variables to enhance the generalization
performance of a given learning algorithm. The selection of
relevant variables may also be useful to gain some insight
about the concept to be learned. Other advantages of feature
selection include cost reduction of data gathering and
storage and computational speedup [6].

Fig. 2.  General structure of AF classifier based on SVM system with
feature extraction.

II. CLASSIFIER IMPROVEMENT BY COMBINED FEATURE
EXTRACTION AND SELECTION PROCEDURE

A. ECG signal preprocessing
Cancellation of ventricular activity.
General structure of described classifier system for screening
examination of patients suffered from atrial fibrillation,
presented on fig.1 includes feature extraction stage with
proposed mixed-domain structure, following by SVM
classifier structure with preliminary original ECG signal
preprocessing with important ventricular activation (QRST)
cancelation stage. From this first preprocessing stage of

input ECG signal analysis, the elimination of ventricular
activity by QRS complex and T-wave cancellation
determining the quality of whole procedure was described
[7]. Literature review of papers connected to AF detection
problem shows positive influence of ventricular activation
cancelation by removing QRST complex from original
signal for further analysis [8]. Traditional methods based on
simple QRS cycles averaging and subtraction was not
enough in case of significant beat-to-beat changes in real
ECG signal, which cannot be treated as periodical signal.
Recent studies report principal component analysis, blind
source separation and artificial neural networks [9] as a
alternative promising tools for QRST complex cancellation.
In presented approach we proposed to use the advantages of
discrete wavelet transform analysis dedicated for non-
stationary signals. Reconstructed with threshold details
d4+d5 of multilevel Mallat decomposition (fig.3) created the
base for QRS detection and cancellation by subtraction from
remain components.

B. Support Vector Machine as an classifier.

In classification applications SVMs fulfill the role of binary
classifiers. In case of more complicated, real world nonlinear
relationships modeling, they are used to build a decision
boundary by mapping data from the original input space to a
higher dimensional feature space, where the data can be
separated using a linear hyperplane.
Linear Classifiers

In case of linearly separable data, the goal of training phase
of SVM is to find the linear function (1):

bxwxf T         (1)
which is the border for two different data classes. SVM
classifier from infinitive number of possible separate
hyperplanes chooses this one, which maximizes the margin
between two classes. Support vectors are the elements of
training  data  set,  which  lies  on  the  margin  border.  This
optimal hyperplane can be found by minimizing following
cost function (2):

2

2
1

2
1 wwwwJ T          (2)

Nonlinear case:

Fig.3. Transformation of features in SVM, from lower to higher dimension
space, where the classification can be easier
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In the above section, we described the linear SVM able to
handle misclassified examples. Another extension is needed
before SVMs can be used to effectively handle real-world
data: the modelling of non-linear decision surfaces.
The method for doing this was proposed by [8]. The idea is
to explicitly map the input data to some higher dimensional
space, where the data is linearly separable (fig.2). We can
use a mapping (3):

N:      (3)
where N is the dimension of the input space, and  a higher-
dimensional space, termed feature space. In feature space,
the technique described in the above section can be used to
find an optimal separating hyperplane. When the hyperplane
is found, it can be mapped back down to input space. If a
non-linear mapping  is used, the resulting hyperplane in
input-space will be non-linear.

C. Preliminary feature extraction for SVM classifier

The new vector of extracted features, which should be the
most representative set of parameters characteristic for Atrial
Fibrillation (AF) detection were composed of parameters
resulting the time-frequency signal representation (fig.1) as
well features obtained after independent components
extraction. This multi-domain feature set covers a wide
spectrum of possible AF activity occurrence.

1. Mixed T-F domain:

T-F analysis carried out by fast Mallat wavelet
decomposion was used to compute following parameters
based on energy and entropy, which correspond to the
measure of information included in every frequency sub-
band of Mallat jth decomposition (fig.3):

Energy of wavelet component (4):

(4)

The (non-normalized) Shannon entropy (5):

(5)

Fig.4. An example of multilevel Mallat decomposition components
(details: d3-d7 with original ECG signal) of II ECG lead of patient
with AF.

Full list of extracted features are included in [9]
2. ICA based features extraction:

ICA realizes linear input data mapping (M-dimension
space) into new feature space (L-dimension). In pattern
recognition tasks it enables to eliminate the uncorrelated
noise and linear dependences in data.

Every feature vector
Tj

M
j

2
j

1
j vvvv )()()()( ,...,, , where:

Mj Vv )( , taken from dataset )()( ,..., P1 vv
consisted of P feature vectors is mapped into reduced, L-

dimensional feature vector
Tj

L
j

2
j

1
j zzzz )()()()( ,...,, ,

where Lj Zz )( ; ML  to fulfil MMSE
minimalization criteria.

According to [10], each vector )( jv can be approximated
by the following sum with reduced dimension (6):

M

1Li
ii

L

1i
i

j
i

j ubuzv )()(~  (6)

To chose the basis ortonormal vectors iu and set of

coefficients ib to achieve the best, optimal approximation
for every feature vector the sum of squared errors over the
whole data set is created (7):
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2
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2
1E )()()( ~ (7)

After some modifications [11] the minimum of the
measure LE is achieved for the following form of basis
vectors (8):

v iii uu  (8)

where:
v

is covariance matrix of the learning set

of v feature vectors ; iu are the eigenvectors and i are the

eigen values of
v

.

III. RESULTS

A. Atrial fibrillation classifier structure optimization
To verify presented method, ECG signals taken from

MITBIH database containing AF episodes were tested.
Whole data set consisting of 40 cases with long term ECG
recordings were divided into learning and verifying set.
Optimal number of selected features for classifier
effectiveness is presented in fig.4. Performance of presented
pattern recognition system was evaluated based on classical
measures of classifier Sensitivity and Specificity.
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Fig.5. Selection of optimal number of extracted features for classifier error
minimalization.

For evaluation of new feature set quality, the performance of
different type of basic wavelet in T-F signal analysis and
chosen types of SVM kernel function with reference systems
with no FE stage were compared (Table1).

Table 1 Results of different feature extraction approach in classifier
structure

CLASSIFIER
STRUCTURE TYPE SENSITIVITY SPECIFICITY

SVM without FE
(Polyn. kernel)

0.67 0.68

SVM without FE
(Gaussian. kernel)

SVM + FE
(Polyn. kernel)

SVM + FE
(Gaussian. kernel)

0.73

0.80

0.87

0.71

0.82

0.84

The most important feature characterizing classifier
performance is its generalization ability. The measure of
Sensitivity (SN) and Specicity (SP) was calculated for the
chosen in previous subsection structure of whole SVM
classifier with feature extraction stage. Apart from
classification performance Table 1 presents also the
influence of proposed feature extraction stage for the values
of  SN  and  SP  obtained  for  the  SVM  classifier  with  no
feature extraction stage.

IV. CONCLUSIONS

After feature extraction from T-F domains and ICA
application,  SVM  based  structure  was  used  to  classify  the
new feature characterizing the analysed problem of atrial
fibrillation detection. Presented article focuses on improving
the SVM classification abilities by preliminary selecting
features with maximal weight in classification process. It
allowed to find the optimal feature subset selection of from
different domain T-F features. Atrial Fibrillation detector
tests gave for the optimal structure the value of classifier
sensitivity SN=87%, while specificity SP=84% for AF with
different degree of organization (atrial flutter, AF1, AF2 and
AF3).

To conclude, obtained results showed, that before pattern
classifier can be properly designed and effectively used, it is

necessary to consider the feature extraction and data
reduction problems. Feature extraction should consists in
choosing those features, which are most effective for
preserving the class separability. Support Vector Machine
structure appeared as an effective tool for biomedical data
classifier, improving whole classification process.

Presented classification procedure gave satisfactory
results, considering described classification algorithm as a
contribution to atrial fibrillation arrhythmia detection on
preliminary screen examination stage
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Abstract— Modeling and simulation are very common ways 

of studying living system properties. They help to understand 
physiological processes and changes in the processes caused by 
an intervention can be easily studied. Modeling and simulation 
play an important role in teaching because they allow illustrate 
in a transparent way all significant phenomena. The paper 
describes a developed catalogue of biomedical models that is 
used in the course “Simulation and modeling” - in master 
study program Biomedical engineering. The catalogue is pre-
sented as an interactive system of models in the Matlab-
Simulink environment and has been gradually extended with 
the help of several master students. The system is designed as 
open with the possibility of further expanding. The idea of the 
system, its configuration, system control and overview of pre-
sented models are described.  

Keywords—biomedical model, simulation, modeling, bio-
medical engineering, interactive system  

I. INTRODUCTION  

Modeling and simulation are very common ways of 
studying living system properties. They help to understand 
physiological processes and changes in the processes caused 
by an intervention can be easily studied. Modeling and 
simulation play an important role in teaching because they 
allow illustrate in a transparent way all significant phenom-
ena. Modeling can be comprehended as a method of study-
ing structure and parameter influence on behavior of a cer-
tain object (original), which is based on replacement of the 
original by another object (model) having the same or dif-
ferent physical substance, or possibly by an abstract model. 

Such model can be a mathematical model expressed in 
the form of a script in MATLAB – SIMULINK software 
environment. In this way the models in the model catalogue 
have been designed and developed. When we started to 
design the system for model presentation we were inspired 
by Brivingh and van Wijk [1] and Puza [3]. In the following 
sections we describe the catalogue of the biomedical 
models, its control and several models in detail.  

II. SYSTEM DESCRIPTION 

The system is designed as open, with possibility of fur-
ther expansion. It is developed in the Matlab-Simulink pro-

gramming environment. Since it is used by students in the 
course “Simulating and modeling” in master study program 
Biomedical engineering we assume that students attending 
the course are familiar to a certain level with the Matlab-
Simulink programming environment [2]. 

The system employs a simple and intuitive control with-
out the need of continuous search in or consultation with the 
documentation. It offers possibilities for presentation and 
studying models in the form of interactive demo presenta-
tions with comments for rapid introduction of models to 
students. Developed models are presented in the form of 
block diagrams in Simulink software with active links to 
mathematical equations that represent parts of the model. In 
addition, the system introduces development of the models 
to the users. The system is easily portable and its compati-
bility depends only on the version of Matlab. The system is 
compatible with Matlab R14 or higher version. 

A. Configuration, control, demo presentation, parameter 
setting and modification 

Configuration and control consist of 4 main parts:  
1. main program menu; 
2. model processing in Simulink; 
3. demo presentation; 
4. configuration and modification of model parameters. 
“Main program menu” allows navigation between the 

models, executing parts of the program and opening other 
system submenus (see Fig. 1).  

Menu „model processing in Simulink“ contains basic 
control elements for models and explanatory links to mod-
elled mathematical equations.  

“Demo presentation” allows interactively browse meas-
ured quantities including educational and explanatory com-
ments. 

Last submenu serves for the setting and modification of 
model parameters. 

B. System extension 

The whole system is designed as open. The problems of 
adding a new model, creating a demo presentation, creating 
menu to set parameters and adding documentation to the 
model are solved efficiently. 

O. Dössel and W.C. Schlegel (Eds.): WC 2009, IFMBE Proceedings 25/IV, pp. 2265–2268, 2009. 
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The system was created in MatLab 2007a software and is 
backwards compatible with MatLab R14. For running the 
system it is necessary to have only MatLab R14 or higher 
version installed. No other applications or extensions of 
Matlab are necessary. 

 
Fig. 1 Main program menu (It shows a tree structure of currently avail-
able models, constituting the model catalogue, with icons for opening the 
models, system control, running demo, model description and parameter 

setup.) 

C. Models developed 

The catalogue currently contains 21 models [3], [4], [5] 
divided into 3 categories – physiological, epidemiological, 
and socio-economic models. 

Physiological models are divided according to the func-
tional systems in the human body into following groups:  

 Motoric system is represented by isometric contraction 
of skeletal muscle. 

 Endocrine gland system is represented by the model of 
blood glucose regulation. 

 Cardiovascular system is represented by models of 
blood circulation (see Fig. 2), heart rate depending on 
the physical load and baroreflex model. 

 Respiratory system: respiratory control model based on 
the chemical composition of cerebrospinal fluid and ar-
terial blood. 

 From the digestive system there is presented model of 
gastric acidity regulation. 

 Excretory system is represented by model of kidney 
function at blood pressure stabilization. 

 

 
Fig. 2 Model of blood circulation, pulse model, demo presentation 
(At the bottom of the figure there is the explanatory comment: Comparison 
of the blood pressure – green line = pressure in the left heart ventricle, blue 
line = pressure in the right heart ventricle, red line = pressure in aorta. The 

courses demonstrate construction and function of an artificial heart.) 

Furthermore, these models are accompanied by chemical 
kinetics models (2nd order reaction, reversible and subse-
quent reaction) and cell processes (models of enzyme reac-
tions: enzyme catalyzed reactions, model of repression of 
enzyme synthesis; and models of membrane potentials: the 
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action potential of nerve cells and the action potential of 
muscle cells). 

Epidemiological models are represented by the following 
models: Kermack-McKendrick’s epidemic model, veneric 

diseases model and AIDS epidemic model (see Fig. 3). 
Socio-economic models are represented by: Leslie’s model 
of age population groups, and model describing evolution of 
the number of students in each school year. 

 

 
 

Fig. 3 . Example of the model in Matlab-Simulink – “AIDS epidemic” 
(It is possible to switch between model description, parameter change and Simulink control. Red part represents healthy population, grey part AIDS carriers, 

blue part HIV positive, violet HIV positive but not yet AIDS carriers.) 

 
III. CONCLUSIONS 

Interactive biomedical model catalogue is an integral part 
of teaching in the course “Simulating and modeling” in 
master study program Biomedical engineering. The cata-
logue is created in Matlab-Simulink software environment 
and is designed as open with the possibility of further ex-
pansion. The catalogue allows intuitive, clear and easy 

navigation between the installed models, adding new mod-
els, editing and modifying all installed models, creating 
interactive demo presentations (Fig. 2) from results of the 
simulations. In addition, it allows editing model and pa-
rameter settings (Fig. 4), adding PDF, DOC or HTML 
documentation to the models, and teaching modeling in 
Simulink using color-differentiated parts of models includ-
ing displaying all mathematical expressions. 
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Installed models are completed with semantic meaning of 
individual variables for fast user information about the 
models. Selected models contain references to the mathe-
matical expressions in color-differentiated parts of the 
model (see Fig. 3). These links allow users not only quick 
orientation in the model, but also better insight in the mod-
eling in Simulink.  

 

 
Fig. 4. Example of parameters settings for “AIDS epidemic” 

model 
(parameters: initial number of healthy individuals, initial number ofHIV 
positive individuals, initial number of AIDS carriers, initial number of 
AIDS positive but not carriers, natural mortality, natural rate of healthy 

population growth, AIDS mortality, speed of disease outbreak, probabili-
tyof being AIDS carrier, coefficient of dependency of the disease on the 

number of partners, probability of the disease) 

The system is accompanied by a comprehensive user 
manual, which contains detailed information about the sys-
tem, including its functionality and possibilities of its exten-
sions. The user manual contains description of all installed 
models including their mathematical description. Advan-
tages of the system are intuitive control, possibility of modi-

fication and extension and easy portability and compatibil-
ity dependent only on the version of Matlab software. The 
system can be run on Matlab version R14 or higher. 

One of the possible future extensions of the systems 
could be increasing the number of models and expanding 
support for Matlab Real-time toolbox. For real time creation 
of models there has been proposed to use wireless datalog-
ger [7], which was created at the Department of Cybernetics 
by one of the authors. This method of obtaining and proc-
essing data in real time would bring - in terms of learning – 
more complex and realistic view of the modeling process. 
Students would be able to perform non-invasive measure-
ment by and on themselves and generate data to monitor 
changes in their psychosomatic parameters of their own 
models. Thus the students achieve better understanding of 
the theory behind the models and of the physiological proc-
esses in the human body. They can simulate experiments 
which cannot be performed on biological systems either in 
vitro or in vivo. Advanced students may be stimulated to 
participate in development of new models that can further 
extend the currently existing list. 
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Abstract— This communication aims at giving some
insights into the use of Independent Component Anal-
ysis (ICA) for solving biomedical problems. First the
concept of ICA is reviewed and different classes of
ICA methods are described. Next a survey on most
encountered biomedical problems solved using ICA is
detailed. Finally a comparative performance study of
thirteen ICA algorithms is performed on biomedical
signals.

Keywords— Independent Component Analysis (ICA),
biomedical applications, comparative
study.

I. WHAT IS ICA?

Given one realization of a N-dimensional ran-
dom vector process whose m-th vector is defined
by:

x[m] = As[m]+n[m] (1)

where s[m] is a P-dimensional source vector with
statistically independent components, ν [m] is a
noise vector which is independent from the source
vector and A is the so-called mixing matrix. The
ICA problem consists in finding, only from the data,
a (N×P) matrix W , called separator, such that:

y[m] = W T x[m] (2)

is an estimate of s[m] to within a diagonal matrix
and a permutation. But how to use the statistical in-
dependence of the source components in order to
restore them?

Entropy and mutual information. A natural
way to measure statistical dependence consists in
using the Mutual Information (MI) [6], wich can be
easily related to the (Shannon) Differential Entropy
(DE) or its normalized version called negentropy.
The INFOMAX method solves the ICA problem by
maximizing an output DE using the natural gradi-
ent algorithm [6]. The PICA [8] algorithm uses the
parametric Pearson model in the minimization of
the MI. The FastICA technique extracts each source
by maximizing an approximation of the negentropy

by means of an approximate Newton iteration. An-
other way to measure statistical dependence, less
natural but easier to compute consists in using cu-
mulants.

Cumulants. The r-th order cumulants are the
coefficients of the Taylor expansion of the second
characteristic function about the origin. They en-
joy very attractive properties such that i) if at least
two components or groups of components are sta-
tistically independent, then all cumulants involving
these components are null, ii) if a variable is Gaus-
sian, then its HO marginal cumulant is null, iii) cu-
mulants are symmetric arrays, say the value of their
entries does not change by permutation of their in-
dices and iv) cumulants satisfy the multi-linearity
property. The SOBI [6], TFBSS [5] and SOBIUM
[9] techniques jointly diagonalize a set of Second
Order (SO) cumulant matrices built from the data
while COM2 [6], STOTD [10] and JADE [6] diag-
onalize in different ways a Fourth Order (FO) cu-
mulant matrix computed from the data. The ALS-
FUBIACDC algorithm diagonalises a set of FO cu-
mulant matrices calculated from the data, as FO-
BIUM, but using a non-orthogonal diagonalization
scheme. Eventually, the ELScaf [3] use pseudo-
cumulants of the data defined as the derivatives of
the second characteristic function in points different
form the origin.

II. A BIBLIOGRAPHICAL SURVEY ON

BIOMEDICAL APPLICATIONS

In the last decade, ICA-based methods have been
widely used in the field of biomedical engineering,
especially to analyze electrophysiological signals.

A. Functional brain imaging

Promising results have been reported in elec-
troencephalographical signal processing using ICA
techniques. They include Evoked Potentials (EP)
enhancement, categorized brain signals detection,
spindles detection and estimation, and artifacts re-
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duction. The analysis of two particular neurophysi-
ological signals is investigated in this context.

P-300 evoked potentials. P-300 is a positive
ERP, which occurs over the parietal cortex with a
latency of about 300 ms after rare or task-relevant
stimuli. The P-300 can be obtained in all stimu-
lus modalities (auditory as well as visual and so-
matosensory modalities) and can even be produced
by the omission of a stimulus in a regular train of
stimuli [11]. Due to the poor SNR as well as to the
presence of artifacts (such as ocular, muscular and
cardiac activities), the P-300 wave can be buried
in the signal collection. Hence, the main objective
when applying ICA to P-300-based BCI systems is
two-fold: i) to denoise the EEG signal in order to
enhance the SNR of the P-300 and ii) to separate
ERP responses to target and non-target ones. The
first point was considered by Bayliss and al. in [1].
Authors described an experiment demonstrating the
existence of a P-300 wave when facing red stop-
lights and the absence of this signal when facing
yellow stoplights in a virtual driving environment.
Bayliss et al. pointed out that most of artifacts were
due to eye movements. They showed that an ICA
technique was able to separate the background EEG
signal and eye movements from the P-300 signal. In
[14], Xu et al. dealt with the second point and pro-
posed to enhance the P-300 wave detection in the
P-300 speller paradigm used to record the database
IIb of BCI Competition 2003 [2]. As classical meth-
ods for enhancing the detection of P-300 compo-
nents are time consuming, authors proposed to use
an ICA technique in the training phase. The key is-
sue of this study is the selection of the meaningful
Independent Components (ICs). Indeed, according
to the prior physiological knowledge, authors pro-
posed two additional post-processing steps, namely
the temporal manipulation of ICs and the spatial
manipulation of ICs (see [14, section II] for details).
They showed that the proposed algorithm for P-300
detection based on ICA provided a perfect accuracy
(100%) in the competition.

Mu rhythm and other activities from senso-
rimotor cortex. EEG contains a fairly wide fre-
quency spectrum. Nevertheless, the relevant fre-
quency range from the psychophysiological view-
point lies between 0.1 Hz and 100 Hz [11]. For ex-
ample, Beta rhythm is associated with active think-
ing and attention whereas the Mu rhythm is affected
by movements or movement imagery. QIN et al.
[12] present a pilot study aimed at classifying motor
imagery, using ICA as a spatio-temporal filter. More
precisely, the study was focused on the Mu rhythm
which decreases or desynchronizes with movement
or movement imagery. Authors conduct an experi-

ment where the subject was asked to imagine right
or left-hand movement according to a timetable.
EEG were recorded using 59 electrodes but only
those located around sensorimotor cortex were used
in the study. ICA was used to extract ICs related
to the left and the right motor imagery task. The
obtained results show that ICA plays an important
role in extracting a useful feature that identifies the
imagined hand movement. A promising classifica-
tion rate (about 80 %) of left or right-hand move-
ment imagery was obtained on human subject stud-
ies, based only on a single trial and without any
training procedure.

B. Electrocardiogram signal analysis

The electrocardiogram (ECG) reflects the elec-
trical activity of the heart which is usually recorded
with surface electrodes placed on the chest, arms
and limbs. Although the ECG recording techniques
are very effective, the distortions caused by noises
and interfering physiological signals are still very
important. Let us consider in more details the two
following classical applications.

Noninvasive fetal ECG extraction. The FECG
contains a lot of useful information which can pro-
vide valuable clinical indication about the fetal
well-being and then allow for an early diagnosis
of fetal cardiac abnormalities and other patholo-
gies. One of the challenging tasks is to reliably de-
tect and enhance FECG in a non-invasive fashion
by using several skin electrodes located on a preg-
nant woman’s body. In fact, the obtained ECG also
contains the Mother ECG (MECG), and other in-
terfering signals including the respiration, the Elec-
troMyoGram (EMG), the electrodes movements,
etc. De Lathauwer et al. [4] show that the ECG
data recorded from mother’s skin electrodes can be
modeled as a linear static mixture of independent
sources. Indeed, The transfer function between the
bioelectric sources to body surface electrodes is as-
sumed to be linear, resistive and the hight propaga-
tion velocity of the electrical signal in the human
tissues validates the instantaneous assumption of
the model. Besides, the authors state in accordance
with that the MECG-subspace is characterized by
a three-dimensional vector signal, whereas the di-
mension of FECG-subspace is subject to changes
during the pregnancy period. Applying the COM2
ICA method to eight mother surface lead ECG, the
authors show that the full three-dimension MECG
subspace is well reconstructed whereas the FECG
subspace is extracted in two different components.

Atrial activity extraction for atrial fibrilla-
tion. Atrial Fibrillation (AF) is associated with in-
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creased mortality and hospitalization for most peo-
ple, and understanding of pathological mechanisms
underlying AF using non-invasive diagnosis tools
such as surface ECG is crucial to improve the pa-
tients treatment strategies. However, due to the low
Signal to Noise Ratio (SNR) of the Atrial Activ-
ity (AA) on the surface 12-lead ECG, the analysis
of AF episode remains difficult. The AF problem
was tackled by means of ICA methods in [13]. The
authors justify, on the one hand, three basic consid-
erations about the AA and the Ventricular Activity
(VA) and, on the other hand, the fashion which both
activities are recorded from the surface electrodes:
i) the independence between VA and AA, ii) the
sub-Gaussian and super-Gaussian distributions of
AA and VA, respectively and iii) the linear static
mixing model followed by the data. The authors ap-
plied the FastICA algorithm on the 12-lead ECG of
seven patients suffering from AF. The obtained re-
sults show that three separated sources have a more
sub-Gaussian distribution and hence are candidates
to be related to AA. Four sources are associated
with Gaussian noise and artifact, whereas five ex-
tracted components which present a super-Gaussian
distribution contain a VA. One important problem
that arises when ICA is used in biomedical context
is to automatically select and classify independent
source of interest. Typically, in the above example
the question is: how to choose the most informative
AA source among the three extracted components
with a sub-Gaussian distribution? The authors solve
this problem by exploiting some prior information
about spectral content of AA during AF episode.
Indeed, the AA signal exhibits a narrowband spec-
trum with a main frequency of between 3.5−9Hz.
Thus, they apply a spectral analysis over all the
sources with sub-Gaussian distribution and choose
the component which presents a major peak at fre-
quency f = 6.31Hz, as the AA source.

III. PERFORMANCE COMPARISON OF

THIRTEEN ICA METHODS

Performance criterion. In order to quantita-
tively compare several ICA methods, we used the
Signal to Interference-plus-Noise Ratio (SINR) of
each source after separation as performance cri-
terion [6]. More precisely, the SINR of the p-th
source at the i-th output of the separator W =
[w1, . . . ,wP] is defined by:

SINRp[wi] = πp|wi
Tap|

2/(wi
TRνpwi) (3)

where πp represents the power of the p-th source,
wi the i-th column of the separator W and Rνp

is the total noise covariance matrix for the p-th
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Fig. 1: Criterion SINRM as a function of data samples for
N = 7 surface electrodes and P = 2 sources and with a SNR of

5dB.

source, corresponding to the estimated data covari-
ance matrix in the absence of the component p. On
the basis of these definitions, the restitution qual-
ity of the p-th source at the output of the sepa-
rator W is evaluated by computing the maximum
of SINRp[wi] with respect to i for 1 ≤ i ≤ P. This
quantity is denoted by SINRMp. The performance
of a source separator W is defined by the line vector
SINRM(W ) = (SINRM1[W ], . . . ,SINRMP[W ]). In
a given context, a separator W (1) is better than an-
other one W (2) for retrieving the source p, provided
that SINRMp[W (1)] > SINRMp[W (2)].

Data generation. We consider the case of the
extraction of the Mu rhythm presented in section A.
when seven surface electrodes, located around the

sensorimotor cortex, are used to record EEG data.
In such a context the surface observations can be
considered as a noisy mixture of one source of inter-
est, namely the Mu signal, and artifact sources such
as an ocular. The intracerebral Mu wave located in
the motor cortex is simulated using the parametric
model of Jansen [7] whose parameters are selected
to derive a Mu-like activity. The ocular signal is
issued from our polysommnographic database. As
far as the additive noise is considered, it is mod-
eled as the sum of instrumental and physiological
noises. Therefore, a Gaussian vector process is used
to simulate the instrumental noise while a brain vol-
ume conduction of 800 independent EEG sources,
generated using the Jansen model, is simulated to
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produce a surface background EEG activity. Finally
the mixing matrix is defined as the concatenation of
two columns modeling the head volume conduction
of the Mu rythm and the ocular activity toward the
surface.

Computer results. The SINRM of each source
at the output of SOBI, SOBIrob (a SOBI mod-
ified version based on a robust whitening pro-
cedure), SOBIUM, TFBSS, PICA, INFOMAX,
STOTD, COM2, JADE, FastICA (FastICAdef and
FastICAsym, the deflation and symmetric versions,
respectively), ALS-FUBIACDC and ELScaf was
computed as a function of the number of samples
(with a sampling rate of 256 Hz) and for a SNR
of 5dB. Considering the ocular activity’s extrac-
tion (i.e. SINRM1 in the left column), we note a
higher performance of SOBIrob, ALS-FUBIACDC

and SOBIUM (i.e. −0.5dB with respect to the op-
timal separator (SMF)). Regarding the other algo-
rithms, their performance is still reasonable (i.e.
−2dB from SMF) except for INFOMAX and PICA
which separators seem to be biased in this context.
As far as the Mu wave’s extraction is concerned
(i.e. SINRM2 in the right column), we observe the
very good behavior of the SOBIrob method with re-
spect the other ones. This is due to the fact that
SOBIrob is not affected by the spatially correlated
noise. The ALScaf algorithm fails in the extraction
of the Mu wave whereas ALS-FUBIACDC requires
a large amount of samples to converge. The quasi-
Gaussian distribution of the Mu wave may explain
such a behavior. In the case of the ALScaf method,
the use of more grid points or the exploitation of
several HO derivatives should improve its perfor-
mance. The STOTD, SOBI, COM2, JADE, TFBSS,
SOBIUM, INFOMAX, FastICAsym and FastICAdef

globally give acceptable results (i.e. −1.5dB from
the SMF). Note that the PICA algorithm provides
poor separation of the Mu source.

IV. CONCLUSION

The concept of ICA is briefly reviewed in this pa-
per allowing to cover a wide range of techniques. In
addition, ICA for biomedical engineering is tackled
by giving a survey on its widespread applications.
A comparative performance analysis on electro-
physiological data reproducing the real scalp EEG
recordings is conducted. The obtained results show
that the performance of the ICA algorithms depend
on the electrophysiological nature of the sources
that is extracted. Hence, the collection and the ex-
ploitation of statistical and physiological informa-
tion on the sources of interest, such as temporal
color or distribution (Gaussian or not), can help to

choose the more appropriate ICA method. In our
study context, the SOBIrob method gives the best
results probably due to the source temporal non-
whiteness and the noise temporal whiteness.
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The Anatomical Evaluation of the Dental Arches Using Cone Beam Computed 
Tomography – A Pilot Investigation of the Availability of Bone for Placement of 

Mini-implants in Class I Patients  
Feng Pan and Chung How Kau 

The 3D Imaging Facility, University of Texas Health Science Center at Houston, Houston, USA 

Abstract—Objective: To access the amount of maxillary and 
mandibular interradicular bone and determine the most reli-
able implant sites. Methods: 24 (12 female, 12 male, aged 16 to 
32) Cone beam computed tomography records were obtained, 
mesiodistal direction measurements were made at 0, 1, 2, 3, 4, 
5 mm heights from cementoenamel junction (CEJ) through 
axial slices. Results: In both maxillary and mandibular arch, 
the inter-radicular space increased in the apical direction 
except between the upper first and second molar. The bone 
space exceeds 3.2mm located at regions between central inci-
sors, lateral incisor and canine, canine and first premolar, first 
and second premolars, second premolar and first molar (max-
illa); first and second premolars, first and second molars, 
second premolar and first molar (mandible). Conclusion: The 
regions that were not ideal for mini-implants insertion in-
cluded areas between central and lateral incisors or molars 
(maxilla); regions between incisors and canines (mandible). 
The residual regions between teeth are proper for implanta-
tion at heights of 2, 3 or 5 mm above CEJ. 

Keywords—Mini-implants; Temporary anchorage device; 
Anchorage; Orthodontics; Cone beam computed tomography. 

I. INTRODUCTION  

The critical requirement of anchorage control and the 
need for minimal patient compliance in orthodontic treat-
ment have encouraged orthodontists into using temporary 
anchorage devices (TADS).1 These devices are biocompati-
ble and biological and may be placed transosteally, en-
dosteally or sub-peiosteally providing absolute anchorage 
through mechanically retention or osseo-integration.1, 2 The 
most popular type of TADS is the mini-implant, which has 
a variety of  different shape and designs. These range in 
diameter from 1.2 to 2 mm as well as 6 to 12 mm for 
length.3 

The major of the clinical problem of the mini-implant is 
failure rate. Although mechanical retention or partial osseo-
integration can provide mini-implants enough stability in 
idea clinical conditions, postinsertion mobility has been 
frequent when there are inadequate bone mass available, 
improper implantation or post-surgical treatment. Many 
researchers have attempted performing studies on reliable 
mini-implants placement sites4-8, demonstrating the need for 

the comprehensive knowledge of accurate indication on the 
proper safe implantation site. 

Since its development in 1990s9, Cone Beam Computed 
Tomography (CBCT) has been used extensively in both 
dentistry and medicine. In orthodontics, CBCT can provide 
3D images for accessing dento-skeletal relationship10, the 
location of impacted teeth11 and airway analysis et al12. Due 
to its low radiation and convenience of clinical information 
available, the use of this imaging modality could be made 
routine in orthodontic clinic. 

The purpose of this study was to access the amount  
of maxillary and mandibular interradicular bone and deter-
mine the most reliable implant sites using the latest 3D 
Technology. 

II. MATERIAL AND METHODS 

24 3-D CBCT records (12 female, 12 male, aged 16 to 
32) were obtained from the routine patients’ database in 
Department of Orthodontics. Patients selection criteria in-
cluded completed eruption of all second permanent molars, 
Class Ⅰ molar relationship, and less than 5 mm crowding. 
Ethical approval for the study was obtained from the Institu-
tional Review Board of the University of Texas Health 
Science Center and the local consent obtained as part of 
chart records of the Dental Branch. 

A total of 26 inter-radicular sites (13 in each arch) were 
examined on the axial planes (Fig. 1) originated from 3-D 
CBCT images with a 1 mm interval stared at the cementoe-
namel junction (CEJ). The literature has showed that the 
attached gingival zone is the preferred location for mini-
implants1 and studies have shown that the width of both 
maxillary and mandibular buccal attached gingiva are less 
than 5mm13,14. There in the study only 5 heights (1, 2, 3, 4, 5 
mm) were considered from the CEJ. Furthermore, the min-
imum amount of bone between mini-implants and dental 
roots required to preserve periodontal health and prevent 
damage to dental roots is 1 mm around the mini-implant8. 
As the diameter of mini-implants ranges from 1.2 to 2 mm3, 
we considered 3.2 mm of interradicular space is a safe value 
for implantation. 
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Fig. 1 Interradicular space measurement on the axial plane of maxillary 
arch 

Before data collection, 3-D CBCT images from 5 sub-
jects were chosen at randomed and measured to determine 
intra-rater agreement. The results showed that there was a 
good reliability in rater measurement. 

III. RESULTS 

More than 3000 measurements of the tomographic slices 
were obtained through the 3-D imaging software (InVi-
voDental version 4.1.35.0). No significant differences were 
found between the right and left sides for any corresponding 
variable (ie: space between lateral and canine) (p>.05). 
Thus, the measurements for both alveolar bone sides of all 
24 maxillae and mandibles were grouped to facilitate de-
termining central trend measurements except inter central 
incisors area of both upper and lower arch. The means and 
standard deviations of interradicular space at 0-, 1-, 2-, 3-, 
4-, 5-mm heights from CEJ are presented in Table 1 (max-
illa) and Table 2 (mandible). The data showed that the  

region between the upper canine and first premolar as well 
as some heights of molar region showed significant differ-
ences between male and female groups when the data was 
pooled together. 

IV. DISCUSSION 

Many factors can impact the post-surgical stability of 
mini-implants, proper implantation site location is the first 
and most important one. Clinicians have spent much time in 
this area3-8, new technique means new findings, CBCT is a 
kind of computed tomography which has low radiation and 
price, besides these, the 3-dimesional imaging of CBCT 
provides orthodontists plenty message to make right deci-
sion for diagnosis and treatment. Compared with traditional 
panoramic or apical radiography, CBCT gives more direct 
view with 3-dimesion and little distortion, which means 
more accurate measurement of the bone volume. 

In this study, we found that the ideal sites for mini-
implants in upper and lower arch are different. In the maxil-
lary arch, the regions between first and second molars, cen-
tral and lateral incisors are not good for implantation. In 
mandibular arch, the regions between incisors and canines 
are too narrow to do implantation and the greatest amount 
of bone in the interradicular space was between first molar 
and second premolar at a height of 5 mm (4.70±1.77).  

Poggio8 found the greatest amount of bone mass between 
first and second premolars while Monnerat15 found that 
between first and second molars. These differences may be 
due to the sample variation. The other two regions for im-
plantation are between premolars and molars at a height of 2 
or 3 mm. 

Besides locations, other factors such as load timing, load 
direction, infection, insertion angle, may also gave impac-
tion to mini-implant stability, these factors also need further 
study 

Table 1 Mesiodistal interradicular space measurements of the maxillary bone at different heights from CEJ ( mean±SD,mm 1-1, central incisor to central 
incisor; 1-2, central incisor to lateral incisor; 2-3, Lateral incisor to canine; 3-4, canine to first premolar; 4-5, first to second premolars; 5-6, second premolar 
to first molar; 6-7, first to second molars *P<0.05, compared with Female group.) 

Gender H 1-1 1-2 2-3 3-4 4-5 5-6 6-7 
0 2.05±0.36 1.70±0.36 1.96±0.33 2.27±0.43* 2.47±0.37 2.62±0.45 1.81±0.37* 
1 2.30±0.52 1.83±0.29 2.18±2.40 2.54±0.42* 2.73±0.64 2.82±0.44 2.10±0.36* 
2 2.55±0.75 1.85±0.52 2.33±0.40 2.70±0.40* 2.88±0.53 3.09±0.47 2.46±0.35 
3 2.71±0.74 1.83±0.57 2.64±0.49 2.78±0.51* 3.14±0.57 3.23±0.57 2.52±0.50 
4 2.93±0.61 2.06±0.79 2.89±0.59 2.95±0.46* 3.38±0.48 3.18±0.77 2.36±0.64 

 
 

Male 
(n=12) 

 
 5 3.28±0.55 2.10±0.78 3.24±0.63 2.97±0.59* 3.44±0.62 3.16±0.88 2.22±0.70 

0 2.51±0.70 1.84±0.65 2.16±0.73 2.60±0.42 2.54±0.53 2.46±0.65 2.12±0.46 
1 2.41±0.62 1.91±0.54 2.33±0.67 2.85±0.53 2.89±0.57 3.00±0.85 2.43±0.38 
2 2.59±0.70 2.00±0.50 2.56±0.63 3.13±0.56 3.06±0.42 3.24±0.74 2.62±0.40 
3 2.89±0.76 2.09±0.58 2.83±0.62 3.32±0.55 3.33±0.47 3.34±0.86 2.63±0.72 
4 3.07±0.70 2.20±0.59 3.09±0.57 3.37±0.64 3.48±0.50 3.46±0.90 2.32±0.83 

 
 

Female 
(n=12) 

5 3.24±0.83 2.30±0.67 3.49±0.71 3.51±0.72 3.59±0.61 3.56±0.94 2.12±0.91 
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Table 2 Mesiodistal interradicular space measurements of the mandibular bone at different heights from CEJ ( mean±SD,mm 1-1, central incisor to central 
incisor; 1-2, central incisor to lateral incisor; 2-3, Lateral incisor to canine; 3-4, canine to first premolar; 4-5, first to second premolars; 5-6, second premolar 
to first molar; 6-7, first to second molars *P<0.05, compared with Female group.) 

Gender H 1-1 1-2 2-3 3-4 4-5 5-6 6-7 
0 2.05±0.36 1.70±0.36 1.96±0.33 2.27±0.43* 2.47±0.37 2.62±0.45 1.81±0.37* 
1 2.30±0.52 1.83±0.29 2.18±2.40 2.54±0.42* 2.73±0.64 2.82±0.44 2.10±0.36* 
2 2.55±0.75 1.85±0.52 2.33±0.40 2.70±0.40* 2.88±0.53 3.09±0.47 2.46±0.35 
3 2.71±0.74 1.83±0.57 2.64±0.49 2.78±0.51* 3.14±0.57 3.23±0.57 2.52±0.50 
4 2.93±0.61 2.06±0.79 2.89±0.59 2.95±0.46* 3.38±0.48 3.18±0.77 2.36±0.64 

 
 

Male 
(n=12) 

 
 5 3.28±0.55 2.10±0.78 3.24±0.63 2.97±0.59* 3.44±0.62 3.16±0.88 2.22±0.70 

0 2.51±0.70 1.84±0.65 2.16±0.73 2.60±0.42 2.54±0.53 2.46±0.65 2.12±0.46 
1 2.41±0.62 1.91±0.54 2.33±0.67 2.85±0.53 2.89±0.57 3.00±0.85 2.43±0.38 
2 2.59±0.70 2.00±0.50 2.56±0.63 3.13±0.56 3.06±0.42 3.24±0.74 2.62±0.40 
3 2.89±0.76 2.09±0.58 2.83±0.62 3.32±0.55 3.33±0.47 3.34±0.86 2.63±0.72 
4 3.07±0.70 2.20±0.59 3.09±0.57 3.37±0.64 3.48±0.50 3.46±0.90 2.32±0.83 

 
 

Female 
(n=12) 

5 3.24±0.83 2.30±0.67 3.49±0.71 3.51±0.72 3.59±0.61 3.56±0.94 2.12±0.91 

 
 

V. CONCLUSIONS  

According to the results of this study, following conclu-
sions can be made: 

In the maxillary arch, regions between central and lateral 
incisors or molars are not viable for mini-implants insertion. 
The residual regions between teeth are proper for implanta-
tion at heights of 2, 3 or 5 mm above CEJ. 

In the mandible, the regions between incisors and canines 
are too narrow for implant insertion and the reliable sites for 
mini-implants are regions between premolars, molars or 
first molar and second premolar at a height of 2 or 3 mm 
below CEJ. 
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Abstract––In this work, we describe an algorithm for 3D 
motion correction of planar scintigraphy data. The emission 
data are acquired in dynamic or list mode with a gamma 
camera. Simultaneously, an inexpensive system consisting of 
two video cameras, a computer and software, records and 
calculates the three dimensional movements of a target 
connected to the object being imaged. The motion correction 
algorithm then assumes that the image formation process is 
equivalent to having the object in a fixed position in space with 
the camera, not the object, moving relatively to the object, as 
in emission tomography imaging (SPECT). The detected 
motion is used to calculate a system matrix that relates the 
measured projections with the object being imaged and that 
enables the use of a reconstruction method to be used 
subsequently. The proposed method was validated with both 
simulated and real data, allowing the recovery of the original 
object shape and resulting in images with a significant 
reduction of the blurring due to object motion. 

Keywords––motion correction, image reconstruction, 
SPECT. 

I. INTRODUCTION 

The effect of motion in image acquisition is highly 
dependent on the imaging technique and is mainly 
determined by the relation between the acquisition rate and 
the speed of motion. For high acquisition rates the 
consequences of motion are minor. However, with low 
acquisition rates harmful effects in images are expected and 
correction procedures may be unavoidable. 

Emission imaging techniques, such as SPECT and PET, 
require long periods of exposure during which a constant 
position of the patient must be ensured. To prevent patients 
from moving, it is often necessary to use restraint devices, 
sedatives or to hold them manually. Even with collaborative 
subjects the change of position or unintentionally 
movements is frequent. 

A.   Effects of Motion in Image 

The effect that is generally attributed to moving objects 
is blurring, which implies spreading of activity and loss of 
definition of the edges. These effects result in the 

appearance of artifacts and a decrease of the detectability of 
small points. 

Figure 1 shows the effect of a moving point source. 
Although emission is made from different points over time, 
the detector is unable to distinguish them because of its 
resolution. Thus, the point is detected as a larger source 
with lower activity. 

 

 
a)                      b) 

Fig. 1 Illustration of the blurring effect of a point source due to a 
translational movement. a) image of a point source that remains still during 
acquisition b) Represents the acquisition of same point source that presents 
a periodic translational motion 

Murase et al [22] studied, through simulation and real 
tests, the impact of motion on SPECT images. They 
concluded that for lesions of 2 cm and for a motion with 
amplitude of 14 mm the contrast decreases of about 20% 
when compared to the motionless situation. Currently, it is 
well established that respiratory motion may cause the 
appearance of artifacts in perfusion myocardial images 
(SPECT) that, in turn, may have a direct influence in the 
final diagnosis [4][29]. For PET/CT studies, the existence of 
harmful effects of motion is also known, namely in the 
registration between PET and CT images that have 
implications both on the correct localization of lesions [26] 
and in the attenuation correction [18][11][30]. 
Augmentation of lesion volume has also been reported [28], 
leading to the possibility of inadequate radiotherapy 
planning. 

B.   Motion Detection 

Motion detection is a key step for the success of any 
technique that aims at compensating the effects of 
movement. Motion can be detected using the scintigraphic 
images themselves (data driven methods) or using external 
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devices. Data driven methods can be applied without any 
change to the clinical protocols and, generally, don’t need 
additional hardware systems. Nevertheless, these methods 
are constrained by detector limitations, e.g. temporal and 
spatial resolution. First applications of this type of methods 
can be tracked to the 70’s [2][10]. The use of external 
radioactive marks attached to the patient body was also 
proposed to track motion more accurately [12]. Other data 
driven methods have been proposed to SPECT and PET 
tomographic images: methods based on cross-correlation 
[5][27], diverging squares [15], two-dimensional fit [8], 
external radioactive marks [16] and optical flow [24]. All 
these methods try to calculate motion from projections data. 
Some studies performed comparisons between these 
methods [20][25], however conclusions are not in 
agreement about the best suited method. 

Although the use of external devices to track motion is 
technically possible using numerous types of transducers, 
clinical requirements restrict the available choices. Thus, 
the most frequent alternative has been to use video cameras 
working either in the visible [3][6] or in the infrared range 
[17][31]. This kind of option, generally, implies attaching to 
the patient body marks that are visible from several cameras 
in order to allow a 3D determination of their localization. 
Motion is then easily determined using the position 
variation over time of a number of the attached marks. 
Infrared cameras can operate in conditions of poor 
illumination, which is beneficial in some neurological 
examinations, and also eases the identification of the marks, 
since the signal to noise ratio is increased. On the other 
hand, visible cameras are less expensive. 

For compensating respiratory motion in PET imaging, it 
is common to use dedicated external devices that provide a 
trigger signal for gating protocols [23], namely pressures 
sensors, temperature sensors or even specially designed 
video cameras. 

C.   Motion Correction 

In the 70´s, motion correction techniques for nuclear 
medicine imaging was categorized in three major groups: 
gating techniques, computational techniques and techniques 
that use analog circuitry [2]. The latter group included all 
the schemes that used electronic devices connected to the 
output of the gamma camera positioning circuitry to 
produce an automatic correction. However, this kind of 
procedure became obsolete as computers evolved and has 
been replaced by other more efficient. Today, correction 
procedures are essentially computational, though gating 
methods are still in use. 

For planar scintigraphy (e.g. renograms [1]) correction is 
performed by alignment of images and interpolation. This 
simple approach allows only the correction of translation 
movements that occur in the plane of projection and rotation 
around an axis perpendicular to the plane of projection.  

Tomographic imaging requires more complex methods 
that usually involve reconstruction techniques. There are 
methods that first perform the correction on the projection 
data and then reconstruct the volume of images [5][9]. 
Others include the motion information in the reconstruction 
step instead. Fulton et al. [13] presented a method for the 
correction of brain SPECT exams where each detected 
movement is considered a new position of the gamma 
camera resulting in a virtual volume of images that is 
reconstructed using the 2D-OSEM algorithm. A more 
cumbersome alternative is to use a fully 3D algorithm that 
considers again each movement as a new position of the 
gamma camera [14]. 

Another possibility for correct motion is to acquire data 
in list mode while detecting motion from several video 
cameras [21]. The list mode generates a list of all the events 
detected which are then spatially corrected from motion that 
is detected by video cameras. Once all events are corrected, 
reconstruction is carried out normally. This type of 
procedure can also be used in elastic movements [19]. 

D.   Proposed Method 

The motion correction algorithm proposed in this paper 
is based on the image reconstruction problem. Motion 
information obtained from video cameras is included 
directly on the system matrix. The motion correction 
problem becomes a question of how to determine the 
system matrix that describes the image formation process 
(relating the imaged object with the data acquired). 

We applied the algorithm to planar scintigraphy data, 
which were acquired using a dynamic protocol 
synchronized with two video cameras that recorded the 
motion of the phantom. For planar scintigraphy we used a 
system matrix similar to a 3D problem, which enables the 
correction of rotation movements even around axes that are 
coplanar with the projection plane. After calculation of the 
proper system matrix, correction was performed as a 
reconstruction problem, using a version of the MLEM 
algorithm [7]. 

For each image frame an adequate matrix is calculated, 
linking each line of response to one or more pixels in the 
image. The calculation of the system matrix is a geometric 
problem that is more complex for the 3D case. The 
determination of this matrix is based on the computation of 
fractions of volumes corresponding to the intersections of 
the line of responses of different image frames. Although 
for 2D situations analytical solutions can be devised, in 3D 
the complexity increases and numerical solutions seem to be 
a better choice. Figure 2 shows a simple situation where the 
lines of projection were previously vertical and become, due 
to motion, inclined. Hence, the activity measure along a line 
of response should be distributed for the lines of response 
(correspond to the 1ºs frame) that are intersected. The 
system matrix codes all the intersection fractions. 
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Moving the object is equivalent to moving the detector in 
a reverse direction, which is similar to considering lines of 
response with different orientations. The numerical 
calculation for the intersection was performed by 
distributing uniformly a cloud of points, classifying each 
point as belonging to a certain line and then counting the 
number of points associated with each line. 

 
a)                                        b) 

Fig. 2 Illustration of inclination movement. a) The activity along a line of 
response where movement occurred (in red) can be distributed by the other 
intersecting lines (in grey) that are fixed and correspond to the absence of 
movement. b) Illustration of a 3D situation: the intersection volume 
becomes a complex geometry problem 

The system matrix for the frame t can be described by: 

( ) ( ) ( )
( )

0

0

#
,

#

PtsOnL PtsOnL

PtsOnL

t
t

i j
M i j

i
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where ( )#PtsOnLt j  represents the number of points in the 
line of response j for the  frame t. 

II. METHODS 

We analyzed the proposed algorithm both by 
computational simulation and with real data. 

A.   Simulation 

A digital volume of images was constructed by stacking 
10 equal images obtained from a slice of a Jaszczak 
phantom (64x64). We simulated 3 dynamic acquisitions of 
3 min with 1 s per frame (180 frames each). The object was 
moved during each acquisition, with different types of 
motion. For each simulated acquisition, five levels of 
Poisson noise were tested: 0.1 Mcts (million counts), 0.5 
Mcts, 1 Mcts, 5 Mcts and 10 Mcts. For each noise level we 
tested 100 different noise realizations. 

We calculated 3 different images for each noise 
realization: the first corresponding to the motion free 
situation, the second to the image obtained with no motion 
correction and the third with motion correction.  

The relative error at the k iteration was determined using 
the expression: 

( ) ( ), ,corrected motion free

rel

N N
k k

i jk

I i j I i j

C
ε

−
=
∑∑

 (2) 

where C  is the number of counts of the image and I(i,j) is a 
given image pixel value. 

B.   Real Data 

Real data was obtained using a gamma camera GE 
Millenium MC- Double detector (2002). Seven tests were 
performed using a Jaszczak Deluxe phantom. We acquired 
150 frames (128x128) in dynamic mode with 2s of duration 
each. It was employed a collimator of parallel holes for low 
energy and high resolution. During the acquisition the 
phantom was moved in a controlled fashion using a 
dedicated device. Trials were divided in two groups, each 
one with the same motion but with different activities 
(0.3mCi and 3.5mCi of 99mTc). The seventh trial was 
performed moving the phantom manually. The motion was 
detected with two video cameras (uEye 1440C) working 
with a frame rate of 2 images/s. To facilitate the detection of 
motion, we attached a target (4 black squares in a white 
background) to the side of the phantom. 

III. RESULTS 

A.   Simulation 

We only present some of the images obtained by 
simulation. All images represent average images obtained 
for the 100 noise realizations. In Figure 3 the left image 
represents the image that would be obtained if there were no 
motion, the middle image is the image obtained without 
motion correction and the right image is the image obtained 
with motion correction. 

 

Fig. 3 Average images obtained when the phantom is rotated about an axis 
that is normal to the projection plane (0.1 Mcts) 

Figure 4 represent the relative error, calculated with (2) 
for iteration k=20, as a function of the number of counts. 
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Fig. 4 Relative error (iteration 20) vs. the number of counts (the phantom 
was rotated about an axis coplanar with the projection plane) 

B.   Real Data 

Figure 5 presents one of the images obtained from the 
trials with real data.  

 

Fig. 5 Image obtained when the phantom (3.5 mCi) is rotated about an axis 
that is normal to the projection plane. Left: no motion correction; center 
and right: 1 and 20 iterations of the motion correction algorithm, 
respectively 

The next illustration shows the result obtained with 
manual movement. 

 

Fig. 6 Images obtained when phantom is moved manually (left: no motion 
correction; center and right: 1 and 20 iterations of the motion correction 
algorithm, respectively) 

IV. DISCUSSION 

The computational simulation shows that the proposed 
algorithm is robust for different levels of noise and different 
types of motion. As expected, the results improve with the 
signal to noise ratio. Since this ratio depends on the amount 
of activity and on the period of acquisition it is not possible 
to reduce the frame duration below a certain value. When 
the phantom was moved manually, all kinds of motion were 
applied and, as it can be observed in Fig. 6, the algorithm 
recovered well. 

V. CONCLUSION 

The proposed algorithm has a good performance 
independently of the type of motion. However, the signal to 
noise ratio has a great impact on the success of the method. 

The matrix calculation can be applied directly when 
deformations movements are present. 
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Abstract––In this work, we describe a system that allows the 
registration of planar scintigraphy data onto video images of a 
patient obtained at multiple perspectives. The system is based 
on two video cameras that view the patient or object in the 
gamma camera from different perspectives, allowing the 
combination of the video and planar scintigraphy data in the 
same 3D reference frame, fusing the two types of images. This 
inexpensive system can be useful in situations where 
anatomical information of the external surface is important for 
aiding the localization of internal structures, as is the case of 
applications such as Positron Emission Mammography. 

Keywords––image fusion, coregistration, nuclear medicine. 

I. INTRODUCTION 

The field of image registration has progressed 
considerably in the last decade. Its applications in nuclear 
medicine include: 
1. intramodal registration (PET/PET, SPECT/SPECT) with 
the purpose of evaluating possible changes in the same 
subject over time; 
2. intermodal registration (PET/CT, SPECT/CT, PET/MRI, 
etc) with the purpose of: 

a. improving lesion localization; 
b. applying corrections, such as attenuation, scatter or 

partial volume effect; 
c. performing image reconstruction with an anatomical 

prior; 
3. intersubject image registration for atlas construction. 

A.   Intramodal Image Registration 

PET and SPECT imaging is a successful tool for 
detecting different types of lesions, following their 
evolution and evaluating therapy. The accuracy of lesion 
localization and the possibility of quantification are 
important aspects that are easier to achieve if images are 
registered before and after the treatment. Once the image 
registration is completed, additional processing over the 
registered images can be performed, enhancing differences 
between the two images. 

Several studies about this issue have been presented and 
can be divided in two groups: those that present generic 
algorithms for the intramodal image registration 
[43][19][9][14] and those that present registration 
algorithms focused on a specific clinical application. 
Among clinical applications that require intramodal image 
registration it is worth mentioning: 

1. evaluation of seizure foci with ictal and interictal cerebral 
perfusion SPECT images that are used to search for 
differences [44]; 
2. neuroactivation studies that require two distinct images: 
one corresponding to the baseline situation and the other to 
a stimulus situation [2][30]; 
3. analysis of the effects of administration of psychoactive 
substances such as morphine, barbiturates and alcohol [31]; 
4. oncological therapy follow up [34]; 

B.   Intermodal Image Registration 

Although using just a single imaging modality is enough 
to evaluate most clinical situations, there are circumstances 
where it is advisable to employ several imaging techniques 
which combined lead to more complete and accurate 
diagnosis [41]. Since images are generally acquired at 
different times and using distinct cameras, image 
registration is essential in order to get an accurate fusion. 
Combined anatomical and functional information can 
enhance the useful clinical information. Thus, it is frequent 
to register anatomical and functional images such as 
SPECT/MRI, SPECT/CT, PET/CT and PET/MRI. 

Intermodal image (PET/SPECT) registration is required 
for several clinical applications, namely, cardiology, 
epilepsy, oncology and radiotherapy. 

Heart ischemic diseases are, unfortunately, one of the 
major causes of death worldwide. These diseases can be 
examined by different imaging techniques, each one 
contributing with a distinctive perspective of the problem. 
One of the consequences of ischemic disease is the 
reduction of the heart blood perfusion that can be examined 
by nuclear medicine imaging or by MRI [13][16]. Therapy 
benefits when all the aspects of the heart disease are jointly 
analyzed. Therefore image registration is an optimal tool for 
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bringing together the information generated by the different 
imaging modalities [22].  

Accurate localization of epileptic foci remains a difficult 
task to perform. Although MRI imaging presents a high 
spatial resolution, it is unable to enhance foci unless a 
structural lesion is already present. On the other hand, 
functional MRI – frequently used for neuroactivation 
studies – cannot be used during a seizure, since motion may 
cause artifacts. Consequently, SPECT imaging remains as 
one of the most efficient ways of detection of epileptic foci 
[7], upon the subtraction of ictal and interictal images that 
have to be registered previously. Frequently, the subtracted 
image is then registered onto a MRI image with the purpose 
of increase the specificity and sensitivity of the method [28] 
[29][42]. Sometimes, the processed images are also used to 
feed surgical guidance systems as an help for resection of 
the epileptic foci [26][25]. 

The advantages of bringing together anatomical and 
functional images for the oncological diagnosis are well 
known [40][18][1], justifying all the efforts devoted for 
improving image registration process. The development of 
PET/CT technology made the image registration process 
easier [4][5][20]. In addition, PET/CT imaging also enables 
the inclusion of functional images in radiotherapy planning. 
Since PET images provide information about the active part 
of tumors, the dose can be planned to be delivered only to 
the active portion of the tumor. Thus, it has been shown that 
the irradiated volume can be significantly reduced when 
compared with the volume calculated from CT images [12] 
[21]. If radiotherapy planning is performed using PET 
images, the dose delivered on normal tissue is reduced. This 
idea has been studied in several papers focusing numerous 
types of tumors [11][36][27][39]. 

C.   Intersubject Image Registration 

Intersubject image registration is normally used for the 
creation of an average image as well as the respective 
standard deviation image. Those images can then be used in 
the comparison with other studies to detect possible 
pathologies [35][17]. The organs where this procedure is 
more common are the heart [38][10][37] and the brain 
[24][15][32] where the localization of certain areas is 
facilitated with brain atlas [23]. 

D.   Medical Image Registration onto Video Images 

Video imaging is a modality that has a limited 
application in the clinical environment. However, video has 
been increasingly required for aiding the investigation in  
 

health science. Registration between different modalities 
and video images or similar is not new and can be found in 
areas such as optical bioluminescence [33] and retinography 
[3]. 

In this we work we propose the registration of planar 
scintigraphy data onto video images obtained by two 
separated cameras. 

II. METHODS 

A.   Theory 

The registration of planar scintigraphy acquired by a 
gamma camera onto video images was performed using an 
algorithm based on a rigid transformation. We needed to 
employ a calibration device (Fig. 1 and Fig. 2) in order to 
determine the proper transformation between gamma 
camera images and video images. Although the calibration 
of images from a gamma camera is straightforward, the 
calibration of video cameras is much more complex since 
the geometry associated to image formation is projective. 
The calibration device developed in this work allows 
determining the position and orientation of the video 
cameras, which are essential to project any point on the lab 
reference axes to the video image and, hence, to the image 
reference axes. This procedure requires also the knowledge 
of other parameters of the video cameras, such as the focal 
distance and the principal point. We used the freely 
available online “Camera Calibration Toolbox” [6] software 
to determine such parameters. The position and orientation 
of video cameras was calculated using dedicated software 
already developed within our group [8]. 

 

Fig. 1 Illustration of the calibration device. The axes of the lab reference 
system are superimposed on the calibration device (red lines) 

The developed image registration algorithm is based on 
the transformation of the coordinates from one system axes 
to another. The coordinates of a point NP  described on the  
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coordinate system of the nuclear image are transformed 
onto the lab coordinate system by: 

L G G N GP S R P T= + , (1) 

where GS  is the scale factor, GR  represents the rotation and 

GT  the translation between the two systems. 
Once the points are transformed to the lab system, it is 

necessary to project them to the video images, which can be 
done using the following equations: 
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where ( ),u v  are the coordinates of point LP  in the video 
image reference system. ( )0 0,u v  are the coordinates of the 
principal point, f  represents the focal distance of the video 
camera, 1 2 3x x x xR r r r≡ ⎡ ⎤⎣ ⎦  is the x line of the rotation matrix 
of the camera orientation and cP  is the projection center 
position in the lab system. 

The map that transforms any point in the nuclear 
medicine image into the video image can be obtained by 
combining equations 1 and 2. Although the image 
registration herein presented is in the end 2D-2D, in practice 
it is in fact more complex since it includes a 2D-3D-2D 
transformation. 

The fusion of the images is equally important because 
image resolutions are very different. We decided that the 
user should be able to choose the region of the nuclear 
image he wishes to register and to merge. The number of 
pixels inside the chosen region in the nuclear image is 
probably smaller than the corresponding region in the video 
image. Therefore, a one-to-one link between the image 
pixels is not the best solution for merging the images. 
Instead, we first determined the convex hull in the video 
image that corresponds to the chosen region in the nuclear 
image. Secondly, we painted the points inside the convex 
hull using the same color scale of the nuclear image. For the 
points that have no correspondence in the nuclear image we 
obtained their value by interpolation using the nearest 
neighbor method. The user can also choose a certain value 
for transparency when fusing the images. 

B.   Trials 

Nuclear images were acquired using a gamma camera 
GE Millenium MC- Double detector (2002). We used a 

Jaszczak Deluxe phantom and RSD striatal phantom for 
acquiring images with 128x128 pixels in static mode and 
employing a collimator of parallel holes for low energy and 
high resolution. The calibration device was also used to 
demonstrate the concept. 

III. RESULTS 

In the following figures we present the images obtained 
using the algorithm for registration and fusion explained 
previously.  

Figures 2 and 3 illustrate the registration and fusion of 
scintigraphic and video images of the calibration device 
choosing different regions.  

 

Fig. 2 Fusion of the scintigraphic image of the calibration device (left) and 
the images of the two video cameras (middle and right). The merge region 
has a triangular shape and includes 3 points of the calibration device 

 

Fig. 3 Fusion of the scintigraphic image of the calibration device (left) and 
the images of the two video cameras (middle and right). The merge region 
has a rectangular shape and includes 2 points of the calibration device 

Figures 4 and 5 illustrate the registration and fusion of 
scintigraphic and video images of the Jaszczak phantom, 
with different regions and levels of transparency. 

 

Fig. 4 Fusion of the scintigraphic image of the Jaszczak phantom (left) and 
the images of the two video cameras (middle and right) 
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Fig. 5 Fusion of the scintigraphic image of the Jaszczak phantom (left) and 
the images of the two video cameras (middle and right) 

Figure 6 illustrates the registration and fusion of 
scintigraphic and video images of the striatal phantom. 

 

Fig. 6 Fusion of the scintigraphic image of the Jaszczak phantom (left) and 
the images of the two video cameras (middle and right) 

IV. CONCLUSION 

We presented a method for registering functional images 
onto video images. The fusion of the images increases the 
effective information that can be obtained from the two 
modalities separately. 

Situations where anatomical information of the external 
surface is important for aiding the localization of structures 
can be improved by the introduction of this approach. One 
of the possible targets of the method herein presented could 
be PET mammography where the relative localization of 
lesions is important for surgeons. 
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Abstract— There is growing acknowledgement that fatigue

plays a significant role in traffic accidents. This study evaluated

the relationship between fatigue-related accidents and Micro-

Sleep Events (MSE) using a real car driving simulator. Ten

healthy volunteers participated in the study for two nights each.

After a period of struggling against sleep pressure, all subjects

experienced periods of extreme fatigue and Micro-Sleep Events

(MSE). Most MSE had no consequences, but some resulted di-

rectly in an accident. To establish a correlation between MSE

and fatigue related accidents all MSE were counted separately

for driving sessions with and without accidents. Accident proba-

bility was calculated as the ratio of the number of MSE in the ac-

cident sessions to the total number of MSE. Under the extremely

fatiguing protocols the overall accident probability was 35 %.

Keywords— Accident probability, Micro Sleep Event Duration,

Correlations Micro-Sleep Events - Accident Events

I. INTRODUCTION

In general, driver fatigue [Mackie 1977], [Moore-Ede
1993] can be characterized by many features, such as a de-
crease in mental and physical performance, reduced vigi-
lance, loss of cognitive and logical reasoning skills, impaired
judgment, reduced motor coordination, slower reaction time,
absentmindedness, mental lapses, uncharacteristic mistakes,
erratic behavior, and the occurrence of Micro-Sleep Events
(MSE). It is important to note that many individuals are either
not aware of the degree of impairment produced by fatigue,
or they are not able to recognize the early symptoms of MSE.

Within the public sector, inattention and driver fatigue (in-
cluding MSE) are significant factors in commercial truck
crashes, conservatively accounting for 1,200 deaths and
76,000 injuries annually at an estimated cost of $12.4 billion.
Fatigued drivers are often not aware of their condition, fre-
quently driving for repetitive episodes of 3-12 seconds with
their eyes totally closed. These drivers are experiencing dan-
gerous Micro-Sleep Events (MSE) because they are mentally
incapacitated during the MSE periods. In some accident re-
ports fatigue is named as contributing factor, when the real
factor was very likely a single MSE. Of course, fatigue is

a problem in all 24-hour operations, but the real danger is
the occurrence of MSE. During MSE, the operator is inca-
pable of responding to outside events. The brain has, in some
sense, turned its self off for a few moments. If nothing in the
work environment changes during a MSE, there are no con-
sequences. But if something happens, if there is a curve in the
road, if the car in front breaks, or your truck drifts of out its
lane, there is an immediate risk of an accident. Perhaps the
most frightening thing about MSE is that they mostly happen
without awareness or forewarning. This has been observed
numerous times during our night time driving simulator stud-
ies.

Despite the high accident potential of MSE, most research
in this field was and is focused on general driver fatigue
[Torsval et al. 1987], [Jung et al. 1997].

Recently, the MSE detection issue received some long
overdue attention [Blaivas et al. 2007], [Davidson et al.
2007]. However, the direct quantitative relationships between
MSE frequency and accident probability have not yet been
reported. To establish such a relationship requires a reliable,
continuous MSE detection capability.

However, many researchers try to explain MSE based on
certain EEG rules, similar to the sleep onset classification.
[Sommer et al. 2001] have shown that the EEG characteris-
tics during MSE is quite complex and that only rule free clas-
sification tools allow reliable MSE detection based on EEG.
In [Golz et al. 2007] and [Davidson et al. 2007], MSE classi-
fication based on EEG and EOG analysis utilizing rule free,
modern classification tools, such as Support Vector Machines
and Tapped delay-line Multilayer Perceptron networks, were
presented. [Paul et al., 2005] have shown that an increasing
number of MSE can be associated with worsening overall
driving performance.

II. EXPERIMENTAL SETUP

The study was conducted in the laboratory of adaptive
biosignal analysis at the University of Applied Sciences,
Schmalkalden (Germany). The lab has a sophisticated, real
car driving simulator and extensive experience conducting
these types of studies. The equipment used is fully controlled
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by specialized software, allowing regulation of light levels,
car environment (temperature, noise level, humidity), and of
controls and instruments. Ten volunteers participated in the
study, 8 men and 2 women. The average age was 25.2 ± 3.5
(range 20 - 29). They were all healthy, and kept regular sleep
/ wake schedules. Volunteers arrived at the lab at 11 pm. Af-
ter wire-up, experimental sessions started at 1 am. There were
seven experimental sessions, with the last session starting at 7
am. Each driving session had duration of 40 minutes. Several
bio-signals were recorded: EEG (FP1, FP2, C3, Cz, C4, O1,
O2, A1, A2), EOG (vertical, horizontal), ECG, and EMG.
In addition, three video recordings (driver’s head & pose,
driver’s eyes, driving scene) were stored. Extreme values of
Variation of Lane Deviation (VLD) were used to determine
the Accident Events (AE). MSE and AE scoring began im-
mediately and continued throughout the driving sessions by
two researchers who watched the video streams. Time stamps
were set for typical signs of MSE (e.g. prolonged eyelid clo-
sures, rolling eye movements, head nodding) and major AE
(e.g. driving incidents and drift-out-of-lane accidents). In all,
2,290 MSE were found (per subject: mean number 229 ±
67, range 138 - 363) and 668 AE (per subject: mean number
66.8±54, range 7 - 193). Typical sequences of MSE and AE
are depicted in figure 1.

Fig. 1: Scored MSE (red dots) and serious AE (blue bars).

MSE occur first, sometimes leading to an AE, sometimes
not. From visual observation, there seemed to be a strong cor-
relation between the frequency of MSE per time interval and
the AE probability.

III. DATA ANALYSIS

Based on these visual observations of many MSE and AE,
a moving time window of 4 minutes was selected. The rel-
ative MSE duration in percentage was then calculated based
on this time window. For example, if the total length of all
MSE was 2 minutes inside the 4 minute time window, then
the MSE duration would 50% (Sessions 4-7 in Figure 2, red
bars). The consecutive detection of MSE from EEG and EOG
was performed by Support Vector Machines [Sommer et al.,
2008]. This methodology enables not only the detection of
clear MSE scored by the raters, but also MSE with ambigu-

ously observed behavior. The AE probability for a single time
window was defined on a set of binary values, where ’zero’
means that no AE occurred during the whole 4 minute time
window and ’one’ means that at least one or more AE oc-
curred in the 4 minute window. The overall AE probability
was thus defined as the ratio of the number of time windows
with at least one AE and the total number of time windows.

IV. RESULTS

As expected, the percentage MSE duration and AE proba-
bility increased progressively through the night. This can be
observed on a subject specific level (Figure 2, 3) and for all
10 subjects (Figure 4) on average. As a general observation,
we found that the AE probability moved from 0 to 1 as soon
as the MSE duration reaches 0.5 (50 % of the 4 minute time
window). This can be considered as an empirical threshold.

Fig. 2: Percent MSE duration and AE probability for individual subject A
(Definitions of MSE duration [%] and AE probability are based on 4 minute

time window). Please note that the AE are occurring at times when MSE
duration exceeds 50 % in a given 4 minute time window.

As shown in Figure 3, the average MSE durations were
not larger than 0.6 (60 % of a 4 minute time window) of
the whole driving session. Descriptive statistics of the results
of consecutive classification clearly confirmed time-on-task
and time of day effect regarding MSE and AE occurrences.
Within and between driving sessions average probability of
MSE (red bars) and average probability of AE increased. It
should be noted that there was a slight decrease of MSE du-
ration from 6th to 7th driving session, but AE probability in-
creased further.

These results clearly reflect the high correlation coeffi-
cients in the later driving sessions. There is a clear relation-
ship; longer MSE durations result in higher AE probability.
In general, for MSE durations smaller than 10 %, accidents
can happen, but the probabilty is low (Session 1 in Figure 4).
For MSE durations above 50 %, accidents will occur with a
probability close to 100 %, clearly exceeding the overall AE
probability of 35 %.
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Fig. 3: Percent MSE duration and AE probability for individual subjects B
(Definitions of MSE duration [%] and AE probability are based on 4 minute

time window). Please note that the AE are occurring at times when MSE
duration exceeds 50 % in a given 4 minute time window.

V. CONCLUSIONS

The results clearly demonstrated the close quantitative re-
lationship between MSE and AE probability. As one conse-
quence of the presented results, there should be a redefinition
of driver fatigue involving MSE. The concept of MSE goes
beyond a simple driver fatigue phenomena, because it is im-
plying the loss of control during driving. MSE are a frequent
transitional phenomenon occurring in normal subjects who
are engaged in a monotonous, continuous task for extended
periods of time. This is of particular importance to the trans-
port and mining sectors, where there is a need to maintain
sustained attention for extended periods of time, and where
MSE can lead to multiple-fatality accidents and high value
property damage. The presented results provide a better un-
derstanding of which MSE levels represent a critical thresh-
old that, when exceeded, will inevitably produce accidents.

Fig. 4: Correlation between percent MSE duration and AE probability
(Definition of MSE duration and AE probability is based on 4 minute time
windows). Please note that the correlations are higher with increasing MSE

durations.
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Abstract— The modeling of the electrical activity of the heart

is of great medical and scientific interest as it provides a way

to better understand the underlying biophysical phenomena, al-

lows the development of new techniques for diagnoses and serves

as a platform for drug tests. At a cellular level, the electrical

activity may be simulated by solving a system of ordinary dif-

ferential equations (ODEs) describing the electrical behavior of

the cell membrane. Because the biophysical processes underly-

ing this phenomenon are non-linear and change very rapidly,

the ODE system is challenging to solve numerically. The aim of

this work is to evaluate the performance of the computational

techniques called Partial Evaluation and Lookup Tables in a

classical explicit numerical method as well as in a more sophis-

ticated implicit scheme to solve the system of ODEs that models

the electrical activity of cardiac myocytes.

Keywords— Cardiac cell models; Ordinary differential equa-

tions; Partial evaluation; Computational efficiency.

I. INTRODUCTION

Cardiac diseases are a major cause of death in developed
countries, and much effort has been put into elucidating the
causes and mechanisms of heart problems. Computer models
have become valuable tools for the study and comprehension
of the complex phenomena of cardiac electrophysiology. The
models have played an important part in this field [1] and sup-
port the tests of new drugs, the development of new medical
devices and non-invasive diagnostic techniques.

The contraction of the heart is preceded by an elec-
trical discharge, named action potential (AP), in the my-
ocytes which propagates through the whole organ. Abnormal
changes in the electrical properties of these cardiac cells as
well as in the structure of the heart tissue can lead to life-
threatening arrhythmias and fibrillation.

Mathematical models have been widely used to study the
electrical activity in myocytes. They are usually formulated
as a system of non-linear ODEs describing processes occur-
ring on a wide range of time scales. These models are being
continually developed to give an increasingly detailed and ac-

curate description of cellular physiology. However, this de-
velopment also tends to increase the complexity of the mod-
els. Common to all the recent models is that they include a
large number of highly complex coefficient functions, and the
fast dynamics of the state variables make the equations chal-
lenging to solve numerically. The simulation of a single cell
behavior, i.e. only one ODE system, over a short time inter-
val is not computational costly. However, it can become an
important issue when the cell models are used to investigate
processes which demand long simulations [2] or in simula-
tions of the cardiac muscle [3]. Therefore, it is necessary to
pursuit new efficient techniques to solve the ODE system.

Due to the simplicity of implementation, explicit ODE
solvers such as the classical forward Euler (FE) method are
commonly used [4]. However, explicit methods, for stability
requirements, have to take very small time steps. Such lim-
itation could lead to very computational costly simulations,
which produce results much more accurate than typical re-
quirements in biomedical engineering applications [5]. Com-
putational techniques to accelerate the mathematical calcula-
tions found in the cardiac cell models, such as Partial Evalu-
ation (PE) and Lookup Tables (LUTs), have been employed
to improve the performance of the explicit methods [4, 6]. As
an alternative to the explicit methods, implicit methods have
been proposed to solve the system of ODEs associated with
the myocyte models [7, 8]. Implicit methods are more sta-
ble and thus, can take larger time steps. However, implicit
schemes usually involve the solution of a system of non-
linear equations at each time step, which makes them more
difficult to implement.

The aims of this work are: to evaluate the performance of
the computational techniques PE and LUTs in the context of
the explicit FE method used to solve the ODE system associ-
ated to cardiac myocyte models; to compare the performance
of simulations based on the FE method to the implicit multi-
step backward differentiation formula (BDF) [9]; and, for the
first time, to evaluate the combination of the computational
techniques PE and LUTs with the implicit BDF method.
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II. VENTRICULAR CELL MODELS

The cell membrane is modeled as a capacitor connected in
parallel with variable resistances and batteries representing
the different ionic currents and pumps [10]. The electrophys-
iological behavior of a single cell can hence be described with
the following differential equation:

dVm

dt
= − 1

Cm
(Iion + Istim) (1)

dsi

dt
= φ(Vm,si) (2)

where Vm is the transmembrane voltage, Cm is the membrane
capacitance, Iion is the sum of ionic transmembrane currents,
si are variables that contribute to the modeling of the ionic
current Iion, and Istim is the stimulus current.

In this work, the mouse ventricular cell model developed
in [11] and the human ventricular cell model developed in
[12] were considered for the performance analysis.

III. NUMERICAL METHODS

The cardiac cell models at large can be written as general
initial-value problems of the form:

y′(t) = f (t,y(t)),
y(0) = y0. (3)

where y′ = dy(t)/dt, t is a real variable, y : R→Rn is a vector-
valued function of t, f : Rn+1 → Rn is called the ‘right hand
side’ (RHS), and y0 is the solution at t = 0.

There are several approaches that give rise to different
methods, see [13] for a survey of the major categories of
methods. Replacing the derivatives in the differential equa-
tions with a finite difference quotient, an algebraic equation
is obtained:

yn+1 = yn +h f (tn,yn) (4)

Which gives rise to the classical FE method, an explicit
single-step method.

Although is well known that explicit numerical methods
have strong limitations because stability restrictions, they are
widely used due to their simplicity of implementation. The
ODE system that describes the electrical activity in heart cells
is typically stiff [5, 9, 13]. Much work has been done to solve
the ODEs that come from cardiac models [5, 7, 8]. A group of
methods commonly used for stiff ODE systems is the multi-
step methods. Multi-step methods use the approximated solu-
tion at several time steps to compute the next step and in this

way achieving a better accuracy. These methods are based on
formulas of the form:

yn+1 =
k

∑
i=1

αiyn+1−i +h
q

∑
i=0

βi f (tn+1−i,yn+1−i) (5)

where k is the order of the method, αi (i = 1, ...,k), βi (i =
0, ...,q) are constant parameters.

A large variety of multi-step methods exists, with very
different stability and accuracy properties. Among the more
well-known are the explicit and implicit Adams-Moulton
[13] formulas, which are suitable for non-stiff problems. For
stiff problems the BDF method [9] is the standard choice.
For a ODE system of the form y′(t) = f (t,y(t)), the BDF
method of order k is obtained by considering q = 0 in Eq.
5. The implicit BDF methods have good stability properties,
however a non-linear system must be solved at each integra-
tion step. This procedure increases the computational cost per
time step.

IV. COMPUTATIONAL TECHNIQUES

Simulation of many of the models can be very compu-
tationally intensive, due to the complexity of the biological
processes described. Some of the computations performed at
each time step of the numerical method will be identical, and
it would thus make sense to perform these computations only
once, before the simulation is started. PE [6] aims to move
work to a stage where it is performed early and infrequently,
rather than leaving it to be done in a stage that is performed
frequently. It also involves making use of incomplete infor-
mation that is available at an earlier stage.

Another optimization technique commonly found in car-
diac modeling is the use of LUTs [6] to pre-compute the val-
ues of expressions that would otherwise be repeatedly calcu-
lated. Several expressions in most cardiac cell models contain
only one variable: the membrane potential Vm. They also typ-
ically contain exponential functions, which are expensive to
compute. Under physiological conditions Vm usually lies be-
tween -100 mV and 50 mV, and so a table can be generated
of pre-computed values of each suitable expression for po-
tentials within this range. Then, given any membrane poten-
tial within the range, a value for each expression can quickly
be computed using linear interpolation between two entries
of the LUT, which is faster than computing an exponential
directly. It must be noted that the use of linear interpola-
tion means that this optimization may introduce an accuracy
penalty.
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V. METHODS

The scientific community have, since the release of
CellML language [14] in 2001, witnessed the availability of
an increasing number of tools and techniques dedicated to
the editing, validation, sharing, generation of code (for ex-
ternal use), and execution of computer-based mathematical
models. Among them, two were taken into account in the ex-
periments described in the next section. AGOS [15] gener-
ates an object-oriented application program interface (API),
in C++, for setting up initial conditions and parameters, and
solving both stiff and non-stiff ODE systems via CVODE li-
brary [16]. It can be readily used to simulate mathematical
models through a Web-based computational framework or the
API can be download from the Web portal [17]. As part of the
Integrative Biology Project [18], PyCml is a framework for
automatically optimizing cardiac ionic cell models [6]. Us-
ing the techniques of PE and LUTs, PyCml generates highly
optimized code for the evaluation of the RHS related to the
ODE system that are obtained from the cardiac CellML mod-
els.

In this work, the code generated by PyCml was plugged
into AGOS and the system of ODEs was solved according
to the available numerical methods in the AGOS framework
and according to the computational techniques available in
PyCml. Therefore, we have evaluated the numerical methods
BDF and FE combined with the PE and LUT techniques.

We used several metrics for comparing the various algo-
rithms. The schemes were evaluated in terms of numerical
error, execution time and memory usage. To determine the
error in a numerical solution, we computed a reference solu-
tion V re f obtained with a very small time step (1.0e-04 ms)
to serve as the ‘exact solution’. The approximated solutions
for the transmembrane potential V sol obtained by the differ-
ent algorithms were compared to the reference solution using
the relative root mean squared error:

error = 100

√
∑n

i=1

(
V re f

i −V sol
i

)2

√
∑n

i=1

(
V re f

i

)2
, (6)

where n is the total number of iterations in time. Each pre-
sented execution time reflects an average value of five execu-
tions.

In addition, two distinct models were used to compare the
methods and techniques: the ten Tusscher et al. model [12]
for the human left ventricle and the Bondarenko et al. model
[11] for the mouse left ventricle. The ten Tusscher model was
stimulated at a basic cycle length (BCL) of 1 s during 100 s

of simulation. The time step for the ten Tusscher model was
set to 1.0e-03 ms for the FE method and to 5.0e-01 ms for the
implicit BDF method. The Bondarenko model was stimulated
at a BCL of 0.5 s during 3 s of simulation. The time step for
this model was set to 2.0e-04 ms in the FE method and to
2.5e-02 ms in the BDF method. The algorithms were tested
in a computer with 1GB of RAM memory and an Intel Core
Quad 2.0GHz processor.

VI. RESULTS

Table 1 presents the results in terms of execution time
(average and standard deviation) and memory usage for the
explicit FE method combined with the computational tech-
niques PE and LUT. The best performance is obtained using
both computational techniques. The execution times were re-
duced by 60% using LUT and PE for both cardiac cell mod-
els. Comparing the computational techniques alone, LUT
outperformed PE. However, LUT has significantly increased
the memory usage. In all tested cases, the LUT technique
generated a 20 fold increase in memory usage. With PE exe-
cution times decreased by 20% without any penalty in terms
of memory usage. With respect to the numerical accuracy,
due to the very small time steps that were needed to keep the
stability of the explicit FE methods, all numerical errors were
below 0.1%.

Table 1: Performance results of the explicit FE method by itself (-), and
combined with the computational techniques PE and LUT. AVG: Average
execution time (s); SD: Standard deviation (s); MEM: Memory used (KB).

Comp. Bondarenko ten Tusscher
Tech. AVG SD MEM AVG SD MEM

- 577 1.52 224 414 1.84 180
PE 476 1.41 224 328 2.27 180

LUT 278 2.74 3984 261 1.78 4072
PE+LUT 231 0.62 4456 171 1.50 3808

Table 2: Performance results of the implicit BDF method by itself (-), and
combined with the computational techniques PE and LUT. AVG: Average
execution time (s); SD: Standard deviation (s); MEM: Memory used (KB).

Comp. Bondarenko ten Tusscher
Tech. AVG SD MEM AVG SD MEM

- 4.82 0.13 332 5.09 0.06 260
PE 4.50 0.12 332 4.35 0.03 260

LUT 4.17 0.01 4096 4.14 0.04 4152
PE+LUT 4.06 0.01 4568 3.84 0.08 3904

Table 2 presents the results in terms of execution times
(average and standard deviation) and memory usage for the
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implicit BDF method combined with the computational tech-
niques PE and LUT. Again, the best performance is obtained
using both computational techniques. The execution times
were reduced by 25% using LUT and PE in the ten Tusscher
model, and by 15% in the Bondarenko model. Comparing
the computational techniques alone, LUT outperformed again
PE. However, LUT has significantly increased the memory
usage (15 fold). With PE execution times decreased without
any penalty in terms of memory usage.

Comparing the two numerical methods, implicit BDF out-
performed the explicit FE. The BDF method with PE and
LUT was around 40 times faster than the FE method with
PE and LUT. However, the numerical errors obtained with
the BDF methods were about 1%, i.e. higher than those of
the FE.

VII. CONCLUSION

In this work we evaluated the performance of the computa-
tional techniques called Partial Evaluation (PE) and Lookup
Tables (LUTs) in a classical explicit numerical method as
well as in a more sophisticated implicit scheme to solve the
system of ODEs that models the electrical activity of cardiac
myocytes. A mouse and a human ventricular cell models were
considered for the performance analysis. We used several
metrics for comparing the various algorithms. The schemes
were evaluated in terms of numerical error, execution time
and memory usage.

The best performance was obtained with the combination
of the two computational techniques PE and LUTs. The com-
bined techniques were able to reduce the execution times by
60%. Comparing the two computational techniques, LUTs
outperformed PE in the tests. However, LUTs has signifi-
cantly increased the memory usage (15 to 20 fold). Compar-
ing the two numerical methods, implicit BDF outperformed
explicit FE methods. The BDF method with PE and LUT
was around 40 times faster than the FE method with PE and
LUT. However, the numerical errors obtained with the BDF
methods were higher than those with the FE. With the BDF
method the errors were around 1%, whereas with the FE the
numerical errors were below 0.1%.

The preliminary results here presented suggest that the
combination of sophisticated implicit methods, such as BDF,
and computational techniques, such as PE and LUTs, can sig-
nificantly improve the performance of the numerical solution
of cardiac cell models. Therefore, these methods and tech-
niques should be readily adopted in order to enable the inves-
tigation of processes that demand long simulations, as well
as studies that demand several simulations, for instance those
that involve parameter sweeps or inverse problems associated

to cardiac electrophysiology.
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Abstract—Coiling is nowadays one of the most common en-
dovascular therapies for intracranial aneurysms. However, the 
intra-aneurysmal hemodynamics changes after the coiling is 
not fully understood yet. The objectives of this study are to 
present a virtual coiling technique and to investigate the influ-
ences of coil packing rate and configuration on intra-
aneurysmal hemodynamics. We developed a medical image 
based virtual coiling algorithm. An internal carotid artery 
(ICA) aneurysm of a patient was virtually coiled with three 
different packing rates and coil configurations. Computational 
fluid dynamic (CFD) analysis was performed both untreated 
and treated aneurysm models. The aneurysmal flow velocity 
and wall shear stress (WSS) decreased significantly after the 
coiling. However, local WSS near the aneurysm orifice rather 
increased due the coils. The influence of coil configuration on 
the intra-aneurysmal flow velocity and WSS was less signifi-
cant when the coil packing rate is high. A new methodology to 
model the coiled aneurysm is introduced in this study. The 
medical image based virtual coiling technique provides a feasi-
ble way to reproduce complicate hemodynamic in the coiled 
aneurysms. The intra-aneurysmal hemodynamics is signifi-
cantly influenced by the coils. However, the hemodynamic 
differences due to the coil configuration were less significant 
with high coil packing rate. 

Keywords—Aneurysm, Hemodynamics, Virtual Coiling, 
Packing Rate, Coil Configuration. 

I. INTRODUCTION  

Endovascular coiling has been recognized as a valid al-
ternative for open surgery to treat intracranial aneurysms. It 
has been known that intra-aneurysmal hemodynamics plays 
an important role to create the thrombogenic aneurysmal 
flow condition and successfully isolate the aneurysm from 
the rest of cerebrovascular circulation.  

Computational fluid dynamic (CFD) simulation of blood 
flow with the interference of endovascular coils is a chal-
lenge, due to complex shape of the devices. Thus, a number 
of investigators used a porous media to model the deployed 
coils [1][2][3][4][5]. Nonetheless, the assumptions of  

homogeneity, isotropy, permeability and drag factor make 
limitations for specific and further studies. Recently, De-
quidt et al. [6] proposed an interactive simulator for coil 
embolization based on three-dimensional beam theory. The 
deployment of a virtual coil was validated under the influ-
ence of the gravitational force without hemodynamic analy-
sis. Cebral and Löhner [7] used overlapping spheres along 
the axis of the filaments to simulate the complex structure 
of endovascular devices such as coils. Then the coils were 
meshed with an adaptive grid embedding technique for 
further CFD analysis. 

In this study, we propose a new virtual coiling technique 
based on the medical images of coiled aneurysm. The influ-
ences of coil packing rate (the ratio between coils volume to 
aneurysm volume) and configuration (distribution and struc-
ture of deployed coils) on intra-aneurysmal hemodynamics 
are investigated with CFD analysis. 

II. METHOD 

A. Vascular Model and Coil Domain 

Three Dimensional Rotational Angiography (3DRA) im-
ages of an internal carotid artery (ICA) aneurysm from a 43 
year old female patient were acquired with a Philips Integris 
System (Philips Healthcare, Best, The Netherlands). The 
luminal surface of the aneurysm and parent vessel was seg-
mented with an in-house software as shown in Figure 1A. 

To identify the coil domain in the aneurysm, the coiled 
region was extracted from the post-treatment 3DRA images 
(figure. 1B), and then, the coil domain was manually placed 
to match the aneurysm dome (figure. 1C). 

B. Virtual Coiling 

From the medical data of the selected case, we obtained 
the treatment information such as coil type, size and num-
bers, and modeled the coiled aneurysm. To reproduce the 
complex coil geometries of all the inserted coils and to  
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Fig. 1 Arterial lumen segmentation and coil domain definition. A) seg-
mented arterial lumen, B) Identification of coil domain and C) Boundary of 
coil domain in the aneurysm (red surface) 

achieve high packing rates (typically around 30% [4][8]), 
we virtually deployed the coils to minimize the integrated 
energy field inside the aneurysm. The coils are defined with 
a diameter and length, and the algorithm generates the cen-
terline of the coil with points separated by a limited dis-
tance. During each iteration, the marching coil tip advances 
toward the minimum energy position available. This energy 
is defined by the coil domain (boundary), coil body and 
physical constraints as follows: 

 
(1)

where, i and j represent the marching coil tip and coil num-
ber, respectively. Ebd is the energy defined by the coil do-
main, being zero only when the marching point is inside the 
boundary. Ecoil is the energy released by the coil bodies. In 
order to avoid the overlap between the different inserted 
coils, this term was defined as follows: 

 
(2)

The first term on the right hand side of equation 2, stands 
for the energy by the pre-deployed coils (j-1) and the second 
term expresses the energy of the current marching coil (j). 
The distance rn,m is calculated between the marching coil tip 
i and the point n on the coil body m. Hk is the number of 
points of the kth coil. The indexes h and k move thought the 
points and coils, respectively. Finally, Ec is non zero when r 
is below the coil diameter.  

The physical constraint term, Eph (equation 3) enforces 
the marching coil tip to move only within an angle, θ0, with 
the spending of energy Edp. θ is the angle between the 
marching coil tip and the previous marching direction. The 
maximum angle θm helps to avoid self-overlapping of the 
coils. The material properties and pre-shape of the coils are 
tackled by this energy term. In this study, we assumed the 

preshape of coils are straight. Thus, θm and θ0 are π and 
zero, respectively. 

 
(3)

Finally, Ere allows to achieve the high coil packing rate. 
When the energy levels in all possible directions are high and 
the coil tip is not able to advance further, the algorithm can 
traced back several steps and resumed in another direction. 

In order to investigate the influence of the coil packing 
rate and configuration on the aneurysm hemodynamics, we 
applied the algorithm to treat the ICA aneurysm previously 
presented with three different packing rates and coil con-
figurations as shown in figure 2. 

 

Fig. 2 Virtually deployed coils with different packing rates and configura-
tions. Each of the inserted coils is shown in a different color 

C. Volumetric Mesh Generation and Blood Flow 
Modeling 

Once the geometry of the aneurysm was reconstructed 
and virtual coils inserted, approximately 1.5 to 5 million 



Influence of Coil Packing Rate and Configuration on Intracranial Aneurysm Hemodynamics 2293
 

  
 IFMBE Proceedings Vol. 25  

 

unstructured tetrahedral meshes were generated in the 
commercial software ANSYS ICEM-CFD (Ansys Inc., 
Berkeley, CA). The mesh-independent flow was obtained 
when further refinement of the number of elements does not 
affect the hemodynamic results. Finally, the volumetric 
meshes were exported to the CFD solver ANSYS CFX 
(Ansys Inc., Berkeley, CA) to simulate the blood flow. 

The blood was considered as Newtonian fluid with the 
density and the viscosity of 1060 [kg/m3] and 0.00375 [cP], 
respectively. The flow was assumed as laminar and incom-
pressible. Rigid wall with no-slip condition was applied for 
the vessel and the coil surfaces. A fully developed velocity 
profile of a pulsatile waveform from a patient was used at 
the inlet boundary while the zero-pressure condition was 
applied at the outlets. The average Reynolds number 
through the cardiac cycle was 300 and the Womersley num-
ber was 1.06. 

III. RESULTS 

A. Intra-Aneurysmal Flow Velocity 

Figure 3 shows the variance of the aneurysmal flow veloc-
ity reduction rate due to the coil configuration changes in a 
cardiac cycle. The variance of flow reduction rate is smaller 
than 2.2% when the packing rate is higher than 20%. More-
over, the variances are smaller than 0.7% with higher coil 
packing rates such as 25%, 32%. It is notable that the vari-
ance of flow reduction reaches up to 12% when the packing 
rate is 13%. Shown in Figure 4 (upper row) is the peak sys-
tolic flow pattern in the aneurysm and parent artery. The 
aneurysmal inflow that enters through the distal neck of the 
untreated aneurysm is dramatically reduced after the coiling. 

 
Fig. 3 Variance of the flow velocity reduction rate induced by coil configu-
ration changes. The variance of 13% of packing rate has been added in 
order to show the increment of this variable in a low packing rate 

B. Aneurysm Wall Shear Stress 

Figure 4 (lower row) depicts the average aneurysmal 
WSS at the peak systole was greatly reduced after the coil-
ing. However, it is notable that local values at the aneurysm 
orifice increases significantly in the coiled models. The 
figure 5 shows the variation of the low (<0.4 [Pa]) and the 
high (>1.5 [Pa]) aneurysmal WSS areas. These areas are 
normalized by the area of the aneurysm surface. The low 
and high WSS areas are comparable among different con-
figurations in all different packing rates, even though the 
WSS of the 32% model was not presented in this figure. 
When the coil packing rate is high (such as 25%, 32%), the 
variation of WSS areas of each coil configuration is insig-
nificant. 

 

 
Fig. 4 Peak systolic arterial flow pattern (upper row) and intra-aneurysmal 
WSS (lower row) with varying coil packing rate (configuration A) 

 
Table 1 summarizes a statistical analysis of hemody-

namic alterations induced by different coil configurations. 
The change of aneurysmal flow reduction rate with varying 
coil configuration is less significant when the packing rate 
is higher than 25%. Besides, aneurysmal WSS is less sensi-
tive than the flow reduction. The low/high WSS areas are 
comparable with the packing rate higher than 20%. 

Table 1 F-test of different packing rates for aneurysmal flow velocity 
reduction rate, high and low WSS areas, taken from analysis of variance 
(ANOVA) 

Density Variance of flow Normalized  Normalized  
Packing Reduction rate High WSS area Low WSS area 

13% 24.210 0.661 3.888 

20% 10.232 0.267 2.036 

25% 0.957 0.504 0.284 

32% 2.151 0.316 1.462 

   F-critic=3.15
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Fig. 5 Variation of normalized WSS area during a cardiac cycle 

 

IV. DISCUSSION 

The average intra-aneurysmal flow velocity reduction 
was about 70% with a high coil packing rate (>20%), which 
are corresponding to previous studies [5]. The influence of 
coil configuration on aneurysm hemodynamics was consid-
erable only when the coil packing rate was low (13%).  

As aforementioned, aneurysmal WSS was dramatically 
decreased by coiling. However, it is notable that the re-
gional WSS at the aneurysm orifice was significantly in-
creased (see figure 4). Shojima et al. [9] indicated that the 
elevated WSS may contribute to initiate the arterial wall 
enlargement. Thus, the elevated WSS at the orifice of coiled 
aneurysms might triggers the pathogenic mechanism induc-
ing regrowth and recanalization of the aneurysms. 

Reproducing the complicated coil geometries inside the 
aneurysm, we found in this work, that the hemodynamic 
changes due to different coil configurations are not signifi-
cant when the packing rate is high. Since the average pack-
ing rate during a standard procedure is around 23%, and can 
vary from 8% to 40% [8], the virtual coiling technique pre-
sented in this study can be useful to investigate the compli-
cated hemodynamics of coiled aneurysms. 

Future work will be focused in analyzing with more pa-
tient geometries and validating the proposed virtual coiling 
technique, using virtual angiographies as Ford et al. [10] 
suggested. 

V. CONCLUSIONS 

A new methodology to model the coiled aneurysm is in-
troduced in this study. The medical image based virtual 
coiling technique provides a feasible way to reproduce 
complicate hemodynamics in the coiled aneurysms. The 

intra-aneurysmal hemodynamics is significantly influenced 
by the coils. However, the hemodynamic differences due to 
the coil configuration were less significant with high coil 
packing rate. 
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Abstract—Snoring is the earliest and the most frequent 
symptom of Obstructive Sleep Apnea (OSA), which is a serious 
disease with a high community prevalence rate. The standard 
method of OSA diagnosis requires an overnight stay in a sleep 
lab, connected to over 15 channels of contact-measurements. 
There is evidence suggesting that Snore-Related-Sounds (SRS) 
carry sufficient information to diagnose OSA. Snore-based 
technology opens up opportunities for community-screening 
devices that do not depend on contact instrumentation. A new 
technique of diagnosing OSA based solely on multi-parametric 
snore sound analysis is presented in this paper. The method 
comprises of a logistic regression model fed with a range of 
snore parameters derived from its features, the pitch and the 
Total Airways Response (TAR) estimated using a Higher Or-
der Statistics (HOS) based algorithm. The model was devel-
oped and its performance validated on a clinical database 
consisting of overnight snoring sounds of 41 subjects. Leave-
one-out technique was used for validating the model. The 
validation process achieved 89.3% sensitivity with 92.3% 
specificity (area under the Receiver Operating Characteristic 
(ROC) curve was 0.96) in classifying the data sets into the two 
groups OSA and non-OSA.   These results are superior to the 
existing results and unequivocally illustrate the feasibility of 
developing a snore-based OSA screening device.   

Keywords—Snoring, Obstructive Sleep Apnea. 

I. INTRODUCTION  

Obstructive Sleep Apnea (OSA) is a highly prevalent 
disease where snoring is one of the most common symp-
toms. OSA occurs during sleep due to collapsing of upper 
airways leading to cessation of breathing. The narrowing of 
airways and the relaxed muscles surrounding the airways 
results in snoring. OSA by it self is not life-threatening. 
However, if left untreated, it causes complications such as 
reduction in cognitive function, cardiovascular diseases, 
decreased quality of life, fatigue and increased vulnerability 
to accidents [1]. 

The current accepted diagnosis is by supervised over-
night Polysomnography (PSG) to record a multitude of 
physiological signals for manual analysis at a sleep labora-
tory. Thus PSG is very expensive and time consuming. 

Limited PSG facilities around the world have resulted in 
long waiting lists and over 80%-90% individuals with OSA 
currently remain undiagnosed in Australia [2]. 

Snore sounds have the significant advantage in that they 
can be conveniently acquired with low-cost non-contact 
equipment (in-air microphones). The simplicity of snore 
sound acquisition instrumentation makes the presence of a 
medical technologist insignificant.  

The upper airway acts as an acoustic filter during the 
production of snoring sounds, just as the vocal tract does in 
the case of speech sounds. Episodes of OSA, by definition, 
are associated with partial or full collapse of upper airways. 
As such, the changes to the upper airways brought about by 
this collapse should be embedded in snore signals.  

Despite the vast potential, snoring has not yet been prop-
erly exploited in the diagnosis of OSA. A few researchers 
[3]-[4] have attempted to analyze snoring associated with 
OSA. Recently [4] a method was reported where several 
time and frequency parameters from snore sounds and their 
variability were used to estimate a logistic regression 
model. This work reported a maximum sensitivity of 94.1% 
with a specificity of 73.7%. Only other work that reported 
noteworthy classification results was the method based on 
‘Pitch Jump Probability’ [3] where sensitivity of 91% was 
achieved at a specificity of 67%. However both these meth-
ods were based on second order techniques to analyse snore 
sounds. 

The use of second-order statistics of the recorded data, 
does not take into account the Fourier phase information 
available within the measurement as methods based on 
correlation (or power spectrum) warps a truly mixed-phase 
signal into its minimum-phase equivalent.  To address this 
we proposed [5] an algorithm based on Higher-Order-
Spectra (HOS) to jointly estimate the Pitch and the Total 
Airways Response (TAR). 

The aim of this work was to derive a new single channel 
method for OSA detection/screening using HOS methods to 
analyze the snore sounds. We used parameters estimated 
from snore sound features Pitch and TAR to derive a logis-
tic regression model and carried out leave-one-out valida-
tion method to evaluate the performance of the new method. 
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II. METHOD 

A. Snore Source/Upper Airway Model 

Inspired by the source/vocal-tract model for human 
speech synthesis, in [5] we modeled snoring segments s(n) 
as; 

 s(n) = h(n) ○ x(n),                              (1) 

the convolution between: (i) ‘source signal x(n)’ represent-
ing the source acoustical energy and, (ii) ‘(TAR) Total Air-
way Response h(n)’ which captures the acoustical features 
of the upper airways. In [5] we developed HOS based algo-
rithms to jointly estimate the pitch of the source (pseudo-
periodic sequence) and the TAR of voiced snore segments. 

In this paper we will use pitch and the TAR to generate 
snore parameters (independent variables) for our model. 

B. Patient Data 

The snore related sound (SRS) is acquired simultane-
ously during a routine PSG session at the Respiratory and 
Sleep Disorders Unit of the Princess Alexandra Hospital, 
Brisbane, Australia. A pair of low noise microphones 
(Model NT3, RODE®, Sydney, Australia) was placed at a 
nominal distance of 50cm from mouth of the patient. A pre-
amplifier and A/D converter unit (Model Mobile-Pre USB, 
M-Audio®, California, USA) was used for signal acquisi-
tion, at a sampling rate of 44.1k samples/s and a bit resolu-
tion of 16bits/sample. 

All night SRS data from 41 subjects were used in the 
study. Data was classified into 100ms segments of voiced 
non-silence, unvoiced non-silence and silence using an 
automatic SRS data segmentation algorithm [6]. These 
segments were then grouped into episodes according to 
previously adopted objective definitions of episodes [5].  

Table I Summery of subject characteristics and snore episodes analyzed  

Subjects N 
(M/F)  Age BMI AHI NOE 

M 45 33.5 5.9 88 
SD 11 11 2.0 17 

Simple 
Snorers 
AHI<10 

13 
(5/8) 

R 29-63 20.6-49.2 1.5-9.8 56-100 
M 54 34.5 48.66 95 
SD 14 6.1 27.08 16 OSA 

AHI>10 
28 

(23/5) 
R 16-78 23.8-48.7 13.8-106.7 45-100 

N: Number of subjects (Male/ Female) M: Mean SD: Standard deviation R: 
Range BMI: Body Mass Index AHI: Apnea Hypopnoea Index NOE: No of 
snore episodes analyzed. 

The resulting episodes were manually screened for bed 
noise and speech. Pitch and TAR of 100ms voiced  
snore segment within randomly selected snore episodes 
(maximum of 100) were then estimated using the HOS 
based algorithm. In some subjects, we observed less than 
100 episodes of snoring (see Table 1, column 7). The Table 
I show the summary of subject characteristics and snore 
episodes used in model derivation.  

C. Parameter Generation from Pitch and TAR 

Each snore episode (SE), by our definition, has at least 
one segment within it with a definable pitch. Within a snore 
episode, pitch, the fundamental frequency of vibration 
changes with time.  

1. Descriptive Statistics from the Pitch Time Series: Pitch 
values computed from episode “j” can be considered as 
a pitch-time series {pj(k)}. We used descriptive statis-
tics of the pitch time series, mean (mePj), mode (moPj), 
Variance (varPj), Skewness (sqPj), Kurtosis (kuPj) as 
parameters in the snore-based model. In the rest of this 
paper we refer to these parameters as Pitch parame-
ters.bered first item 

2. Parameterization of the Total Airways Response 
(TAR): In order to quantify the shape of the TAR we 
used three different methods.  

In the first two method we estimated the bispectrum Ck(f1, 
f2)  of the TAR of kth voiced snore segment within the snore 
episode j. We estimated the sum of magnitude Bk(fn) in the 
principal domain inner triangle of  the bispectrum, PTk(f1, f2) 
and the diagonal slice Dk(fn).  Bk(fn) was estimated as; 
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Since Bk(fn) and Dk(fn) are one dimensional distributions of 
amplitude as function of frequency  representing the spec-
tral content of TAR we estimated the following parameters 
from them 
• Centre frequency Fck as;  
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• Standard Deviation of frequency Fdk as; 
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• Symmetry coefficient Fsk as; 

   
3/1

1

1

3

)(

)(

∑

∑

=

=

∗
= N

n
nk

N

n
nkn

k

fX

fXf
Fs

        (6) 

• Ratio of total band amplitude for a given frequency 
band ‘b’ to total amplitude Rbk as; 
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• Ratio of total band amplitude for a given frequency 
band ‘b’ to total amplitude outside that band RObk as; 
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where Xk(fn) represents Bk(fn) and Dk(fn) and  n=1:N number 
of frequency bins in Bk(fn) and Dk(fn). Three values 500,800 
and 1000 were used for frequency bands “b” to estimate 
R500k, R800k, R1000k, RO500k, RO800k and RO1000k. 

For the jth snore episode, similar to pitch-time series 
{pj(k)} we now have 18 time series representing the TAR. 
From each of these time series we estimated the mean and 
variance. In the rest of this paper we refer to these parame-
ters as BS parameters and DS parameters respectively. 

Mel-Frequency Cepstral Coefficients are often used in 
speech recognition applications. Because our objective is to 
recognize the OSA patients from snore sounds we estimated 
the Mel-Frequency Cepstral Coefficients of the TAR 
(MFCC Parameters) as our next set of parameters. Thirteen 
Cepstral coefficients (MFCC1j..MFCC13j) were estimated 
using a triangular Mel-filter bank. 

D. Classification Model 

Now the problem at hand is to derive a model using snore 
parameters, capable of discriminating the two groups of 
snorers.  

 

Logistic regression analysis was used to classify the two 
groups as it has many advantages over techniques such the 
Discriminant analysis. It does not require independent vari-
ables to be normally distributed, linearly related, or to have 
equal within-group variances. Also it is easy to use and 
interpret results.  

The dependent variable Y is assumed to be equal to “one” 
(Y=1) in subjects with OSA and “zero” (Y=0) in snorers 
with low AHI (<10).  

A model is derived to estimate the probability Y=1 given 
the independent variables as follows; 

Pl (Y = 1 |x1l , x2l ,...xMl ) = exp(β0 + β1xl + ....+ βM xMl )
1+ exp(β0 + β1x1l + ....+ βM xMl )

 

where l (l=1:L) is the observation number and M is the 
number of independent variables from lth observation in the 
model. βm (m=0:M) is the model parameters estimated by 
the maximum likelihood method.   

Snore parameters of 10 snores from each subject were av-
eraged to derive independent variables xml for regression 
model estimation.  

The statistical software package SYSTAT 12® was used to 
carryout logistic regression analysis. The package allows 
the option of entering all available (M) independent vari-
ables corresponding to L observations and carryout stepwise 
analysis.   

The final model is then used to estimate the probability Pl 
for L observations and each observation is classified as 
belonging to any one of the two groups using a probability 
threshold Pth. The lth observation is classified as OSA posi-
tive if Pl ≥ Pth. Next each subject is classified in to the group 
where majority of its observations fall into. 

E. Model Performance Evaluation 

It is possible to obtain maximum sensitivity and specific-
ity in classification of subjects by changing the probability 
threshold Pth until an optimal Pth is reached. 

In order to find this optimal Pth, we plotted Receiver Op-
erating Characteristic (ROC) curves by estimating sensitiv-
ity and specificity values for possible Pth values (0< Pth 
<1in steps of 0.01). As a measure of classification power of 
the model we estimated the Area Under the Curve (AUC).  

We considered three possible Pth values corresponding to 
different model performance points in the ROC curve as 
follows: 

• Pth1  - The Pth at optimal model performance point in 
ROC curve (point with shortest distance to 100% sensi-
tivity and 100% specificity performance) 

• Pth2 - The Pth at 100% sensitivity (with maximum speci-
ficity) model performance point in ROC curve 
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•  Pth3 - The Pth at 100% specificity (with maximum sen-
sitivity) model performance point in ROC curve. 

Once the model is derived we validate the performance by 
conducting a Leave-One-Out validation process.  

III. RESULTS AND DISCUSSION  

A. Model Derivation 

Using the methods described in section III we derived 
four different models P1, P2, P3 & P4 from Pitch parame-
ters, BS parameters, MFCC parameters and DS parame-
ters respectively.  

Table II Multi-parametric Models and their performance  
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A   √ √ 89.29(92.31) 0.971 0.90 
B √  √ √ 96.43(92.31) 0.984 0.95 
C √ √ √ √ 96.43(100) 0.995 0.98 

 
We found that none of these models had noteworthy per-

formance and in the next stage we derived models using 
combinations of parameter groups. In Table II we have 
selected three Multi-Parametric models to demonstrate how 
performance improves when no of parameter groups are 
combined.  

The best performance was observed in model C compris-
ing of 2 independent variables from Pitch parameters 
(mePj, sqPj), 2 from BS parameters (me RO800j, 
varRO1000j), 4 from MFCC parameters (MFCC1j, MFCC8j, 
MFCC10j, MFCC11j) and 3 from DS parameters (meFcj, 
meR1000j, meRO800j). 

B. Model Validation 

Leave-One-Out validation process was used to evaluate 
model C. We evaluated the performance of the model at 
three different Pth values. The Table III shows the perform-
ance of the model and the validation process at each of 
these Pth values. The corresponding ROC curve for leave-
one-out validation is shown in Fig.1. 

IV. CONCLUSIONS  

A new method of classifying snorers was proposed and 
validated. The method comprised of a logistic regression 

model fed with snore parameters derived from pitch and 
TAR. The optimal validation performance results obtained 
(sensitivity 89.3%, specificity 92.3%) are better than     
previously reported similar studies [3] and [4].  

Our results indicate that better results could be obtained 
when parameters from the source (pitch) and the filter 
(TAR) are used in the classification of OSA patients com-
pared to pitch based methods.  

Table III Model performance evaluation results 
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Pth 1 0.85 96.43 100 0.98 
Pth 2 0.7 100 84.62 0.95 Model 
Pth 3 0.85 

0.995 
96.43 100 0.98 

Pth 1 0.85 89.29 92.31 0.90 
Pth 2 0.7 96.43 76.92 0.90 Valida-

tion 
Pth 3 0.85 

0.967 
89.29 92.31 0.90 

 

Fig. 1 Receiver Operating Curves (ROC) for Leave-One-Out Validation of 
model C 
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Abstract––The design, modeling, and testing of a flexible 
tactile sensor and its applications are presented. This sensor is 
made of polymer materials and can detect the 2D surface tex-
ture image and contact-force estimation. The sensing mecha-
nism is based on the novel contact deflection effect of a mem-
brane. We measure the amount of membrane deflection with 
measuring the change of capacitance between two plates. One 
plate is attached to membrane and the other fixed on the sub-
strate of sensor. An electronic interface circuit is used to con-
vert the capacitance variety to frequency variety. Further-
more, the size and shape of the sensor can be easily tailored to 
the applications requirements. The proposed sensor with the 
potential for further miniaturization is suitable for using in 
biomedical applications, especially in minimally invasive sur-
gery (MIS).   

Keywords––Tactile sensor, Contact force, Membrane,  
Capacitance. 

I. INTRODUCTION 

By touching an object, it is possible to measure contact 
properties such as contact force, torques, and contact posi-
tion. From these, we can estimate object properties such as 
geometry, stiffness, and surface conditions. This informa-
tion can then be used to control grasping or manipulation. 
So, tactile sensing is a key to the advanced robotic grasping 
and manipulation. In this regard, there are two different 
kinds of grasps; power grasps and precision grasps.  

Power grasps are typically used for larger and rigid ob-
jects and in tasks that do not require more than simple ma-
nipulation of the object. Grasping a book to lift it, would be 
an example. More delicate and soft objects are typically 
held in a precision grasp. When lifting a fragile grasp or 
holding a soft tissue and in other precision tasks, primarily 
the fingertips are used for contact. The precision grasp has 
advantages such as enabling better control of contact force 
and motion of object, but it is also less stable than the power 
grasp[1-3].  

In biomedical engineering and medical robotics applica-
tions, tactile sensors can be used to sense a wide range of 
stimuli. This includes detecting the presence or absence of a 
grasped tissue/object or even mapping a complete tactile 
image. 

Artificial palpation is another important application of 
tactile sensors. Additionally, tactile and visual sensing is of 
great importance in different types of surgeries. It has been 
demonstrated that automation technology can assist sur-
geons in minimal access treatment by enabling the benefits 
of steady tool motion through difficult access[4-8]. 

Minimal invasive surgery (MIS) is now being widely 
used as one of the most preferred choices for various types 
of operations. MIS has many advantages, including reduc-
ing trauma, alleviating pain, requiring smaller incisions, 
faster recovery time, and reducing post-operation complica-
tions. However, MIS decreases the tactile sensory percep-
tion of the surgeon. In this situation, force and position 
signatures are the two factors that can provide a great deal 
of information about the state of gripping or manipulation 
of a biological tissue.  

Capacitive sensor is a kind of sensor, which transforms 
non-electrical variety into capacitive variety. Comparing 
with other sensors, capacitance has some advantages, in-
cluding high resolution, excellent accuracy, rapid dynamic 
response, consuming very little power, simple mechanism, 
and potential for low cost. 

A suitable sensor for application in telesurgery and ro-
botic surgery should determine the applied force and detect 
the force distribution and movement of surfaces by defor-
mation. It should use operating media that do not present a 
risk to patients and it should be manufactured from biocom-
patible materials [7-15]. 

This paper introduces the design of a new type of capaci-
tive tactile sensor and shows how to build rugged, reliable 
capacitive tactile sensor with high accuracy and low part 
cost. It can measure the magnitude and the position of an 
applied load on it. This sensor has good potential for use in 
surgical devices. 

II. MATERIALS AND METHODS 

A force sensor for using in robotic and manipulation 
tasks needs to be small, robust, low power, cheap, and eas-
ily controlled by using simple digital technique. We have 
designed and tested a new type of sensor which uses capaci-
tive effects to measure the deflection of an elastic mem-
brane, according to applying force on it. It can detect the 2D 
surface texture image and contact-force estimation.  
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2D Surface Texture Image Detection: This sensor can 
be used to sense a diverse range of stimuli ranging from 
detecting the presence or absence of a grasped object to a 
complete tactile image. Figure 1 shows an array of two 
elements of our tactile sensor.   When the tactile sensor 
array comes in contact with an object that has a bumpy 
surface, some of the mesa structures on the membrane push 
inwards and as a result of it, the capacitance changes.  
Hence, the system can detect the presence or absence of 
object above each of the elements. Therefore, we can have a 
2D surface texture image of the object. 

 
 

 
 
 
 
 
 
 
 

 

Fig. 1 An array of two elements for detecting contact-force distribution 
and surface texture image 

Contact-Force Estimation: The structure of the estimating 
contact-force is illustrated in Fig. 1. When the mesa of 
membrane comes in contact with an object, the normal force 
or uniform pressure from it causes inward deformation of 
the membrane. Therefore, by determining the displacement 
at the center of the membrane according to the capacitance 
change, we can measure the amount of normal force or the 
uniform pressure actuating on it. 

Sensor Design: This sensor element is a pair of parallel 
plates which form a capacitor. One plate is glued to an elas-
tic membrane which deforms in response to contact force. 
The other plate is attached to rigid substrate of the sensor. 
As the applying force changes, the membrane flexes and the 
distance between capacitor plates changes. The material of 
membrane should be elastic, highly stable, reliable, and 
with low hysteresis. The radius of membrane is 2 cm and it 
is attached on a rigid cylinder which has a port for exhaust. 
The thickness of membrane is 100 µm and the radius of 
mesa is 0.5cm with a thickness about 150 µm.  

In this sensor, the surface of the plates and the dielectric 
material (air) remain constant. The only variable is the gap 
size. Based on this assumption, all changes in capacitance 
were produced as a result of a change in gap size. An inte-
grated circuit in the transducer measures the capacitance 
and converts it to a frequency. 

Figure 2 shows a schematic of our employed circuit for 
converting a change in capacitance into a signal[16]. One of 
our circuit advantages is that, if the frequency and the out-
put current are being kept low, this circuit will operate with 
DC supplies below 1.5v. 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

 

Fig. 2 Oscillating circuit 

The above circuit oscillates with a frequency (f) given by 
the below equation: 
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Experimental Method: In order to evaluate the perform-
ance of proposed sensor, we have set one experiment for 
determining the contact-force between the sensor and an 
object to find the relationship between the force and mem-
brane deflection [17]. In this test, a single tactile sensor was 
fabricated according to the theoretical model specifications. 
The material of membrane should yield sufficiently under 
low force, in an ideal elastic (no hystersis) and repeatable 
manner. We stuck two thin plates of aluminum to the mem-
brane and the substrate of sensor. 

In this system, each of the components, including a 
probe, a driver, and an indicator, is a critical part in provid-
ing reliable, accurate device measurement. The probe ge-
ometry, sensing area size, and mechanical construction 
affect range, accuracy, and stability. A probe requires a 
driver to provide the changing electric field that is used to 
sense the capacitance. The electronic driver is a primary 
factor in determining the resolution of the system and must 
be well designed. We used a square wave oscillator 
(LMC7215) as a comparator in our system. The frequency 
measuring device is the final link in the system. A high 
resolution counter oscilloscope and data acquisition system 
selected for this task.  
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In our configuration, the change coming out via the oscil-
lator represented the force applied to the membrane. A digi-
tal storage oscilloscope (Instek, GDS-820) and a high reso-
lution counter (Victor) were used to measure the signal 
output from oscillator. Additionally, a data acquisition (AD 
Instruments, Power Lab-ML750) was used for collecting 
data and drawing the graph of output signal variation.  

III. RESULTS AND DISCUSSION 

The theoretical and experimental results have been in 
good agreement. We investigated the deformation at the 
center of mesa and found that it changes with variations of 
applied force and the thickness of membrane. As a result of 
applied force at the center of membrane, we have an out-of-
plane deflection on it. Figure 3 demonstrates the deforma-
tion or out-of-plane deflections of membrane according to 
the variations of applied force. 

Static forces were applied to the sensor by using a robot 
hand with precise displacement and the output of circuit 
was recorded.  Figure 4 shows the measured output voltage 
of the circuit versus the applied force to the membrane. 

Although the equations 2, 3, and 4 show a linear relation-
ship between the frequency and the applied force, Fig. 4 
demonstrates that as the applied force increases, the fre-
quency decreases in a nonlinear relationship. So, we can 
suggest a nonlinear regression model fitted to the achieved 
results. 
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Fig. 3 Variations of out-of-plane deflections vs. different applied forces 
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Fig. 4 Output voltage vs. the applied force 

IV. CONCLUSION 

We proposed a new type of tactile sensor that can detect 
the contact force. First, we analyzed theoretically the opera-
tion of sensor and secondly we constructed the sensor ac-
cording to this analysis. 

A major advantage of the designed system is that it can 
be easily miniaturized and micromachined. Because of the 
low mass, low size and low power characteristics of this 
sensor, it could be maintenance-free for a long period. 
These characteristics especially lead to opening up the pos-
sibility of putting more sensors, for example, in a prosthetic 
hand to improve functionality without a significant mass 
penalty. Also, small and simple electronic circuit allows 
using a simple interface as a counter to a digital signal proc-
essor for measuring the output frequency. This sensor is 
made from robust and flexible biocompatible polymers  
that can be used to directly touch biological objects. Ac-
cording to its biological compatibility, the designed sensor 
has two main applications, one in MIS and one in artificial 
palpation.  
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Abstract—In the United States, 1.4 million people who rely 
on wheelchairs for mobility develop serious pressure ulcer 
(PU) at pressure areas such as ischium and sacrum due to 
prolonged sitting. Recently, functional electrical stimulation 
(FES) has been proposed as a means to prevent development of 
PU through the redistribution and the reduction of the internal 
stresses within the deep tissue of the buttock, which were 
achieved by the increase of the muscle thickness, particular in 
the gluteus maximus. However, rare information about how 
much the therapeutic effects of the FES application for PU 
prevention are positively induced through the internal stress 
relief resulting from the alteration of the muscle thickness 
achieved by the FES is currently available. The objective of the 
current study was therefore to evaluate a degree of the internal 
stress relief through the alteration of the gluteus maximus 
muscle thickness, by using Finite Element (FE) analysis com-
bined with MRI image analysis. Four FE models were created 
through 3D reconstruction model made from buttock-thigh 
MRI images, which were obtained in an actual sitting posture 
of a specific subject. The internal von Mises stresses within the 
gluteus maximus were computed and analyzed with alterations 
of the gluteus maximus muscle thickness considered in the 
current study. The results showed that the distributions of the 
high internal von Mises stresses within the gluteus maximus 
were gradually decreased with the increase of the gluteus 
maximus muscle thickness. However, the maximum von Mises 
stresses within the gluteus maximus were irregularly changed. 
The current study confirms that the internal von Mises stress 
relief effects of the FES application may have substantial bene-
fits in terms of mechanical responses for PU prevention. It can 
be concluded that incorporating the FES system into a reha-
bilitation and treatment program for individuals who have 
sitting-related PU wounds may promote the healing progress 
while maintaining their mobility. 

Keywords—Pressure Ulcer, Functional Electrical Stimula-
tion, Internal Stress Relief, Gluteus Maximus Muscle Thick-
ness Increase, Finite Element Analysis. 

I. INTRODUCTION  

In the United States, many of the 1.4 million people who 
rely on wheelchairs for mobility develop serious tissue 
breakdown, i.e., pressure ulcer (PU), at pressure areas such 

as the ischium and trochanter due to prolonged sitting [1]. 
Generally, it is accepted that the primary etiology of the PU 
on the buttock is prolonged external sitting loading. There-
fore, for a breakthrough in prevention of PU, it is necessary 
to obtain a better understanding of mechanical responses on 
the buttock by prolonged external sitting loading. This will 
provide design criteria for optimal pressure relieving strate-
gies. 

Recently, functional electrical stimulation (FES) has 
been proposed as a means to prevent PU development 
through the redistribution and the reduction of the internal 
stresses within the deep tissue of the buttock, which were 
achieved by the increase of the muscle thickness, particular 
in the gluteus maximus [2-4]. The therapeutic effects of the 
FES application for PU prevention were first observed early 
in the 20th century and this technique has been widely em-
ployed as a clinical treatment over recent decades [2-4]. 
Taylor et al [2] found that subjects who received the FES 
exhibited positive changes in regional tissue health, i.e., 
significant increases in thigh blood flow and in quadriceps 
muscle depth. Levine et al [3] found that the FES applica-
tion on the gluteus maximus increased the regional blood 
flow and the decreased sizable pressure under the ischial 
tuberosity with the redistribution of the pressure occurring 
over other parts of the seating surface. Bogie et al [4] 
showed that the FES application for PU prevention exhib-
ited positive changes in tissue health through statistically 
significant reduction in the ischial interface pressure, in-
crease in the gluteus maximum muscle thickness, and deri-
vation of dynamic weight shifting while seated in the 
wheelchair. However, rare information about how much the 
therapeutic effects of the FES application for PU prevention 
are positively induced through the internal stress relief re-
sulting from an alteration of the muscle thickness achieved 
by the FES is currently available.  

The objective of the current study was therefore to evalu-
ate a degree of the internal stress relief through an alteration 
of the gluteus maximus muscle thickness, by using Finite 
Element (FE) analysis combined with MRI image analysis. 
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II. MATERIALS AND METHODS 

A. FE Model Development 

MRI examination of the buttocks was performed for a 
healthy subject (24yr, 165.0cm, 70.0kg) at one real sitting 
position (576x576 matrix, 35 cm FOV, 288 slices, 0.6 mm 
thickness). A FE model as a healthy model was then created 
based on 3D reconstruction model of the buttock-thigh 
structure obtained from MRI examination (Fig. 1).  

Contours of anatomic structures (femur, pelvis, skin, fat 
and five muscle groups) were identified and digitized from 
images obtained from MRI examination. The digitized in-
formation was then translated into HyperMesh (Altair Engi-
neering, Inc., Troy, MI) to create FE mesh. The final FE 
model consisted of 453,502 four-node modified tetrahedral 
solid elements for the pelvis, femur, inner side of the skin, 
fat and five muscle groups, and 33,924 three-node triangle 
membrane elements for the outer side of the skin (Fig. 1). 
 
 

 
Fig. 1 Three-dimensional reconstruction model (left on the top) and final 
FE model (right on the top) and its structural elements (bottom) for the 
muscle groups considered in the current study 

B. Representation of Gluteus Maximus Muscle Thickness 
Change 

Based on the healthy FE model above, three modified FE 
models were developed to represent status of the buttock 
before the FES application as a reference model, after the 
regular short-term FES application as a mild treatment 
model, and after the regular long-term FES application as an 
effective treatment model (Fig. 2). Here, the effect of the 
FES application was represented as the increase of the glu-
teus maximus muscle thickness below the ischial tuberosity.  

For the reference model, the thickness of the gluteus 
maximus muscle below the ischial tuberosity was decreased to 
40% relative to that of the healthy model. The thicknesses of 
the gluteus maximus muscles below the ischial tuberosity for 
the mild and the effective treatment models were increased to 
30% and 60% relative to that of the reference model, respec-
tively. Here, the alterations of the muscle thicknesses for the 
models were determined based on the findings obtained from 
the clinical evaluations reported by Bogie et al [4]. 
 

 
Fig. 2 Reference, mild treatment and effective treatment models modified 
from the healthy model 

C. Material Model for FE Model 

First order Ogden model as in Eq. (1), which can account 
for large deformation behaviors of materials, was employed 
for skin, fat and muscle and static analysis was performed. 
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where W is the strain energy per unit of reference volume; 
μ, α, and Di are the temperature-dependent material parame-
ters; J is the total volume ration; Jel is the elastic volume 
ration; and the deviatoric stretches are represented by fol-
lowing Eq. (2).  

ii J λλ 3/1−=                                      (2) 

where λi are the principal stretches. 
The material parameters for skin, fat and muscle were de-

termined based on values obtained from literature [5]. Here, 
Di was regarded as zero for all soft-tissues, based on an fact 
that the materials were nearly incompressible (Poisson 
ratio ≅ 0.495). 

Contours of anatomic structures (femur, pelvis, skin, fat 
and five muscle groups) were identified and digitized from 
images obtained from MRI examination. The digitized in-
formation was then translated into HyperMesh (Altair Engi-
neering, Inc., Troy, MI) to create FE mesh. The final FE 
model consisted of 453,502 four-node modified tetrahedral 
solid elements for the pelvis, femur, inner side of the skin, 
fat and five muscle groups, and 33,924 three-node triangle 
membrane elements for the outer side of the skin (Fig. 1). 
 
D. FE Model Simulation and Analysis 

The developed FE models were simulated considering 
the realistic boundary (constraints against medial-lateral and 
longitudinal motions) and loading conditions (sitting load-
ing, skin tension, and muscle tone) and solved by ABAQUS 
6.5package (ABAQUS, Inc., Providence, RI USA).  

The internal von Mises stresses within the gluteus maxi-
mus were computed and analyzed with alterations of the 
gluteus maximus muscle thickness considered above. 

III. RESULTS 

The results showed that the distributions of the high in-
ternal von Mises stresses within the gluteus maximus were 
gradually decreased with the increase of the gluteus maxi-
mus muscle thickness (Fig. 3). However, the maximum von 
Mises stress within the gluteus maximus was irregularly 
changed. The maximum von Mises stresses within the glu-
teus maximus for the reference, the mild treatment, and the 
effective treatment models were 54.5MPa, 69.7MPa, and 
60.8MPa, respectively. 
 

 
Fig. 3 Internal von Mises stress distribution a) on the whole buttock-thigh 
structure and b) within the gluteus maximus. The high internal von Mises 
stress distribution was gradually decreased with the increase of the gluteus 
maximus muscle thickness 
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IV. DISCUSSIONS AND CONCLUSIONS 

The current study may be valuable by identifying for the 
first time the therapeutic effect, i.e., internal von Mises 
stress relief by muscle thickness increase, of the FES appli-
cation for PU prevention. This finding may contribute to 
designing a prevention or treatment program for individuals 
with sitting-related PU wounds. It also can be concluded 
that incorporating the FES system into the rehabilitation and 
treatment program may promote the healing progress while 
maintaining their mobility.  

The FE analysis as non-invasive and non-destructive ap-
proach is currently a unique tool allowing examination of 
the mechanical responses within the deep tissues of the 
buttock to external sitting loads. Several such FE models 
have been developed to provide some insight about the 
mechanical responses in the deep tissues of the buttock 
subjected to sitting load [5-6]. However, several intrinsic 
weaknesses are associated with these models. First, the 
geometry and the material characteristics were overly sim-
plified to approximate the complicated anatomical structure. 
Second, for those models of which the geometry established 
based on accurate MRI recording, the MRI measurements 
were not performed in a setup which was close to real sit-
ting, but in supine posture [7], which differs intuitively from 
that in sitting posture in the sense of joint configuration. 
However, our FE models developed considering the com-
plicated anatomical structures composed of the buttock in 
the actual sitting posture may exhibit more reasonable re-
sults comparing with those of other studies. 
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Abstract— For quantification of drug’s delivery using small 
animals measuring biochemical changes in abdominal organs 
based on functional images is essential. However, in those 
images, the object boundaries are not clearly enough to locate 
its shape and position. And even though the structural infor-
mation is compensated using image registration technique, 
delineation of organs is difficult and time-consuming. So we 
suggested an automatic procedure for delineation of organs in 
mouse PET image with the aid of atlas as a priori anatomical 
information. Prior information was given by voxel label num-
ber. CT used to construct an atlas is transformed to match 
mouse CT to be segmented. For each label corresponding 
voxels represent the same organ. Then, mouse CT-PET pairs 
should be aligned to identify organ area in PET. After all im-
ages are aligned and fused each other both structural and 
functional information can be observed simultaneously for 
several organs. 

Keywords—atlas-based segmentation, multi-modality inter-
subject registration, small animal image, pharmacokinetics 
analysis. 

I. INTRODUCTION  

In drug efficacy test using small experiment animals, in-
vestigators need to measure metabolic uptake or biochemi-
cal changes in organs. To see an absorption rate of radio-
pharmaceutical for each organ, identifying multiple 
abdominal organs is an essential step because drug’s deliv-
ery speed and sensitivity differs on each organ.  

For measuring radioactivity using functional image such 
as positron emission tomography (PET) has been a ma-
jor/most appropriate tool in the preclinical experiments. 
However its drawback of low spatial resolution and blurry 
artifacts it is difficult to recognize the exact organs’ 
shape/position in the image. Furthermore, PET image qual-
ity is influenced by animal’s condition. If animals are fed 
before acquiring images, area of the heart or the bladder is 
more blurry and neighboring organs cannot be shown clear-
ly because of low image contrast. 

Therefore structural image and functional image has to 
be aligned as the structural information is added to each 
voxel in the functional image.  This aligning process called 
image registration allows two kinds of images from differ-
ent modalities into same spatial correspondence so that they 

provide anatomical and functional information simultane-
ously. Structural images such as CT or MR provide ana-
tomical information of internal structures of the body to 
help the locate organ boundaries.  

However, even in structural images automatic identifica-
tion of abdominal organs has been a high challenging task 
due to partial volume effects, grey-level similarities of adja-
cent organs, contrast media affect, and the relatively high 
variation of organ position and shape. In small animal im-
ages these artifacts makes it more difficult because of small 
size of animal organs. Actually, organs of mouse are from 
few cubic millimeters to several centimeters. Furthermore, 
delineating several organs simultaneously is time-
consuming task. It is more serious when image data are 
large for example, when time serial data are required for 
measuring kinetics of radiopharmaceuticals.  

One promising approach to perform fully automatic seg-
mentation of an image is to compute an anatomically cor-
rect coordinate transformation between the image and an 
already segmented atlas [1]. Atlas-based segmentation of 
medical images has become a standard paradigm for ex-
ploiting prior anatomical knowledge in image segmentation 
[2]. This method uses some kinds of model as a priori. In 
general prior knowledge provides shape, position or texture 
information as a model. Thus, in this paper, we propose an 
atlas based method to locate abdominal organs in mouse 
PET image. 

A number of papers have proposed for segmenting region 
of interest in PET images. Maroy et al [3] used intensity 
distribution information and calculated physical properties 
in serial mouse PET images. They used information which 
is computed or analyzed from input image itself. And even 
if they delineate every small organ accurately it is impossi-
ble to get anatomical information about neighboring tissues.  

Thus to compensate anatomical information there were 
also many efforts to combine functional image and struc-
tural image. Jan [4] proposed a way of combining PET, CT, 
and SPECT images using a calibration phantom and an 
animal holder, and Chow [5] aligned coordinate systems 
between images by moving the imaging cylinder. Rowland 
[6] and Shen [7] developed PET-MRI, MR-SPECT image 
registration algorithms respectively. But they were all fo-
cused to merge two image modalities and overlay them. So 
the exact organ shape couldn’t be recognized easily.  
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The rest of the paper is organized as follows: In Section 2 
we introduced data set we used in this paper and describe 
preprocessing procedure to get more accurate image regis-
tration result. Section 3 explains how we found spatial cor-
respondence among template and two different mouse im-
ages. Experimental results and conclusions follow in 
Sections 4 and 5 respectively. 

II. IMAGE PREPARATION AND PREPROCESSING 

We use two sets of data, one is an atlas image and the 
other is experimental mouse image. The atlas [8] was gen-
erated using coregistered CT and cryosection images of 
mouse. Using these images the segmentations of the 20 
organs were done by the help of a professional mouse 
anatomist. After defining organ regions every voxel was 
labeled. Generated image volume is consisted of 380 x 992 
x 208 matrix and the size of each voxel is 0.1 cubic milli-
meters. And we use CT and PET of normal mouse to com-
pare with an atlas and segment organ areas. PET has spatial 
resolution of 115 x 42 x 140 and its voxel is 0.4 x 0.4 x 0.7 
millimeter. CT has 226 x 93 x 465 of 0.2 cubic millimeter 
voxels. As described here each image has different voxel 
size and spatial resolution. Therefore prior to performing 
image matching and segmentation resampling has to be 
done. Resampling using trilinear interpolation makes all 
image elements isotropic cubical voxels.  

Modern biomedical image has more than 8 bit per voxel, 
for example 12 or 16 bit, to represent more detailed infor-
mation these days. The maximum intensity range is 0~255 
for 8-bit image and 0~65535 for 16-bit image. So an opti-
mized algorithm for displaying 16-bit gray scale images on 
8-bit computer graphics system is required. As seen in “Fig. 
1 (a)” the intensity distribution of 16-bit PET image is bi-
ased to lower values. If this image is just converted to 8bit 
image voxels which value is greater than 255 are set to 255 
and voxels outside the useful brightness range are excluded. 
Therefore, not to lose precious values, we enhance image 
contrast by histogram stretching. We apply iterative thresh-
olding method [9] first to classify background area and 
object area. Then voxel values are recalculated so that only 
certain brightness levels are emphasized. How to find a 
threshold value is described as follows.  

At first we should estimate 2 centers of the 2 classes.  

1. Search for the maximum (I_MAX) and minimum 
(I_MIN) intensity of pixel in the image. Here we can 
obtain initial thresholds T0, 
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2. We calculate the mean intensity of background (I_BM) 
and mean intensity of foreground (I_FM) on the basis 
of threshold, T0 , by  following equation  
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Where ),,( kjiI represents intensity of pixel,  
1),,( =kjiN  

3. Then, calculate the new threshold Tk+1 by equation 3. 
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4. If  ε<−+ kk TT 1  , kT is proper value that we want, 
or else go to step 3. We then make a decision to divide 
the foreground and background on the basis of this 
threshold.  

After intensity normalization it gets easier to extract 
more information regarding the anatomy.  

Once all voxels in images became same size and has suf-
ficient brightness a transformation to fit approximate object 
size was performed. When the sizes of two objects are con-
siderably different alignment error can be increased during 
registration process.  By estimating initial object size and 
position local extrema errors can be avoided. In this paper 
we represent the object size using the length of principal 
axes and then calculate two eigen vectors and carry scaling 
transform along these vector directions.  

III. IMAGE COREGISTRATION 

The more accurately the transformation maps the atlas 
onto the image to be segmented, the more accurate the re-
sult of the organ identification. So we proposed a registra-
tion framework to match atlas and other mouse images. The 
whole procedure suggested in this paper is described in 
“Fig. 3”. 

Among three images used in registration process, atlas 
image is a CT which voxels are all labeled to represent each 
organ. First of all, finding corresponding position between 
atlas and mouse CT is required. These images are same 
modality but acquired from different animal. So a non-rigid 
registration method is essential to match them.  Then, to 
overlay mouse CT-PET image pairs rigid-body registration 
is performed because those are acquired from the same 
mouse. 
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Fig. 3 The whole procedure for internal organ delineation 

A. Deformable Registration between Labeled CT and CT 

Image registration is the process of aligning images to 
make their features correspond. It yields a transformation 
that relates the coordinate systems of the two sets of images. 
In this paper labeled CT is transformed into mouse CT so 
that internal organs’ shape and position in mouse CT can be 
easily recognized by overlapping voxel’s label. This intra-
modality, inter-subject image matching is done by deform-
able registration using voxel similarity.  

In voxel-based registration the transformation factor can 
be computed by optimizing some measure directly calcu-
lated from the voxel values in the images. We used normal-
ized mutual information (NMI) as a voxel similarity meas-
ure. It measures statistical dependency between intensity 
values of two images [10].  

Mutual information is a voxel similarity measure that is 
expressed as the difference between the sum of the entro-
pies of the individual images, H(A) and H(B), and the joint 
entropy of the combined image where they overlap, H(A,B). 
The entropy of a single image can be computed from the 
probability distribution of its intensities, and the joint en-
tropy of two images can be estimated by computing a joint 
histogram of paired intensities. By interpreting the entropy 
as measure of uncertainty, mutual information is a measure 
of which one image explains the other. That means maxi-
mizing mutual information results in maximizing the infor-
mation the image contains about the other. And therefore 
two images are well aligned when mutual information of 
geometrically corresponding gray values is maximal.  

 

),()()(),( BAHBHAHBAMI −+=          (4) 

And normalized mutual information proposed by Stud-
holme [11] has proved very robust. It is less insensitive to 
the overlapping regions of the two images.  
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Two images A and B can be registered by searching for 
an optimal transformation T that maximizes the mutual in-
formation between the original image A(x) and the trans-
formed image B(T(x)), where x is a voxel in image A, and 
the closest voxel in image B is T(x), so that  
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Like mentioned earlier two images are acquisited from 
different mouse so we applied Bspline-based deformable 
transformation to find T that relates the spatial information.  

 

B. Rigid Registration between CT and PET  

To match mouse CT and PET aligning two images rigidly is 
sufficient under the assumption that two images are obtained 
from the same subject and imaged using fiducial markers.  

For registration between mouse CT and PET we applied 
point feature based algorithm. First we extracted marker 
areas in each image using seeded region growing method. 
Then the point sets in PET are fitted to points in CT by 
minimizing Euclidean distance iteratively.  This algorithm, 
the iterative closest point algorithm (ICP) [12], calculates 
the smallest distance between two point sets, A = 
{a1,a2,…,an}, B = {b1,b2,…,bn}, iteratively and finds the 
optimum rigid-body transformation using translation matrix 
t and rotation matrix R. The steps are described as follows.  

1. Compute the correspondence error which computes 
the distance between two point sets,  
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2. Calculate the alignment error that measures closest 
point set using some transformation. 
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3. Compute the convergence error γ  and terminate 
when the change in mean square error between iterations 
falls below some tolerance threshold.  

kk ed −=γ                                    (9) 
“Fig. 4” shows the point-based registration result. Pink 

regions in each image indicate the extracted marker area 
using region growing method. Marker regions in PET are 
larger because of its blurry artifacts. However, ICP can 
handle this problem when the number of points is different 
and each points doesn’t have one-to-one mapping.  
 

     
(a)                         (b)                         (c) 

Fig. 4 Point-based registration: (a) marker areas in mouse CT, (b) marker 
areas in mouse PET, (c) ICP result 
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IV. EXPERIMENTAL RESULTS  

If all image pairs aligned we need to overlay and fuse to 
efficiently visualize VROI, the organ areas. In “Fig. 5” trans-
formed labeled CT are shown in (d) and both external ap-
pearance and internal boundaries are deformed to corre-
spond mouse CT (a). And if voxels in lung area in (d) are 
overlaid on  (a), we can easily recognize the lung region as 
indicated in green in (e). Then, lung area extracted from (a) 
are superimposed on mouse PET as in “Fig. 5 (f)”. Since 
there’re no glucose metabolic activities in the lung, if with 
no aid of coregistration between CT data the boundary of 
the  lung couldn’t be figured out.  

 

      
(a)                       (b)                     (c) 

     
(d)                         (e)                       (f) 

Fig. 5 Lung delineation result: (a) mouse CT, (b) labeled CT (atlas),  (c) 
lung area in atlas, (d) deformed atlas to match (a), (e) extracted lung region 
in mouse CT, (f) lung region overlaid on PET image 

V. CONCLUSION AND FUTURE WORK  

We proposed a framework to segment abdominal organs 
in mouse PET image based on image registration technique. 
Through alignment between two structural images each 
organ’s boundary was clearly defined and overlaying mouse 
CT and PET made simultaneous observation of anatomical 
and structural information.  

As a future work, we will extend this algorithm to 3D+t 
image data to analyze quantitative kinetics of physiological 
changes. This can be also used in oncological study to mon-
itor tumor growth or regression.  
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Abstract––Obstructive Sleep Apnea (OSA) is a serious sleep 
disorder. OSA is commonly associated with snoring but it is 
not fully utilized in diagnosis.  Snoring contains pseudo-
periodic (“pitch of snoring”) packets of energy that produces 
the characteristic vibrating sounds familiar to us. Our 
hypothesis is that the pitch of snoring carries information on 
the state of the upper airways enabling us to characterize it. 
Snore Related Sounds (SRS) have the advantage as they can be 
acquired via non-contact measurements cheaply. However, in 
practice, it is likely that SRS may be corrupted by background 
interference such as bed sounds, duvet sounds and speech 
sounds (collectively referred to as “Other Sounds”, OS).                

In this paper, we explore Intra Snore Pitch Jump 
probability which captures and quantizes pitch jumps as a 
feature to diagnose OSA. In particular, we focus into the: (i) 
the effect of other sounds on the performance of pitch-jump 
based OSA diagnosis, and (ii) propose a snore episode length-
normalization as an efficient way to improve the pitch-jump 
algorithm.   

The proposed method was tested on a database of 39 
subjects (training set: n=10; validation set: n=29), and ROC 
curves were drawn. Our method led to improved diagnostic 
performance (sensitivities of 95% at specificities 86% 

Keywords––Snore sounds, Other Sounds,   Intra Snore Pitch 
Jump. 

I. INTRODUCTION 

Obstructive Sleep Apnea (OSA) syndrome is 
characterized by the repetitive collapse of upper air passage 
during sleep. A full closure of the upper air way is termed 
Apnea and a partial closure is known as hypopnea. When an 
individual is developing an OSA event, that person is unable 
to complete his normal inspiration and expiration cycle. 
Generally, obstructive apnea termination is associated with 
an arousal and breathing is resumed, usually with a snort or 
gasp. These frequent arousals prevent, patient having a 
healthy deep sleep [1].  OSA is a serious sleep disorder with 
high prevalence [2].    

OSA diagnosis requires in-facility Polysomnography 
(PSG) testing where a subject remains physically connected, 

overnight, to over 15 channels of instrumentation [3]. The 
main outcome of the PSG is an Apnea severity measure 
known as the Apnea-Hypopnea Index (AHI).  It is 
calculated by dividing the total number of apnea/hypopnea 
events by the total sleep time [3]. It is expensive, 
inconvenient, resource intensive, uses galvanic contacts to 
take measurements, required medical technologists to 
operate the system and thus not suitable for mass screening 
of the population.  

There is an enormous need for a simplified diagnostic 
instrument capable of convenient and reliable diagnosis 
/screening of OSA at a home setting. There has been a 
flurry of recent activities in developing portable technology 
to address this need. These systems varied from two 
channels to four channels (oximetry, airflow, effort and 
position) to full PSG with more channels. Their major 
drawback is that the service of an experienced medical 
technologist is still required at the site of the test, if 
acceptable sensitivity/specificity performance is required. 
Furthermore, all the devices evaluated in the comprehensive 
study of [2,3,5] have at least one sensor which requires 
physical contact. This makes the devices difficult to use by 
untrained persons, and cumbersome to use on paediatric 
populations [3,6]. 

Snoring is the earliest and the most prevalent nocturnal 
symptom of OSA. At present, despite the perceived huge 
potential, SRS have not being quantitatively analysed in 
OSA detection extensively. Snore Related Sounds (SRS) 
have the significant advantage in that they can be 
conveniently acquired with low-cost non-contact bed side 
microphones. However, when recording SRS, using a 
bedside microphone, it can be mixed with bed sounds, duvet 
sounds and speech sounds. We collectively referred to bed 
sounds, duvet sounds and speech sounds as “Other Sounds” 
(OS). In any environment, OS are unavoidable and it is 
essential to remove those OS from the SRS recording. It 
should be noted that even in the controlled environments of 
a sleep laboratory, OS are unavoidable and leads to errors in 
diagnosis. 
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Past researchers [5,6,7] have tried to use many snore 
related features to detect OSA syndrome namely, snore 
regularity in terms of snore episode duration, separation and 
average power [6], time and frequency related parameters of 
snore sounds[7] and Intra-Snore-Pitch-Jump(ISPJ) 
probability [5].   

ISPJ probability feature captures and quantizes the pitch 
jumps which is a characteristic of pitch period distribution 
in a snore episode. ‘Jump multiplicity’ (q) is defined as 
number of times pitch periods exceeds a pre defined pitch 
threshold in a snore episode. (see Appendix for details).  
Snore episodes(SE) are not equal in duration. ISPJ 
probability feature depends on the length of SE. It was 
observed that longer the SE, higher the number of pitched 
blocks and higher the q value. 

We based our work as reported in [5]. However, in [5], 
the effect of OS on OSA diagnosis has not been explored. 
Further more, impact of snore episode length variation on 
OSA diagnosis also not investigated.    

Therefore, in this paper, in particular, we explored the 
effect of OS removal and investigated the impact of above 
novel modification to the ISPJ technique on OSA diagnosis. 

II. METHOD 

A. SRS Data Acquisition 

The work described in this paper depends on PSG data 
obtained from subjects undergoing routine PSG testing at 
Princess Alexandra Hospital, Brisbane, Australia. The 
routine PSG data were obtained from a clinical system 
(Model Siesta, Compumedics®, Sydney, Australia) 
accompanied by an expert-edited annotation files.  The SRS 
were acquired with a high fidelity, CD-quality computerized 
data acquisition system. A matched pair of low noise 
microphones having a Hypercardiod beam pattern (Model 
NT3, RODE®, Sydney, Australia) were used to capture the 
sound signals. A low-end, professional quality pre-amplifier 
and A/D converter unit (Model Mobile-Pre USB, M-
Audio®, California, USA) was used for SRS acquisition.  

Figure 1 illustrates the overall method followed in the 
paper and the four cases analysed.  

B. Removing other Sounds Based on Time-Domain 
Considerations 

Through extensive observations, we discover that OS are 
lengthier than snore sounds. Next, we measure the duration 
of each SE and also label its category by listening and by  
 

visual means(ie: snore or OS). Then, by comparing the 
identified snore and OS durations, we found that time 
domain criterion can be utilized to extract snore related SEs.  

 

Fig. 1 Overall block diagram 

C. Snore Episode Grouping  

By observing snore related SE lengths of 10 subjects, it is 
discovered that SE lengths are not equal in length as well as 
not uniformly distributed in the range from 0s to 3s. 
Therefore, we decide to group SEs based on their length in 
such a way that all SE groups contain at least more than 
10% of the total number of SEs of an individual subject. 
Snore episodes are grouped into six based on their length. 
Fig. 2 shows SE distribution of 10 subjects which justify the 
SE grouping as shown in table 1.  

 

Fig. 2 Normalized histogram - snore episode durations (ms) 



Effect of Background Sound and Impact of Snore Episode Length Normalization on Snore-Based Apnea Diagnosis 2313
 

  
 IFMBE Proceedings Vol. 25  

 

Table 1 Snore Episode (SE) grouping based on SE duration and relevant q 
values for each SE group 

SE rr SE Relevant ‘q’ value when
(m  (ms) j=1 j=2 j=3 j=4 
Group r1 160 ~ 1 2 3 4 
Group r2 481 ~ 2 4 6 8 
Group r3 801 ~ 3 6 9 12 
Group r4 1121 ~ 4 8 12 16 
Group r5 1441 ~ 5 10 15 20 
Group r6 Above  6 12 18 24 

q=m*j where m=1,2,3,4,5,6 ; j=1,2,3,4 and rr  =number of SEs in group. 

D. Pitch Jump Multiplicity Normalized ISPJ Probability 
Calculation Depending on Length of Snore Episode 

For each subject in the database, a set Jmq of Pitch jump 
multiplicity normalized group ISPJ probabilities for all 
snore episode groups are defined by:  

Jmq={Pqγ(rD)|q=m*j;  r=5…25ms; j=1~4 and m=1~6} (1) 

where q values represent the jump multiplicity values for 
each SE group  and Pqγ(rD) is calculated via (3) for the 
corresponding SE group.  

Thereafter, the pitch jump normalized ISPJ probability 
(Ij) is defined as,  

6 6

1 1
j i i j i
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I r J r

= =
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                                                    (2) 

Four set of ISPJ probabilities are calculated for  four 
different cases for each subject. For cases I and III, Ij  is 
calculated using  variable values m=1 and j=1~4. For case II 
and IV, Ij is calculated using variable values m=1~6 and 
j=1~4. 
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Fig. 3 ISPJ probability vs Pitch for subjects AHI <10 and AHI > 10 

E. OSA Detection 

For each case, Ij are plotted against the pitch values for 
the range 5~25ms and calculate the total area (TA) under 
the curve. Thereafter, area under the curve (PA) for the 
pitch values for the range 5~15ms is calculated.  Eventually, 
the ratio of areas (rA =PA/TA) was calculated. For each 
subject, rA (rA1, rA2, rA3 and rA4) values for four different j 
values are calculated. Next, we measure, a statistical 
variable ’n’ how many of rAs are greater than a 
corresponding decision(rA-TH) threshold value. 

The optimum threshold values for rA (rA1-TH ~ rA4-TH) are 
derived by selecting 10 subjects(5 from AHI less than 10 
(group-A) and 5 from AHI greater than 10(group-B)) as a 
training data base and drawing the ROC curve.  Finally, 
count the number of times, rA1 > rA-TH values for 
corresponding four j values. This ‘n’ is used to determine 
whether subject’s AHI is greater than 10 or not.                
If a subject satisfy,  n < nTH  condition, the snore-based test 
is positive for AHI greater than 10 and vice versa.  

III. RESULTS AND DISCUSSION 

In this paper, for the cases III and IV, we used OS 
removed SEs by removing all the SE which are longer than 
3s[8]. For the cases II and IV, pitch jump multiplicity 
normalization (referred also as Snore episode length 
normalization) is employed.  

As an initial step, we analyse a training data base consist 
of 10 subjects, which comprised of 5 subjects of group-A 
and 5 subjects of group-B.  For group-A subjects,  Ij values 
are plotted against pitch values. It is visible that these 
graphs displays steep decline at pitch values around 15. But, 
it is not the same scenario with subjects in the group-B. 
Figure 3 shows the , Ij vs pitch value variation for the 
training data set when j=2. Table 2 shows the area ratios for 
the training data base. Row1 correspond to j=1, row2 
corresponds to j=2 and like wise. 

Table 2 Training data base - two groups area ratios 

AHI less than 10 group Area 
ratios (5 subjects) 

AHI more than 10 group Area 
ratios (5 subjects) 

100,95.56,96.31,95.95,91.58 92.57,93.29,88.52,91.68,95.62
100,100,99.84,100,97.87 96.84,96.02,93.90,96.15,98.43
100,100,100,100,98.41 97.62,97.07,96.44,96.59,99.44
100,100,100,100,99.6 98.68,97.7,98.3,97.98,99.72

The optimum threshold values for rA  values are obtained 
from ROC curves drawn for the four cases. Figure 4 shows 
such one ROC curve drawn for the case IV and table 3 
shows the optimum threshold values for all the cases.  
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Table3 Optimum Threshold values 

 rA1-TH  
(j=1) 

rA2-TH 
(j=2) 

rA3-TH  
(j=3) 

rA4-TH      
(j=4) 

Case  I 81 90 93.5 95.9
Case II 92 98.5 99.2 99.1
Case III 85 93 97.3 97
Case IV 95 98 99.5 99.5
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Fig. 4 ROC curves for AHI=10 threshold determination 

Selecting an optimum value for nTH as 1, we obtained 
sensitivity and specificity values of 80% and 80% 
respectively for our training database. 

Finally, table 4 summarizes the results of testing data 
base of 29 subjects analysed. 

Table 4. Sensitivity and Specificity values for four cases 

 Sensitivity Specificity 
Case-I 81.82% 85.71%
Case-II 86.36% 85.71%
Case-III 90.91% 85.71%
Case-IV 95.45% 85.71%

IV. CONCLUSION  

By comparing results for the case I and II, we can say 
that   pitch jump multiplicity normalization leads to 
sensitivity improvement around 5% as it address the SE 
length variation. By comparing results for the case I and III, 
we can say that OS removal lead to sensitivity improvement 
around 10%. Finally, by comparing case I and IV, we can 
conclude that OS removal and jump multiplicity 
normalization lead to sensitivity improvement around 15% 
while holding the specificity levels around 85%. However, 

Much larger database testing is needed to further validate 
our results.  

V. APPENDIX 

For each subject taken from the clinical database, we 
exhaustively extract all snore episodes (rD), from sound 
recordings of length D covering the total sleep period of the 
patient.  We use a measure called ISPJ-Probability to 
capture intra-snore jumps in pitch, via Definition-I and 
Definition-II given below.  
Definition-I: Suppose that in the j-th arbitrary snoring 
episode ssv,j there are at least q (< Nj +1) data blocks in the 
set {Bjk}, k =1… Nj with pitch periods ujk greater than a 
pitch threshold r. Then the entire Snoring Episode j is 
labeled as having the feature ISPJ at level (q, r). We call the 
quantity q as the ‘jump multiplicity’                
Definition-II: Define a quantity ISPJ-probability Pqr(rD) at 
level (q, r.) for the signal s(n) of a length D as:               
Pqr(rD) = 100 nqr(rD) / rD  %,                           (3)           
where rD is the total number of snore episodes contained 
within the data of length D. The quantity nq(rD) is the 
number of episodes within D that were labeled as having the 
feature ISPJ according to Definition-I 
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Simulating In-Vivo Knee Kinetics and Kinematics of Tibio-Femoral Articulation 
with a Subject-Specific Finite Element Model 
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Abstract—Knee joint is the largest and the most complicated 
joint in the body. It is subjected to a very high load during 
sports and some occupational activities. Therefore complica-
tions of the knee joint occur from various sources including 
daily routine activities but clinical intervention is still very 
limited. Accurate finite element (FE) model of the knee joint 
will be valuable in investigating mechanisms of knee joint 
disorders and planning clinical procedures. We developed an 
anatomically based subject-specific FE model of the knee joint 
and investigated contact force distribution changes at the tibio-
femoral articulation during gait. Our FE model includes 
bones, ligaments, cartilage layers on the tibio-femoral contact 
interface as well as the menisci.  The generic model was cus-
tomized to subject-specific MRI data. Gait analysis was per-
formed with the same subject to obtain subject-specific bound-
ary and loading conditions. The gait cycle was divided into 
discrete steps and FE analysis was performed at each step. The 
simulation results showed in-vivo kinematics and kinetics, 
especially how the tibio-femoral contact force changes during 
gait realistically.  

Keywords—Finite element analysis, Computational biome-
chanics, Tibio-femoral contact pressure. 

I. INTRODUCTION  

Knee joint is the major joint in the lower limb which 
connects the largest levers in the body – the femur and tibia. 
The articulating surfaces of the femur and tibia have little 
congruence. Although various soft tissues fill the joint space 
to prevent development of high contact pressures, the high 
load that knee experiences make the joint susceptible to 
various injuries both from serious trauma as well as daily 
routine activities. Yet the exact mechanisms behind such 
complications have not been identified and the treatment 
options have been limited to conservative methods (e.g. 
R.I.C.E (rest, ice, compression and elevation)). Some imag-
ing modalities such as plain X-ray, CT or MRI are used in 
diagnosing knee problems. However due to the limitations 
in their resolutions as well as difficulties in viewing the 
joint in full 3D, too many knee problems remain as undiag-
nosed, causing great burden to the individual and the soci-
ety. Numerical models such as finite element models can 
bring major improvements in this regard. The 3D and sub-
ject-specific nature of the model can allow more accurate 

diagnosis of the symptom. The mechanical nature of the 
model will enable evaluation of various treatment options, 
which can be tailored to patient-specific needs. In this pa-
per, we developed a subject-specific finite element  
(FE) model of the knee joint and investigated the contact 
stress distribution changes at the tibio-femoral articulation 
during gait. 

II. METHODS 

A. Creating a Generic FE Model of the Knee 

Visible Human images (NLM, Methesad, Maryland) 
were used to generate a FE model of the knee joint. 
Bone/soft tissue boundaries were segmented and FE meshes 
were generated. We used a previously validated mesh gen-
eration method [1, 2]. Our mesh is made up of 8-noded 3D 
volume elements with high order cubic Hermite interpola-
tion functions. We also performed a geometric fitting pro-
cedure to generate meshes with smooth surfaces [3]. The 
final model includes three bones (femur, tibia, fibula), four 
ligaments (ACL, PCL, MCL, FCL), cartilage layers on the 
contact surfaces and menisci (Figure 1).  

VH image stack   Initial mesh Final fitted mesh  
Fig. 1 Mesh generation from Visible Human 

B. Material Property Assignment 

Four different tissues were modeled with their corre-
sponding constitutive properties. As for bones, cortical and 
cancellous bones were modeled as linear elastic material 
with representative modulus and Poisson’s ratio values 
obtained from the literature. Menisci and cartilage were 
modeled as single phase, linear elastic and isotropic materi-
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als. Modulus and Poisson’s ratio values used in linear elas-
tic materials are summarized in Table 1. 

Table 1 Modulus and Poisson’s ratios 

 Modulus 
(MPa) 

Poisson’s 
ratio 

References 

Cortical Bone 17000 0.3 [5] 
Cancellous Bone 650 0.3 [6] 
Cartilage 5 0.46 [4] 
Menisci 59 0.49 [7] 

Ligaments were modeled as incompressible Neo-
Hookean with hyperelastic and isotropic material properties 
with the following strain density function 

  
 
 
Where Ĩ1 is the modified first invariant of the right Green-
Cauchy strain tensor and C1 is the parameter for Neo-
Hookean material property. C1 values for various ligaments 
were estimated from [8]  and are given in Table 2 

Table 2 C1 values for ligaments 

 ACL PCL MCL LCL 

C1(MPa) 6.06 6.43 5.38 6.06 

C. Customization to Subject-Specific Data 

The generic FE model was customized to a subject-
specific model with the subject’s MRI data (29 yrs old, 
female) using the Free Form Deformation (FFD) method 
[3]. Firstly the anatomical landmark points were identified 
from the generic mesh. Then corresponding target points 
were found from the patient’s MRI scans. The differences 
between the landmark and target points were minimized to 
customize the generic mesh to a subject-specific mesh. 
Figure 2 illustrates this process. 

 

Fig. 2 Customization of the mesh with FFD 

D. Subject-Specific Boundary and Loading Conditions 

Gait analysis was performed with the subject whose MRI 
was used to generate subject-specific boundary conditions 
for FE analysis. Joint forces and angles were calculated 
from the gait data to be used as loading and boundary con-
ditions for FE simulation. Joint angles specified the location 
of the femur with respect to tibia at each frame of the gait 
cycle while joint forces were applied to the top nodes of the 
proximal femur mesh.   

Contact between the bones and menisci was modeled as 
frictionless contact while contact between the bone and 
ligaments was modeled as tied contact.   

The whole system was solved quasi-statically for every 
10th frame of the gait cycle to examine the in-vivo kinemat-
ics and kinetics of the knee joint during gait. In particular, 
contact pressures at the tibo-femoral articulation were com-
puted to examine to the peak pressure pattern changes. 

III. RESULTS 

A. In-Vivo Kinematics of the Knee during Gait 

At the stance phase of the gait cycle the femur and tibia 
are in the fully extended position. Then the joint flexes as 
the gait cycle progresses meanwhile the femur is undergo-
ing rotation in medial direction especially during the mid 
swing phase. Then the joint extends again as the gait cycle 
further progresses. However, this time, the femur is under-
going lateral rotation (Figure 3). 

 

Fig. 3 Kinematics of the knee joint during gait 

 

Ψ = C1( ˜ I 1 − 3)
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B. In-Vivo Kinetics of the Knee during Gait 

The contact pressure pattern on the femoral condyle dur-
ing gait is shown in Figure 4. The peak contact pressure 
point changed constantly during gait. Contact pressures on 
the medial condyle were more dominant than lateral con-
dyle and the peak pressure pattern form a fan shape during 
the gait cycle. On the other hand, the peak pressure on the 
lateral compartment appeared at the hill strike and gradually 
disappeared after late foot flat stage. 

 
 

 

Fig. 4 Contact pressure changes during gait. Left is lateral and right is 
medial direction 

IV. DISCUSSIONS 

We developed a subject-specific FE model of the knee 
joint to examine in-vivo kinematics and kinetics of the joint 
during gait. We used both subject-specific model and 
boundary conditions to accurately describe the behaviour of 
the knee joint during a normal gait cycle. Our model con-

firms that the femur rotates both medially and laterally 
while flexing and extending during gait. Our contact pres-
sure pattern shows that the medial compartment is more 
heavily loaded than lateral compartment and the peak pres-
sure pattern follows a fan shape distribution during gait.  

To the authors’ knowledge, there has not been a study 
that tried to measure the in-vivo contact pressures at the 
natural knee during gait. In fact, it will be extremely diffi-
cult and too invasive to measure. However the knowledge 
of in-vivo contact pressure distribution during gait will be 
valuable as the contact pressure is related to the cartilage 
properties underneath it. And it can also function as a pre-
cursor to developing osteoarthritis. Moreover it will be 
extremely useful to monitor the behaviour of other soft 
tissues such as ligaments and menisci during gait. Therefore 
the possible use of FE model in this regard presents many 
new and exciting opportunities.   

However, the project is still in the early stage and the 
current knee model has not been validated against in-vitro 
experiment. Nevertheless the authors have confidence in the 
model because the predicted pressure pattern and magnitude 
are similar to other studies which measured contact pres-
sures at a certain flexion angle [9]. Comparison with me-
chanical experiments will be done with fresh knee cadavers 
and pressure-sensitive films to measure contact pressures at 
various angles in flexion/extension. 

In concluion, we developed an anatomically based sub-
ject-specific FE model which can measure the in-vivo knee 
kinematics and kinetics during gait. Our model included 
major bones and soft tissues of the knee, which will de-
scribe the behaviour of the knee (both bones and soft tis-
sues) with great detail. This model will be used to analyze 
various treatment options for knee problems such as liga-
ment damages and osteoarthritis.  
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Abstract―Panic disorder (PD) is a common and 
incapacitating mental disorder characterized by the recurrence 
of spontaneous panic attacks. Panic disorder can continue for 
months or even years. It may be getting worse to seriously 
affect daily life. Base on the relationship between the PD and 
heart rate variability (HRV). A portable system is proposed for 
assisting the diagnosis and therapy of PD patients. The system 
is constructed with a portable device and mobile backend. The 
system structure and work flow are also presented. 

Keywords—Panic disorder, HRV, MSP430, mobile, portable

I. INTRODUCTION

Panic disorder (PD) is a common and incapacitating 
mental disorder characterized by the recurrence of 
spontaneous panic attacks, followed by a persistent concern 
about having additional attacks, worry about the 
implications of the attack or its consequences, and a 
significant change in the behavior related to the attacks [1]. 
A panic attack is characterized as a discrete period of intense 
fear or discomfort, in which several symptoms, such as 
palpitations, pounding heart, or accelerated heart rate, 
sweating, trembling or shaking, feeling dizzy, unsteady, 
lightheaded, or faint, derealization or depersonalization, fear 
of losing control or going crazy, fear of dying [1] The 
symptoms are not related to substance abuse or general 
medical condition and are associated with a significant 
impairment of global functioning. These responses are due 
to the dysfunctions of autonomic nervous system (ANS). 
Panic disorder can continue for months or even years. It may 
be getting worse to seriously affect daily life. In fact, many 
people have had problems with friends and family or
employment while struggling to cope with panic disorder. In 
some individuals the symptoms may occur frequently for a 
period of months or years, and then many years may pass 
symptom-free. In others, the symptoms persist at the same 
level indefinitely [2]. 

Recent studies have used the analysis of heart rate
variability (HRV) as a tool to study the functions of the ANS 
[3]. This analysis elucidates the influence of the ANS on 
short-term regulation of the cardiovascular system. HRV is 
primarily controlled by the continuous interplay of the 

sympathetic and parasympathetic (vagal) branches of the 
ANS. Spectral analysis of HRV quantifies the relative 
influence of each branch on heart rate (HR), as these 
rhythms occur at different frequencies. Two frequency bands 
are usually distinguished: the high frequency band (HF: 
around 0.25 Hz) is thought to be mediated by cardiacvagal 
tone, and a low frequency band (LF: around 0.10 Hz) which 
is mediated by both branches of the ANS. The ratio of LF 
power to HF power (LF/HF) is commonly seen as an index 
of cardiac sympathovagal balance. In literature, there are 
substantial differences in HRV between normal and panic 
subjects [4]. PD patients are characterized by a reduced HRV, 
reduced HF power, increased LF or an elevated LF/HF ratio. 
The SDNN (Standard Deviation of Normal to Normal) index, 
which correlates to the frequency domain measurement of 
5-min total power, is also significantly lower in the patients. 
The results reveal that sympathetic nervous system activity 
is depressed in patients with panic disorder and that patients 
exhibit a relative predominance of parasympathetic activity. 

For assistant to the diagnosis and therapy of PD patients, 
we propose a portable system to heart rate measurement, 
data storage, and analysis, which would provide a potential 
reference for PD diagnosis and therapy. 

II. METHODS

Both time domain and frequency domain (power spectral) 
analyses were used in this study to assess HRV data. The 
time domain analysis determines how much variability 
exists. The analyses includes: mean heart rate (HR), the 
standard deviation of all normal sinus RR intervals (SDNN), 
and the standard deviation of all averaged normal sinus 
intervals (SDANN), the mean of the standard deviations of 
all normal sinus RR intervals (SDNN index), and the root 
mean square of successive differences between normal sinus 
RR intervals (RMS-SD). Power spectral analysis determines 
the relative power of components. 

A regularly-spaced time series was derived from the RR 
intervals by sampling the irregularly-spaced series defined 
by the succession of normal RR intervals. 214 points were 
sampled; for data acquisition precisely, and the sampling 
interval was 329 ms. Gaps in the time series resulting from 
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noise or ectopic beats were interpolation by linear spline. 
The power spectral density (PSD) was computed. And the 
LF power (<0.4 Hz) and ULF power (<0.0033 Hz) were also 
computed. 

The 5-min frequency domain measures were calculated
by raveling the re-sampled time series into 50% overlapping 
5-min segments. A linear detrend was applied to the data 
segments by first fitting a straight line to each segment 
(standard least-squares method) and then subtracting it from 
the data segment. Next, a Hanning window was applied and 
the PSD was computed and corrected for the attenuating 
effects of the Hanning window 

III. RESULTS

This system concept is shown in Fig.1, and the system 
prototype is shown in Fig. 2, which is constructed with a 
portable device and a backend mobile. The portable device 
acquires and processes ECG signal, and then sends to 
mobile backend via Bluetooth. The mobile backend is for 
data storage, analysis, and presentation. The analyzed data 
would further deliver to physician for assistant to the 
diagnosis and therapy of PD patients. 

Fig. 1 System concept

Fig. 2 System prototype

ECG is the recording of the electrical activity of the heart 
over time via skin electrodes [5]. Fig. 3 is the hardware 
architecture of the portable device, which is Texas
Instruments MSP430 based equipment. The ECG signal 
passes through the RFI filter (to cut induced RF Interference 
signals) to the input of the high common-mode-rejection 
ratio (CMRR) instrumentation amplifier (INSAMP). The 
main purpose of the INSAMP is to reject the CMRR voltage 
(a ~300 mV common-mode component from the potential
between the electrodes and skin, power-line interference and 
other noise sources) and pre-amplification of the differential 
ECG signal. To improve noise immunity, an antiphase signal 
is used. This circuit consists of a buffer amplifier (BUF 
AMP) and an inverting amplifier (INV AMP) that applies an 
inverted version of the common-mode signal to the hands, 
with the aim of canceling the interference. On the output of 
this circuit there is a voltage level shift occurs to 
automatically detect the moment hands are placed on the 
electrodes. The threshold circuit and comparator detect this 
moment. From the output of the INSAMP, the ECG signal 
passes through a high pass filter and is buffered by the BUF 
AMP. Then the signal is digitized via a 14-bit incremental 
ADC. For external pulse wave signal processing and 
debugging, the ECG samples can be sent via a RS232 port 
[6]. 

The ADC samples are filtered by the IIR filters. These 
filters are designed to suppress the 50-Hz interference and 
each has the following transfer function with the notch 
width of 6 Hz 
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Fig. 3 Hardware architecture of this system 
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To obtain the first derivative of the ECG signal, which is 
used to calculate pulse rate, the first-order IIR high pass 
filter with cutoff frequency 30 Hz is used: 
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To implement these two equations in C language code in 
fixed-point representation we must scale the filter’s 
coefficients by 65536 and then verify if the filters remain 
stable (that is all the poles laid within the unit circle of the 
z-plane). The quantized filter is stable if: 
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The filtered and differentiated ECG signal is used for 
QRS complex detection. The QRS complex is detected 
when the absolute magnitude of the differentiated ECG 
signal is higher than the threshold value. At that moment, 
the current RR-interval is calculated. 

After calculating 11 RQS complexes, the array of nine RR 
intervals passes through the median filter, which gives the 

nearest-to-integrated duration value of the RR interval. The 
RR interval duration then passes via a fourth-order
averaging filter, is scaled to beats-per-minute. 

The use of a mobile backend brings significant 
convenience advantages over the personal computer, due to 
the inherently form-factor. Moreover, nowadays, everyone 
has a mobile phone or a Personal Digital Assistant (PDA). 
After initialization of the mobile application, the data are 
processed continuously. 

The flow chart of the mobile backend is presented in Fig. 
4. The mobile application is divided into two main 
functional blocks. The first one is responsible for the 
Bluetooth communication with the sink node, featuring 
connection establishment and management. The second one 
deals with data processing and presentation to the user. 

Fig. 4 Flow chart of mobile backend

To increase the robustness of the mobile application, two 
kinds of exceptions can be thrown in execution time: system 
exceptions (the ones that the system must handle) and user 
exceptions (the ones that the user can help overcome or is 
simply notified of). 

A PC application was also developed for receiving ECG 
data from mobile phone. The ECG data are then further 
stored, processed, and presented, as shown in Fig. 5. 
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IV. DISCUSSION AND CONCLUSIONS

The MSP430 is a microcontroller family from Texas 
Instruments. Which is built with a 16-bit CPU, and designed 
for low cost, low power consumption embedded 
applications. Then the MSP430 is particularly well suited 
for the battery powered application or portable measurement 
devices [7]. 

The treatment of PD may cause an increase in 
expenditures due to psychiatric visits, but decrease 
emergency and non-psychiatric resource utilization for 
symptoms associated with PD [8]. 

Fig. 5 RR interval, Frequency domain

There are many PD patients, but not everyone have the 
time to do the treatment everyday, and the treatments of PD 
patients need a long-term treatment. Generally, the
traditional treatment of panic disorder and agoraphobia 
involves medication and/or some kind of psychotherapy [9]. 
Although medication cannot cure these conditions it can 
keep their symptoms under control while patients. This 
method has a reasonable high success rate, but like almost 
everything in life, there is no guaranty that it will work for 
everyone. Cognitive behavioral therapy in combination with 
anti-anxiety agents or antidepressants is the most commonly 
used technique in traditional medicine. 

When patients get back to the hospital, usually doctor 
doesn’t have much time for every patient, so they can not 
know the patients’ detailed daily panic attack conditions. 
Our recorder can record the patients’ HRV for many days, 
which also can save data to the mobile, and analyze data in 
time. The data on the mobile is shown in Fig. 6. The 
mobile’s application can recognize the more different 
condition of recorded data, and show the result on mobile. 

With this recorder, doctor can more understand the condition 
of patients’ daily life, and it will not take so much time. 

To compare our system with other commercially available 
systems, our equipment is smaller and easy to wear, patients 
don’t feel uncomfortable with it, and our system is designed 
for low cost, low power consumption embedded 
applications. 

Fig. 6 Data on mobile 
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Abstract—In this paper, we propose a novel method to gen-
erate panoramic X-ray images intra-operatively by using the 
previously introduced Camera Augmented Mobile C-arm by 
Navab et al. [1]. This advanced mobile C-arm system acquires 
registered X-ray and optical images by construction, which 
facilitates the generation of  panoramic X-ray images based on 
the motion estimation of the X-ray source. Visual marker 
tracking is employed to estimate the camera motion and this 
estimated motion is also applied to the X-ray source. Our 
proposed method is suitable and practical for intra-operative 
usage generating panoramic X-ray images without the re-
quirement of a fronto-parallel setup and overlapping X-ray 
images. The results show that the panoramic X-ray images 
generated by our method are accurate enough (errors less than 
1%) for metric measurements. We will demonstrate  
initial results of intra-operative clinical application in trauma 
surgery. 

Keywords—Surgical Navigation, Camera augmented mobile 
c-arm (CAMC), panoramic x-rays, long-bone-fracture  
treatment. 

I. INTRODUCTION  

Mobile C-arms are an everyday tool to acquire X-ray im-
ages in the operating room during surgery. Currently, long 
bone fracture fixation heavily relies on intraoperative X-ray 
images. The limited field of view is a drawback of mobile 
C-arm imaging. In long bone fracture fixation, surgeons 
need to measure the length of the bone to be reconstructed 
and align the bone fragments. Single X-ray image can not 
visualize the entire long bone. Surgeons are required to 
acquire several individual X-ray images and correlate them. 
Panoramic X-ray images can be obtained by stitching many 
X-ray images. For obtaining an X-ray panoramic image 
intra-operatively one method was proposed by Yaniv and 
Joskowicz [2] using a standard mobile C-arm. This method 
introduces an orthopaedic radiolucent X-ray ruler placed 
along and parallel to the bones. It uses the graduations of 
the ruler in the images to estimate the planar transformation 
by a feature-based alignment method and requires the user o 
manually select the reconstruction plane in order to com-
pensate for parallax effects on that plane. However, this 
method requires overlapping areas between two consecutive 

X-ray images to estimate the planar transformation and thus 
requires additional radiation. Furthermore, it requires a 
frontal parallel C-arm setup, i.e. the ruler plane must be 
parallel to the detector plane of C-arms. 

The Camera Augmented Mobile C-arm (CamC) system 
that extends a regular mobile C-arm by a video camera [1] 
was proposed for X-ray and video image overlay. By con-
struction and one time calibration of the device, the X-ray 
system and the camera have the same projection geometry. 
Using the video images for estimating the X-ray motion 
facilitates the creations of panoramic X-ray images. The 
major advantages over previous proposed solutions are the 
reduction of ionizing radiation since no overlapping regions 
of X-ray images are required, not requiring frontal parallel 
C-arm setup, and enabling metric measurements. 

II. METHODS 

During the one time calibration of the CamC system, the 
X-ray source and the camera optical center are aligned, and 
then a planar homography is estimated for X-ray and video 
image overlay. This one time calibration results in that the 
X-ray source and the video camera have the same intrinsic 
and extrinsic parameters [1]. Therefore, all the poses and 
motions estimated using the video camera directly corre-
spond to the X-ray. 

The key step of image stitching is the estimation of the 
planar transformation to align images. The camera pose of 
acquiring the first image is defined as the world coordinate 
system, and the second image is obtained after a rotation R 
and a translation t of the camera. In [2], the planar homo-
graphy that aligns the first camera image to the second cam-
era image is defined by 

 
 

                     (1) 
 

H is valid for all image points whose corresponding space 
points are on the same plane, called stitching plane. How-
ever, any structure that is not within this stitching plane in 
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3D space will get ghosting or blurring effects also refered to 
as parallax. 

Thanks to the CamC system, we can make use of the 
video images in combination of a visual square marker 
tracking system [3] for C-arm pose estimation.  

In our implementation, we designed a planar marker pat-
tern, in which all the square markers can be uniquely de-
tected. The corners of the square marker can be extracted 
with subpixel accuracy and used as feature points. Having 
the marker pattern with known geometries and uniquely 
detectable markers, we are able to establish point corre-
spondences between the 2D image points and 3D space 
points in the marker plane. Based on these point correspon-
dences, the pose of the video camera (the X-ray) with re-
spect to the marker pattern is computed by using OpenCV 
libraries [4]. To generate panoramic images, the first ac-
quired X-ray image is defined as the reference image, and 
all others will be registered into coordinate system of this 
first image. The homography that transforms the i-th images 
to the first image coordinate system will be calculated ac-
cording to equation 1. The intrinsic parameter K was obta-
tined during the calibration of the CamC system. 

III. EXPERIMENTS AND RESULTS 

The phantom (see figure 1) used throughout all our ex-
periments is constructed to have two parallel planes. On the 
upper plane, the marker plane for motion estimation, the 
marker pattern is attached. On the lower plane, the bone 
plane, we placed X-ray markers with known distances for 
metric measurements or a bone phantom for feasibility tests. 

 

The distance is defined by clicking two points on the im-
age (three points for an angle). To determine the accuracy of 
metric measurements, we used spherical X-ray markers 
instead of a bone, since we can extract the center of a circle 
with sub-pixel accuracy. The ground truth of metric meas-
urements is built by attaching X-ray markers on a pattern 

with known metric properties. The accuracy of the attach-
ments was controlled by a ruler, thus the error in the ground 
truth was confirmed to be below 1mm. Our phantom with 
the X-ray marker was placed on the operating table (see 
figure 1(b)) such that the stitching plane deviates several 
degrees from the image intensifier to simulate the general 
cases. While acquiring video and x-ray images, the operat-
ing table was moved through the C-arm and the panoramic 
image was created. Then we did the measurements on the 
generated panoramas. The same experiment was repeated 
ten times. Table 1 shows the distance and angle measure-
ment results on the panoramic images. In order to investi-
gate the clinical value, we performed preclinical experi-
ments and generated panoramic X-ray images of a bone 
phantom. Figure 2 shows the panoramic X-ray image gen-
erated from four individual X-ray images by our method. 

 

 

IV. DISCUSSION AND CONCLUSION 

We presented a new method to generate panoramic X-ray 
images intra-operatively by using the CamC system and a 
planar maker pattern. The proposed solution integrates 
smoothly into the surgical procedure as the square marker 
pattern is only needed during generation of panoramic X-
ray images and removed from the complete surgical task. 
Our method is independent from overlapping X-ray regions 
and does not require a frontal parallel C-arm setup. How-
ever, the accuracy of estimating the transformation valid for 
the bone plane depends on the estimated distance between 
the marker plane and the bone reconstruction plane. In gen-
eral, this distance is not trivial to recover. In our preclinical 
phantom setup we can directly measure this distance. Ap-
propriate methods have to be incorporated to define the 
bone plane. Starting from April 2009 clinical tests will show 
the feasibility and the advantage of metric distance and 
angle measurements within the surgery room based on a 
standard C-arm. This will allow surgeons to ensure and 
validate during trauma reduction surgery the quality of their 
treatment. 
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*Abstract––This paper presents an efficient hybrid 
registration method using a shell volume that consists of high 
contrast voxels for combining PET and high resolution MR 
(HR-MR) brain images. This approach automatically selects a 
brain shell volume from the PET image, and then transforms 
only the voxels in the brain shell volume into the coordinate 
space of HR-MR images. Based on the corresponding voxels in 
HR-MR images, it finally calculates the best-matching voxel 
positions using normalized mutual information (NMI). The 
shell volume reduces the computation time by using smaller 
number of corresponding voxels to be matched, and it even 
enables a more robust registration. Experimental results on 
clinical data sets showed that our method successfully aligned 
all PET and HR-MR image pairs without losing any diagnostic 
information, while the conventional NMI method failed to 
align some cases. 

Keywords––multimodality brain registration, rigid 
registration, shell, normalized mutual information. 

I. INTRODUCTION 

High resolution magnetic resonance (HR-MR) images 
provide detailed information of anatomic structures with high 
spatial resolution, even though they have low sensitivity and 
specificity for identifying tumors and defining their biological 
behavior. On the other hand, positron emission tomography 
(PET) images provide functional information for detecting 
changes in the metabolism caused by the growth of abnormal 
cells. However, these images have difficulties in achieving 
precise lesion size and shape as they are typically noisy and 
blurry because of the positron scattering, photon attenuation, 
the spatial resolution of detectors, and the head motion during 
lengthy acquisition. For the fusion of PET and HR-MR 
images, image registration technique [1, 2] is required to 
correct differences between the images caused by patient 
movement, scanning location, and image resolution. 

In this paper, we present an efficient hybrid feature- and 
voxel-based method [3-5] using a brain shell volume for 
aligning PET and HR-MR brain images of the same patient. 

                                                           
* Corresponding author. 

The proposed method automatically selects a shell volume 
that is defined as a set of voxels contained within a short 
distance from the brain surface in PET image. Using the 
shell volume, a corresponding volume is found in the HR-
MR images. To identify the best matched corresponding 
volume, normalized mutual information (NMI) [6] is used 
as the similarity metric to the overlapping volume between 
the shell and corresponding volumes. The use of a shell 
volume is very effective in reducing irrelevant 
corresponding voxels between two images during the 
optimization process, which delivers computational 
efficiency and a more robust registration. 

II. METHODS 

A. Brain Shell Selection in PET Images 

The brain volume in PET images is first segmented using 
the method developed by Lee et al. [7]. The brain surface is 
then extracted by applying a conventional sharpening filter 
[8] on the binary volume segmented from PET image. 
Based on the extracted surface, we use a chamfer distance 
transformation [9] to generate a 3D distance map by 
scanning a chessboard mask with the size of 333 ××  twice 
on the entire volume. A chessboard mask has a distance 
value of 1 on the 26 voxels in the neighborhood and 0 at the 
center voxel. During the generation of the 3D distance map, 
we denote the number of voxels laying at distance i from the 
brain surface as entry[i]. To decide the distance defining a 
shell, we compute the total number of voxels within a 
distance d, 

0
[ ]

d

i
entry i

=
∑ . If the ratio 

( )
0

[ ] #
d

i
R entry i of total voxels

=
= ∑  is greater than a certain 

threshold value Ts, d is the distance defining the shell 
volume. Since this ratio can differ according to the pixel 
size P, we normalize the threshold value Ts divided by P. 
The value of Ts is a real number between 0 and 1. 
Experimentally, this threshold value for shell selection was 
set to 0.3. 
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B. Similarity Metric to Determine the Best Matched 
Corresponding Volume 

The corresponding volume is determined in HR-MR 
image by transformation of the shell volume defined on a 
PET image. To get the best matched corresponding volume, 
we apply the similarity metric, NMI, to the overlapping 
volume between the shell and corresponding volumes. NMI 
is an overlap invariant entropy metric, which becomes 
maximal when the two images are aligned [10]. Given PET 
image A and HR-MR image B, NMI Y(As, Bo) between the 
shell volume As and the corresponding volume Bo is defined 
by Eq. (1): 

),(
)()(),(

os

os
os BAH

BHAHBAY += , (1)

where H(As) and H(Bo) are the marginal entropies of the 
random variables As and Bo, and H(As, Bo) is the joint 
entropy of As and Bo. These three entropies are calculated 
from the probability distributions of intensities of volumes 
As and Bo. The probability distribution can be estimated 
from the joint histogram that is generated by accumulating 
all the corresponding intensity pairs (a, b) in As and Bo 
within an overlapping volume. 

To obtain the joint histogram, a 256 × 256 array is 
allocated and initialized to 0. All intensities in the shell and 
corresponding volumes are uniformly normalized before 
accumulated at each entry between 0 and 255. By 
transforming the shell volume, a voxel with intensity a of 
the shell volume is mapped into the corresponding location 
Ta of HR-MR image. The relative distance between Ta and 
neighbor voxels computed by partial volume interpolation 
[10] are accumulated to the entry (a, b) of the joint 
histogram when the intensity of a neighbor voxel is b. After 
processing all voxels in the shell volume, the joint 
histogram array is obtained. Using the joint histogram, joint 
entropy and marginal entropies are calculated. 

C. Search Strategy for Finding Transformation 
Parameters to Be Optimized 

Six parameters are optimized to align the PET and HR-
MR brain images, which consist of three translation 
parameters Tx, Ty, Tz and three rotation parameters Rx, Ry, Rz. 
To obtain these six parameters, Powell’s method using 
Brent’s one-dimensional optimization [11] is applied 
because it does not require the calculation of a gradient and 
is easy to implement. Powell’s method chooses only a 
single transformation parameter among the six 
transformation parameters and finds a location where the 
similarity value is a minimum by varying the value of the 
chosen parameter. These six transformation parameters are 

initially set to 0 and a single transformation parameter is 
selected in the order of Tx, Ty, Rz, Rx, Ry, and Tz. Each single 
transformation parameter changes and is updated 
recursively until it arrives to an optimal location. Then the 
last optimal value of each parameter is the final 
transformation parameter for finding the best matched 
corresponding volume. Since an NMI metric Y has a 
maximum value at an optimal location in our shell 
registration method, we use Y’ = Y

1  for Powell’s method 
instead of Y.  

An optimal location with each single transformation 
parameter is found by alternating parabolic interpolation 
and golden section search [11]. For setting the range of 
search space, three points a, b, and c are needed. In this 
study, a, b, and c are initially set to −30, 0, and 30 voxels 
for translation parameters and −20°, 0°, and 20° for rotation 
parameters, respectively. As long as the number of 
repetition increases, the initial values of a, b, and c are 
updated to new values for adaptively setting the range of 
search space. Once all fine alignment parameters have been 
optimized, the process is repeated by a predefined number 
(set to 5) of times. 

III. RESULTS 

All experiments were evaluated on clinical data sets 
obtained from 12 patients. The performance of the shell 
registration was compared with a conventional NMI 
registration with respect to aspects of accuracy, robustness, 
and computational time. A conventional NMI registration 
applied the NMI to the intensities of the entire volume 
whereas our method used only a shell volume. The size of 
the joint histogram was chosen to be 256 × 256, and partial 
volume interpolation was used. The optimization strategy 
and termination conditions were equal to those used in our 
method. 

To quantitatively assess the error of registration results in 
PET and HR-MR images, we calculated the overlapping 
ratio between the segmented brain volume of PET and that 
of HR-MR after the registration. The overlapping ratio is 
not very sensitive to small misalignments in volumes 
because any errors in the segmentation of the brain will 
propagate to the overlap volume. Even though this measure 
is an approximate estimate, it is possible to assess a 
comparison of relative accuracy between two methods since 
the value is measured by using the same brain volume. 
Regardless of any errors in the brain segmentation, an 
overlapping ratio achieves a maximum when two images 
are well aligned; the value decreases as misaligned volume. 

To segment brain volume in HR-MR image, we used the 
Brain Extraction Tool (BET) developed by Smith et al. [12]. 
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BET is able to automatically and reliably segment the brain 
volume using a surface model approach. In PET image, the 
brain segmentation method proposed by Lee et al. [7] was 
used. Registration error is defined using Eq. (2) as follows: 

{ }( )
(%) 1 100

( )
PET HR MR PET HR MR

PET

n Tr V V
Error

n V
→ − −⎡ ⎤

⎢ ⎥
⎢ ⎥⎣ ⎦

⋅
= − ×

∩ ,  (2)

where VPET and VHR-MR are the sets of automatically 
segmented brain volume in PET image and HR-MR image, 
n(V) is the number of elements in set V, and TrPET→HR-

MR·(VPET) is the transformed brain volume of PET image on 
HR-MR space. This registration error is measured in the 
range from 0% (perfect overlap) to 100% (no overlap at all).  

As shown in Fig. 1, the registration error in the shell 
method was less than 3% in all datasets, whereas the 
registration error in a conventional NMI method was 
measured to more than 3% in the five failed datasets.  

 

Fig. 1 Quantitative comparison of error between the shell and conventional 
NMI registration methods 

The algorithm’s ability to find the optimal location was 
evaluated by starting the iterative optimization from 
different initial transformation parameters, using a 
representative image pair that achieved the best alignment 
during visual inspection. For this examination, we assumed 
the optimal transformation parameters estimated in a 
representative image pair to known parameters. By 
randomly varying translation distances and rotation angles 
from known parameters, the PET image with 100 different 
initial transformation parameters was determined. The range 
of translation distances and rotation angles were −30 to 30 
voxel (−12.9 mm to 12.9 mm) and −20° to +20°, 
respectively. The difference between the estimated 
parameters and known parameters is quantified by each 
RMSE for translation and rotation. The results of RMSET 
and RMSER estimated by the two registration methods are 
plotted in Fig. 2. Although the trajectory of RMSET and 
RMSER in Fig.2 did not have a gentle change, the shell 
registration found an optimal location within a relatively 
narrow margin compared to the conventional NMI 
registration. 

The computational time of two registration methods is 
summarized in Table 1. The execution time was measured 
in two parts: the brain segmentation and shell selection in 
the PET image (A) and the estimation of similarity metric 
and optimization (B). All experiments were performed on a 
single processor personal computer containing an Intel 
Core2 CPU 6600 at 2.4 GHz with 3.0 GB RAM. The 
computational time for A and B was about 1.0 s and 20.0 s, 
respectively. The total computational time of the shell 
registration was about three times faster than conventional 
NMI registration.  

 

Fig. 2 Analysis of the ability to find a correct optimal location between the shell and conventional NMI methods 
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Table 1 Computational time 

Means ± standard deviation (seconds) Methods 
A B A + B 

Shell 0.73 ± 0.05 20.02 ± 1.44 20.76 ± 1.47 
NMI 0.0 ± 0.0 62.35 ± 3.57 62.35 ± 3.57 

 
 

IV. CONCLUSION 

In this paper, we have described an efficient hybrid 
method using a shell volume for aligning PET and HR-MR 
brain images of the same patient. This approach based on a 
brain shell volume does not need a checking step to remove 
mismatched local volumes from several local volumes. In 
addition, measuring a similarity inside the shell volume 
makes it possible to reduce the number of irrelevant 
corresponding voxels between the two images and thus 
leads to computational efficiency as well as a more robust 
registration. In the experimental results, our shell 
registration method achieves a robust alignment without 
losing any diagnostic information even in cases where  
the conventional NMI method fails to find optimal 
locations. In addition, computational time can be reduced by 
more than 60%. 
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Abstract—Unfolding is a rendering method to visualize or-
gans at a glance by virtually incising them. Although conven-
tional methods exploit gray-scale volume datasets such as CT 
or MR images, we use the Visible Korean Human (VKH) data-
set preserving actual color. VKH dataset consists of anatomical 
and segmented images. Segmented images store the boundary 
of organs. In rendering stage, we perform the radial volume 
ray casting along with the central path of a target organ. If a 
ray reaches to nontransparent regions by referring the seg-
mented volumes, the color composition is begun. As a result, 
we can produce high-quality unfolding results. Since our ap-
proach can be applied to virtual dissection including actual 
organs colors, it is helpful for the anatomy studies. 

Keywords—Unfolding, Visible Korean Human, Segmented 
images, Volume ray casting, Volume visualization. 

I. INTRODUCTION  

After reconstructing three dimensional volume models by 
stacking tomographic images of a human body, virtual en-
doscopy provides visualization of inner surfaces of human 
organs preserving pipe-like shapes such as stomach, colon, 
bronchus, and artery. Since the virtual endoscopy is nonin-
vasive examination, there is no discomfort and side effects 
like perforation, infection, and bleeding. However, it is 
difficult for us to detect polyps when they are located be-
hind wrinkled organ’s surface or between complex struc-
tures. In addition, a range of view is restricted due to the 
narrow area of organs inside. Once we virtually unfold an 
organ, however, we could look into hidden anatomical pol-
yps at a glance without restriction of view. That is, as virtu-
ally incised organs and spread it, we can visualize inside 
organs, and this technique is called unfolding.  

The basic concept of unfolding is to project on 2D im-
ages by firing ray toward organ wall in each sample point 
along organ’s center path. In existing researches, unfolding 
methods used gray-scale images such as CT or MR images. 
When we exploit them to examine anatomy studies, these 
have not to represent actual organs colors. 

We propose an unfolding method using color images rep-
resented actual organs color for medical education by  
unfolding results. As we generate unfolding results using 
photographing images by consecutive cutting whole body of 
Korean cadaver, we can help medical scientists to anatomy 

and endoscopy studies by the color results like real organs 
dissection. 

When unfolding is performed, we require a process of 
organs classifications from color datasets. In existing CT or 
MR datasets, we have classified organs using OTF (Opacity 
Transfer Function). However, in color dataset such as VKH, 
we cannot classify organs because there are no relationships 
between color and opacity values. Therefore, we use seg-
mented images from the color dataset for classifying each 
organ. For it, medical experts make segmented images by 
drawing organs contours in each color image.  

In this paper, we propose a high-quality unfolding me-
thod. We render unfolding images using radial volume ray 
casting from color and segmented volumes. When rays 
reach the different segmented region after skipping over the 
same segmented region in the segment volume, we obtain 
final results by accumulating color value from that position 
in color volume. In our method, we generate unfolding 
images of stomach, colon, bronchus, and artery from VKH 
dataset. 

II. UNFOLDING RENDERING 

We use color (anatomical) images made from real picture 
of the Korean cadaver, and segmented images representing 
segmented anatomical structures in the color images [1],[2]. 
Whole size of the VKH dataset is about 120GB for color 
and segmented images. Since it cannot be manipulated at a 
time in consumer PC, we divide these images into the re-
gion of interest in internal organs such as stomach, colon, 
bronchus, and artery. Then we make two volume datasets 
(color and segment volumes) for unfolding. By using those 
two volumes respectively, we can make unfolding images. 

Our approach is based on the ray template method [3]. 
We applied to the ray template along the organ’s center path 
for unfolding. It computes a ray-cone on sample points 
according to curvature of the path. Then in order to avoid 
intersection between ray-cones, it adjusts directions of the 
intersected ray-cones. Lastly, we can generate an unfolding 
image using ray casting technique from the computed direc-
tions and scale the image using the height field. The detail 
procedures are as follows. 
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Fig. 1 In a colon CT dataset, the left shows the virtual endoscopy image. 
The middle image is the rendering result by using conventional method, so 
two polyps are rendered even only poly exists. The right is the solved 
method by the ray template method 

We generate unfolding images using segment and color 
volumes. We assume that the organ’s center path for unfold-
ing is already generated. In a segment volume, like Fig. 2, 
rays are fired from entire sample points of inserted center 
path. Our segmented images mark 0 value in organs, and 
255 value in backgrounds. At each ray, it performed wheth-
er ray reached the region that is determined organ’s surface 
as ray advanced over unit distance. If the ray reaches to 
nontransparent region (that is, when the ray reaches the 
region marked to 255 value), we estimate that the sample 
point is the boundary point. So, it calculates color value to 
reference color volume’s value at the boundary point. 

 

Fig. 2 For the unfolding, rays are fired from each sample point on the 
central path 

An unfolding is generated by volume ray casting [4],[5]. 
Although volume ray casting make a high-quality result im-
age, it has slow rendering speed [5]. In this approach, we 
applied to Adaptive Ray Sampling method for complement-
ing it [6]. This method reduces a rendering time. As rays 
skips transparent regions (that is, regions possessing 0 value) 

by advancing interval larger than unit distance, and the rays 
backtrack if they penetrate nontransparent regions (having 
255 value). Then, they advance over transparent regions by 
unit distance. By we applied to this method, fired rays are 
quickly advanced before rays meet the organs inside wall at 
each sample point in segment volume. When rays are reached 
at nontransparent region, we need an accumulating process 
by computing color values from the color volume [4],[5]. 

When we accumulate color values, it is difficult to use 
accumulating operations of conventional volume ray casting 
because we cannot apply OTF to classify organs since color 
datasets have no relationships between color and opacity 
values. If we apply isosurface rendering to compute a color 
value without accumulating operations, we obtain deterio-
rate images by aliasing in case of using the inaccurate seg-
mented information. Therefore, in our approach, we accu-
mulated color values for solving this problem when rays 
reached organ wall. Rays are advanced over unit distance 
and we calculate color values by giving opacities with 
stated ratio at boundary voxels. However, if we use the 
voxel’s opacity by decreasing linearly like a left image in 
Fig. 3, it occur to render a outer of organ since accumulated 
weight become high when rays are leaped over at boundary 
point. Therefore, we solved the problem as we adjust opac-
ity of voxel in the region of a right image in Fig. 3 to more 
high weight than others. 

 

Fig. 3 Composite ratio during ray casting. The left shows the linear 
composite ratio, and the right is our non-linear composite ratio 

VKH color images are scanned by lighting all of points 
regardless of organ contours. So, if we just use a resampling 
filter, the result of organ color is not realistic. In our ap-
proach, for solving the problem, we estimated the gradient 
vector at boundary points in organ regions from the segment 
volume, and we rendered unfolding images as shading with 
calculated gradient vector. In process to accumulate color 
values toward ray’s direction, we cannot exactly calculate 
the gradient vector because of nonexistent segmented in-
formation when rays are advanced over organ inside. There-
fore, we need to calculate it in regions possessing values 
below 255 (once again, our segmented images mark 0 value 
in organs, and 255 value in backgrounds) in order to prevent 
this problem.  
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III. EXPERIMENTAL RESULTS  

We use a PC with Intel PentiumTM Core2 Duo (3.0 GHz) 
CPU and 2GB main memory. We experimented unfolding 
with making volume datasets of stomach, colon, bronchus, 
and artery on VKH dataset (see Table 1). 

Table 1 Volume datasets for experiments 

Data Resolution File size 
Stomach Color 560×500×551 463MB 

Stomach Segment 560×500×551 154MB 

Colon Color 360×468×821 415MB 

Colon Segment 360×468×821 138MB 

Bronchus Color 250×360×401 109MB 

Bronchus Segment 250×360×401 36MB 

Artery Color 300×300×361 97MB 

Artery Segment 300×300×361 32MB 

Fig. 4 shows the rendering results. The results show that 
anatomical features or overall shapes of organ are well 
represented in an unfold image. Although our method is 
proposed for four organs, it can be applied to any other 
pipe-like structures. Even though we handle some compli-
cated organs having branches, our method can produce 
unfold images if central paths for those organs are ade-
quately provided. 

Table 2 shows the rendering time when we applied out 
adaptive ray sampling method. After experiment, we con-
cluded that the rendering time is reduced as the amount of 
20%. In addition, this approach is more efficient if we ap-
plied to stomach or colon datasets compared with the bron-
chus or artery datasets. This caused the fact that transparent 
regions are wide in the stomach or colon datasets compared 
with those of the bronchus or artery datasets. 

IV. CONCLUSIONS  

We proposed a method to make a high-quality unfolding 
image based on the volume ray casting. From this approach, 
we generated unfolding images of stomach, colon, bron-
chus, and artery. These unfolding images can be helpful to 
study of medical science. In addition, it would help to study 
anatomy because it is based on the image of real organ’s 
color without dissection of a human organ. Moreover, it is 
effective to study diagnosing of a disease through endo-
scopy because it is possible to examine inner features of 
pipe-like shape organs such as stomach, and colon. There-
fore, our method will be widely used to study medical 
knowledge for medical students or educators. 

   

  

 
Fig. 4 Stomach(upper left), colon (upper right), artery (middle), and bron-
chus (lower) unfolding results 

Table 2 Comparison of rendering time before or after applying the adap-
tive ray sampling (ARS)  method (unit: secs) 

Data # samples NON-ARS ARS Efficiency(%) 
Stomach 576 4.23 3.30 22.0 
Colon 830 6.58 4.95 24.8 
Bronchus 721 3.72 3.19 14.2 
Artery 619 2.88 2.42 16.0 
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Abstract––The purpose of this work was to exploit 
multivariate projection techniques of data analysis in 
evaluation of regional biochemical heterogeneity of the normal 
human brain. Principal component analysis (PCA) and partial 
least squares-discriminant analysis (PLS-DA) applied  both to 
the absolute metabolite levels and to the unresolved spectra 
were chosen to study the metabolic differences between 
thalamus, pons, cerebellum, hippocampus, frontal and 
occipital areas. Dimensionality reduction offered by these 
techniques permitted graphical illustration of the separation 
between the spectra originating from different anatomical 
regions and biochemical interpretation of the observed spectra 
clustering. 

Keywords––magnetic resonance spectroscopy, multivariate 
analysis,  brain. 

I.   INTRODUCTION 

Multivariate projection methods have been exploited in 
the analysis of  1H MRS in vivo spectra especially for the 
purpose of feature extraction in the brain tumors 
classifications problems [1]. These techniques can be 
applied either to complete unresolved spectra, absolute 
metabolite concentrations or relative integral signal 
intensities as input features. The latter approach was shown 
to be successful in establishing such a projection plane in 
the original metabolite ratios space so that the separation 
between gliomatosis cerebri, low-grade gliomas and 
controls was clearer than differentiation obtained using 
univariate analysis of individual metabolite ratios [2]. The 
similar approach was also used in the classification of the 
spectra obtained from low-grade, high-grade gliomas and 
controls [3] and in the assessment of metabolic changes 
between megencephaly and wild type mice [4]. Multivariate 
analysis of unresolved spectra permitted evaluation of the 
differences between metastases originating from various 
primary cancers [5]. In this work PCA and PLS-DA were 
chosen for evaluation of metabolic heterogeneity of the  
normal brain. 

II.   MATERIALS AND METHODS 

The studied group consisted of 28 volunteers (median 
age: 28 years). 1H MRS and MRI were performed using 
1.5T GE scanner equipped with a transmit/receive head coil. 
Informed written consent was obtained before the 
examination. The parameters were as follows: TE = 35 ms, 
TR = 1500 ms, localization sequence: PRESS. The spectra 
were acquired from the volumes of interest located in the 
thalamus, pons, cerebellum (hemispheres), frontal (white 
matter), occipital (white matter) and hippocampal areas. 
From one to six spectra were measured for each subject. 
The total number of spectra was 107.  

PCA and PLS-DA were applied both to the metabolite 
levels determined with the use of LCModel software and to 
the unresolved spectra. The basis set consisted of aspartate 
(Asp), alanine (Ala), creatine (Cr), gamma-amino butyric 
acid (GABA), glucose (Glc), glutamine (Gln), glutamate 
(Glu), glycerophosphocholine (GPC), phosphocholine 
(PCh), lactate (Lac), myo-inositol (Ins), N-acetylaspartate 
(NAA), N-acetylaspartylglutamate (NAAG), scylloinositol 
(Scyllo), taurine (Tau), guanidoacetate (Gua), inverted 
singlet at 3.93 ppm, lipids and macromolecules. Absolute 
metabolite levels were obtained by means of the phantom 
calibration technique.  

Preprocessing of the raw data before multivariate 
analyses of the unresolved spectra included eddy current 
correction, zero-filling, 3 Hz exponential line broadening, 
Fourier transformation, frequency alignment,  residual water 
signal removal between 4.25 and 5.25 ppm by means of 
Hankel – Lanczos singular decomposition algorithm and 
baseline correction accomplished by exponential filtering of 
the preprocessed FID with a decreasing function of 5 ms 
width and subsequent subtraction of the resulting signal 
from the original one.  

PCA is a multivariate projection method which reduces 
the dimensionality of a data set whilst preserving the most 
essential information about the structure of data [6]. Let us 
consider n objects described by m features. These objects 
can be conceptualized as n points in m-dimensional feature 
space. Hovewer, the intrinsic dimensionality of the feature 
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space is often lower than m due to collinearities between 
features. This indicates that a new coordinate system may 
be required to provide a better insight into the structure of 
data. PCA finds such orthogonal directions in the original 
feature space so that the first direction is associated with the 
largest variance, the second one is associated with the next 
largest variance and so on. The directions determined in this 
way constitute the axes of the new coordinate system often 
reffered to as the coordinate system of the principal 
components. Dimensionality reduction can be achieved 
based on the property that the principal components are 
ordered in the descending amount of the explained variance 
so only the first few ones are the most informative as long 
as the variance is considered as a measure of information 
content. Mathematically, PCA model can be expressed as: 

EptETPX +=+= ∑
=

a
t

A

a
a

t

1

                       (1) 

where A denotes the number of retained principal 
components, X represents the original data matrix 
comprised of n objects as rows and m features as columns, 
T is a matrix of scores being  the objects’ coordinates in the 
principal components space, P is a matrix of loadings 
reflecting the cosines of the angles between the original and 
principal components directions, E is a matrix of residuals.  

PLS-DA is a regression extension of PCA [7]. In 
addition to the X matrix used in PCA Y matrix encoding the 
class membership of  the objects is involved. Therefore, 
each object can be simultaneously treated as a point in the 
X-space and another point in the Y-space. The aim of the 
PLS-DA is to maximize the covariation between X and Y. 
The model can be thus expressed as two outer relations 
pertaining to the separate decomposition of the variation in 
the X and Y spaces as follows: 

ETPX += T                                    (2) 
FUCY += T

                                    (3) 
linked by the inner relation between the scores in both 
spaces according to the equation: 

GTU +=                                  (4) 
(where: T-matrix of X-scores, U-matrix of Y-scores, P- matrix 
of X-loadings, C-matrix of Y-weights, E , F, G – respective 
matrices of residuals). PLS-DA involves also a calculation of 
the matrix of X-weights W* which are the coefficients that 
combine the original X variables to form the scores.  

Prior to multivariate analysis the metabolite levels were 
centered and unit variance scaled while the unresolved 
spectra were only centered. 

Both supervised and unsupervised methods were utilized to 
get an overview of the dataset. The aim of employment of PCA 
was to investigate if natural grouping of the spectra is visible in  
 

low-dimensional projection spaces established without the 
incorporation of a priori konowledge about the group 
memberships of the spectra. PLS-DA was used to obtain 
detailed information about group differences. Exemplary 
models are presented by means of the scores and loadings 
(weights) plots. While the scores plots reveal clustering of the 
spectra, the loading plots are the source of information about 
the variables responsible for the observed clustering.  

III.   RESULTS 

Figure 1 presents the results of PCA analysis applied to the 
metabolite levels in the whole dataset. The spectra acquired 
from hippocampal and cerebellar regions are separated from 
the remaining localizations along the component 
characterized by a positive contribution of  GPC+PCh, Ins, 
Cr and Glu+Gln  and a negative contribution of NAA and 
NAA+NAAG. The presented projection plane accounts for 
76.8 % of the variation in the dataset. 

 

 
Fig. 1 PCA model of the metabolite levels in the whole dataset: scores 
(upper)  and loadings (lower) plot 

As the next step of the analysis more detailed models 
were constructed. 



Dimensionality Reduction Based Classification of Proton Magnetic Resonance in vivo Spectra from the Normal Human Brain 2335
 

  
 IFMBE Proceedings Vol. 25  

 

Figure 2 shows the scores- and weights plot obtained 
from PLS-DA analysis applied to the metabolite levels 
measured  in the cerebellum, pons and thalamus. It is 
evident that the cerebellum is characterized by the highest 
Cr content, thalamus has high NAA, while the high 
concentrations of GPC+PCh, Ins and NAA+NAAG are 
observed for pons. The two components of this model 
explain 51.7 % of the variation in the X and 68.5 % of the 
variation in the Y spaces. 

 
 

 
Fig. 2 PLS-DA model of the metabolite levels measured in the thalamus, 
pons and cerebellum: scores plot (upper) and weights plot (lower) 

Significant separation between the spectra acquired from 
the cerebellum, pons and thalamus was also obtained when 
the unresolved spectra were analyzed. Three-dimensional 
PLS-DA model accounting for 44.3% of the variation in the 
X and 75.5% of the variation in the Y spaces enables 
biochemical interpretation of the spectra clustering in terms 
of the original metabolite peaks (figure 3). The conclusions 
drawn from this model are very similar to those obtained 
from the analysis of the metabolite levels.  

Figure 4 presents the PLS-DA model separating the 
spectra acquired from the pons, frontal and occipital 
localizations. It is evident that the pons is characterized by 

the higher GPC+PCh, NAA+NAAG and lower Cr 
concentrations than the remaining localizations. 

 

  
 

 
Fig. 3 PLS-DA model of the unresolved spectra acquired from the 
thalamus, pons and cerebellum: scores plot (upper) and weights plot 
(lower). In the weights plot the spectral regions corresponding to NAA 
(1,96 – 2,06 ppm), Cr (2,98 – 3,08 ppm), Cr (3,88 – 3,98 ppm), GPC+PCh 
(3,18 – 3,27 ppm), Ins (3,51 – 3,61 ppm) are indicated 

Moreover, the spectral region corresponding to 
NAA+NAAG contributes to the differentiation between the 
frontal and occipital localizations. The projection plane 
presented in figure 3 represents 35.6% of the variation in 
the X and 51.7% of the variation in the Y spaces. 

IV.   DISCUSSION 

Since the knowledge about the normal ranges of the 
metabolite levels is needed to ambiguously recognize 
pathologic conditions, regional variability of the normal 
human brain has been extensively studied [8, 9]. This work 
extends previous studies by utilizing multivariate projection 
methods of data analysis in the assessment of metabolic  
differences between various localizations. In the light of the  
presented findings establishment of the normative ranges of 
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the coordinates of the spectra in the components systems 
found by PCA and PLS-DA may be an alternative way of 
 

 
 

 
Fig. 4 PLS-DA model of the unresolved spectra acquired from the pons, 
frontal and occipital localizations: scores plot (upper) and weights plot 
(lower). In the weights plot the spectral regions corresponding to 
NAA+NAAG (1,96 – 2,12 ppm), Cr (2,98 – 3,08 ppm), Cr (3,88 – 3,98 
ppm), GPC+PCh (3,18 – 3,27 ppm)  are indicated 

data structure evaluation in comparison to univariate 
methods. To compare the results obtained in this work with 
the published data simultaneous analysis of the scores and 
loadings plot is required. The higher concentrations of 
GPC+PCh, Ins, NAA+NAAG and lower Cr in the pons 
compared to the thalamus are in accordance with the 
findings presented by Michaelis et al. [10]. Barker et al. 
observed the same relationships with the exception of higher 
NAA+NAAG in the thalamus [11]. As far as the separation 
between the cerebellum and thalamus is concerned, the 
higher concentrations of Ins, GPC+PCh and Cr in the former 
localization are documented well [12, 13], but lower 
NAA+NAAG is in contrast to the findings presented in [13]. 
Frontal to occipital increase in the NAA+NAAG level in the 
cortical white matter revealed by the multivariate analysis as 
the most important cause of the spectra differentiation is 

strongly supported by literature [14].  Metabolic specificity 
of the hippocampus was also investigated [15]. 

V.   CONCLUSIONS 

Multivariate projection methods of data analysis proved 
their usefulness in solving the classification problems of 1H 
MRS spectra from the normal human brain. 
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Fig.1 Schema of experimental setup 

 

 
Fig.2 Geometry of channels 

 

Single-cell real-time imaging of flow-induced hemolysis  
using high-speed microfluidic technology 
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Abstract— Understanding the mechanism of flow-induced 
blood cell damage, such as hemolysis and platelet activation, 
plays an important role for arterial diseases and artificial 
organs. This study for the first time demonstrates the 
visualization of flow-induced hemolysis in a single-cell 
real-time manner using high-speed microfluidic technology. 
Impinging microjets with a velocity of 1.5 m/s order at a nozzle 
exit were made in the Y- and T-shaped microchannel. The 
curved (r=10 m) and flat collision surface were compared. 
Porcine fresh erythrocytes were suspended in PBS at Ht=0.5%. 
Results showed that membrane failure was only observed in 
the Y-junction. These erythrocytes were initially elongated at 
the far region, and then longitudinally compressed in the near 
wall region due to the sharp adverse pressure gradient, 
whereas those in the T-junction released the membrane 
tension as the pressure difference per erythrocyte diminished. 
In the simulation of energy balance, it was found that the 
dominant force for the longitudinal compression was the 
pressure difference per erythrocyte. Such erythrocytes showed 
the sudden drop of elastic modulus, suggesting that the 
elongated spectrin network of erythrocyte was fragile for the 
compressive force and immediately broken by the impact 
force. 

Keywords— Red blood cell, Hemolysis, Micro, Spectrin. 

I. INTRODUCTION  

Flow-induced blood damage, such as hemolysis, 
promotes thrombus formation in circulating blood. Over the 
last half century, enormous amount of studies have been 
carried out for better understanding of the underlying 
mechanism. At present, shear stress may be widely believed 
to play a dominant role for the damage. This knowledge 
owes to a series of in vitro experiments using flow devices, 
such as rotational viscometers[1]. After forcing cells to be 
exposed by the steady shear stress during a certain period, 
the damage is quantified by measuring the hemoglobin in 
plasma in an end-point fashion. In this idealized steady 
condition, however, the physical mechanism of hemolysis is 
still in hypothesis[2,3].  

 

We previously studied the flow dynamics of prosthetic 
valves, which has widely considered to be related with 
blood damage. A novel analysis using time-resolved particle 
image velocimetry and continuous wavelet transform 
enabled modeling of the dynamics of anomalous flows, 
such as turbulence and squeezing flow, for circulating cells, 
resulting in the hypothesis that these abnormal flows 
promote the collision of flowing cells [4]. In other words, 
we hypothesize that flow-induced hemolysis in actual 
environments may not be dominated by the steady shear 
stress, but also by impulsive force upon collision, or 
dynamical complex loading, as encountered in actual flows.  

 
In this study, we aim to verify the above hypothesis using 

microfluidic technology that can emulate the high traveling 
speed (m/s order) of blood cells in arterial flows. We have 
for the first time succeeded in visualizing single-cell and 
real-time hemolysis. This study not only addresses such 
visualizations, but also the dynamical mechanics of impact 
fracture of erythrocyte membrane upon collision.   
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Fig.3 Traveling velocity and geometry of erythrocyte 
as a function of distance 

 

 

 
Fig.4 High-speed imaging of impact fracture of 
erythrocyte membrane upon collision 
(Top: Y-junction, Bottom: T-junction) 

 

 
Fig.5 Geometry of erythrocytes upon collision for 
varying flow rates (left: Y-junction, right: T-junction) 
 

II. EXPERIMENTAL METHODS 

Fresh porcine venous blood was centrifuged at 1000 g for 
5 min. After removing the plasma and buffy coat, 
erythrocytes were washed three times in phosphate buffer 
saline (PBS). Erythrocytes were suspended at a hematocrit 
of 0.5 % in PBS with porcine serum albumin (Sigma 
Aldrich, U.S.A.) at a concentration of 5.5×10-2 g/dl. The 
flow was made in a PDMS-made microchip as driven by a 
syringe pump at a constant flow rate. Temperature was 
adjusted at 37°C. Imaging was carried out using a 
high-speed camera (Fastcam 1024, Photron Limited, Japan) 
equipped with a zooming microscope (DZ3, Union Optical 
Co., Ltd., Japan) (Fig.1). Two channel geometries, or 
Y/T-junction, were compared with the same flow rate 
(Fig.2). The former had a curved collision surface (r=10 

m), and the latter had a flat surface. Both channels 
included a micro nozzle and diffuser at the upstream and 
downstream of the collision surface. 

 

III. RESULTS 

We firstly compared the traveling velocity and geometry 
of erythrocytes between channels as a function of distance 
from a collision surface (Fig.3). At X=80 m, erythrocytes 
showed the similar velocity (Ur~1.5m/s) and elongation 
(L/W~2.6) between channels, where L and W denote length 
and width of cells in a flowing direction, respectively. Near 
the collision surface, the slope of traveling velocity was 
about 2.3 times greater in the Y-junction. While these 
erythrocytes maintained the elongated shape (L/W~2.0) just 
before collision, those in the T-junction changed the shape 
dramatically (L/W~0.7). Furthermore, while the width of 
erythrocytes in the T-junction started to increase from 
X=40 m, the counterpart in the Y-junction was even 
constant just before collision. In other words, erythrocytes 
in the Y- and T-junction were longitudinally and laterally 
compressed, respectively.  

 
The impact fracture of erythrocytes was only observed in 

the longitudinal compression (Fig.4). Those erythrocytes 
underwent buckling upon collision, and their membrane 
collapsed immediately (white arrow). Then, intracellular 
substances were ejected out of the membrane. Note that 
these transient phenomena occurred in a microsecond order. 
Fig.5 shows characterization of erythrocyte geometries 
upon collision with respect to varying flow rates, which was 
standardized as an averaged fluid velocity Un at the nozzle 
exit. In the Y-junction, erythrocytes upon collision were 
even elongated at a lower flow rate, whereas those in the 

T-junction showed the transience from the lateral to 
longitudinal compression as the flow rates increased. Taken 
together, it was suggested that the compression type of 
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Fig.6 Schema of one-dimensional spring model of 
erythrocyte during deceleration 

Fig.7 Results of numerical simulation (top: 
velocity, bottom: pressure). Data was represented 
at a mid-depth plane.  

Fig.8 Plot of pressure and estimated pressure 
difference per erythrocyte 

Fig.9 Length of erythrocyte as a function of 
distance. x0 denotes the initial location for 
calculating energy balance. 

erythrocytes was closely related with the deceleration rate 
near the collision surface. 

 

IV. DISCUSSION 

It would be essential to understand the dominant force 
for the longitudinal compression using a simplified 
one-dimensional model. Fig.6 shows the assumption of 
fluid forces on erythrocyte during a sharp deceleration. 
Determination of fluid velocity UF in the vicinity of 
membrane would be beyond the scope of this study. Herein, 
UF-UR was assumed to be negligible, namely no relative 
motion. A single-phase numerical simulation was carried 
out by commercial software (Fluent 6.3.26, ANSYS, Inc.). 
In brief, the flow was simulated with the same flow rate 
(18.0 mL/h) by assuming Newtonian fluid (water at 20°C) 
with no slip on boundaries. The total number of mesh was 
around 1×106. 

 
Fig.7 shows simulated results. In Fig.8, static pressure 

was plotted with the pressure difference for a single 
erythrocyte, or dPr=Pu-Pd, which was obtained as follows, 

 

( ) )(xL
dx

dP
xdPr =  

 
where dP/dx was the pressure gradient (simulated value) 
and L(x) was the length of erythrocyte (experimental value). 
As seen in Fig.8, the pressure difference for a single cell in 
the Y-junction increases linearly and reaches a few 
hundreds of Pa just before collision, whereas the 
counterpart in the T-junction peaked at X=55 m, and 
decreased to be zero near the collision surface, namely 
erythrocytes being released out of the compressive force.  

 
Then, energy balance for a single erythrocyte was 

analyzed to determine whether the pressure difference plays 
a dominant role for the longitudinal compression. 
Erythrocytes altered their geometry and traveling velocity 
owing to the adverse pressure gradient. The following 
relationship, 

 
( )( ) ( )( ) ( ) ( )( )xkxLExUKxAxdPW rr ,)(, Δ+Δ=Δ  

 
exists, where W, K, and E denote the change of 
external work, kinetic energy, and strain energy, 
respectively. The value A and k indicate the area and elastic 
modulus of erythrocyte. Note that the rotational motion of 

(1) 

(2) 

IFMBE Proceedings Vol. 25

Single-Cell Real-Time Imaging of Flow-Induced Hemolysis Using High-Speed Microfluidic Technology 2339



erythrocytes was assumed to be negligible. The external 
work and kinetic energy was obtained using the followings, 
 

( )( ) ( ) dxxAxdPxAxdPW rr =Δ )()(,  

( )( ) dx
dt

dU
mxUK r

r =Δ  

 
where A(x) was estimated by A= W2/4, and the mass of a 
single erythrocyte was assumed to be 9.8×10-14 kg. We 
assumed erythrocytes were initially located at x=80 m, and 
then calculations were carried out step-by-step in order to 
obtain the varying rate of external work and kinetic energy 
as a function of distance. By using equations (2-4), we can 
obtain the varying rate of strain energy, which is then used 
to estimate the length of erythrocyte using the following 
relationship. 
 

( ) ( )( ) ( ) ( ) ( )( )2

2

1
, xLdxxLxkxkxLE −+=Δ  

 
The initial location was set at x=80 m, where the length of 

erythrocyte was 10.2 m. The two elastic moduli, k=0.45 
and 0.016N/m, were compared. The former was the area 
compressibility modulus for the red cell membrane [5]. The 
latter corresponded to that just before hemolysis, which was 
obtained by assuming a 5nm-thick membrane [6-7]. The 
results were plotted in Fig.9. Up to x=30 m, the simulated 
value using k=0.45 N/m was in good agreement with 
experiments, whereas the counterpart at k=0.016 N/m 
immediately deviated. In the near-wall region, however, the 
elastic modulus of k=0.45 N/m showed a large bias as 
erythrocytes being compressed. Then, we recalculated the 
length from x=30 m assuming k=0.016N/m, and then 
results agreed well with experiments. 
 

From the above analysis, some interpretations can be 
derived. First of all, the membrane elasticity was sharply 
reduced by about 96% in the near-wall region as 
erythrocytes underwent the longitudinal compression. This 
implied that the spectrin no longer worked as an elastic 
platform of red cell membrane. It was speculated that the 
spectrin network was locally protruded by receiving the 
impact compressive force. Furthermore, the dominant force 
for the longitudinal compression was found to be the 
pressure difference per erythrocyte. The effect of shear 
stress was negligible as assumed as far as the compressive 
deformation is concerned. However, it may have a 
secondary effect as a binding force for the lateral 
deformation of erythrocyte.   

V. CONCLUISION 

To the best of our knowledge, we for the first time 
succeeded in visualizing single-cell real-time hemolysis in 
dynamical flow conditions. Colliding erythrocytes were 
characterized by the longitudinal and lateral compressive 
deformation depending on the deceleration of traveling 
erythrocytes. A dominant force for the longitudinal 
compression was the pressure difference per erythrocyte. 
These erythrocytes immediately lost their elasticity, 
indicating that the elongated spectrin network was fragile to 
the compressive loading, readily causing buckling and 
impact fracture. Present results indicate the importance of 
the dynamics of blood flow for hemolysis. In this study, we 
have successfully achieved to verify our hypothesis based 
on modeling of prosthetic valve flows 
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Abstract—Acoustic reflectometry (AR) can be applied to de-
tect middle ear effusion (MEE) in order to diagnose otitis 
media with effusion (OME). Natural variation in the anatomy 
of the ear canal and tympanic membrane affects the result of 
AR. In the present study the effect of the length of the ear 
canal and the tension of the tympanic membrane on the results 
of AR was modelled. Six plastic models of the ear canal and 
tympanic membrane were constructed, with unique canal 
lengths and unique tympanic membrane tensions. The plastic 
models were measured with AR and the resulting data were 
analyzed with an artificial neural network (ANN) method. The 
results indicate that, with help of the ANN, the length of the 
ear canal and the tension of the tympanic membrane can be 
identified from AR data; in the validation phase the ANN 
classified the different ear canal lengths correctly in all six 
cases, and in five of the six cases it correctly classified the 
tympanic membrane tenseness. These test results may be use-
ful when developing the AR method for more accurate diag-
nostics of OME. 

Keywords—Otitis media, intelligent data analysis, biosignal, 
radial basis function network. 

I. INTRODUCTION  

In acoustic reflectometry (AR) related to the diagnostics 
of otitis media with effusion (OME), the measurement is 
based on the input of a frequency-sweep sound stimulus to 
the opening of the outer auditory canal and a recording of 
the corresponding reflected sound signal. If there is fluid 
behind the tympanic membrane, the corresponding feature 
can be seen in the reflected signal [1].   

Since the first presentation of AR in the diagnostics of 
OME [1] in 1984, numerous studies concerning the accu-
racy of this method have been conducted [2-5]. In these 
studies sensitivity and specificity have varied over quite a 
large range, between about 50 % and 100 %. One challenge 
in developing accurate and reliable analysis algorithms for 
interpretation of AR data is the natural anatomical variation 
in the characteristics of ear canals and tympanic mem-
branes.  

In the present study the basic principles of the effect of 
ear canal length and tympanic membrane tension were  

preliminarily modelled and evaluated with the help of artifi-
cial neural network (ANN) [6] based analysis. The idea of 
the study was to provide a method for taking these anatomi-
cal features into account in AR data analysis in order to 
develop more accurate analysis algorithms for interpretation 
of AR data in OME diagnostics applications.  

II. METHODS AND DATA 

The AR measurement system consisted of a laptop com-
puter with measurement software and a measurement de-
vice, illustrated in Fig. 1. The measurement device included 
a sensitive microphone and a small loudspeaker. In the 
measurement process, the system sent a sine sweep sound 
stimulus to the measurement device, from 500 to 5000 Hz, 
lasting 0.5 seconds, and simultaneously recorded the re-
flected signal with help of the microphone. The sampling 
rate in both producing and recording the signal was 22050 
Hz. The software in the system stored the measured data in 
a database for further processing. 

 

  
Fig. 1. Measurement system. 

The data processing of the signal is done with the help of 
a FFT transform [7]:  
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where ( )jx  is the recorded signal and ( )kX  is the corre-
sponding spectrum. In the software ( )kX    is calculated 
with a spectral resolution of 5 Hz, yielding N = 901. In this 
study the amplitude spectrum ( )kX  of the signal was in-
vestigated by using these values as the input to the ANN. 
The ANN structure applied in this study was a Radial Basis 
Function network [8], having 901 input values of the ampli-
tude spectrum and 5 output values for predicting the type of 
ear canal and tympanic membrane, illustrated in Fig. 2. 

 

    

Fig. 2 Structure of the ANN analysis 

Six test tubes were built to model different kinds of ear 
canals and tympanic membrane tensions. All the tubes are 
shown in Fig. 3. The ear canals were built of plastic pipe 
(inner layer PVC and outer layer PEX plastic) and the tym-
panic membranes were pieces of thin nitrile rubber cropped 
from rubber gloves. The tympanic membrane at the end of 
the tube is illustrated in Fig. 4. All the tubes were straight, 
having an inner diameter of 6 mm and an outer diameter of 
12 mm. The tubes marked A1, A2, A3 and A4 had a length 
of 2.5 cm, tube B3 had a length of 2.0 cm and tube C3, 1.5 
cm, respectively. Tube A1 had a slightly tense, A2 a moder-
ately tense, A3 a tense and A4 a very tense tympanic mem-
brane. The tension of tubes B3 and C3 was similar to that of 
tube A3. To verify the differences in the tensions, all the 
tubes were measured with a tympanometer (GSI 37 Auto 
Tymp), which results are shown in Fig. 5, where the ten-
sions of tubes A1 and A2 are clearly smaller than those of 
tubes A3, B3, C3 and A4, which tympanometer result indi-
cates higher tension of the tympanic membrane model. 

 

 
  

Fig. 3 Test tubes for modelling the ear canals 

 
  

Fig. 4 Plastic model of a tympanic membrane at the end of test tube A1 
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Fig. 5 Tympanometer measurement results of the test tubes 

In the data collection, two sets of data was measured, one 
for training of the ANN and the other for its validation. The 
training data set consisted of 24 measurements, four re-
peated measurements of each tube. The validation data set 
consisted of 6 measurements, one of each test tube.  

III. RESULTS 

The ANN was built and trained with Matlab 7.4.0.287 
software (Mathworks Inc, Natic, MA, USA). In the training 
phase (N = 24) the accuracy of the classification of all the 
measurements was 100 %. The results of the validation 
phase (N = 6) are shown in Table 1.  

In Table 1 the rows show the validation cases and each 
column, the result of the ANN. The values in the table, i.e, 
the results of the ANNs, are between 0 and 100, and the 
nearer the value is to 100, the higher is the possibility that 
the measurement was taken from the corresponding test 
tube. The basic task of the ANN is to classify the input data 
as belonging to one of the five possible classes. This classi-
fication is done by selecting the highest value of all five 
results of the ANN and determining the result to be this 
specific class. The highest values of each validation case are 
in boldface. 

 
 
 
 
 

Table 1 Results of the validation phase (N = 6) 

Tube A1 A2 A3 A4 B3 C3 
A1 54 39 0 0 41 0 
A2 54 36 0 4 38 0 
A3 0 0 100 0 34 0 
A4 0 20 26 98 0 11 
B3 0 49 0 0 100 0 
C3 59 0 37 0 21 63 

IV. DISCUSSION 

In this study the effect of the modeled ear canal length 
and tympanic membrane tension were evaluated with the 
help of artificial neural network (ANN) based analysis. For 
this purpose an ANN was trained with a small amount of 
data (N = 24) in order to predict the type of test tube used in 
the measurement. Table 1 shows that the classification 
works very well; all except test tube A2 are correctly classi-
fied. Further, the test tubes had two “dimensions”, one for 
the length of the test tube and the other for the tension of the 
tympanic membrane. In this scale the ANN result is perfect 
in evaluating the length of the tympanic membrane, and the 
only error in the classification can be seen between A1 and 
A2, where the ANN predicted that the tube had a less tense 
tympanic membrane than it actually had. The reason for this 
misclassification may be that the properties of the test tubes 
were quite near to each other. For example, in Fig. 4 their 
difference seems to be very small.   

In AR measurement the quarter length of the stimulus 
sound wave between the tympanic membrane and the mi-
crophone [1] is very essential. The stimulus sound in the 
measurement sweeps from low to high frequency, and when 
the frequency of this sweep achieves the state where the 
corresponding quarter length of the sound wave equals the 
distance between the tympanic membrane and the micro-
phone, the reflected sound is virtually 180 degrees out of 
phase with the stimulus sound [1]. This results in a de-
crease, nadir, of the signal amplitude at this frequency in the 
amplitude spectrum of the signal. Hence, the location of the 
nadir in the frequency scale depends on the length of the ear 
canal. In addition, the tension of the tympanic membrane 
has an effect on the properties of the location of the nadir. 
For example, negative pressure or a small amount of mid-
dle-ear fluid may shift the location of the nadir towards a 
lower frequency [2]. Therefore, in AR measurement both 
the length of the ear canal and the properties of the tym-
panic membrane have an effect on the location of the nadir 
in the AR measurement. Separation of these effects is obvi-
ously very challenging; however, this study shows that on a 
rough level, separation seems to be possible.  

It should be noted that in this study the data analysis was 
done by measuring only six test tubes. In further studies the 

A1 A2 A3

A4 B3 C3
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data analysis should be done more extensively, by building 
more test tube models in order to completely cover all pos-
sible ear canal lengths and tympanic membrane tensions. 
Building all the variations could result in a “matrix” that 
spans the basic dimensions of anatomical variation in ears. 
The interesting question is where the natural population lies 
in this artificial space? Another limitation of this study was 
that the variation was done only in the length of the ear 
canal and the tension of the tympanic membrane. In further 
studies the different shapes and elasticities of the ear canal 
should also be surveyed.  

V. CONCLUSIONS  

In this preliminary study the length of the ear canal and 
the tension of the tympanic membrane were predicted from 
AR data with the ANN method. The results clearly show 
that prediction is possible with acceptable accuracy already 
with a small amount of data used as training material of the 
ANN. 
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Abstract—Complexity throughout modern society increas-
ingly provides unavoidable stresses, and various studies at-
tempting to establish a quantitative evaluation method for 
mental stress have been conducted. Though the relationship 
between mental stress and physiological response has been 
extensively reported, few reports have tried to clarify the rela-
tionship between various physiological responses and the feel-
ings induced by mental tasks. In this study, we investigated 
autonomic nervous system activities to find a physiological 
index based on which we were able to evaluate the intensity of 
mental stress. As a result, we found that RRI was sensitive 
index to the feelings and the amplitude of the PTG might relate 
to the degree of fatigue. 

Keywords—autonomic nervous system, RRI, plethys-
mogram, mental workload. 

I. INTRODUCTION  

In our country, the increase in psychiatric disorders, such 
as depression and schizophrenia, is noted. The number of 
suicides per year has been steadily high in recent years, with 
more than 30,000 people a year since 1998. This increase in 
psychiatric disorders and high rate of suicide are serious 
problems in Japan.  

It is believed that daily stresses induced by the complex-
ity of modern society plays a role in a number of psychiatric 
disorders. If we can evaluate daily stress quantitatively and 
determine our own or other people mental state, this could 
contribute to the prevention of various diseases caused by 
mental stress.  

It is widely understood that physiological changes in-
duced by mental stress are related to the autonomic nervous 
system, and can affect the heart rate, blood pressure and 
plethysmogram. The relationship between mental stress and 
physiological feedback has been extensively reported [1,2]. 

We also consider that establishing a quantitative evalua-
tion method for mental stress will help prevent diseases 
caused by mental stress. In past study, we investigated the 
relationship between the autonomic nervous system activi-
ties and task difficulty [3]. We found that the physiological 
responses were influenced by not only the degree of the task 

difficulty but also the various feelings and/or situations. 
Therefore it is necessary to clarify the relationship between 
the physiological response and human feelings. In this pa-
per, we investigated the autonomic nervous system activity 
in the four conditions of the task for controlling the human 
feelings. 

II. METHOD 

A. Task 

A target three-digit number, several two-digit numbers 
and an OK button were displayed on a computer screen. 
The participants were required to select the combination of 
three two-digit numbers whose sum is equal to the target 
number and click the OK button. Whenever a participant 
clicked the OK button, the sum of the selected numbers was 
shown on the screen. If the sum was equal to the target 
number, the next arithmetic question was displayed. The 
participant could choose different combinations of numbers 
until the right one was chosen. The elapsed time and the 
number of correct answers were also displayed on the 
screen. The task screen is shown in Fig.1. 

 

Fig. 1 Screen example for mental arithmetic task 

The four conditions were used for changing the task dif-
ficulty so that participants could have a different feeling.  
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The conditions were as follows: 
TASK1: There is only one pattern of the correct combi-

nation. 
TASK2: There are three patterns of the correct combina-

tion. 
TASK3: There are five patterns of the correct combina-

tion. 
TASK4: There are eight patterns of the correct combina-

tion. 

B. Physiological Measurements and Subjective Assessment 

We measured the electrocardiogram (ECG), plethys-
mogram (PTG), blood pressure (BP), tissue blood pressure 
(TBV), skin potential levels (SPL) and skin conductance 
level (SCL). These signals were recorded in a PC at a 1-kHz 
sampling rate. Also, cardiac output (CO) was obtained 
every heartbeat. 

The R-R interval (RRI), LF/HF ratio, systolic blood pres-
sure (SBP), diastolic blood pressure (DBP), mean blood 
pressure (MBP=DBP+(SBP-DBP)/3), amplitude of the 
PTG, baroreceptor reflex sensitivity (BRS=square root of 
(LF of SBP/LF of RRI)) and total peripheral resistance 
(TPR= MBP/CO) were calculated. 

The National Aeronautics and Space Administration 
Task Load Index (NASA-TLX) and the visual analog scale 
(VAS) for feelings were used to obtain the subjective as-
sessment. 

The NASA-TLX is a widely used subjective workload 
assessment technique [4]. The weighted workload (WWL) 
score was calculated. The VAS comprising 20 items after 
the rest or 28 items after the task was used to assess the 
participants’ feelings. 

C. Procedure 

The participants were familiarized with what to expect dur-
ing the task before the start of the experiment. Each partici-
pant underwent the experiment procedure once. 
The experimental procedure was as follows: 

1. Rest1 (5 min: PRE1) 
2. VAS method (20 items) 
3. Arithmetic task (5 min: TASK1) 
4. NASA-TLX and VAS method (28 items) 
5. Rest2 (5 min: PRE2) 
6. VAS method (20 items) 
7. Arithmetic task (5 min: TASK2) 
8. NASA-TLX and VAS method (28 items) 
9. Rest3 (5 min: PRE3) 
10. VAS method (20 items) 
11. Arithmetic task (5 min: TASK3) 
 

12. NASA-TLX and VAS method (28 items) 
13. Rest4 (5 min: PRE2) 
14. VAS method (20 items) 
15. Arithmetic task (5 min: TASK4) 
16. NASA-TLX and VAS method (28 items) 
17. Rest5 (5 min: POST) 

The participants were instructed to provide at least fifteen 
correct answers in six minutes and not to give up until the 
five-minute run was finished. If the participants completed 
the task (i.e. gave the minimum number of correct answers) 
before the deadline, they were required to continue giving 
correct answers. After five minutes, the run was finished, 
and the participants were asked to cease the mental arithme-
tic activity even if they had not completed the task. The 
number of correct answers was displayed on the screen to 
let the participants know when the task was completed. 
Furthermore, the participants did not know which task con-
dition they executed. 

D. Participants 

Eighteen healthy male graduate students aged 21 to 30 (av-
erage: 23.8 yrs.) participated in this study. All participants 
gave their written informed consent. 

E. Statistical Analysis 

The data were divided into nine 5-minute blocks (PRE1, 
TASK1, PRE2, TASK2, PRE3, TASK3 and POST). All 
parameters were standardized for each participant. 

The results were analyzed by repeated measures of 
analysis of variance (ANOVA) using SPSS 11.0J. The de-
gree of freedom was adjusted using the Greenhouse-Geisser 
correction. Tukey’s honestly significant difference (Tukey’s 
HSD) test was used in the post-hoc analysis. All data stan-
dardized for each block were pooled and the Pearson prod-
uct-moment correlation coefficients were calculated. 

III. RESULTS AND DISCUSSION 

A. Subjective Feelings 

First, the average of number of the correct answer were 4.39 
in TASK1, 9.06 in TASK 2, 13.39 in TASK 3 and 16.3 in 
TASK 4. Next, concerning VAS score, there were signifi-
cant differences in the almost items of the VAS for each 
block (Fig.2). There were significant correlation between 
the items in VAS and number of the correct answer. How-
ever, there was no significant difference in WWL score 
among the four task conditions. 
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Fig. 2 The average of the subjective assessments in VAS for each block. 
The bars indicated the standard errors of the mean 

From the result, it was found that feeling of participants 
changed though the physiological burden did not vary 
among the four task conditions. Therefore, it was surmised 
the feeling of participants could be changed by controlling 
the task difficulty even if they executed the same tasks. 

B. The Relationships between the Subjective Assessments 
and the Physiological Responses 

There were two patterns for each physiological response. 
Fig.3 shows the averages of the RRI and the amplitude of 
the PTG for all the participants. First, RRI were signifi-
cantly lower in TASK1 and TASK2 comparing with resting 
periods. The RRI values indicated that the changes during 
the task were smaller when the difficulty level became low. 
The SPL and SCL showed a similar tendency to the RRI. 
Next, the amplitude of the PTG reduced according to the 
passage of time regardless of the task difficulty. 

There was no discernible tendency in the LF/HF ratio, 
TBV and BP. 

There were significant correlations between the RRI and 
many items in the VAS. RRI and PTG of 1 participant were 
not recorded by the trouble of the measuring system. Espe-
cially, the RRI strongly related to the following items: 
“Confusion - Refreshing” (r(68)=0.592, p<0.001, Fig.4), “I 
am poor at this task. - I am good at this task.”(r(68)=0.576, 
p<0.001) and “Satisfaction - Dissatisfaction” (r(68)=-0.498, 
p<0.001). There were also significant correlation between 
RRI and the number of the correct answers (r(68)=0.677, 
p<0.001). 

However, we did not find the similar tendency in our past 
study which used the same arithmetic task [3]. The differ-
ence between this study and past study was whether or not 
participants knew the change of the task difficulty before 
starting the task. Therefore we thought the reason why  

similar tendency was not found was because the participants 
could prepare themselves for the task difficulty beforehand. 

There was significant correlation between the amplitude 
of PTG and “Tired-Cheerful” (r(85)=0.459 p<0.001,  Fig.5). 
This result corresponded to the past study [5]. Therefore we 
suggested that the amplitude of the PTG might be index of 
the “fatigue”. 
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Fig. 3 The average changes in the physiological responses for each block. 
The bars indicated the standard errors of the mean 
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Fig. 4 The correlation diagram between the RRI and “Confusion-
Refreshing” 
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Fig. 5 The correlation diagram between the amplitude of the PTG and 
“Tired-Cheerful” 

IV. CONCLUSION 

In our past study, we found that the physiological re-
sponses were changed by the various feelings and/or situa-
tions. In this study, we tried to clarify the relationship be-
tween the physiological responses and the human feelings. 
As a result, although the RRI response might be varied if 
participants knew the task conditions in advance we sug-
gested that it was a sensitive index for the feelings. We also 
found that the amplitude of the PTG might relate to the 

fatigue. We will analyze about the developmental mecha-
nism of the physiological responses in the future. 
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Sophisticated Surgical Skull Base Therapy – A Multidisciplinary Challenge 
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Aim: 
Tumor surgery at the skull base is a demanding field due 

to the complex and delicate anatomical hard and soft tissue 
structures in this region. The tumorous structure is mostly 
difficult to reach and the possibility of complete tumor 
resection is often only limited. The precise planning of the 
operative interventions and the following treatment, also a 
better prediction of the surgical results are aims of an 
advanced tumor treatment. The post-operative outcome with 
optimal quality of life (aiming for complete tumor 
resection) is even more difficult. In this article, a work-flow 
and new diagnostic methods are introduced. 

 
Material and Methods 
120 patients with extended skull base processes (in most 

cases intra-osseous meningeomas) were treated using the 
“Basle-skull-base approach” with elaborated 3D- and 4D-
planning tools as well as navigation supported surgery. This 
approach refers to the following innovative technologies: 
Morphological 3D-imaging, functional imaging, 
visualization and segmentation using the latest software 
packages, virtual and haptic 3D-models (rapid prototyping). 
Modern intra-operative tools including computer aided 
surgery techniques (CAS), soft tissue protective ultrasound 
osteotomy and ultrasound based denaturation instead of 
thermo coagulation,e.g. piezosurgery, (Mectron) Vesalius, 
as well as post-operative selective supportive therapies e.g. 
gamma knife based radiation or 90Y- / 111In-DOTATOC 
therapy. 

 
 
 

Results 
The multidisciplinary concept using a sophisticated 

work-flow for planning and surgery as well as adjuvant 
therapies enable complete treatment even in extended skull 
base tumors. Especially, sensitive structures e.g. cavernous 
sinus,, cranial nerves as well as vital vessels can be 
protected. The reconstruction in matters of functional and 
aesthetical rehabilitation was preformed after complete 
tumor removal or pre-planned minimal tumor residues (sub 
centimeter dimension) causing no additional neurological 
deficits. In 25% of the cases, even the opposite result 
occurred: neurological deficits were less in comparison to 
the status before the surgery. A post-operative follow-up 
between 0.5-3 years showed no tumor recurrences in(?) non 
malignant processes. Post-operative life quality was good 
for 95% of the cases with benign tumors (WHO grade 1). 
Post-operative Life quality in patients with malignomas was 
also good after the surgical intervention, but decreased due 
to the progress of the original disease.  

 
Conclusion and Outlook 
Due to pre-operative management and planning, the 

possibility to remove even large skull base tumors with 
functional and immediate aesthetical reconstruction has 
considerably increased. This is only possible due to 
cooperative effort of different disciplines. Optimal 
management of the surgical interventions, using the above 
mentioned tools, and the collaboration of a multidisciplinary 
team enables to decrease post-operative morbidity and 
collateral damages due to surgeries and optimizes the post-
operative life quality of the patients. 
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Three-Dimensional Visualization in Plastic and Reconstructive Surgery after 
Oncologic Procedures/Interventions 

L. Kovacs and M. Eder  

Department of Plastic Surgery and Hand Surgery, Klinikum rechts der Isar, Technische Universität München, Germany 

Purpose: In the last years precise three-dimensional (3-
D) tumor detection and localization for oncologic purposes 
increased by improved image reconstruction algorithms. 
Accurate diagnostic quantification of mass size, infiltration, 
volume, expansions and tumor boundaries supports and 
optimizes the planned oncologic intervention. Especially 
plastic and reconstructive surgeons benefit from the 
implementation of modern 3-D imaging techniques in the 
field of computed assisted surgery. But existing 3-D 
imaging techniques and software algorithms are limited 
concerning preoperative surgical planning. Aim of this work 
is to present the potential clinical application of computer 
aided 3-D surgical planning tools for reconstructive 
oncologic surgical procedures. 

Material and Methods: The clinical application of 3-D 
oncologic visualization methods to support the surgical 
reconstruction planning is demonstrated for female breast 
reconstruction after amputation of the breast and for soft-
tissue defect reconstruction after extremity tumor excision. 
Virtual 3-D models of the affected anatomical region were 

created using different 3-D imaging technologies and 
advantages, disadvantages and limitations of each method 
regarding objective surgical planning tools were analyzed. 

Results: 3-D visualization defines the exact tumor 
expansion before surgical excision and preoperatively 
quantifies the resulting soft-tissue defect to be 
reconstructed, but do not consider the biomechanical 
properties of the human tissue. The necessity for 3-D 
numerical computer simulation models which implements 
physical parameters (soft-tissue elasticity, stress conditions 
etc.) to simulate the resulting soft-tissue deformation is 
immense. First approaches can be found in the field of finite 
element method calculating biomechanical processes with 
the aid of 3-D numerical simulation models. 

Conclusion: Surgical reconstruction of complex defects 
profits by 3-D visualization techniques at this stage. But a 
supportive dynamic simulation of the aspired postoperative 
surgical result would close the existing gap between the 3-D 
diagnostic level and the surgical therapy of actual oncologic 
treatment in terms of an interdisciplinary curative approach. 
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